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SUMMARY

A multilevel approach to design of a paper machine
control system has been presented. The system descri-
bed includes not only regulating and coordinating con-
trol, but also on-line optimizing algorithms. In addition
to being a convenient means for organizing the control
activity, the multilevel approach provides a framework
for organizing the computer software. In actual opera-
ting systems, the frequently executed first level pro-
grams are core memory resident, while the remaining
levels of control reside in a rapid access drum mass sto-
rage. The core-drum memory combination is an econo-
mical way to implement multilevel control structures.

INTRODUCTION

It is apparent that computer control of the paper ma-
king process cannot be economically justified on the
basis of replacing analog controllers with digitally-im-
plemented equivalent control algorithms. The compu-
ter control system, to be justified, must provide capa-
bilities beyond simple regulatory direct digital control
(DDC).

The purpose of this paper is to present an approach to
computer control of a paper machine in which signifi-
cant areas of economic justification have been automa-
ted through on-line optimizing control algorithms (1).
The paper has been divided into two parts; the first dis-
cusses the structure of the control system in general
terms, and the second discusses selected examples of
the control algorithms in more detail.

REVIEW OF MULTILEVEL CONTROL DESIGN
PHILOSOPHY

Optimal control

One approach to optimization of a process is to deve-
lop an optimal control policy from the minimization
of an appropriate objective function, or economic cri-
terion. Such an approach requires the development of
a detailed process model and a meaningful economic
performance index. Since the paper making process is
a non-linear, time-dependent, distributed parameter
process, detailed modeling of the complex physio-che-
mical relationships is a major obstacle to the synthesis
of “‘the" optimal controller.

(1) The system described herein is the control system
being marketed as a part of the AccuRay Pro-
cess Management (APM) systems of Industrial Nu-
cleonics Corporation, Colombus, Ohio, USA.

HIERARCHIAL CONTROL

The multilevel approach to control system design repre-
sents a practical approach to complex control problems.
One of the basic assumptions of the multilevel approach
is that the system is too complex to be effectively con-
trolled as an entity. In addition to the unrealizability of
a single controller, it may be undesirable from the view
point of computing requirements and reliability. The
multilevel approach subdivides the single complex pro-
blem into a hierarchy of simpler control design problems.
With this approach, the controller on a given “level of
control' is less complex due to the existence of lower le-
vel controllers which remove higher frequency distur-
bances. It is possible to generalize that at each succeed-
ing level in the hierarchy, the complexity of the control
algorithms increases, but that the required execution fre-
quency decreases.

LEVELS IN THE HIERARCHY

The multilevel control approach is a means of ordering
the control activity into a convenient structure. The
number and functions of the levels in a hierarchial sys-
tem has been the subject of much research and many ar-
bitrary definitions (1). For the purpose of this discussion,
the structure defined in fig. 1, will be used. The propo-
sed hierarchy consists of four levels, the process level,
the coordination level, the optimization level, and the
management strategy level.

On the first level of control, selected process variables,
such as flows and speeds, are regulated to specific set
points. Since many of the process loops cannot be mani-
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Fig. 1. Multilevel Control System Structure
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pulated independently without exhibiting strong inter-
actions, first level control does not guarantee that pro-
duct control objectives will be met.

The purpose of the second level control is to provide
the necessary coordination of the process level control-
lers to insure the realization of product control objec-
tives. An alternate name for the coordination level
might be *‘product level’ since the coordination func-
tion involves interpreting product set points and pro-
viding process level set points required to satisfy pro-
duct specifications.

The third level of control has been defined as the pro-
cess optimization level. The function of the optimizing
algorithms is to determine the optimum set points for
the product and process level loops. This level may in-
clude both steady state and dynamic optimization.
The fourth level of control can be referred to as the
management strategy level. Combined in this level are
the control activities which involve human decision ma-
king, often based on complex or unquantifiable varia-
bles. It is on this level of control that the mill manage-
ment implements the production strategy, for example,
selecting operating set points based on customer accep-
tance of the products. While this level is not treated ex-
plicitly in this paper, its importance is not to be under-
estimated. Good system design for this level requires
efficient information transfer to the operators and su-
pervisors, in terms of management information reports
and data presentation on operator consoles. The key to
an economically successful installation is this fourth le-
vel of control.

