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Fast Model Predictive Control of Sheet
and Film Processes

Jeremy G. VanAntwerp and Richard D. Braaifember, IEEE

Abstract—Sheet and film processes are prevalent in the chemical it takes the scanning sensor to make one or two complete scans
and pulp and paper industries, and include paper coating, polymer across the sheet. Each scan consists of hundreds of individual
film extrusion, and papermaking. A model predictive control algo- sensor readings, which are typically grouped into blocks to re-

rithm is developed which is based on an off-line singular value de- d di - lity. Model i . dd d
composition of the plant. The input constraints are approximated uce process dimensionality. Mlodel inaccuracies are addresse

by an ellipsoid whose size is optimized on-line to reduce conser-through excessive detuning. This simplicity results in reduced

vatism. The controller has a structure proven to be robust to model product quality and a loss of flexibility.

inaccuracies and is computationally efficient enough for real-time Several methods have been proposed for designing con-

implementation on large scale sheet and film processes (€.9., Mayrg|lers for sheet and film processes which are robust to model

nipulated variable settings computed for 200 actuators in less than . . . N
inaccuracies but do not directly address actuator limitations

ten CPU seconds). The algorithm is applied to a paper machine o
model constructed from industrial data. [5]-[7]- Model predictive control (MPC) approaches have been

. . proposed that directly address actuator limitations [2], [3], [8],

Index Terms—Control systems, industrial control, large scale but do not explicitly address model inaccuracies. Also, these

systems, model predictive control, optimal control, paper machine . : A y VR
control, predictive control, process control. approaches require too much computation for implementation
on large scale machines with much of the existing control
hardware [3].

A method was recently proposed which [9] 1) directly ad-
HEET and film processes are industrially important andresses actuator limitations 2) has minimal on-line computa-
include polymer film extrusion, papermaking, and papdional requirements; and 3) has a controller structure proven to

coating. As detailed descriptions of sheet and film process cdye robust to model inaccuracies. The method was applicable to
trol problems are available in the literature [1], [2], only theisheetand film processes in which all manipulated variable direc-
main characteristics are summarized here. Multivariable conttisins are controllable and the dynamics are adequately described
of sheet and film processes is challenging due to: 1) large dimday-a pure time delay. As these assumptions do not always hold
sionality; 2) model inaccuracies; and 3) actuator limitations [1in practice, here we extend the method to handle singular plants
The large-scale and high-speed nature of these processes pldtiegeneral dynamics. The resulting algorithm is applied to a
constraints on the amount of on-line computation available fpaper machine model constructed from industrial data.

the control algorithm, even with the processing speeds achievNote that, as is standard in the industrial control of sheet and
able by existing control hardware [3]. Process models for a shélh processes, this paper focuses on the control of profile prop-
and film process have significant uncertainty associated wigities across the web (in the literature this is called the cross-di-
them, due to low signal-to-noise ratios, nonuniform shrinkagectional control problem [1]), since this is generally consid-
across the web, sideways movement of the entire web, and @ed much more difficult than controlling a mean profile prop-
precise actuator movements. For any model-based controlfgty. Readers interested in the latter problem including coupling
model uncertainty can significantly deteriorate closed-loop pdp-the cross-directional control problem are directed to the fol-
formance, and this is particularly true for sheet and film prdewing papers and citations therein [1], [10]-[12].

cesses [4]. While being robust to this model uncertainty, the con-

trol algorithm must also avoid excessive actuator movements II. CONTROL PROBLEM STATEMENT

that may compromise the integrity of the actuating mechanism
and the sheet/film. :

In order to handle the process dimensionality within the cortl”

putational constraints, existing industrial control algorithms for

I. INTRODUCTION

As is common in MPC, the process is represented by its finite
pulse response

n
sheet and film processes are relatively simple. Typically, the yk+1) =y(k)+ P Z Biu(k — i) (1)
sampling time for the control algorithm is chosen to be the time =0
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The number of impulse response coefficients used to model foe sheet and film processes. In particuldf, is often selected
system isw and large enough that rate constraints

