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Introduction
Α SERIOUS problem in the production o f multi -g rade paper is to make

fast and smooth grade changes and to maintain uniform and reproducible
properties of the paper .
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Synopsis Pe rt urbation experiments on α Fourdrinier papermachine have con -
firmed that i ts dynamic behaviour can be represented adequately by α state space
model in the form of α matrix difference equat ion . The basic equat i on s involved
have been treated in gene ra l terms, bu t the discu ss ion on the mode l building and
contro l system des ign is made more explici t by reference to α specific system .
M ethods have been developed for invest igating and describing the papermaking

system as α process to which modern con t rol theory can be applied . It has been
shown how the mode l can be used to determine poss ible contro l st rategi es to
change grade in such α way that th e grade change time is at α minimum and certain
papermaking criteria are obeyed . The cont rol objectives have been stated by
analy t ica l performance criteria in the form of quadrat ic cost funct ions .

Α simpl e g rade change at constant machine speed was achi eved by altering the
thick stock flow according to α trajectory determined by the rate const raint of the
flow valve. It was found necessary to manipulate and synchronise the t hick stock and
thin stock flows together with the machine speed in order to change grade at constant
product ion rate .
Based on optimum contro l and fi lter theory, an on-line cont roller has been de-

signed to manipulate the thick stock flow in order to minimise the va ri ance of the
measured basi s weight . The developed formulat ion incorporates optimum estima-
tion o f inaccessible state variabl es as an implicit feature. The contro l action i s given
by α proport i onal term together wi th α memory term to account for past values of
cont rol and bas is we igh t . The contro ll e r has been implemented on α machine and is
shown to have stabili sed the system considerably .
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Computer control of'a ρυρermυchίηe using υ linear state space model

The process i s characte rised by transpor t de lays and l ong-term transient
behaviour, owing to the inheren t capacitance of hold-up vesse l s and pipe
network, which can cause the paper to drift off speci ficat ion , especially im-
mediately afte r α grade change .

Α number of variab l es such as certain consistencies and flows are inaccessi-
ble to measurement, consequently information about the state of the process i s
incomplete and it may not be possible to compensate for di sturbances .
There i s α major economic incen tive to op timise grade changes and thereby

minimise product ion of offgrade paper . Furthermore, the system is generally
not in α steady state immediately after α grade change and it i s most important
to ensure that the paper i s on spec ification whil e the system sett les down and
that i t i s maintained steady for as long as it is required . Paper breaks caused
by undesirable transients during grade changes can resul t in α considerable
loss of production .

Α basic prerequis i te for the design of α control system to perform the tasks
indicated above i s to establi sh an adequate mathematical mode l of the
process .
The papermaking process comprises α certain number of bas ic operat ions

such as the t ransport of fib re and additives between tanks and chests where
mixing takes place . Another important feature i s the coming together at α
point of severa l st reams of stock with different cons istencies, then emerging as
one stream. Thus, four bas ic concepts are fundamental to the process

1 . Transport d e lays .
2 . Mixing in chests and tanks .
3 . Mixing at α point .
4 . Flow dynamics .

Some of these are essent ially non-linear in character . I t is assumed in the
present investigation , however, that we are inte rested only in the dynamic
behaviour of the system in the neighbourhood of some specified operating
level ; therefore, it will be sufficiently accurate to consider α linear model .
Further direct digital contro l i s to be used and the attention can be focused on
α linearised, disc rete time model as follows-

h

χ(η +1) =

	

Fix(η-i)+Ευ (η)+-d	(1)

ί = ο
where η i s the independent, discrete time variab le,

χ is the m χ 1 state vector of the papermachin e,
υ i s the s χ 1 control vector,
d i s the s χ 1 plant noise vector

and Fί and Ε are m χm and m χ s t ransit ion and input matrices, respectively.
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Present methods of automat ion in papermaking provide for some control
of the bas ic process variab l es, bu t this contro l can be described as being par t i al .

Effective contro l , however , must provide automat i c control of all the bas i c
parts of the process and must take into account the interrelationship s of the
corresponding controlled quant it ies . If thi s is to be achieved, it i s necessary to
develop α method for invest igating and describing the papermaking system as
α process to which modern cont ro l theory can be applied.

