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Sheet and film processes pose a challenging identification and control problem due to 
high complexity, poor conditioning, and limited input - output data. The interaction 
between model accuracy and closed-loop performance is explored for sheet and film 
processes using a model decomposition in terms of two static orthogonal matrices in 
series with a diagonal transfer--function matrix. It is shown that the accuracy of the 
diagonal elements of the transfer--function matrix directly spec$es the closed-loop per- 
formance achievable by a model-based controller. This motivates the development of a 
combined identification and control procedure in which the controller is designed to be 
robust to model inaccuracies quant$ed during ident$cation. The resulting controller is 
compared to an industrially accepted controller design method for two examples7 includ- 
ing a simulated blown-film process. Based on the theoretical results and simulations, it 
was concluded that the poor performance often reported for existing industrial sheet and 
film process-control systems is likely due to signs of the model gains being incorrectly 
identified. 

Introduction 
Sheet and film processes constitute an industrially impor- 

tant class of structured large-scale systems that include coat- 
ing, papermaking, and polymer film extrusion processes. Im- 
proved control of sheet and film processes can mean signifi- 
cant reductions in material consumption, greater production 
rates for existing equipment, improved product quality, elimi- 
nation of product rejects, and reduced energy consumption. 

The numerical difficulties associated with handling large- 
dimensional processes prevent the application of many ad- 
vanced control algorithms and identification procedures suit- 
able for smaller-scale processes (Braatz et al., 1996). More 
importantly, large-scale systems are almost always poorly 
conditioned, and such processes are well known to be diffi- 
cult to control (Skogestad et al., 1988). This poor condition- 
ing is especially critical for sheet and film processes, for which 
the quantity of high-quality experimental data is usually ex- 
tremely limited (Featherstone and Braatz, 1995). These char- 
acteristics and experimental constraints lead to difficulty in 
obtaining acceptable models for control. 

Correspondence concerning this article should be addressed to R. D. Braatz. 

Model-based control strategies depend on process charac- 
teristics that must be accurately identified in the model, oth- 
erwise poor performance or instability may result. The pur- 
pose of this investigation is to understand the relationship 
between the quality of the process model and the resulting 
closed-loop performance. This problem is studied using a 
model decomposition in terms of a static input rotation ma- 
trix, a diagonal transfer-function matrix, and a static output 
rotation matrix. Theoretical results and simulations indicate 
that manipulations should be performed only in directions of 
the process input vectors corresponding to steady-state gains 
of the diagonal elements of a transfer-function matrix whose 
signs have been reliably identified. The accuracies of the 
steady-state gains are quantified from the input-output data, 
and a controller is designed to be robust to inaccuracies in 
the controlled model gains and in the input and output rota- 
tion matrices. The improved reliability of the controller is 
demonstrated by comparison with an industrially accepted 
control methodology. 

The manuscript is organized as follows. First, we provide a 
brief description of sheet and film processes, focusing on the 
characteristics relevant for model identification. Second, ex- 
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isting directionality identification techniques are reviewed, 
with attention to the difficulties in applying these techniques 
to large-scale sheet and film processes. Third, we discuss 
model structures appropriate for sheet and film processes, 
including a model decomposition in terms of two static or- 
thogonal matrices in series with a diagonal transfer-function 
matrix. It is shown that the accuracy of the diagonal elements 
of the transfer-function matrix directly specifies the closed- 
loop performance achievable by a model-based controller. 
This motivates the development of a combined identification 
and control procedure in which the controller is designed to 
be robust to model inaccuracies quantified during identifica- 
tion. The resulting controller is applied to two examples, in- 
cluding a simulated blown-film process. 

Sheet and Film Processes 
Sheet and film can be produced as either flat or circular 

webs (see Figures 1 and 2). Products produced as flat webs 
(see Figure 1) include newspaper, cardboard, plastic sheets, 
and bumper stickers. Tubular blown-plastic film is produced 
as a circular web (see Figure 2) that can be cut to yield a flat 
film or used in tubular form for bag and sack products. Thin 
film lines (film thickness less than 100 pm) produce products 
such as laminating, thin shrink, form-and-fill, bag, and gen- 
eral packaging films (Hensen, 1988). Heavy-duty film line 
products include heavy-duty sack, refuse-sack, heavy-duty 
shrink, and carrier-bag film (Hensen, 1988). Sheet and film 
processes typically operate at high speeds, with coating ma- 
chines as fast as 6 m/s (Braatz et al., 1992; Young et al., 
1986), paper machines up to 16 m/s (Kan, 1987), and stretch 
film lines up to 7.6 m/s (Wigotsky, 1996). 

Most sheet and film processes have two main control ob- 
jectives (see Figure 1). One is the maintenance of the auerage 
sheet or film thickness, which is referred to as the machine- 
direction (MD) control problem. The other is the mainte- 
nance of flat profiles across the machine web, referred to as 
the cross-directional (CD) control problem. Significant CD 
variations can be present, even when there are no MD varia- 
tions, resulting in sheets that bulge or will not lie flat when 
wound into rolls. There exist strong interactions between ac- 
tuator movements and the resulting sheet profile, making the 
CD control problem challenging and interesting. Since the 
MD pzoblem has been extensively studied (Astrom et al., 
1977; Astrom and Wittenmark, 1973; Bialkowski, 1978, 1983; 
Cegrell and Hedqvist, 1975; Dumont, 1986; Ma and Williams, 
1988; Sikora et al., 1984), only the CD problem will be dis- 
cussed here. 

