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Modal-based cross-directional control
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HEET AND FILM PRODUCTION

processes include paper ma-

chines, adhesive coaters, and

blown-film extruders. Cross-
directional control in these
processes is essential to product
quality and production efficiency.
However, a series of plant audits
showed that cross-directional con-
trol systems for paper machines
often exhibit poor performance.
Problems with these control systems
are described in some detail in the
literature (7). These audits revealed
that only about one-third of all con-
trollers running in the automatic
mode actually reduced process vari-
ability compared with control loops
that were manually tuned.

The objective of the present
work was to determine the causes of
poor performance in cross-direc-
tional control systems. It seemed un-
likely that the control algorithms
were the sole cause of the high pro-
file variability, since these control al-
gorithms have been successfully ap-
plied to other processes for decades.
This motivated a detailed study of
the relationship between model ac-
curacy and controller performance.

A sheet/film production process
can be represented by its fundamen-
tal modes. It was determined that ac-
curate identification of the steady-
state sign of a particular mode is re-
quired for effective control of that
mode. If the amount of on-line data
available for sheet and film processes
is limited, then the steady-state sign
of a significant number of modes will
be identified incorrectly. Any con-
troller—no matter how well de-

signed—that attempts to suppress
disturbances associated with mis-
identified modes will increase profile
variability. This phenomenon can
completely explain the behavior
sometimes observed with existing
cross-directional control systems,i.c.,
that the closed-loop variance can be
larger than the open-loop variance
(D). A robust controller design pro-
cedure is proposed that is immune to
inaccuracies in the fundamental
modes. This robustness derives from
the fact that it only performs input
moves in spatial frequencies associ-
ated with modes that are identified
with confidence.

PROCESS DESCRIPTION

Sheet and film can be produced as ei-
ther flat or circular webs. Figures 1
and 2 show generic web-forming
processes for sheet and blown film,
respectively. Products produced as
flat webs include newspaper, card-
board, plastic sheets, and bumper
stickers. Tubular blown-plastic film is
produced as a circular web that can
be cut to yield a flat film or used in
tubular form for bag and sack prod-
ucts. Thin-film lines (film thickness
<100 pm) produce a wide variety of
materials, such as laminating, thin-
shrink, form-and-fill, bag, and general
packaging films (2). Heavy-duty film
lines produce heavy-duty sack, ref-
use-sack, heavy-duty shrink, and car-
rier-bag films (2).

Devices used to adjust cross-ma-
chine direction (CD) profile proper-
ties include choke bars (restricter
bars), flexible lips, steam sprays, and
air jets. These devices permit local
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of sheet or film production processes
is essential for reliable automatic con-
trol of cross-directional profiles. Any
automatic controller that attempts to
suppress disturbances associated with
misidentified modes will increase pro-
file variability. This work describes an
algorithm for a modal-based con-
troller design. The proposed algorithm
is robust because it is immune to in-
accuracies in the fundamental modes.
This robustness derives from the fact
that it only performs input moves in
spatial frequencies associated with
modes that are identified with confi-
dence.

Application:

How to design cross-directional con-
trol systems that consistently reduce
product variability.

adjustments along the width of the
machine. Sensors are located down-
stream in the machine-direction, some
distance from the point of actuation.
Profile properties of interest include
basis weight, caliper, and moisture
content. A general characteristic of
sheet and film processes is that the
measurements are taken at a much
slower rate than most of the process
dynamics. The dynamics in the map-
pings of each actuator move (in re-
sponse to a downstream sensor read-
ing) are approximately the same (3).

MODAL DECOMPOSITION
For sheet and film processes, the
mapping between n actuators and 7
sensors can be represented by a
transfer-function matrix, which can
be written in terms of its modal de-
composition (4, 5):

P(s) =UA(9VT = i/\”(s) UVvT (1)
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1. Generic web-forming process

where U and V are real orthogonal matrices, U, is the ith
column of U, s is the Laplace transform variable,and A(s)
is a diagonal transfer-function matrix whose 7th diagonal
element is A (). Virtually every sheet and film process
model reported in the literature has this modal decom-
position (3), which can be computed using standard ma-
trix algebra (6).