This integrated approach of dealing with the interactions between variables
and their effect on the finished product remain to be establi shed .
The objectives of the present investigation were as fo llows
1 . To devise α manageabl e and rea li st i c mode l of the process in the form of

equat ion (1) .
2 . To use the model to determine poss i b le con t rol strateg ies to change grade in

such α way that the grade change time is sma ll and certa in papermaking
cri teria are obeyed .

3 . To des i gn α computer cont roller that maintain s constan t grade wi th minimum
deviat ion from the des ir ed speci ficati on s .

System description and control objectives
THE actua l process on which the control s is to be implemented will be used

as an example to make the deve loped genera l methods of model building and
control theory more explic i t.
The papermaking system is shown in Fig . 1 . From α constant head tank,

thick stock of about 3-5 per cent cons istency i s continuously supplied at α rate
of 600-800 gal /min to the system at the mixing pump in α suct ion pipe, which
also supplies recyc led backwater with α concentrat ion of 0-4-0-5 per cent fib re.

Thin stock (0-9-1 -0 per cent) is formed by mixing, then pumped by α constant
head pump at α rate of 7 000 gal /min through the cleaning equipment .

Fig. 1-Layout of process
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Recirculation pipes are fitted to main tain α high flow through the cleaning
equipment for efficient performance . The flow of thin stock into the head box
is about 5 000 gal/min and is di scharged through the slice opening on to the
moving wire . The machine and wire speed ranges 650-950 ft/min.

Α fract ion of about 0-6 of fibre and additiv es filters through the wire to-
gether wi th about 98 per cent of the wate r into the w ire pit . This is fitted wi th
an overflow in order to supply the mixing pump from α constant head .
For papermaking reasons, it i s necessary to maintain α constant low level

of stock in the head box ; the head box is therefore pressurised and air is con-
tinuously circulated through the head box air space by α pump as indicated
in Fig . 1 .
The wire pit i s the largest of the tanks and contain s α constant volume of

2 300 ft3 of backwater . This gives ri se to α time constant of about 3 min to
changes in cons istency . The combin ed effect of consistency changes arising
from recirculation dynamics assoc iated with the c leaning, together with the
head box and wire pit mixing dynamics, yield s α system with α very long
settling time of about 30 min. This makes manual control di fficul t, especially
at grade changes, when it i s necessary to manipulate several input va riab les
simultaneously to force the system to go from one state to another .
The majority of grade changes for thi s particular machine are carried out at

constant machine speed or constant production rate . The first method is
mainly used for sma ll changes in bas is weight and when it is necessary to alter
production rate for papermaking reasons . Α major economic incentive is to
main tain the highest poss ib le production rate, usually constrained by drying
capac ity . Under these conditions, α grade change i s best effected by keeping the
production rate constant.
Sheet strength and format ion depend to α great extent on the ratio of stock

velocity in the s lice to wire speed, ca lled the efflux. ratio . It i s particularly
important to keep the efflux ratio constant during α grade change .

Α grade change subject to these papermaking criteria (constant production
and efflux ratio) can be realised by simultaneously manipulating the three
input variab les thick stock flow, thin stock flow and wire speed. If the
papermaking cri teria are vio lated , the resul t i s that often the sheet breaks or
the basis we ight and moisture can be outside the to lerance limits for long
periods of time . Α general strategy for α constant production change can now
be formulated. It is requir ed to change the bas is we ight from one level to
another as quickly as possible, subject to saturat ion and rate constraints ο=the
input variables while product ion rate and efflux rat io remain constant .
Grade changes at constant speed are carried out by changing the thick

stock flow, subject to constrain ts on the valve movements .
The third contro l object ive i s to des ign α direct digital computer contro ller
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that minimi ses the variance of basis we ight by manipulating the thick stock
flow based on measurements of the basis weight.