In blown-film extruders, variations in film thickness could 
arise from imperfections on the die surface, as well as from 
changes in the physical properties of various polymers used 
in different extrusion runs. The two types of devices used to 
adjust the gap thickness in operation are choke bars (re- 
stricter bars) and flexible lips. These devices have a large 
number of screws or bolts across their width that permit local 
adjustments (Wigotsky, 1996; Charrier, 1991). Also, thickness 
variations can be controlled by adjusting the temperature of 
the polymer melt at the die surface (see Figure 3) (Wigotsky, 
1996; Callari, 1990; Hensen, 1988). For blown-film lines, vari- 
ations in the MD should be less than f 2% from the average, 
and CD variations (depending on product) can be +3% to 
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Figure 1. Generic web-forming process (not drawn to 
scale). 

& 15% (Hensen, 1988). Other actuator types common to pa- 
permaking are described elsewhere (Braatz et al., 1996). 

Actuators used to control the sheet profile are almost al- 
ways located at evenly spaced points along the cross direction 
(Braatz et al., 1996). Sensor measurements are taken after 
some form of processing and are located at a distance down 
the machine direction from the actuation. Due to their high 
cost, only a limited number of traversing sensors provide 
measurements of the sheet or film profile, as illustrated in 
Figure 1. Since the sheet or film is moving in the machine 
direction, each sensor measures only a zigzag portion of the 
sheet or film. In blown-film processes, a measuring device 
revolves around a film tube, effectively measuring a spiral 
portion of the film (see Figure 3) (Hensen, 1988). From this 
limited number of measurements, the entire sheet or film 
profile (that is, at all sensing locations) must be determined 
at each sampling time for use by the control algorithm. Paper 
machines can have up to 100 actuators (Wilhelm, Jr., and 
Fjeld, 1983) and 500 sensing locations (Kjaer et al., 1994). 
The number of actuators for blown-film extruders has been 
reported to be between 45 and 120 (Koop, 1993). 

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. Also, the dynamics in the mappings 
of each actuator that move to a downstream sensor reading 
are approximately the same (Braatz et al.. 19961, implying 
that the primary goal of sheet and film process identification 
is to correctly capture the steady-state process interactions. 

Previous Research in Directionality Identification 
The poorly conditioned character of many sheet and film 

processes limits the quality of control, since model estimates 
of gain directionality may be poor. Many researchers have 
discussed how models with accuracy only in the individual 
elements of the gain matrix can still have large errors in the 
gain directionality, resulting in poor or unstable closed-loop 
performance (Li and Lee, 1994; Jacobsen, 1994; Andersen 
and Kummel, 1992b; Grosdidier et al., 1985). 

Existing identification techniques developed specifically for 
poorly conditioned processes (Andersen and Kummel, 1992a; 
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Figure 2, Generic blown-film process (not drawn to 
scale). 

Andersen and Kummel, 1992b; Andersen et al., 1991; Koung 
and MacGregor. 1993) require much more input-output data 
than are available for sheet and film processes, and are prac- 
tically applicable to processes of much smaller dimension. 
Several researchers (Andersen and Kummel, 1992b; Koung 
and MacGregor, 1993) have proposed to perform the direc- 
tionality identification under closed-loop control. However, 
tuning a controller before performing identification is diffi- 
cult, especially for poorly conditioned processes. Li and Lee 
(1994) identify gain directionality by fitting the elements of 
both the open-loop gain matrix and its inverse. Their ability 
to more accurately characterize the directionality of poorly 
conditioned processes occurs at the expense of performing 
more experiments, and the number of experiments is a strong 
function of process dimension [e.g., on the order of (n  - 1)' 
experiments, where n is the process dimension (Li and Lee, 
199411. For sheet and film processes, only a limited quantity 
of experimental data are available from which a model ac- 
ceptable for control purposes must be identified. 

A characteristic of sheet and film processes not addressed 
in the preceding references is that the measurements are ob- 
tained by a small number of traversing sensors. This is the 
problem of identification with missing data, and techniques ex- 
ist for identifying the nominal model and disturbance charac- 
teristics (Jones, 1980; Bergh and MacGregor, 1987). How- 
ever, these techniques do not provide estimates on the accu- 
racy of the models, nor do they discuss the model accuracy 
required for effective closed-loop control. 
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Figure 3. Control of film thickness using cooling air at 
the die surface (not drawn to scale). 

Model Structures 
The quantity of on-line data available for sheet and film 

processes is low, so that a model with a limited number of 
parameters must be selected. The traditional model structure 
for flat-web-forming processes is the Toeplitz symmetric de- 
scription. For some polymer extrusion applications (Martino, 
1991; Callari, 1990), paper machines with neglected edge ef- 
fects (Laughlin et al., 1993; Wilhelm, Jr., and Fjeld, 19831, 
and adhesive coating processes (Braatz et al., 19921, the cir- 
culant symmetric description can be used. This model struc- 
ture has more desirable mathematical properties (Feather- 
stone and Braatz, 1995), and is applicable to a wide class of 
processes of practical importance. Other researchers have 
chosen to parameterize process signals (e.g., process output, 
disturbances) and the profile response to each actuator move 
in terms of a linear combination of basis functions, and to 
identify the coefficients corresponding to each basis function. 
Basis functions under study include splines (Halouskova et 
al., 1993) and discrete orthonormal Chebyshev polynomials, 
also referred to as Gram or discrete Legendre orthogonal 
polynomials (Kjaer et al., 1994; Kristinsson and Dumont, 
1996). 

