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Abstract: Biaxial film production is a complex industrial process with large time-delay, it includes two stretch processes:
longitudinally and laterally. the disturbances often occur in the film-forming part. We propose in this paper a cascade general-
ized predictive control {CGPC) real-time algorithm developed for this control system. The use of OGPC algorithm instead of
classical PI cascade controller is now very well applied to indusirial practice due to the quick rejection of the effect of distur-
bances in the inner loop, the master loop mkes into account more information shout the fisture using GPC algorithen to pive the

satpoint of the inner loop.
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1 Introduction

Like many film-forming process control systems., one
stage in particular of the Biaxial film production process
control system detenmines the film’ s final properties.
that is, thickness and planeness. The film-forming pro-
cesses come from different industries, vet are structurally
sirnilar and benefit from advanced control. Similar con-
trol problems arise also in the production of paper, metal
slabs and foils!"). It is worthwhile to point out other re-
cent work in the area of sheet- and film-control. Feath-
erstonc ¢t al’® assume a model for a typical circular
blownfilm process and then focus on identifying the
model for the purpose of control. They propose that poor
performance in industrial sheet- and film-control efforts
are due to model mismatch and in particular incorrect

identification of the signs of the model gains. Dave et
al’®! use LP method to solve large-scale sheet- and film-
control problems.

In contrast to previous work, we develop a cascade
generalized predictive control system for the Biaxial film
production process. Cascade control is one of the most
successfiul methods for enhancing single-loop control
performance particularly when the disturbances are asso-
ciated with the manipulated variable or when the final
control element exhibits nonlinear behavior. This impor-
tant benefit has led to the extensive use of cascade con-
trol in chemicat industdal process. Biaxial film produc-
tion process control systern is a complex industrial pro-
cessing with large-lag and many distarbances, it is im-
possible to work well with a traditional single feedback
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loop. Industrial runming results show that the CGPC al-
gorithm is effective for this film thickness control pro-
Ccess.

Today, model predictive control (MPC)™“~# is not a
specific control strategy but more of a very ample range
of control methods developed around certain common
ideas. The ideas appearing in all the predictive control
family are the explicit use of a model to predict the pro-
cess output at fotre time horizon, the calculation of a
control sequence minimizing a certain objective function
and the use of a receding strategy, so that at each instant
the hotizon is displaced toward the future, which in-
volves the application of the first control signal of the se-
quence calculated at each step. So, MPC is regarded as
one of model-based and optimization-based control
method. Unlike the traditional optimal control, the suc-
cess of predictive control stems from its basic principles
that can be summarized in [7] as model prediction,
rolling horizon optimization and emor feedback corec-
tion. The control action at each is solved through param-
eter optimization with finite horizon while the real time
information is used to reinitialize the optimization in a
moving style. Such a mechanism makes the control law
optimization-based combined with feedback and particu-
larty suitable to industrial environment with disturbances
and tme-delay, etc. In our cascade control scherme,
GPC algorithm is used in the slave loop and master loop

to reject disturbances effectually and avoid Gme-delay .
2 Description of the process

Fig.1 shows the main features of the generic film pro-
duction process. The productive process involves four
parts. (D Flux process. Polymers are added to the hop-
per and heated into melt, then the melt flows into the die
lip through the extruder and filter under certain pressure.
The temperature and pressure are controlled by additional
loops. @ Film-forming process. The sheet of flowing
liquid is extruded through the die lip, which is like
“man’ s lip with smile” shape, and pinned to the cast
drum which is filled with cool water, so the high-tem-
perature liquid is cooled immediately and formed the
film, which is named “thick sheet”. The cross shape of
the film is also shaped like the lip. @ Longitdinal
stretch process. In this zone, there are two rollers, one
is slow roller, the other is fast roller, and there is a
heathox between two rollers, the film is reheated and
stretched Jongitudinally when it is pulled forward. @
Lateral stretch process. In this zone, the film is reheated
and stretched laterally, forming the “thin sheet” relative-
ly, then it is rolled up on a drum as the final produc-
tim. Compared with the paper, metal slabs and foils
productive processes, there are two stretch processes in
the Biaxial film production.