State space representation of theprocess
WATER is used as α vehicle to transport fibre in α network of pipes and

tank s, hence lags will occur with respect to changes both in flow and in
concentrat ions. It will be necessary to consider the past states of the system , as
well as the present states, owing to transport delays that affect the concentra-
t ion of fibre and addi tives . Finally, the interactions between flow and con -
centrat ion dynamics must be considered, as these determine the dist ribution
of fibre concentrations throughout the system .
The object of the modelling problem is to evaluate these fun ctions and

determine the resultant dynamic behaviour of the plant.
We are interested mainly in the dynamic behaviour in the neighbourhood

of α fixed operating level and certain assumptions can therefore be made
1. Simplified fluid flow equations in the form of α direct analog between fluid

flow and electric current in networks is considered to be adequate.
2. Perfect mixing takes place in the head box and wire pi t .
3. The delays are time invariant and independent of the state variables .
4. Changes in the fraction of fibre and additives that filter t hrough the wire is

taken to be proportional, but of opposite s ign to the changes in the init ial basis
we igh t on the wire.

The last approximation has been verified and used by several investiga-
tors(1, 2) and provides themathematical link between the flow and consistency
dynamics of the head box and wir e pit.
The tota l hydraulic pressure at the slice opening is of particular interest and

this, together with the stock level, form the variab les of the simultaneous
di fferen t ial equat ions that describe the head box flow dynamics

dPl	dP2
Ci dt

	

-4αί-4αο -Γ(C,, -ΓC2) dt

	

(2)

dP2
C2-

	

(3)
dt

	

= 4i-4ο

The inpu t and output concentrat ions in the mixing tank s, head box and wire
pit are assumed to be related by the first-order di fferent ial equat ions

r
dV
dt

	

_4ο-Ι-

	

(4 ί ); .

	

(4)
~= ι

r
d(cο

ν) -<οqο-Γ (ci)j(4ί)J''

	

(5)
dt

j =1
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The thick stock flow, the recirculation flow and the wire pi t flow converge
immediately before the mixing pump. The output concen t r at ion from the
pump can be derived as α special case of equations (4) and (5) by putting
V=0 and r =3.
The head box and wire pit equations were derived with r = 1 .
The bas i c equations (2)-(5) were linearised about α chosen operating leve l .

In order to obtain α discrete model as indicated in the introduct ion, i t was
assumed that information of the state variab l es was availab le only at periodic
interval s o f time (every 10 s) and the forcing functions were to be held con-
stant throughout the interval and changed in α step manner at the sampling
instants .

In order to account for de lays, αmodified vers ion of α method described by
Του ( 3 ) , was used to form the diffe r ence equations of the linear continuous
equations . This yields the complete deterministic model in the discrete form
given by equation (1), where now h = 3, m = 5 and s = 4.

3

χ(η+ 1) =

	

Flx(η- ί) +Συ(η)

	

(6)
ί =ο

The system is characterised by five state variab l es and four contro l variab les,
thus the transition matrices Fj and cont ro l matrix Σ are 5 χ 5 and 5 χ 4,
respectively .
The dynamic behaviour of the system is the η given by the disc rete time

history of i t state variables, which constitute-
x, = Hydraulic pressure at the sli ce,
χ 2 = Stock leve l in the head box,
χ 3 = Cons istency immediately afte r the mixing pump,
χ 4 = Head box consistency,
χ 5 = Wire pit cons i stency .

The dynamic behaviour can be cont ro ll ed by the four inputs--
ul = Head box a ir flow,
υ 2 = Thin stock flow,
υ 3 = Thick stock flow,
υ 4 = Machine speed .
It i s difficult to determine α rational criteria for the adequacy of the model;

nevertheless, i t is of paramount important to establish that the model repre-
sents the plant behaviour suffic i ently we ll in order to devise practical control
schemes .
The thick stock flow on the machine was changed according to α predete r-

mined pseudo-random binary sequence of thick stock valve positions and
the response of bas i s we ight was observed from beta-gauge measurements .
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The model was then perturbed by an identical sequence of assumed thick
stock flows u ., . The response was observed by augmenting the state space of
equation (6) by α linear discrete output equat ion to represent changes in bas i s
weight

χ6(η Α-1) = Μχ(η+1)

	

(7)

where Μis α 1 χ 5 matrix and χ is the state vector of equation (6) . The simu-
lat ion thus represents α ti e between analy sis and experiment and, as can be
seen in Fig . 2, the agreement between the predicted behaviour of bas i s weight
and the actual behaviour seems quite sat i sfactory for our purpose .