Many process transfer-function matrices can be decom- 
posed into a structure similar to the singular value decompo- 
sition (SVD) (Golub and van Loan, 1983) called the pseudo- 
SKD form (Featherstone and Braatz, 1995; Hovd et al., 1996) 
with 

P ( s )  = UA(s)VT, (1) 

where U and V are constant real unitary matrices, but the 
elements of the diagonal matrix A(s) are transfer functions 
(i.e., can have phase), which may be negative and are not 
necessarily ordered. 
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A large class of industrially relevant processes can be rep- 
resented in the pseudo-SVD form. For example, any plant 
that has the same scalar dynamics p ( s )  between each of its 
manipulated variables and all the measured variables can be 
written as 

where A is a constant real matrix. Inserting the SVD of A 
and rearranging gives the pseudo-SVD form 

N s )  
There are many examples of such transfer-function matrices 
in the chemical process industries, including simplified distil- 
lation column models (Skogestad et al., 1988, and every pub- 
lished model of sheet and film processes (Laughlin et al., 1993; 
Wallace, 1981; Wilkinson and Hering, 1983; Boyle, 1978; 
Tong, 1976; Wilhelm, Jr. and Fjeld, 1983; Richards, 1982; 
Cuffey, 1957; Karlsson and Haglund, 1983). 

Processes with circulant symmetric descriptions (described 
earlier) have transfer-function matrices of the form 

adequate closed-loop performance. To do this, in this section 
we will assume that the process can be placed in pseudo-SVD 
form (Eq. 11, and that the orthogonal matrices U and V in 
Eq. 1 are exactly known. The latter assumption will be true 
for circulant symmetric processes (Eq. 41, in which the or- 
thogonal matrices U = V = R can be computed before the ex- 
perimental data are collected. In the next section, we describe 
how to design controllers to be robust to inaccuracies in U 
and V,  as would occur, for example, for flat-web processes 
that have edge effects. 

Consider a closed-loop system with the standard feedback 
controller as shown in Figure 4. Hovd et al. (1996) have shown 
that for pseudo-SVD processes (Eq. l), controllers of the form 

(referred to as SVZI controllers) provide optimal performance 
for a variety of norms (e.g., H2, Hm), under mild technical 
conditions. The optimality is true even for the case where 
model inaccuracies are represented and the performance is 
measured in a “worst-case” sense [see (Morari and Zafiriou, 
1989; Skogestad and Postlethwaite, 1996) for thorough de- 

Cm 

C m - 1  
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C m -  1 

Cm 
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C m  
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Cm 

C m -  I 

... 

c2 

c2 c1 

c2 ... 
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C m -  I 

Cm C m -  I 

n X n  

where each cj is a transfer function. All circulant symmetric 
transfer-function matrices can be diagonalized by the real 
Fourier matrix [details in (Featherstone, 1997, chap. 411 

The decomposition matrix R depends only on the process 
dimension and not on localized physical phenomena. This 
decomposition can be used for any circulant symmetric sheet 
and film process. An additional property that can be ex- 
ploited to simplify controller synthesis is that only ( n  + 1)/2 
(for n odd) or (n /2)+  1( for n even) of the diagonal elements 
Aii (s )  are distinct (Hovd et al., 1996). 

Model Requirements 
One of the goals of this investigation is to gain insight as to 

which process characteristics must be extracted for providing 

, (4) 

scriptions of how model uncertainties and worst-case perfor- 
mance measures are addressed]. Given the relatively slow 
speed of measurements and manipulations compared to the 
speed of the rest of the process dynamics, the most important 

-I 
t, n 

Figure 4. Standard feedback control system. 
The manipulated variable is u, the process output is y ,  the 
setpoint is r ,  the measurement noise is n, and the distur- 
bances are d and I .  
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performance specification for sheet and film processes is zero 
steady-state error (Braatz et al., 1966). For a stable plant to 
have zero steady-state error, the final value theorem implies 
that the controller must have an integrator (l/s) in each 
channel. A SVD controller with integral action in all chan- 
nels, while having no poles in the open right half plane, will 
be referred to as an integral SVD controller. The performance 
and robustness characteristics of the SVD controller and the 
requirement of integral action motivate the following result 
concerning the gain identification requirements for pseudo- 
SVD processes. 

Theorem 1. Consider a closed-loop system without actua- 
tor limitations as shown in Figure 4. Assume the true plant 
[P,(s)] and a model of the plant [P,(s)] are stable proper 
rational transfer functions that are of the pseudo-SVD form 
[P,(s) = UA,(s)VT and P,(s)= UA,(s>VTl. Then an integral 
SVD controller designed to stabilize P,(s) will also stabilize 
P,(s) only if Af,II~O~/Am,ll~O~ > 0, for all i. Furthermore, there 
exists an integral SVD controller that stabilizes both P,(s) 
and P,(s) and continues to do so with arbitrary detuning of 
its single-loop gains (AK,,,(O)) if A~,lI(0)/Am,II(O) > 0, for all i. 

If any of the true process gains A,,+(O) is equal to zero, 
then there does not exist a nonsingular integral controller 
that stabilizes the unconstrained closed-loop system (Campo 
and Morari, 1994). If none of the true process gains is exactly 
equal to zero, then Theorem 1 implies that an integral SVD 
controller exists that stabilizes both the model and the true 
process if each identified model gain A,,I,(0) has the same 
sign as the corresponding process gain of the true 
process A,,+(O). Furthermore, these sign conditions must hold 
for any model-based integral SVD controller to stabilize the 
true process. Relationships between Theorem 1 and other re- 
sults in the literature are described elsewhere (Featherstone, 
1995). The proof of Theorem 1 is given in the Appendix. 

For a process without actuator limitations, an integral SVD 
controller whose design is based on a model with inaccurate 
signs of its steady-state gains will cause an unstable closed- 
loop response. Since sheet and film processes (like all real 
systems) have constraints on their actuator moves, the vector 
of manipulated variables for such a controller will grow in 
magnitude until the actuator moves become limited, irrespec- 
tive of how small the disturbances are that enter the system. 
Although Theorem 1 does not imply that any non-SVD inte- 
gral controller whose design is based on a model with inaccu- 
rate signs of its steady-state gains will destabilize the closed- 
loop system, such destabilization will tend to occur [see 
(Featherstone, 1997) for a more detailed development], as will 
be illustrated in the Examples section. 