Each /\”(s) represents a fundamental mode of the
sheet/film, and U and V represent spatial directions asso-
ciated with the 7th fundamental mode. For example, the
spatial directions for a blown-film process with 45 actua-
tors and measurement lanes are shown in Figs. 3 and 4
(6). Figure 3 shows the first through fifth V sectors,
while Fig. 4 shows the 21st and 22nd V vectors (for this
particular process, U = V). These vectors represent dif-
ferent spatial frequencies described by the model.

MODAL-BASED CONTROL

The steady-state sign of a fundamental mode /\I_I_(O) must
be accurately identified for disturbances in the direction
of U if it is to be controlled with acceptable closed-loop
performance (6). A controller design based on a model
with incorrect steady-state signs for some of the funda-
mental modes will suffer increased variance in the cor-
responding directions U,.

The proposed identification procedure is to use least
squares to estimate each A\, (0) and basic statistical analy-
sis to compute confidence intervals for each estimate
(6). The proposed modal-based controller is selected to
have the structure

K©=VA QU™ (2

which is suitably robust and provides desirable perfor-
mance properties (5, 7). The constant matrices U and V
act as steady-state decouplers of the process dynamics.
Each /\K’H(s) is designed to control the corresponding
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fundamental mode of the process /\H(s), as long as the
steady-state sign of the mode is known with confidence
(otherwise /\K’ﬁ(s) = 0). The controller /\Kyﬁ(s) for each
mode can be designed using any suitable controller de-
sign technique.

RESULTS
The identification and control methodology is applied to
the cross-directional control of a simulated blown-film
extruder.
Process identification

The measurement noise in each sensor lane is assumed
to be independent and have a variance of 0.04. Follow-
ing standard industrial practice (8), five step input tests
were performed in a number of actuator locations,
which are separated so that the resultant bump response
profiles are expected not to overlap. For the blown-film
process example, the step input was specified as

uS: e10+ e20+ e30+ e40 (3)
where

eg=[0..010..¢" @
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3. Plot of first five V, vectors for the blown-film process example

4. Plot of the 2Ist and 22nd V, vectors for the blown-film process
example
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5. Steady-state plant modes (%) and the 95% confidence inter-
vals associated with each estimated steady-state mode /\, (0)

with the 1 in the kth position. The process transfer func-
tion P(s) was fit to the input-output data using least
squares. The modes and estimates of their accuracy were
computed from the steady-state interactions matrix, the
results of which appear in Fig. 5. From Fig. 5, it is appar-
ent that (a) the steady-state signs of many of the funda-
mental modes are incorrectly identified and (b) most of
the fundamental modes have large confidence intervals.
In fact, the steady-state signs of only ten modes are iden-
tified with confidence, while six of the remaining modes
are actually identified with the incorrect steady-state sign.
Profile responses
The physical constraints on the manipulated variables at
each time instance were included in the time-domain

simulations (3, 9, 10):

6.Time-domain profile response using the model-based con-
troller under CS-1 [Note that nominal film thickness is not
drawn to scale relative to the bubble radius; the film was as-
signed a nominal thickness of 2 and a bubble radius (measured
to the median of the film width) of 10.]

-U, < u<u,
i (min—max constraint) (5a)
_Ib SU -2 +y,< Ib’
i (second-order bending
moment constraint) (5b)

For the profile responses, Constraint Set 1 (CS-1) as-
sumes that uh = 1 and 1b = 2, which is applicable for a
rigid slice lip. Constraint Set 2 (CS-2) is described by uh
= 10 and 1b = 10, which represents a more flexible slice
lip. More relaxed constraints would also be appropriate
for actuators such as steam sprays or cooling air jets.
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7.Time-domain profile response using the model-based con-
troller based on the model from five standard step experiments
under CS-2 [Note that nominal film thickness is not drawn to
scale relative to the bubble radius; the film was assigned a nomi-
nal thickness of 2 and a bubble radius (measured to the median
of the film width) of 10.]