Bi = git1 — %, Vi=0, -, nr 2) —Attyax +ulk — 1) <u(k) < Aupax +u(k —1)  (9)

whereg; is the scalar such that P is theith impulse response are satisfied. Another method to handle rate constraints is de-

coefficient matrix,v¢ = 1, ---, ny and zero otherwise. This scribed in [15_]' ) .
description can model a system with time delays by seffing The dynamics for sheet and film processes are simple enough

0,Vi=0, -, ©where®isthe time delay of the process. Thethat a control horizon of one is usually adequate, so for brevity

interaction matrixP for a sheet and film process is typicallythis case is considered here. It is straightforward to generalize

nonsqguare and singular or nearly singular [4], [13], [14]. the control a_llgorithm to handle I_arger conFroI horizons (which
The constraints on the manipulated variables form a finitéould have increased computational requirements).
polytope
[ll. FAST MPC GONTROL ALGORITHM

u(k) € P = {u(k)|Au(k) < b}. 3 An overview of the proposed algorithm is presented in
Table 1. Only an outline of the algorithm derivation is given
%ete. The complete derivation is given in [15]. The proposed
‘Gntrol algorithm uses the singular value decomposition of the
interaction matrix”

For example, typical manipulated variable constraints for a sh
and film process are a minimum and maximum allowable val
for each actuator [3], [9]

uw < u(k) < up 4) P=UApVT (10)
and second-order bending constraints which limit the allowabMhere Ay is a realn,, x n, matrix whose diagonal elements
differences between neighboring actuators are nonnegativel’ is a realn,, x n, orthogonal matrix (that

is, VIV = I,,,), andU is then, x n, matrix containing the
—l, < Fu(k) <1, (5) left singular vectors of” wheren,, is the number of elements

of u, n, is the number of elements @f, and I, is then x
n identity matrix. The matricedp, U, andV are computed

where off-line using standard mathematical software. Due to strong
-1 1 0 oo e . 07 interactions across the web, a number of the singular values of
) ) ) ) P will usually be zero or nearly zero [4].
r =2 1 - = " = The control algorithm approximates the finite polytope (3)
0 1 —2 " e : with an ellipsoid
F=| 1t =~ (6
: ' (u(k) = )" @(u(k) — um) < @ (11)
-2 1 0

: . . . 1 -9 1 whereu,,, is the center an@® defines the direction and relative

L 0 -+ e o0 1 —1] length of the axes of an ellipsoid, andis a scaling parameter

which is optimized online to reduce conservatism (see below).

The MPC problem is to compute(k) as the solution to the The matrix® is selected to have the form
following quadratic program (QP):

¢ =VAs V7T (12)
'y
min [y(k + ) — r(k+ D" Wy ly(k + ) —r(k +4)]  whereAq is a real, diagonal, positive definite matrix. Selecting
uMer o $ of the form in (12) fixes the directions of the axes of the
+ [u(k) — ulk — D]F Wy [u(k) — u(k — 1)] (7) ellipsoid (11) inn-dimensional space, and simplifies its off-line

computation (see [15]).
By isolating the decision variablegk), a solution to (7) can
be found very efficiently. The lone inequality constraint (11) in-
nr troduces one Lagrange multipliér> 0. It can be shown that
subjectto  y(k+1)=yk)+ P Z Biu(k —i) (8) h(X) (defined in Table I) is monotonic ix [15]. Consequently,
i=0 h(A) = « has a unique solution which is determined via bi-
section. This\ gives theii(k) which (suboptimally) solves the
wherer(k + j) is the desired profile (which is usually fla#/,, QP for a fixed scaling parameter. The value ofw is iterated
and W, are positive semidefinite weighting matrices, gnd  until the resultingi(k) lies on the boundary of the polytope
the control horizon. Each weighti{,, W,,) is assumed to be a (3). Properties of the ellipsoid approximation [16] imply that
constant multiplied by the identity matrix, which is appropriater can be computed via bisection and will converge to a value
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TABLE |
THE ROBUSTELLIPSOID (RE) ALGORITHM (€1 AND €2 ARE NUMERICAL TOLERANCES

1. Compute and store the singular value decomposition of the process (10).

Offline 2. Compute and store an ellipsoid which is completely contained within the constraints (11).
P
3. Compute and store D = W, + ZV?APTWyAP.
j=1
1. Obtain the current measurement y(k).