Coupling Identification and Control 
The poor conditioning of sheet and film processes makes it 

difficult to reliably identify the signs of all of the process gains 
A,,JO) from the limited input-output data usually available 
for sheet and film processes (this will be illustrated using rig- 
orous statistical analysis in the next section). This motivates 
the idea of designing the controller to only perform manipu- 
lations in directions that correspond to model gains Am,ii(0) 
whose signs are known with confidence (these directions are 
the corresponding columns V,  of the process input rotation 
matrix V ) .  Manipulations in directions corresponding to 

AIChE Journal August 1997 

process gains whose signs may be incorrectly identified may 
lead to poor closed-loop performance. These considerations, 
and the proven robustness and optimality properties of the 
SVD controller (Eq. 6), motivate the following coupling be- 
tween the identification procedure and the controller design. 

Identification 
The input-output data are collected and used to statisti- 

cally fit a model for the process dynamics g(s) (in Eq. 3) and 
the steady-state-process interaction matrix Pm(0). The scalar 
dynamics for sheet and film processes are well-described as 
being first-order plus time delay (the approach can be gener- 
alized), and are scaled so that g(0) = 1. The process model 
gains Arn,JO) are computed by taking a matrix decomposi- 
tion of the steady-state interaction matrix P,(O) = UA,(0)VT 
estimated from the input-output data. This results in 

- 8s e - 8 s  

Pm(s)  = - Pm(0) = - UA,(O)V 
7s + 1 7s+1 

Controlkr design 
Basic statistical analysis is used to compute confidence in- 

tervals for each A,,JO) (Brunk, 1965; Devore, 1982). The 
SVD controller is designed to only make manipulated vari- 
able moves in the directions corresponding to gains A,,ii(0) 
that are known with confidence. The confidence intervals de- 
scribe the accuracy of each controlled gain, and are used to 
design a controller robust to the potential gain variations. 

The robust-controller design procedure, described in detail 
elsewhere (Hovd et al., 1996; Braatz and VanAntwerp, 1996b) 
is summarized below. First, standard block-diagram algebraic 
manipulations [either by hand (Morari and Zafiriou, 1989; 
Skogestad and Postlethwaite, 1996) or using off-the-shelf pro- 
grams (Balas et al., 1992; Chiang and Safonov, 1992; Russell 
and Braatz, 1996; Russell et al., 1997)] are used to construct 
the standard uncertain system representation in Figure 5. The 
test for robust stability is that 

. 

Figure 5. Uncertain system representation. 
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where F,(N(jw),  K ( j o ) )  is the lower linear fractional trans- 
formation (LFT) between N and K ,  and p is the robustness 
margin [for background on robustness analysis, see Doyle 
(1982); Safonov (1982); Morari and Zafiriou (1989); Skoges- 
tad and Postlethwaite, (1996)l. It is important to note that 
the lefthand side of Eq. 8 is computable from the controller 
K ,  the plant P ,  and the uncertainty description. In general, 
robustness margin computations are computationally expen- 
sive for processes of high dimension (Braatz et al., 1994; 
Braatz, 1996). However, with pseudo-SVD processes, the di- 
mension of the problem can be reduced for a broad class of 
realistic uncertainty descriptions, including descriptions that 
capture inaccuracies in the process input and output rotation 
matrices U and V ,  which would represent structural mis- 
match, for example, due to edge effects [for details see Braatz 
and Van Antwerp (1996b)l. The robustness margin for 
pseudo-SVD processes can be computed as 

not manipulated by the SVD controller, and designing the 
controller to be robust tends to prevent overly large dynamic 
excursions in the manipulated variables. This is illustrated in 
the following examples. 

Examples 
The following examples illustrate the relationship between 

process identification and the controller design. To simplify 
the concepts being demonstrated, a 5 x 5 circulant symmetric 
process is studied first. Second, the technique is applied to a 
large-scale blown-film process. While the theoretical results 
hold for more general pseudo-SVD processes, for brevity only 
circulant symmetric processes are simulated here. 

5 X 5 Example 
For the first example, the true process transfer-function 

(9) 

where N' corresponds to a single-input, single-output (SISO) 
robust controller design problem for each controlled gain 
~ l ~ , ; ~ ( s ) .  This decouples the design problem for K ( s )  into in- 
dependent design problems for each AK,l l ( s ) .  The controller 
AK,ii(s) for each SISO problem can be designed by any ro- 
bust-controller method; we suggest to use IMC tuning (Morari 
and Zafiriou, 1989): 

for Am,ii known with confidence (otherwise, Ak, ' ; ( s )  = O), 

(10) 

1 1 0.9 0.7 0.7 0.9 
0.9 1 0.9 0.7 0.7 
0.7 0.9 1 0.9 0.7 , 
0.7 0.7 0.9 1 0.9 
0.9 0.7 0.7 0.9 1 

(12) 
where 6 = T = 1. The condition number of the process is 
K [  P,(jo)] = 178 for all frequencies, which is large, suggesting 
potential identification and control problems. The focus will 
be on the identification of the steady-state interaction matrix 
P,(O), since the scalar dynamics do not pose any special ro- 
bustness or performance difficulties. 

During identification, the measured proc- 
ess output at steady state y ,  is assumed to be given by 

Identification. 