e | 1 — Hepper, 6 — Scanning sensor 1;

A 2 — Extruder screw, 7 — Longitudinal stretch zone,
3 — Filter; § — Lateral stretch zone;
4 — Die lip; 9 — Scanning sensor 2Z;

Fig. 1

Besides the control of temperature, pressure and
speed, which are all direct digital control (DDC), the
position control of die-lip actuators and the rate control
of cast drum are two important process control problems
that determine final productive properties in large de-
gree. In the film-forming process, the die is a large
piece of metal that can be slightly deformed by the actu-

10 — Terminal roller.

Biaxial film production process

ators. The control of cross-film shape variation, rather
than the control of thickness itself, is not the main ob-
jective of this paper, and so the control of the die-lip
position is neglected here.

In this paper, assume that the temperatuire, pressure
and speed are controfled well according to productive
condition, and the cross-film shape controlled by the
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die-lip actuators satisfies the need of film-forming, in
fact, the actuators often hold unvarying because limited
movement of the die-lip allows fine-mming of the film
thickness, it is difficult in real-time control.

The two scanning sensors {in Fig. 1) consist of a ra-
diation-emitting source and a detector. The semsor is
mounted on a frame, scans back and forth over the film,
and provides measurements in a zig-zag pattern along the
sheet length, The sensor measurement divides the film
into lanes, and only one of the lanes is measured at each
time step. The sensed measurements can be used to esti-
mate the film thickness across the sheet, and the estimate
can be nsed in a predictive controller to remove distur-

Fig. 2 Cascade control structure

The key control objective is to keep final production’ s
deviation tolerance of the lengthways thickness within
1% , this thickness is mainly effected by the rate of the
cast. The faster the cast rotates, the thinner the film’s
thickness is. Becanse the streich speed including the lon-
gitudinal and lateral are proportioned to this rate, we
choose the mte of the cast as the manipulated variable in
the control system. The productive line’ s Jength is about
200 meters from the hopper to the terminal roller, the
length from the cast drum o scanning semsor 1 is about
15 meters, whereas the distance between the two sensors
is about 150 meters, so this is a large time-delay control
system. In the meantime, the disturbances often occur in
the film-forming part, it is essential to reject the effect
of disturbances quickly. Based on the above views, we
developed a cascade control scheme as Fig.2 for the Bi-
axial film productive process. In the master loop, the
error between the set-point of the thin sheet’ s thickness
w; and the measured value ¥, is the input of GPC1, the
output u, is the thickness of the thick sheet, and this val-
ve is as the set-point of the slave loop, i.e. u| = w3,
the error between w; and the measured value y; is the in-
put of GPC2, the output of GPC2 is the rate of the cast
as the manipulated varidble up. The inner loop is the

longimdinal stretch process, and the external loop is the
lateral stretch process. The cascade GPC algorithm will
be described in the following section.
3 Cascade GPC algorithm
3.1 Basic GPC algorithm
GPC is an infinite horizon optimal control strategy
with a quadratic performance criterion. We use the fol-
lowing CARIMA model of the plant:
Alg ")y (2] =
g °B(g7u(e) + Clg7E(t)/Alg™), (1)
where A, B, C are polynomials in the backward shift op-
erator g~* and A(g™!) = 1 - ¢!. In most cases,
Cc(g™") = 1.
The j-step prediction of the system is given by the
equation

gle+jlte) = ggg;/_\u(t+j-i)+pj, (2)

with g = >, giduls + j - i), as a matter of fact, g,

i=j+l
issimplyﬂu;msponseofmeplantassmﬁngﬂlefum:e
control values equal to the previous control u(t - 1).
Hence it could be computed efficiently using the differ-
ence equation ;

A(q'l)Ay'(z +7) = B(g')Au* (st +j - d),

(3)
where A" (¢t +j-d) =0, forj = d.