I t should be pointed out that the bas i s weight trace contained α small
amount of noise and was smoothed by eye before i t was plotted on Fig . 2 .

Fig . 2-Perturbat ion experiment (this refer s to α plant and
mode l with the addi t iona l reci rculation indicated in Fig. 1)

Statement of control problems
WE WILL attempt to contro l α process that can be described by α linear,

disc rete matrix difference equat ion of the following form-
b

χ(η+1) =

	

Fix(η-i) +Ευ(η)

	

(8)

ί=ο

For grade changes, it i s required to find the input vector
υ(η ), η = 0,1,- - -,ρ -1,

which minimises α performance crite rion of the form-
P-1

=~2 ί ; χα (jl-~1)-χ(η~-1) Ι 2

	

(9)
n=o

subject to equation (8) and the rate constraint-
1 υ (η)-υ (η -1)1 Ζ ν

	

(10)
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Α quadratic non-linear programming method developed by Kishi,(4 ) suitable
for on-line computat ion, was extended to mul ti-variab le systems with delays
in order to so lve the above prob lem. ( 5 ' With some modificat ion s, the same
method was used to solve the regulator prob lem by minimisingα performance
crite rion of the form-

P-1
2

	

2
ff l Ιχ (η+ 1)11

	

-Ι- 2 υ(η ) jl

	

(11)
Q R

n=o
subject to equat ion (8) . Thi s leads to α feedback control law that is, the
controls are given as α funct ion of the state variab les, thus

h

υ (η) _ -

	

Diχ(η -1)

	

(12)

ί =ο
where Di are s χm matrices .
The disc rete form of dynamic programming( 6) can also be used to derive

the feedback law, but it is then necessary to augment the state space of
equation (8) to accoun t for the delays.

Control strategies
Grade change at constant machine speed-The object was to determ ine the

input trajectory of thick stock flow υ3 in order to raise the basis weight 10 g/m2

from the assumed operat ing leve l . At the same tim e, it was required to mini-
mise the variance about the target subject to the rate constraint-

I u ,(n) - υ ,(η-1) ;

	

0-15 ft3/s per 10 s

Fig. 3 shows the determined optimum trajectories . It can be seen that it is
requ ired to increase υ 3 as fast as possible for about 60 s, to slightly more
than twice the change in flow necessary to achieve the new grade. The thick
stock is then gradually brought down towards the demanded change in flow
of0-37 ft3/sec . A s α compariso n, the response of basis weight to αhypothetica l
step change of 0-37 ft3/sec in υ3 is also shown in Fig. 3.
The minimisation of quadratic performance crite ria often results in oscil-

latory input trajectories being determined, as that exhibited by the thick
stock flow. In this case, α less oscillatory grade change could be obtained by
imposing α more severe rate con st raint for example, 0-05 ft3/sec per sam-
pling interval (10 s) . The time taken to achieve the new grade is then ob-
viously longe r, but compares very favourably with the faste r oscillatory
response .
The method used above to determine thick stock trajecto ries can be imple-

mented on-line as α feedback control system , espec ially with α single input/
single output system like the one considered here. Α la rge grade change at
constant machine speed is likely to cause the dryline to change pos ition (the
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Fig. 3-Grade change trajectories at constant
machine speed rate constrain ts of thi ck stock

flow V = 0-05, 0-153/s/10 s

position on the wire at which no stock remains above the sheet) with the
resul t that the sheet i s e i ther too dry or too moist to be transferred from the
wire without breaking. In the present investigat ion , the dryline pos i t i on was
assumed to be adequately represented by-

kWvn,
sd ---

	

AP

	

(13)

which was deriv ed from general filtration theory, as stated by Meadley . (7) Α
grade change at constant machine speed i s ther efore lik ely to require adjust-
ment of AP, the suction box vacuum.

Α more elaborate and complicated equat ion for the dryline position has
been used by Sullivan & Schoeffler,( 81 who considered grade changes subject
to the constraint that the dryline pos i tion be invariant .