(13) 

where u is the actuator input move and u represents zero- 
mean Gaussian measurement noise. In the standard indus- 
trial experiment (called a "bump test''), the open-loop re- 
sponse is measured for a step in one of the manipulated vari- 
ables. This defines the process input as u = (Yel, where 

with 

0 78 

2 
4 0 

T / = 7 + - ;  TO=-' 
27 + e '  T F . i =  2 ( ~ ,  + 0 1  . 

The SISO controllers A,,,;(s) are stacked up as the diagonal 
elements of a matrix A&), with the overall SVD controller 
computed from e l =  1 iil  (14) 

K ( s )  = VA,(s)UT. (11) 1 0 1  

The IMC tuning parameters hi are selected as fast as POS- 
while maintaining stability for all variations in model 

gains and input/output rotation matrices. As recommended 
by Morari and Zafiriou (1989), each also has a lower bound 
of 1.78 to prevent large overshoots in the presence of time 
delays. Any of the well-established multivariable antiyindup 
procedures can be used to deal with the constraints (Astrom 
and Wittenmark, 1984; Campo and Morari, 1990; Mhatre and 

To Prevent excessive Process upsets during experimental 
data collection, constraints are imposed on the process inputs 
and outputs. For sheet and film processes the constraints on 
the manipulated variables at each time instance are usually 
Of the forms (Braatz et 1996; Braat' and Va*twe% 
1996a; Chen and Wilhelm, 1986) 

u /  I 24' I Uh, (min-max constraint) 
Brosilow, 1996; Zheng et al., 1994). Constraint handling may 
be unnecessary for many sheet and film processes, since di- - I, I u,_  - 2ul  + u , + ,  I I, (2nd-order bending 

rections corresponding to low steady-state gains Am,;;(0) are moment constraint). (15) 
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As discussed in Laughlin et al. (19931, the constraints are 
functions of the flexibility of the slice (or die) lip, and the 
number of allowable actuator locations. Tighter control of the 
cross-directional profile requires more actuator locations with 
more flexible slice lips. However, slice lips made of materials 
that are very flexible may not be as durable under the operat- 
ing conditions as would stronger, less flexible materials. 
Therefore a trade-off is required, and certain slice-lip designs 
may be applicable to some processes and operating condi- 
tions and not to others. Other manipulations, such as steam 
sprays or cooling air jets, can be substantially less con- 
strained. 

For this example, first it will be assumed that - uI = uh = 1 
and I, = 2, which is applicable for a rigid slice lip. These con- 
ditions are described by constraint set 1 (CS-1). The effects 
of weaker constraints will be investigated, allowing for more 
flexible slice lips with larger operating regions. Constraint set 
2 (CS-2) is described by letting uh = 10 and I ,  = 10, which are 
weaker constraints than CS-1. For the identification experi- 
ments, a is usually selected as large as possible without vio- 
lating any of the constraints (here, it is assumed that the out- 
put constraints indicate that the largest allowable weight is 
a = 1, which is also appropriate for CS-1). Then the output 
to the single-step input experiment is 

c 
a .- 

0 .  

0.7 

i=[ + u .  (16) 

Because a substantial fraction of the noise occurring in sheet 
and film processes is associated with the sensor, the measure- 
ment noise in each sensing location is considered to be inde- 
pendent. The variance is assumed to be 0.04, which is a rea- 
sonable value for many sheet and film processes. It is indus- 
trial practice to repeat the bump tests several times to reduce 
the effects of noise. Simulated identification experiments 
consisted of five step input tests, and the process parameters 
were calculated using least squares. The estimated interac- 
tion parameters cj(0) (see Eq. 4) and the steady-state plant 
A,,i,(0) and model gains Am,ii(0) from a sample data set are 
shown in Table 1. 

The results show that the signs of the process gains can be 
identified incorrectly with only very small element-by-ele- 
ment errors in the estimated process model. For the sample 
data set, the sign of the smallest process gain Am,33(o) is in- 
correct (see the last column of Table l), even though the 
maximum error is less than 9% for any of the estimated pa- 
rameters cj(0). 

The next step is to determine which signs of the identified 
gains are known with confidence, based on the experimental 
data. The confidence interval of each gain is calculated using 

Table 1. Data Set from a Simulation Experiment with Five 
Open-Loop Step-Response Tests on the Process Pt Defined 

in Eq. 12 with Measurement Noise 

cJ0) c,(O) c3(0) A,,(O) A& A,,@) 
Exp. Data 1.0900 0.9013 0.6878 4.2683 0.5342 0.0568 

P,(O) 1.0000 0.9000 0.7000 4.2000 0.4236 -0.0236 
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Figure 6. 95% confidence intervals for each model gain 
Am,ii from experimental data for the 5 x 5  
example. 

the estimated noise variance (this is known in practice), the 
number of bump tests, the known input u,  and the measured 
output y,. If the confidence interval includes zero, then the 
sign is not known with confidence [although not shown here 
for brevity, this procedure can be posed rigorously in terms 
of hypothesis testing, as discussed in detail in (Featherstone, 
1997, chap. 511. Figure 6 shows the 95% confidence interval 
for each gain for the sample data set. 

Figure 6 indicates that the sign of the third process gain 
Am,33(o) is not known with confidence, since the radius of the 
interval is larger than the absolute value of the gain. Inspec- 
tion of the confidence interval corresponds to a hypothesis 
test with a 97.5% level of significance that the sign of the 
gain is identified correctly. If fact, rigorous statistical analysis 
indicates that there is only a 57% probability of correctly 
identifying the sign of this gain. 