Figures 6-8 show the closed-loop profile responses
to a disturbance using both model-based and modal-
based controllers. Figures 6 and 7 show the profile re-
sponse using an industrial-standard model-based control
algorithm (70), while Fig. 8 shows the profile response
for the modal-based controller. Note that these figures
are not drawn to scale, since the actual film thicknesses
are very thin and would be difficult to visualize. The stan-
dard deviations for the initial disturbance and for the
final profiles are listed in Table I.

The effect of the misidentified steady-state signs of
the fundamental modes on the performance of the
model-based controller is seen in the profile responses in
Figs. 6 and 7. The model-based model gives poor perfor-
mance, the severity of which depends on the extent of
the constraints. The profile responses in Figs. 6 and 7
drift away from the desired uniform profile thickness,
but they remain bounded because the actuator moves
are bounded by the constraints. For a real blown-film ex-
truder, the responses would cause the film to break. The
industrial-standard model-based controller under the
weaker constraints (Fig. 7) yields worse performance
than would have been obtained without the controller.

The poor performance—similar to the results from
the control system audits reported by Bialkowski (7)—is
due to incorrectly identified steady-state signs for some
of the fundamental modes in the model. The misidentifi-
cation of mode signs results in a model-based controller
that excites the spatial directions associated with these
modes. Note that the poor performance is not due to a
specific deficiency in the model-based controller design
method (10), since poor performance would occur for
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8.Time-domain profile response using the modal-based con-
troller. Because the inputs generated by the modal-based con-
troller easily satisfy the tightest constraints (with a maximum de-
viation of 0.2449 and a maximum second-order bending mo-
ment of 0.0654), the profile response is the same for CS-1 and
CS-2. [Note that nominal film thickness is not drawn to scale
relative to the bubble radius; the film was assigned a nominal
thickness of 2 and a bubble radius (measured to the median of
the film width) of 10.]

any controller that attempted to control a model with
misidentified modes (6).

The effect of the misidentified modes is not so ap-
parent in the responses for the modal-based controller
design (Fig. 8). Since the modal-based controller does
not perform actuator movements in any of the spatial di-
rections associated with misidentified modes, these spa-
tial directions are not excited. The performance
achieved by the modal-based controller is specified by
the number of accurately known modes. If the model
were improved, then the control would improve.

DISCUSSION
The two main factors that affect the control response
are the actual disturbance and the number of controlled
directions. The modal-based controller only suppresses
disturbances in the controlled directions, so the amount
of offset is determined by the projection of the distur-
bance in the uncontrolled directions. Because of actua-
tor constraints, it is difficult to provide effective control
in directions corresponding to the modes of small mag-
nitude, since their open-loop effect on the output is
small (6). In addition, fundamental modes of small mag-
nitude tend to be associated with directions of higher
spatial frequencies (Figs. 3 and 4). The control of these
directions will be more sensitive to mapping errors.
Thus there is a practical limit on the number of allow-
able gains that can be included in the model. Some fun-



damental modes are so small in mag-
nitude that they have little effect on
the output, as seen in Fig. 5. This
makes it difficult to identify these
modes, since the number of experi-
ments required to accurately identify
them would be impractically large.
Controlling the modes of small mag-
nitude also increases the wear on the
actuators, since their control re-
quires large input manipulations. The
modal-based controller provides a
straightforward means of handling
such difficulties in a clear and ex-
plicit manner.

CONCLUSION
The modal-based controller over-
comes the practical problem noted

by Bialkowski (1), who found that
the performance of many control
systems was worse than operation in
manual mode. Poor performance
will be the outcome for any con-
troller that attempts to control all of
the fundamental modes of the
sheet/film. The modal-based con-
troller design method avoids this
problem by using the modal accu-
racy estimates to allow control of
only the reliably known fundamental
modes. T}
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