The criterion we want to minimize here, in order to
obtain the optimal control law, is given by the weighted
sum of squares of predictive future system error w( ¢ +
7y - #(¢ + j) and increments of control values:
J(N]!N?.!Nu) =

N,

NS

[#(e+ ) -wle+ D]+ AEuAuz(t +j-1),

‘=

P
(4)
with the assumption: Au(¢ + j) = Oforj = N, , where
N, is the minimum costing horizon, N3 is the maximum
costing horizon, N, is the control horizon, A is the con-
trol weighting factor, w(¢ + ;) is the future setpoint or
future value of the reference trajectory.
The j-predictive equation can be put into a vector
form as follows:

¥=06U+P, (5}
with
¥ = (90t + Nyl + Ny o+ N - DT,
U = [Au(e),Aule + 1),,0ua(t + N, - D]T,
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P = [PNUPNE:'"!Pﬂl—Nl-I}TH
gV, N1 T 0
| & g,-v[ 0
8N, 8N,-1 EN,-N 41
Substiting equation (5) into equation (4) gives the
vector form of cost function:

J=(CU +P-W)"(CU +P-W)+aAU"U,
(6)
where W is the sefpoint vector:
W =
[w(e+ M), wle+ N+, wlt+ N+ Np—1)]".
The solition which produces the optimal control se-
quence is obtained by considering the relation: 3J7/2u
= 0, we have:
Upe = [€76 + Uy }'ET[W-PL. (D)

3.2 Cascade GPC algorithm

It seems now interesting to develop a cascade struc-
mre, using the basic idea of GPC. This struchire gives
the possibility 1o control two different variables together,
in order to satisfy constraints or to follow specified tra-
jectories.

For this method, the plant is assumed to be divided
into two parts: the output of the first part, which can be
called the inner system, is the first variable to be con-
trolled, and represents the input of the second part, or
external system.

The output of the second part is the second variable
that must be controlled. To do that, two GPC algo-
rithms must be computed, as shown on the following
general diagram as Fig.2.

The previous scheme has shown that the two loops of
the cascade stracture imply the definition of two GPC al-
goritns and consequently the minimization of two

They will be globally defined in the same way as for

one GPC algorithm:

JI(NH!NZI:NM[) =

NZ I!I'ul.

2 (p1(t 4+ ) = w (e + P+ A1Z&uf(t +j-1),

(8)
Ja( N, No, Nyp) =

2 (ot + ) —wle + P+ 2208030+ - 1),

n
(9)
with the assumption: Au,(¢ + j) = O forj » N, and
Auy(t + j) =0forj = N,.

The resolution must then be done as follows:

- First the minimization of J, will provide the optimal
sequence | z,] defined between the horizons Ny to N ;

* It will represent the setpoint that must be followed
by u, between V; to Ny ;

* Then J, will be minimized, giving the optimal se-
quence {u, |, the first value of this sequence will be ap-
plied to the system.

It is easy to admit that the cascade structure is possible
if the relation Ny < Vo is verified.

Equations (8) and (9) can now be written in a matrix
form. Consider first the two predictive equations ( which
are similar to (5)):

[fﬂ G0l + Py, (10)
Y; = G6U, + Py,

with

Foo= [piCe+ Nydoe gy + Ny + Ny = DI,
¥2 = [£20e + Nia)yooiga(t 4 Ny + Ny - D7,
8Uy = [Bw (e}, 8 (2 + Ny - D],

U, = [Aup(t),-,Aua(t + Ny - 1T,

Wy = [wa(e + N, ywa(e + Nip + Np - DT,
W = [w(e + Nudo-oown (o + Ny o+ By = DT,
P = [PllsPlZ!'":PlNﬂ]Tv

—

Py = [pu>pn.pam, "
and where & is the step-response matrix of the external
systemn ( assuming that the GPC2 algorithm cormrectly
works so that y; = w,, and G, is the step response ma-
trix of the inner system.

Substituting equation (10} into equations (8) and
(9). we obtain:

Jio=
(€80, + P,W,]T[€,8U, + P,W,] + A,8UT8U,,
(11)
and
Jy =

(G U; + PaWo ][ G U, + PyWL] + AU Us.
(12}
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The optima} solution is finally given by considering
2 J1/3U = 0 and then with this result 2 J,/9U; = 0:
{SUI,,N = (GTCl + AIIN")'IG-[[‘(WI - P|).