The SVD controller was designed to 
minimize the effect of output disturbances d on the con- 
trolled variable y (see Figure 41, while being robustly stable 
to actuator and model gain uncertainties [sensor uncertain- 
ties were ignored in this example because they usually have a 
much smaller effect on the robustness of the closed-loop sys- 
tem than actuator uncertainties (Skogestad et al., 1988)]. The 
robust stability requirement corresponds to the block dia- 
gram for the process with uncertainty blocks, as shown in 
Figure 7 [see (Morari and Zafiriou (1989) and Skogestad and 
Postlethwaite (1996) for background on the use of p for ro- 
bustness analysis]. The uncertainty associated with each actu- 
ator (this, for example, could result from stiction or motor 
wear) is normally assumed to be independent of the other 
actuators, which corresponds to a diagonal perturbation block 
A I .  Instead AI  is represented as being full to account for 
inaccuracies in the input rotation matrix R (in general, this 
uncertainty description could account for inaccuracies in any 
input rotation matrix V ) ,  and for structural mismatch, for 
example, due to the process not having exactly a circulant 
symmetric structure due to edge effects. The actuator uncer- 
tainty weight W,(s) = 0.3(0.1s + 1)/(0.02s + 3)1 allows 10% 
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Figure 7. Process with input and gain uncertainty 
weights. 

steady-state error in manipulated variable movements and 
150% error at high frequencies, with corner points at o = 10 
and w = 150. The uncertainty in gain A,, is diagonal, with W, 
based on the radii of the confidence intervals in Figure 6. 
The full N ( s )  matrix (as shown in Figure 51, constructed from 
the block diagram of the process (Figure 7), is given by 

0 0 - W J S )  

WART 0 -WART ] (17) 
RArn(s)RT R - RArn(s)RT 

and A = diag{A,, A,,}. The controller design problem can be 
decoupled into the associated SISO subproblems, as dis- 
cussed in the previous section, with N' given as 

This allows the SISO controller AK, , , ( s )  for each controlled 
process gain Arn,,,(s) to be designed independently. 

Based on the identification results, three nonzero SISO 
controllers A , , , ( s )  are designed based on the two reliably 
identified gains. The uncertainty weights used for the compu- 
tations are W,,,, = 0.3920 and W,,,2 = W,.,, = 0.2772. The 
IMC parameter for each SISO controller AK, , , ( s )  was tuned 
as fast as possible while achieving robust stability, while satis- 
fying the lower bound of A, = 1.70 (in fact, for this example 
each A, was equal to 1.713). The overall SVD controller is 
constructed as in Eq. 11, and will only perform manipulations 
in the three directions corresponding to the two reliably iden- 
tified gains (one of the gains has two directions correspond- 
ing to it). The value for p for the entire system based on the 
identified model is 0.5416, which indicates that the closed- 
loop system is stable for the actuator and model gain varia- 
tions. 

Time-domain Simulations. The SVD controller is com- 
pared to a controller designed with the Quadratic Penalty 
Function (QPF) method (Chen and Wilhelm, 1986). This 
model-based method uses time-varying control penalty 
weights to minimize the performance objective while satisfy- 
ing actuator constraints. The QPF method often has similar 
performance to model predictive control (MPC), but is less 
computationally intensive. For these reasons, the method is 
widely applied to industrial sheet and film processes (Chen 
and Wilhelm, 1986). Our implementation of the method may 
not correspond exactly to the latest version of the QPF 
method, as the original manuscript describing the method is 
somewhat sketchy (Chen and Wilhelm, 19861, and the details 
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Figure 8. Steady-state controlled-variable profiles us- 
ing the SVD and QPF controllers for the 5 x 5 
example. 
SVD, model I (-); QPF at CS-1 (--k QPF  at CS-2 ( - . -h  
initial disturbance ( ... ). 

of the current version are proprietary (this algorithm was 
owned by ABB as of publication). The main conclusions 
drawn from the simulations using the QPF control algorithm 
do not depend on the details of the implementation of the 
algorithm. 

Figure 8 shows the final steady-state profiles after control 
from a random disturbance using the QPF method under the 
two constraint sets and the SVD controller. The time-domain 
response profiles for the process using the QPF controllers at 
the two constraint sets are shown in Figures 9 and 10, and 
the SVD controller is shown in Figure 11. 

The effect of the misidentified process gain (see Table 1) 
on the performance of the QPF controller is clearly seen in 
the responses shown in Figures 9 and 10. Since the final pro- 
file response under CS-2 is worse than under CS-1 (see Table 

0.1 

0 

-0.1 
0 10 20 30 

Time 
Figure 9. Time-domain profile response using the QPF 

controller under Constraint Set 1 for the 5 x 5 
example. 
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-0.1 L--- 
0 10 20 30 

Time 
Figure 10. Time-domain profile response using the QPF 

controller under Constraint Set 2 for the 5 x 5 
example. 

2 and Figure 8), it is apparent that the controller forces the 
manipulated inputs into directions that give poor final re- 
sponses, which are larger with the weaker constraints. 

The SVD controller design performs input moves only in 
directions corresponding to the accurately identified gains and 
avoids the directions corresponding to the misidentified gain 
(see Figure 11). Only the projection of the disturbance in the 
controlled direction goes to zero (due to the integral control), 
which leaves some offset. The final profile resulting from the 
SVD control response has a smaller standard deviation than 
the final profiles from either QPF control response. The ma- 
nipulated variable moves for the SVD controller easily satisfy 
the constraints, with a maximum deviation of 0.3220 and a 
maximum second-order bending moment of 0.4669. 