Grade change at constant production rate and efflux ratio

	

For the sake of
15-VOL . Il
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ease in presentation and discuss ion of this topic, it i s conside red necessary
first to dea l bri efly wi th the problem of head box cont ro l .
The format ion of the sheet depends to α great extent on α constant stock

leve l being maintained in the head box. This problem has previously been
studied using convent ional means . (9) In the present investigat ion , α time
optimum control law was determined and used both on-line and in simula-
tions to regulate the stock level by the air-flow valves, thus

υι(η) = α(χι(η)d-χ,.(η)) +bχ2 (η)

	

(14)

where α and b are constants computed from the head box model and χι ,d i s the
des ir ed value of the total pressure at the slice opening . Equation (14) was then
substi tuted for υ ι in equation (6) to reduce the number of cont ro l inputs to
those of particular inte rest in the present grade change problem namely,
thin stock flow υη , thick stock flow u,, and machine speed υ 4 .
Before the grade change trajectories are determined for these three contro l

inputs, it i s necessary to examine the spec ific performance requirements of the
present problem. It is assumed that the fo llowing linear output equat ion
relates changes in total head, head box consistency and machine speed to
basis weight, product ion rate and efflux ratio

ΔW χι
AM

	

- Μ

	

χ4
Δ ~

	

[U4]

	

(15)
For the grade change problem in question , AM = 0 and Δφ = 0. In addit ion,
the change in machine speed is severely limited by the rate constrain t given
by-

I υ4(η)-υ4(η-1) Ι :~-' 0-278 ft/ s/ 10 s
This simplifies the problem, as the desired trajectories of x ' , αηd χ 4 can now be
determined explicitly assuming that it i s required to change υ 4 as fast as
possible to the new value, governed by the choice of ΔW.
We then envisage using the available contro l inputs in an optimum sense

such that the process outputs (χι and X4, in particular) ar e kept close to the
desired trajectories . This operation has then to be maintained throughout α
predetermined optimisat ion interval so that the process is left in α state ready
for the on-line regulato r to maintain constant condit ions .
The transport delay from the mixing pump to the head box makes it im-

poss ible to alter the head box consistency X4 immediately by the thick stock
flow u3 . No changes should therefore be made to ei ther thin stock flow υη or
machine speed u,, unt il this delay has e lapsed .

All the available control inputs affect the cons i stency dist ribution in the
system and this is, of course, taken into account by the model when the input
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trajectories are determined . The control inputs mu st be synchronised to pro-
duce the desired trajectories of total head and head box consistency . Failing
to do so often res ul ts in paper break s, owingto insufficient strength , excess ive-
ly high moi sture content or low basis weight. Exp erience on the plant has
shown that the dryline pos ition remains constant for grade changes ca rried
out at constant product ion rate ; this can also be inferred from equat ion (13)
as Μ = WνΙη .

In order to raise the basis weight by 12 g/m2 at constant product ion rate and
efflux ratio, it was required to manipulate the control variab les as shown in

Fig. 4-Con trol t rajectories for α grade change
at constant produ ct ion rate and efflux ratio

Fig. 4. The demand was to increase the head box cons istency from 0-88 per
cent to 0-99 per cent and decrease the tota l head by 42-8 lb/ft2, according to
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the predetermined trajectories . The machine speed was lowered as fast as
possible by 2-78 ft/s .
The contro l st rategy can be resolved into three distin ct phases

1 . Initi al rec ir culat ion dynamics and head box level contro l demand an abrup t
change in t hick stock flow and α slight relaxation in the thin stock flow in order
to realise the initi al path of the des ir ed t rajectories of χ 1 and χ ,

2 . The system is quickly stab ilised and α per iod o f almost uniform change in the
inpu t cont ro ls fo ll ows un t il just before the desired targets are reached .

3 . During th e grade change, the system has gained α con s iderable cons i stency
`momentum', which is d issipated by the gradual dec rease of thi ck stock flow
in the last phase . In fact, the t hick stock flow will change un t il i t is slightly
below the reference value before the system has reached the new steady state .

The contro l st rategi es described above are at present being implemented on-
line .