P
2. Compute N = Wik — 1) — ApUTW, ) v;R;(k)

7=1
. Compute the unconstrained (transformed) actuator settings 4 (k) = N;/Di;.

. Does 4! satisfy the (transformed) polytopic constraints AVi(k) < b? If yes, GOTO 10, If no, continue.
. BISECT on «

. BISECT on A

. Compute (k) from [D + Ms); @ (k) [Metm + N,

X Phptim +N), . \°
. Is |h(A) — a| < €1 (where h(A Ag i (0 (k) — um, E As i (— - um,i) =a.)?
Zl D+ )\A@)“

Online

0 N O Ut e W

If no, GOTO 6. If yes, continue.
9. Does (3) hold with —e; < max {[AVi(k) — b);} < 0?7 If no, GOTO 5. If yes, continue.
10. Implement the control action u(k) = Vi(k). GOTO 1.

between one and,,.x = aT(k)TaT(k). The exact value of The proposed algorithm requires no on-line calculations
« needed to produce@® k) which lies on the boundary of the of matrix inverses, singular value decompositions, or deter-
polytope is found via bisection. Singe = 1 corresponds to minants. The number of iterations [number of times\) is
an ellipsoid that is completely within the polytope= 1 pro- computed] for convergence is not a function of the size
duces ai(k) which lies completely within the polytope. Like-
wise,a = @l (k)74 (k) produces d@(k) which lies outside the R, (k) =
polytope [ifaT(k) was within the polytope it would have been (y(k) —r(k+7)+UAp
i—1

implemented—see Table 1]. J i
As the unconstrained solution approaches the manipulated [Z Bi < Wk — i+ q)>
variable constraint region, the performance of the proposed i=1 a=0

algorithm approaches that of the QP solution. Systems for
which the unconstrained solution is regularly far outside the ‘ i— L .
manipulated variable constraint set may have undersized ac- + Z pi (Z (k—i+ Q)) » I <nr(13)
tuators and/or a controller that is tuned too aggressively. In
other words, the new algorithm will provide a good approx- y(k) —r(k+J)+UAp
imation to the QP for well-designed and well-tuned MPC i—l
control systems, but will provide a poorer approximation for [Z Bi < w(k — i+ Q)>
poorly designed systems. \ q=0

The actuator moves(k) to be implemented on the process
are calculated from(k) = Va(k) with the following excep- j—1 ny
tion. In practice, the experimental data used to construct the= Z (-0 j<nr v = Z (=96 j>nr
process model are not sufficiently informative to accurately i=o i=0
identify many of the singular values and singular vectors in (10), (14)
[4], [13], [14]. These model errors can include time-varying
phenomena including actuator stiction/backlash, nonuniforofi the interaction matrix. The most computationally expensive
sheet shrinkage, variable transport delay, and varying procsssps in the algorithm for large, andn, are the matrix mul-
responses. Attempting the control these spatial modes wifllications required to translate betwegh y) and(u, y) co-
lead to very poor performance. The proposed algorithm désdinates. This is in contrast to the QP control algorithm (7)
ideally suited to control only those singular vectors that amhose on-line computational expense is a higher order polyno-
controllable. Since it uses the singular value decompositiomal function ofrn,,, even for the fastest algorithms [17].
of the plant, eachi; is independent and corresponds to a It is instructive to compare the robust ellipsoid (RE) al-
singular value of the process. Thus, if the singular value gorithm with other “fast MPC” approaches. One strategy is
known to be poorly captured by the process model (this can taejust compute the unconstrained control move, and then to
determined using multivariable statistics [4], [13], [14]), thefclip” each manipulated variable so that it satisfies the actuator
the corresponding; is simply set to zero. constraints. While this algorithm is easy to implement, it