We would like to stress that the poor performance of the 
QPF method designed based on a poorly identified model 
(see Figure 8) is not due to the QPF controller being tuned 
over aggressively (Figures 9-11 show that the QPF con- 
trollers have a similar speed of response as the SVD con- 

Oe2 I 
0.151 \ 

rn I \  I 

Y I 
0 0.051, ?k 

I \ \- 

Table 2. Standard Deviation ( u of the Initial Disturbance 
Profile and Steady-state Profiles a&er Control for the 5 X 5 

Example 

Initial Disturbance SVD QPF at CS-1 QPF at CS-2 
U 0.1161 0.0191 0.0338 0.1038 

trollers). The poor performance of the QPF method is not 
due to a deficiency in the QPF controller-design method. If 
the QPF controller was based on a model that accurately 
identified the signs of all the gains, the controller would per- 
form well, and weaker constraints would result in improved 
disturbance rejection. In this example, however, there is only 
a 57% probability of correctly identifying the sign of the third 
gain. It is straightforward to extend the results of the section 
on model requirements to show that model-inverse-based 
SVD controllers and simple PI controllers all give poor per- 
formance if designed to control a manipulated variable direc- 
tion corresponding to a process gain with an incorrectly iden- 
tified sign (Featherstone, 1997). The poor performance of the 
industrially accepted QPF method reinforces the results in 
the section on model requirements, that model-based con- 
troller design methods have difficulty controlling the process 
effectively if the model does not have the correct signs of the 
process gains. 

Blown-film exampk 
The second example to be considered was a blown-film 

plastic extruder with 45 actuator and measurement locations. 
Since the actuator die is circular, the circular symmetric 
process description is applicable. The steady-state interaction 
matrix was assumed to have seven parameters, and the noise 
level was chosen to give realistic signal-to-noise ratios for such 
machines. For this example, the measurement noise in each 
sensing location was again considered to be independent and 
have a variance of 0.04. Following a procedure suggested by 
Heaven et al. (1993), the step input was performed in a num- 
ber of actuator locations that are separated so that the result- 
ant bump response profiles are expected not to overlap. Al- 
though other input designs could have been chosen [see 
Featherstone (1997); Van den Hof and Schrama (1995) for 
discussions of this and related topics], the industrial-standard 
bump test was selected so that the results of this article would 
be more closely related to current industrial practice. The 
process model was identified with five bump tests and the 
values of the process gains were calculated using least squares. 

Figure 12 shows the confidence interval associated with 
each (distinct) identified process gain, as well as the values of 
the gains for the true process. Based on the criteria that the 
interval must not include zero, thirteen of the twenty-three 
distinct gains were not known with confidence. Of these thir- 
teen, six were actually identified incorrectly. The  problem was 
then reduced to designing SISO controllers for the remaining 
ten gain directions. The actuator uncertainty description and 
robust controller design procedure of the first example were 
used, that is, each SISO controller was chosen to be IMC-PID, 
and the tuning parameter hi was optimized for each subprob- 
lem, while statisfying the suggested lower bound. 

The full SVD controller was then tested against the QPF 
method at CS-1 and CS-2. The final profile responses at each 
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Figure 12. Plant gains At,i /  (shown using *) and the 

95% confidence intervals for each model 
gain A,,ii from experimental data for the 
blown-film example. 

arrangement location after control are shown in Figures 13 
and 14 with the initial disturbance, and the standard devia- 
tions of all the profiles are listed in Table 3. 

The effect of the misidentified process gains (see Figure 
12) on the performance of the QPF controller is clearly seen 
in the responses shown in Figures 13 and 14. The response is 
similar to, yet more extreme than, the response seen for the 
5 X 5 example, where there was only one misidentified gain. 
Again, the QPF model gives poor performance when the 
model is identified incorrectly. The severity of the response is 
limited by the constraints. The profile response in Figure 14 
is not locally asymptotically stable, but remains bounded be- 
cause the inputs are bounded by the constraints. For a real 
blown-film extruder, the response of the QPF controller in 
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Figure 13. Steady-state controlled-variable profiles. 
SVD (-1 and QPF at CS-1 (--) controllers for the 
blown-film example with initial disturbance ( ... ). 

10 20 30 40 
Meaurement position 

Figure 14. Steady-state controlled-variable profile us- 
ing the QPF at CS-2 (-) controller for the 
blown-film example with initial disturbance 
( - - *  ). 

Figure 14 (and possibly in Figure 13) would cause the film to 
break. Ideally, weakening the constraints should lead to bet- 
ter control, but this will only happen if the controller is based 
on a sufficiently accurate model. The QPF controller under 
the weaker constraints yields a worse performance than would 
have been obtained without the controller. The poor perfor- 
mance is similar to the results from the control system audits 
reported by Bialkowski (1986). Here, the poor per- 
formance is a result of the inaccurate model violating the 
model requirements, and not due to a specific deficiency in 
the QPF design method. It is the authors’opinion that thepoor 
pei$omance often reported for indusm‘al sheet and film process 
control systems is most likely due to the signs of the model gains 
being incorrectly identified, 

The effect of the misidentified gains is not so apparent in 
the response due to the SVD controller design (Figure 13). 
Since the SVD controller does not perform control moves in 
any of the directions that were inaccurate, the model require- 
ments are satisifed for each controlled direction. The per- 
formance limitation is specified by the number of accurately 
known gains. If the model is improved, then the control would 
improve. As with the 5 X 5 example, the inputs generated by 
the SVD controller (figure not shown for brevity) easily satis- 
fies the constraints with a maximum deviation of 0.2449 and 
a maximum second-order bending moment of 0.0654. 

A few final comments are in order. That processes of high 
dimensionality tend to be poorly conditioned is well known to 
industrial control engineers (Braatz, 19951, and can be proved 
using the statistics of large matrices (Braatz, 1997). 