Basis weight control
THE specific task of maintaining the bas i s we ight constant is par t i cularly

important, not only immediately afte r α grade change, but also in face of
disturbances such as drifts and fluctuations in thick stock consistency and
changes in the drainage properties of the fibre .

In order to rea lise α feedback control law as the one suggested in equa-
t ion (12), it is required that all the papermachine state variab les are known or
can be measured . The object of the regulator problem must ther efore be to
design α controller that makes optimum use of information about the state
variables contained in the basis weight measurement .
Kalman( 1 °) has deriv ed α linear estimator for the state variables thathas the

property that it minimises the discrepancy between observation and the state
variable estimate according to α crite rion based on the noise characteristi cs o f
the process and the measurements .
The present problem requires estimates of the state variab les at the sampling

instants as we ll as estimates of the past state to account for the transport
delays in the system. In order to do this, it is best to think o f the system in an
augmented state space, thus

χ*(η +1) = Fu	F1

	

.

	

.

	

Fh

	

An)-Ι-

	

Ε

	

υ(η)
Ι Ο . . Ο

	

Ο
Ο Ι . . Ο

	

Ο

10 0 . 1 0101

	

(16)

where the augmented state vector χ*(η) includes all the vector s

χ(η),χ(η -1), . . . ,χ(η-h) ; as fo llows-
χ*(η)Τ = [χ(η)Τχ(η-1)Τ . . . χ(η-h)Τ]
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The augmented plant state x*(n) and the measurement y(η) can then be
described in α stochastic environment by the following matr ix equations

χ*(η -{- 1) = Αχ*(η) +Βυ(η) -+-z

	

(17)
y(η) = Μχ *(η) -{- ω

	

(18)

where Μ is an 1 χ mh output matrix .
I t is assumed that z and ω are Gauss ian random independent variables

representing the plant and measurement noise, respectively.
The linear estimator has the following structure

κ*(η ,η) = κ*(η ,η -1)+Κ[y(η) -Μ.κ*(n,b -1)]

	

(19)
κ*(η -{-1,η) = Α.κ*(η,η)+Βυ (η)

	

(20)

The ini t i al estimate .~*(0,0) = 0, that i s, the best estimate of the state at time
η = 0 given 0 measurements (the ίnt ial state has zero mean) . After taking the
measurements y(η), the best estimate of the state at time η given all η measure-
ments is equal to the best estimate before the nth measurement plu s αwe i ghting
matrix times the diffe rence between the actual measurement and the
expected measurement .
The contro l l aw i s given by-

u(n)C.x*(η,η)

	

(21)

The gain matrix Κ and control matrix C can both be computed by various
iterative methods . (11)
The thick stock flow was chosen as the contro l variab le in the present in-

vestigation and, for α particular set of machine conditions, it was found to be
given by-

u3(n) = 0544[3 -79χ3(η)+0-02χ4(η) +4-34χ 5(η)+1-17χ 3(η -1)+1-07χ 3(η-2)
+0-08χ 3(η - 3)]

	

(22)

with 10 s sampling interval . I t can be seen that this i s not immediately
realisab le, as u :, i s α funct ion of inaccessible state variables . If equation (22)
is to be used as α control l aw, i t is fi r st necessary to estimate the state variables
involved from the measurement of bas i s weight .

Α considerable computat ional load is placed on the computer control
system if equations (19), (20) and (21) have to be evaluated on-line at every
sampling instant to produce α control action . To meet this problem, the bas i s
we ight contro lle r was here based on α canonica l form of minimum arithmetic
for the given state space representation , as developed by Lee . (12) For ease of
on-line implementat ion, the contro l action was formulated as α z-t rans form
of the bas i s we i ght . Α genera l computational procedure was developed to
deriv e the contro lle r directly in the required z-transform
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mh
Σ αηΖ-"

υ(Ζ) - c

	

-d χ

	

η mh

	

e(z) .