Jjznr
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TABLE I
THE STRUCTURE OF THEINTERACTION MATRIX. THE VECTORc¢ IS SHOWN IN
FIG. 1 AND WAS FIT FROM DATA IN [22, HGS. 3AND 5]
¢ ¢ ¢z - c3r 0 0 0
ci c c11 - ¢3¢ O 0 0
¢ ¢35 cig - ¢35 O 0 0
€1 ¢4 € - cza O 0 0 0.1
cg ¢z ¢g -+ c33 csg O 0 0
c3 ¢ ¢r -+ ¢z car O 0 0 00 50 100
Actuator position i
g ¢ ¢ -+ c31 ¢3¢ O 0 ¢
cs ¢cp €5 - c3g c35 O 0 0 Fig. 2. Actuator gains as a function of position across the paper machine.
c6 €1 c¢ -+ cy c3¢ O 0 0
a matrix-vector multiplication, which requiré3(n?) flops. As
e 2 GrorroCs G Cas 00 will be seen in the paper machine example, this leads to a much
faster control algorithm. The RE algorithm is also much faster
Css s Cas - o Cs cCio than .recently proposed custon‘yzgd linear program (I__P)_/QP
C= L algorithms [20], [21]. As such, it is the closest to achieving
€6 € C6 ccco 1 64 L9 ocr G the 5-s sampling times which are enabled by the full-scanning
Car €3 C -+ €2 C3 Cg o i technologies which are just now becoming available.
o s cas o s & _ The RE algo_rithm is not a standard ellipsoidal alg(_)rith_m [19],
since? in (11) is computed only once. Standard ellipsoidal al-
0 cag cap '+ €g € Cg v D gorithms recompute a new ellipsoid that encloses the optimal
0 css cso -+ s oo cs solution at each step, which is at a higher computational cost
relative to the RE algorithm which onhgscaleghe ellipsoid at
each step. The RE algorithm also has an intuitive motivation as
e ¢ the solution to an unconstrained QP with a time varying penalty
s ¢ on the vector of manipulated variables.
The transformation from an optimization problem oweto
f a an optimization overi was motivated by results of Braagt
e o al. [5], [7], who showed that this decomposition corresponds to
o e a controller structure that is robust to very general classes of
¢ perturbations in the plant interaction matrix. Furthermore, the
1 00 0 - 0 0 0 - oer o] control algorithm does not manipulate in directions that are un-
controllable due to model uncertainties. The inherent robustness
of the RE algorithm will be demonstrated on a paper machine
1 ' model constructed from industrial data.
0.8
0sl V. AN INDUSTRIAL PAPER MACHINE MODEL
In order to demonstrate the properties of the RE algorithm,
& 0.4 a model was developed from industrial data that captures many
0.2 of the realities of an industrial paper machine. Many of the fea-
0 tures of this model are common to other sheet and film pro-
cesses (e.g., constant interaction matrix, scalar dynamics, etc.).
-0.2 ] The model was developed from industrial identification data re-
-0.4 : : ported by Heaveet al.[22] who studied the slice lip to weight
40 20 0 20 40

profile transfer function of a fine paper machine. The actuators
are motors which change the slice lip openings and the weight
Fig. 1. The effect of a step change in one actuator on downstrediofile iS measured by a scanning sensor at the reel of the ma-
measurements. chine. Heaveewt alintroduced pseudorandom binary sequences
at a few different points across the machine and measured the

gives very poor closed-loop performance for ill-conditionefOWnstream machine response (see [22] for details).
processes [18]. Standard ellipsoidal algorithms [19] and active! h® model has the form

set methods are slower than the best interior point algorithms

[17], which requireO(n?) flops to solve a QP, where is the y(k+1) =y(k) + Plu(k — 1) — (1 — a)u(k — 2)
problem size [17]. The RE algorithm’s most expensive step is —aju(k — 3) + bhyw(k)]. (15)

Relative Measurement Location i
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CD profile for the RE algorithm
T T