BUsp = (G316 + -‘-zfmn}'icgth - Py).

{13)
3.3 GPC parameter tuning

There is in fact no particular rule that enables an opti-
mal choice of ¥y, Ny, N, and A . Moreover it is possible
to note the four following points:

* It is better to choose Ny so that at least one element
of the first row of G is nonzero; that implies that N,
should be greater than the maximum expected dead-time
of the process;

* N, should be chosen ip order to satisfy N, T equal to
the time response of the process ( T sampling period ) ;

* Very often N, is chosen so that N, <« N, and we
previously stressed the fact that N, = 1 is intersting;

* Tt is often hard to determine A a priori. If the matrix
G'G is invertible itself, even A = 0 gives a solution.
But in most cases, it seems better to choose A very small
but nonzero, so that the matrix G"G + AI becomes in-
vertible,

4 Industrial application results

This is a technical reconstruction project, and the con-
trol of temperature, pressure, speed. and the die-lip ac-
tuators are controlled by additional loops. In this sec-
tion, we show the thickness contrcl results by the cas-
cade GPC in particular.

We adopted two-step method to enable the system
running. In the first step, the master loop is opened and
the inner loop controller is tuned with the master unit in
mannal mode. In this procedure, the master loop is
opened , the set point of the thick sheet is given by oper-
ator, the inmer loop’ s model is identified by the adaptive
RLS algorithm with a forgetting factor, the rate of the
cast is cakulated by the GPC1 modules, and the param-
eters of GPC1 is turned. In this loop, the sample and
control period is 15 seconds, which is equal to the scan-
ning period of the sensor 1 back-and forth. In the second
step, after the inner controller is tuned, the master con-
troller is set in control mode and adjusted. In this proce-
dure, the master loop treat the embedded inner loop as
patt of the process model and the master loop model can

be identified using the input-cutput data. The calculated
result of GPC2 is the thickness of the thin sheet, and as
the set point of the inmer comtrol loop. In the master
loop, the sample period is also 15 seconds. which is e-
qual to the scanning period, so that the sample signal
can be kept synchromization, the control period is 2 min-
utes, the average value of 8 set of data is as the thick-
ness of the thin sheet.

Now, we give the real time thickness control results
in Fig.3,4.

37
g M
_E 35 U -
5 m
83
1 11 21 31 41 51 61 71 8191101111
time/min
Fig. 3 Real-time control result of thin film
setpoint; 85 4
938
@« 936
£ 934
2 02 m
S 930
928
26
1 11 21 31 41 51 61 71 81491101111
time/min

Fig. 4 Real-time control result of thick film
when thin film is 85 x

The parameters of GPC2 are: ¥y = 1, N, = 4,4 =
0.5, N, = 2, the parameters of the inmer loop are: =,
=2,n, =3, and 8, = 0.8, the parameters of GPC2
are: Ny = 3,N; = 8,4 =0.3,N, = 2, the parameters
of the external loop are: n, = 2,n;, = 4, and B, =
0.8. The film’s final properties which have been tested
in laboratory by instrument, have proved the control re-
sults are very good. Unfortunately, the results by GPC
algerithm can oot be compared with PID algorithm due
to the economic condition. 'We have only limited tirne to
tune the parameter of GPC algorithm, which is pro-
grammmed using Visual C language in advance. But the
important fact that this productive process is running well
from July 1997 to present is true, however, the old con-
troller using cascade PID can not ensure the control sys-
tem well regulated. So, Tianjin Photo Material Co.
Lwd, P. R. China trust us 1o develop this control sys-
tetn, and obtained the satisfactory results.

5 Conclusion

There are many control systems with large-lag and

disturbances in industrial production, it is impessible to
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work well with traditional single feedback loop. The
{CGPC) algorithm developed in this paper is useful for
this control problem. The running results of Biaxial film
production process contro! system show the OGPC is ef-
fective for complex industrial control processes.
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