	

(23)
1 - Σ bnz-η

η=1
which is based on the deve loped state space mode l of the process together
wi th plant and measurement noise characteristics .
Astr6m(13 ) has derived similar contro l express ions based on experimentally

ident ified processes and noise mode ls . Equation (23) represents an optimum
control transform relating the change in thick stock flow necessary to com-
sensate for an observed deviation in bas is weight . The control and estimat ion
are both implicit features of this formulation, which cons i sts of α proportional
term and α memory term to account for past values of both cont ro l action and
basis weight .
In place of equation (22), the new cont roll e r , which accounts for inaccess i -

b le state variables and noise, is giv en by
0 -144z-1 - 0 .294z-2 -0 -126z-3 -0-06z-4

u3(n) = 0544 -0681 χ 1 +0-058z-1 -0-522z-2 -0-322Z-3 -0-07Ζ-4 x6(η)
)

. . (24)
with α sampling interval of 10 s .

This contro ll er has been successfully implemented and tried on the process
i tself, but has not been in operation long enough to have been fully evaluated
quanti tatively. There is, however, ample indication that the system has been
considerably stabilised as can be seen from the plant records shown in Fig . 5 .

Fig. 5-Comparison between manual contro l and on-line
computer contro l of basis we ight

The above controll e r was deriv ed under the assumption that the thick stock
cons i ste ncy could take on values wi th equal probabil ity between certain



Computer control of α papermachine using α linear state space model	555

limits . The deve loped methods are, however , not limited to problems with
random noise d i sturbances . The fo llowing controll e r was derived by assuming
the thick stock cons i stency to behave in α random walk manner-

,,(n)

	

-1 -65z-2 -+-Ο - 182z-3 ~--0 - 451z-4--0 - 36z- e
υ3 (η) = 0544 ( -2~71-+-

	

χ6(η)1-0-87z-1-0-564z-2 +0-01Z-3 +0-3z-4+0-12z-5)

This has not yet been implemented, but simulat ion tests indicate that more
integral type act ion has been int roduced, which will tend to eliminate o ffsets to
α greater extent than with the fi r st controller .

Conclusions
CONSI STENT wi th certai n assumpt ions, α linear, discrete time, state space

mode l was derived for the papermachine in the form of α matrix difference
equation . Perturbation experiments on the plant were used to confirm the
validi ty of the model . The system dynamics was found to be adequately pre-
dicted by the model . I t comprises an independent flow mode l (which repre-
sents the flow ofwater as α vehicle for the transportation offibre and additives)
and α fib re model (which depends on the flow mode l and represents the con-
centrat ion and distribution of fib re throughout the system) .
Having formulated and established α mathematical model, the control ob-

jectives were stated by analytical performance crite ria in the form of quadrat ic
cost functional s, which were to be minimised, subject to the model equations
and constraints on the contro l inputs .
The intent of this work has been to exploit the state space model and to

develop α number of direct digita l control systems compatible with ava ilable
instrumentation and on-line dig ita l computers, in order to improve the
performance of α papermachine .
The optimum grade change st rateg i es were formulated, one for grade

changes at constant machine speed and the other for grade changes at constant
production rate .

I t has been shown that α systematic treatment of the problem of inaccess ible
variab les i s poss ible provided the state equations are known. This approach
led to the synthesis of an on-line bas i s we ight contro lle r that was found to
stabilise the system considerably when implemented on the papermachine .

It i s thought that further studies of the treatment of inaccess ib l e state
variab l es would reveal the importance of being able to measure other state
variab l es such as thin stock , head box and wire pit cons i stenc i es in order to
approach an optimum feedback contro l system where all the state variables
are used .
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Nomenclature
Phys ica l r epresentation
C1 ,C, = Hydraulic capaci tance, of head box air space and stock volume, respec-

tively .
ci,co

	

= Consi stenci es before and afte r mixing .
Ρ 1,Ρ2 = Hydraulic pressure at slice and pressure attributab le to head box stock

l evel alone .
Μ

	

= Product ion rate, defined as Μ = Wvm .
AP

	

= Applied di fferent ia l pressure at suction boxes .
qα i , qao = Airflows in and out of the head box.
gi ,qo

	

= Stock flows into and out of mixing tanks .
r

	

= Number of converging streams before mixing .
sd

	

= Dryline pos iti on as measured from the poin t where suct ion i s first
applied .