(o] 100 200 300 400 500 600 700
Sensor number

CD profile for the QP
T

—-0.4 1 1 1, 1 1 i1
(o] 100 200 300 400 © 500 600 700
Actuator settings for the RE algorithm
0.4 T T T T T T
o2 -1

-0.2
—-0.4

1 I 1 L 1 1 N

(o] 20 40 60 80 100 120 140

Actuator settings for the QP
T T

L . L ) L L
20 40 60 80 100 120 140
Actuator position

Fig. 3. Measurement profiles and manipulated variable settings are shown for the QP and RE algorithms when the web has an initial profile withra bump nea
the edge. The initial measurement profile is shown as a solid line, the steady-state profile is shown as a dotted line.

where change. The interaction matriX represents the interactions be-
y(k+1) vector of measurements of basis weight at timeveen the 130 actuators and the 650 downstream measurement
k+1; locations and is of the form

w(k —1) vector of actuator positions at tinke— 1;
P =CAg (16)
P interaction matrix (with units of Ibs/mil).

The vectorw(k) is a zero-mean Gaussian white noise sign#here the matrixC'is given in Table II.

that is integrated by the plant dynamics. This signal representdieaveret al.reported observing significantly different gains
process disturbances and real paper machines are known to I#¥ee edges of the industrial paper machine but chose to average
disturbances of this sort (see, e.g., [22, eq. 3]). The magnitudeoot these differences across the machine. On the other hand, we
the disturbances; = 0.015 was selected based on [22, Figs. Pelieve them to be an important feature of real paper machines.
and 8]. The model structure with a time delay of 2 is taken frorhhe diagonal matrixA captures the variation of the actuator
[22, egs. 5 and 9] and; = 0.1533 is reported in [22, Table 7]. gains across the machine as shown in Fig. 2. Xhe;;'s were
Using the machine speed, Heawgral.estimated the time delay fit from data in [22, Table 2]. Analytic expressions fag; and

as two full scans of the scanning sensor. It should be noted thare given in [15].

for different machine speeds, the new time delay is easily esti-Reference [22, Fig. 7] shows constraints on the actuators of
mated, but that the interaction matrix and model structure mthe form (4) withu; = —0.8 andu;, = 1.2. For the model being
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CD profile for the RE algorithm
T T

0.5 T T T T

—0.5 ) s . ) L 1
o 100 200 300 400 500 600 700

CD profile for the QP

0.5 T T T T T T

_0.5 ' L L 1 ) L
o 100 200 300 400 500 600 700

Sensor number
Actuator settings for the RE algorithm

1 T T T T T T

_1 ) ' . L L L
(o] 20 40 60 80 100 120 140

Actuator settings for the QP

1 T T T T T T

-1 L L " L L '
o 20 40 60 80 100 120 140

Actuator position

Fig. 4. Measurement profiles and manipulated variable settings are shown for the QP and RE algorithms when the web has a psuedorandom ifift&l profile.
initial measurement profile is shown as a solid line, the steady-state profile is shown as a dotted line.

TABLE Il
STEADY-STATE VARIANCES OF THEMEASURED PROFILE AND CPU TIME REQUIRED TO SOLVE THE PROBLEM ON A SPARC ULTRA 1 (143 MHz)wITH 64 MB OF
RAM FOR THE THREE DIFFERENTINITIAL PROFILES EACH NUMBER REPORTEDHERE IS THE AVERAGE OF TEN SIMULATIONS TO AVERAGE OUT ANY EFFECTS
OF THE RANDOM SEED (THE SECOND NUMBER IN EACH COLUMN IS THE SAMPLE STANDARD DEVIATION BASED ON 10 SMULATIONS). ALTHOUGH NOT SHOWN
HERE, THE PLOTS FOR THECENTER BUMP DISTURBANCE ARE GIVEN IN [15]