Table 3. Standard Deviation (u of the Initial Disturbance 
Profile and Steady-state Profiles after Control for the 

Blown-Film Example 

Initial Disturbance SVD QPF at CS-1 QPF at CS-2 
U 0.3847 0.0488 0.3642 3.5069 
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This implies that there is a 50% probability of incorrectly 
identifying the sign of a gain (or a large number of gains) for 
a large-scale process. The problem is especially acute for sheet 
and film processes, for which a limited quantity of experi- 
mental data can be collected, and the measurement noise is 
often high relative to the magnitude of the profile measure- 
ment. As such gains cannot be controlled reliably, the con- 
troller should not attempt to control in the directions associ- 
ated with these gains. This implies that there is an inherent 
performance limitation for large-scale processes that cannot 
be ignored during the identification and controller design 
procedure. 

Conclusions 
The interaction between model accuracy and closed-loop 

performance was explored for sheet and film processes using 
a model decomposition in terms of a static input rotation ma- 
trix ( V ) ,  a diagonal transfer-function matrix (A&)), and a 
static output rotation matrix (V). Theoretical results and sim- 
ulations indicated the importance of only performing manip- 
ulations in directions of the process input vectors (K) corre- 
sponding to steady-state gains whose signs have been reliably 
identified. The SVD controller is designed to be robust to 
inaccuracies in the controlled-model gains and in the input 
and output rotation matrices (the examples considered the 
case with potential inaccuracies in the input rotation matrix). 
The performance of the SVD controller was compared to that 
of the industrially accepted QPF controller design method. 
While attempting to control in all directions was shown to 
result in poor performance, the SVD controller provided 
consistently good results. Furthermore, the simulation exam- 
ples suggested that constraint handling may be unnecessary 
for many sheet and film processes when the SVD identifica- 
tion and control procedure is used. This is because directions 
corresponding to low steady-state gains Am,ii(0) are not ma- 
nipulated by the SVD controller, and the designing of the 
SVD controller to be robust tends to prevent overly large 
dynamic excursions in the manipulated variables. In cases 
where constraint handling is necessary, any of the well-estab- 
lished multivariable antiwindup procedures can be applied. 
This results in a simple controller implementation. 

The authors expressed the opinion that the poor perform- 
ance often reported for industrial sheet and film process con- 
trol systems is most likely due to the signs of the model gains 
being incorrectly identified. All model gains cannot be deter- 
mined with confidence due to the limited quantity of experi- 
mental data, the relatively high level of measurement noise, 
and the poor conditioning of large-scale sheet and film proc- 
esses. This poses an inherent limitation on the performance 
achievable by any control algorithm applied to these proc- 
esses. The best control algorithms will manipulate only in di- 
rections for which the signs of the gains are known with con- 
fidence. 

Although the focus of this article was on sheet and film 
processes, the results have relevance to any process that can 
be represented in pseudo-SVD form, a comprehensive list of 
which appears in Featherstone (1995). Many of the identifi- 
cation and control concepts also have implications for more 
general large-scale processes, which constitute a subject of 
current study. 
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Appendix: Proof of Theorem 1 
The following lemmas are used to prove Theorem 1. 
Lemma 1. Assume P ( s ) =  UA(s )VT and K ( s ) =  

I/h,(s)UT. Then the closed-loop system is internally stable if 
and only if each SISO loop with A K , i i ( ~ )  and is stable. 

Assume g(s) = g(s)/s’, where g(s) is stable. 
Then the closed loop system with g = p k  is stable only if 

The MIMO system is internally stable 

Lemma 2. 

g(0) > 0. 
Proof of Lemma 1. 

if and only if 

is stable. With the pseudo-SVD decompositions of P and K ,  
Eq. A1 is equivalent to the condition that 
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is stable. Pre- and postmultiplication by unitary matrices does 
not affect the stability of Eq. A2, so the MIMO system is 
internally stable if and only if 

is stable for all i ,  which occurs if and only if each SISO loop 
with Aii  and 

The proof is similar to the proof of a 
result in Morari (1985). The transfer function g'(s) can be 
written as g(s> = n(s)/d(s) with 

is stable for all i. 
Proof of Lemma 2. 

Then g(s) stable implies that 

d(0)  > 0 (A5) 

from the Routh Criterion, and 

stable, implies that 

also from the Routh Criterion. Conditions of Eqs. A5 and A7 
imply that g(0) > 0. 

(1) As a result of Lemma 1, K ( s ) =  
VAK(s)UT stabilizes both P,(s) and Pm(s) if and only if each 
SISO loop with AK,;;(s)  and Ar,ii(s)  is stable, and with 
AK,i i ( s )  and Am,i i ( s )  is stable, for all i. A necessary condition 
for this (Lemma 2 applied to these SISO loops) is that 
iK, i i (0) im+ii(O) > 0, and iK,ii(0)if,ii(O) > 0, for all i. This im- 
plies that Am,ii(0)/At,ii(O) > 0, for all i, which is equivalent to 
Am,ii(0)/Af,ii(O) > 0, for all i [because P,(s)  and P J s )  are sta- 
ble]. 

(2) Assume that if Am,ii(0)/Af,ii(O) > 0 for all i. Then there 
exists y* > 0 sufficiently small [from Morari, (1985)l so that 
A,&) = (y*/s)  will stabilize each SISO loop, and will con- 
tinue to do so for all 0 < y < y*. [Apply Morari (1985) to 
each Am,ii(0) and A,,;;(O), and take the smallest y*.] Then 
Lemma 1 implies that K ( s )  = VAK,ii(s)UT is an integral SVD 
controller, which stabilizes both P J s )  and P,(s). 

Proof of 7heorem 1. 

Manuscript receiued Aug. 9, 1996, and reuision received Apr. 14, 1997. 

AIChE Journal August 1997 Vol. 43, No. 8 2001 