Discussion

Mr A. J. Ward Could you please indicate whether you tried this auto-
matic grade change on the actual mill . If so, did you find that the constant
values of the parameter in the equations remained valid over the whole range
tried ?

Mr S . Hem

	

No. Unfortunately, I have been unable to implement these
control strategies in full, but the grade change at constant production rate and
efflux ratio have been implemented practically by synchronously changing
the thin stock flow and wire speed . There is no doubt that, by manipulating
the thick stock flow as well, an even better response could be achieved .

Mr H. B. Carter

	

Can you give some figures on the improvement made in
basis weight variation with the implementation of this control?

Mr Hem

	

This is an experimental project, not long enough in operation to
have reliable figures, but the sort of variance that we hope for on basis weight
is 0-3 per cent .

Mr W. T. Whight

	

A certain amount of investigation on the results has
been done by Mr Burrows of our research and development department . We
have at the moment another controller of our own that gives the basis weight
in the machine-direction to within ±1-25 per cent . The information on
Mr Hem's controller (in the experimental stage) is that it is as good as this and
there is evidence to believe that it is suitable for our purposes . If more tuning
effort were put into it, it would perform better .

Mr R. E . Johnston Would you like to guess at the major contributing
effect to the difference between your controller and any other controllers that
might be used? Is it the fact that a more complicated state space model than a
linear estimator was used or is it that the amount of stock valve movement
was included in the cost function?

Transcription of Discussion
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Mr Hem There is a considerable difference between this controller and
the one used by Astr6m, for instance . With this controller, we have the
possibility of weighting the inputs in order to tune the controller . We can then
prevent wear on valves, especially when, in this case, we were taking corrective
action on the thick stock valve every 10 s . I think that the controller used
here contains a larger memory than the Astr6rn controller ; in addition, it is a
multi-variable approach applicable in a general sense .

Mr 0. Alsholm

	

I would add a few words that may be of interest . What I
have encountered during this session is very much the same as Mr Johnston
said earlier . It seems to me that everybody is trying to do the same thing, but
using more and more complicated mathematics . I do not intend to discuss the
differences between the Astrbm controller and other controllers presented
here today or explain how much more efficient you could work with our DDC
package than in CONRAD, but I would like to ask the authors to translate
their nice mathematics into somewhat simpler terms . I enjoy listening to these
excellent mathematicians and I really believe we need them for the future, but
the majority of the problems that we implement today could be presented in a
much simpler manner. If, instead of using the term Astr6m controller, for
instance, one explains that there is a digital controller corresponding to PI
plus dead time correction, people would not be so confused that they do not
dare implement the strategy in practice . On the other hand, we should give
credit to the mathematicians, because, if they do not continue with their
advanced work, we will be left stranded .

Mr Hem

	

May I say that, although the mathematics may sound awfully
complicated, the actual process, once it has been done, can be performed on a
fast computer in about 30 s and the implementation takes no longer than
to implement the Astri5m controller .

Mr J. A . S . Newman

	

Is it possible to use such mathematical models not
only to predict how they can be controlled by the application of, say, DDC,
but also how they can be made more inherently stable or controllable by
modifications to their structural parameters such as pipework and tank sizes .

Mr Hem

	

Yes, the structure of the plant is easily recognised in the formu-
lation of the model. The parameters are very quickly changed if you want to
investigate their effect on the plant behaviour.

Mr T. J. Boyle In 1959, dynamic programming was in vogue. I was in
graduate school and applied this method on a chemical reactor problem
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similar to a grade change . I was successful in finding an optimum change on a
simulated basis, but was very disappointed to find that some very simple
strategies did quite as well as the optimum strategy . In this paper and that by
Johnston & Kirk, we seem to have a similar situation with one being an
optimum change, the other selecting the best version ofa heuristically developed
strategy . Has either author applied his technique to the other's model and thus
developed a comparison ?

Mr Hem

	

Well, the grade change strategy at constant production rate and
influx ratio was obtained purely and simply by solving the equations . There
are no special optimisation procedures involved at all . This is mainly because
the wire speed can be changed only at a certain rate . When one computes all
the other manipulated variables, we find their trajectories never violate their
constraints . It is therefore very easily obtained .