1y = 130, ny = 650 side bump center bump | pseudo-random profile
QP 2.042 £ 0.003 | 1.877 £ 0.003 1.840 £ 0.005
RE 2.102 &+ 0.003 | 1.897 £ 0.002 1.838 & 0.003
QP with plant model mismatch | 3.274 =+ 0.020 | 3.337 & 0.009 3.224 + 0.043
RE with plant model mismatch | 2.150 + 0.008 | 1.913 + 0.003 1.836 + 0.004

developed here, these constraints will be recentered (=
uy, = 1). Additionally, we will impose constraints of the form

(5) with [, = 1, as constraints of this type are usually specifie\g,herey(k) is given by (15) and (k) is a vector of zero-mean
Gaussian white noise chosen to be representative of the data ob-

for real paper machines [3].

The measurement is subject to noise

ymeas(k) = y(k) + bQU(k)
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CD profile for the RE algorithm

1 T T T T T T

o 100 200 300 400 500 600 700
Sensor number

CD profile for the QP

1 T T T T T T

~-0.4 L i 1 ' )

o 100 200 300 400 500 700

Actuator settings for the RE algorithm
T T

0.4 T T

—1 . L 1 L 1 1 N

o 20 40 60 80 100 120 140

Actuator settings for the QP
T T T

L L L : L )
20 40 60 80 100 120 140
Actuator position

Fig. 5. Measurement profiles and manipulated variable settings are shown for the QP and RE algorithms when the plant is misidentified. Thetirgimaéntea
profile is shown as a solid line, the steady-state profile is shown as a dotted line.

tained from a real paper machine (e.g., [22, eq. 3]). The magselved using IMSL's QP solver, which is implemented in FOR-
tude of the noisé, was chosen to be equal to 0.067 in order tdRAN. For the closed-loop simulations shown here, the con-
match the level of noise in [22, Figs. 7 and 8]. troller tuning parameterdy’,, andW,,, were chosen to bg/

This same model form will also used for a process with moand0.017 ande; ande; were chosen to be 16 and 2«10,
sensors and actuators by interpolating the vector of interacti@spectively. The control horizon was= 10.
parameters: and the gains across the machitg. This cor- The closed-loop performance of the RE and traditional MPC
responds to a paper machine where the actuators and measalgsrithms were tested on the paper machine model with three
ments are spaced more closely, rather than a wider machine vdiffierent initial measured profiles; one with a bump near the
the same actuator spacing. The motivation for scaling the cadge, one with a bump near the center, and a pseudorandom
trol problem in this way is that paper machines are unlikely forofile. For the case of no plant/model mismatch, the RE and
become significantly wider in the near future, but there is likel@P algorithms achieve similar measured profiles (see Figs. 3
to be a continued increase in the number of actuators and sand 4 and Table Ill), but the RE algorithm has a much smoother
sors. series of input vectors (see Figs. 3 and 4), which produces less
stress on the slice lip.

As discussed in the control algorithm section, many of the
smaller singular values are poorly identified in practice. The

The RE algorithm was compared to traditional MPC on theorresponding singular vectors are also poorly known, and in
paper machine model. The traditional MPC formulation resulfact, even their general direction cannot be predicted with con-
in a constrained QP with,, decision variables. This QP wasfidence from the experimental data [4], [13], [14]. Attempting to

V. SIMULATION RESULTS AND DISCUSSION
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CD profite for the RE algorithm
T T

1 1
(o] 100 200 300 400 500 600 700

CD profile for the QP
0.5 T T T T T T

~0.5 1 L s 1 ' 1
o 100 200 300 400 500 600 700

Sensor number

Actuator settings for the RE algorithm
1 T T T T T T
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Actuator settings for the QP
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Fig. 6. Measurement profiles and manipulated variable settings are shown for the QP and RE algorithms when the plant is misidentified. Theunéiéntea
profile is shown as a solid line, the steady-state profile is shown as a dotted line.

manipulate in these directions will result in poor performancperformance for the QP, but the performance of the RE algo-
Featherstone and Braatz [13], [14] give algorithms for quantithm suffers only slightly (see Figs. 5 and 6 and Table III).
fying and minimizing the error in the singular values with staAlso, the jaggedness of the QP manipulated variable vectors
tistical confidence during model identification. becomes more pronounced while the RE manipulated variable
To compare the robustness of the two algorithms teectors are virtually the same (see Figs. 5 and 6).
plant/model mismatch, the directions of the singular Fig. 7 shows how the computation time for the RE and QP
vectors in U were flipped for ¢ = 113,116, 117, algorithms grows as a function of the number of actuators. The
118, 119, 121, 126, 127, 129, and130. This new plant P slope of each line is an estimate of the rate of growth of the so-
will be assumed to be the true process. For each controllettjon time as a function of the problem size (e.g., a slope of 3
the manipulated variable vector was calculated based”’onmeans the solution time growsa$). The computation time for
but was implemented o. Featherstone and Braatz [131the RE algorithm grows more slowly as a functiorqf than
give criteria for deciding which singular values should bthe time required by the QP. The RE algorithm is fast enough
controlled and which should not. For this study, we will assunte be implemented on real paper machines, even those of very
that the 20 smallest singular values were determined to high dimensionality, while providing robustness to model un-
uncontrollable. For the RE algorithmi; was set equal to zero certainties (e.g., manipulated variable settings for 200 actuators
for i = 111, ---, 130. Thus, the RE algorithm is controlling in under ten CPU s).
the paper machine based on the reduced order controllabl@& few final comments are in order. The MPC algorithm
portion of the model. The misidentified plant results in poorould be modified to not manipulate in uncontrollable plant
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10° reduced profile variability. The robust ellipsoid algorithm
was also substantially faster than classical quadratic program-
102 | ming-based model predictive control—an order of magnitude
8 faster for the paper machine with 520 actuators. The robust
g \ .// ellipsoid algorithm is sufficiently computationally efficient
2 10 ¢ to be implemented in real time on large scale sheet and film
& »" processes.
0l x
10 ;02 0 REFERENCES

Number of actuators

(1]

Fig. 7. The CPU time for the QP (*) and RE (x) algorithms are shown as a
function of the number of actuators. For each algorithm, for each number of |2
actuators, the solution time for ten different random seeds is shown. The slopes
of the lines shown are 3.73 for the QP and 2.38 for the RE algorithm. The 3]
optimizations were run on a Sparc Ultra 1 workstation (143 MHz) with 64 MB

of RAM.

[4]

[8]
directions [13]. Still, the RE algorithm is faster, and has [g
the robust optimal controller structure for a wide variety of
model uncertainty structures [7]. Also, not manipulating in
the uncontrollable directions arises very naturally with the
RE algorithm. The simulation results for the paper machine
considered here, and other results for a polymer film extruder!8]
considered elsewhere, suggestthat constraint handling is agg
tually unnecessary for some (but not all) web processes, pro-
vided that the control algorithm does not attempt to manipllo]
ulate in uncontrollable directions of the process [4]. This is]
because manipulated variable moves in the controllable plant
directions (which correspond to the larger singular values
have a strong effect on the plant output. In cases wher
constraint handling is needed, the RE algorithm can quickly
compute a feasible control move.

(71

12]

(23]

[14]
VI. CONCLUSIONS [15]

An algorithm for the control of sheet and film processes
has been developed which directly addresses actuator Iimﬁ%e]
tations and model uncertainties. The algorithm is based on
an off-line singular value decomposition of the plant. Thell7]
polytopic manipulated variable constraints are approximated
with an ellipsoid whose size is optimized on-line to reducef1s]
conservatism. The control algorithm only manipulates in con-
trollable plant directions, which are identified using cited g
statistical criteria.

A model of a fine paper machine was constructed from20]
industrial identification data. The model captures more of
the realities of paper machine operations than other models
reported in the literature. In the case where there was n&ll
plant/model mismatch, the robust ellipsoid algorithm provided
similar closed-loop profile responses as classical model pre-
dictive control, but with much smoother manipulated variablel22]
profiles. In the practical case where there were model uncer-
tainties, the robust ellipsoid algorithm provided substantially
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