MULTILEVEL PAPER MACHINE CONTROL SYS-
TEM

Process loop selection

The control system described in the following para-
graphs and shown in block diagram form in fig. 2 was
designed for general applicability to many different pa-
per machines. Since the system was to operate in a me-
dium-scale computing environment, an effort was ma-
de to limit the scope of the system to those control
loops which have demonstrated the most potential for
a return on investment. Published results indicate that
basis weight control, moisture control, and automatic
grade change control each have major economic poten-
tial (2,3). With these economic objectives, six process
level loops were selected. These six loops, along with

TABLE 1

PROCESS LEVEL CONTROL 1.00PS

MANIPULATED VARIABLES CONTROLLED VARIABLES

THICK STOCK FLOW — BASIS WEIGHT
DRYER STEAM PRESSURE — MOISTURE
TOTAL HEADBOX FLOW —_— DRY LINE POSITION
HEADBOX AIR PAD — HEADBOX LEVEL
SLICE POSITION — JET-TO-WIRE RATIO
MACHINE SPEED —_— PRODUCTION RATE

the controlled variables associated with each manipula-
ted variable, are tabulated in Table 1. While there are
many possible combinations of manipulated and control-
led variables, the assignment was made on a basis which
would comply with conventionai mill practice.

COORDINATION METHODS

Since many of the variables listed in Table 1 have strong
interactions, one of the primary design criteria for the
coordination level loops was to provide a non-interacting
control system.

The coordination requirements were grouped into three
second level control programs, basis weight and moisture
control, coordinated headbox control, and coordinated
grade change control (speed, basis weight, and moisture
changes). The basis weight and moisture program provi-
des control during on grade operation.

The coordinated headbox program, while stabilizing the
wet end during on grade operation, provides required
control during dynamic process changes. Grade change
control provides the essential coordination during dyna-
mic machine changes.

ON-LINE OPTIMIZATION

The automation of the optimizing functions is achieved
on the third level of control. Two areas of economic in-
terest are concerned. The first is the selection of optimal
set points for on grade basis weight and moisture control.
The objective is to optimize the fiber and moisture con-
tent of the sheet, subject to constraints on product
weight and moisture. An algorithm for the on-line opti-
mization of the set points is included under the name

of Target Optimization Control (2).

Another area of economic interest is the optimization
of production throughput. Using a peak-seeking tech-
nique, the algorithm called Speed Optimizing Control
gradually increases the production rate until some well
defined, measureable process limit is reached. The con-
straint on production may come from a dryer limitation,
a mechanical limitation, or a furnish limit. In certain ap-
plications, these limits are easily definable in terms of
process actuators being in a limit condition. In the case
of a dryer limited machine, the ramping of the speed
stops when a steam flow or steam pressure limit is rea-
ched. In this dryer limited condition, the second level
moisture control algorithm reverts to an alternate mo-
de, controlling moisture with the machine speed and
thick stock flow.

SYSTEM DETAILS

As a vehicle for describing the multilevel system, repre-
sentative control algorithms are discussed. The inten-
tion is not only to demonstrate the program interactions
and software implementation, but also to present speci-
fic applications of technigues to compensate for control
problems in the paper making process.

Process loops
The six process loops depicted in fig. 2 are either DDC

(2) U.S. Patent 3,515,860 and patents pending
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Fig. 2. Multilevel Paper Machine Control System

or supervisory set point control, depending on the ana-
log control backup requirements. The decision to pro-
vide backup control is based on the amount of residual
control capability judged necessary when the coordinat-
ing controller is inoperative.

Steam pressure and headbox air pad control usually re-
quire backup regulation when the computer is off line.
Thick stock flow, headbox flow, slice position, and
machine speed supervision are generally not required,
so the latter loops have been implemented as DDC.
Since the first level loops are intended to stabilize the
process and to eliminate higher frequency disturbances,
they are executed frequently, typically once per five
seconds.

The first level algorithms are generally representative
of the state of the art techniques in DDC design, the-
refore the details of these algorithms have been elimi-
nated. One feature of the DDC approach which is im-
portant to note, however, is that the process level loops
must have the ability to track moderately slow ramp
changes in set point. This requirement stems from the
ramped set point commands generated by the grade
change and Speed Optimizing controllers. Consequent-
ly, the deadband in the algorithm applies only to the
feedback error and not to the feedforward set point
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changes.

Coordination loops

As an example of a second level algorithm, consider the
control of basis weight and moisture. Most documented
approaches to this type of control incorporate thick
flow and steam pressure as the manipulated variables (4).
The two primary control problems are the interactions
between basis weight and moisture and the long trans-
port delays inherent to the paper making process.

Since non-interacting basis weight and moisture control
was a design objective, one approach would have been
to use classical multivariable non-interacting design tech-
niques. An understanding of the process and its instru-
mentation provides a simple alternative: bone dry ba-
sis weight control. The elimination of the interaction be-
tween moisture and basis weight is straight forward and
easily implemented in the computer. The approach ta-
ken in this system, therefore, is to provide bone dry con-
trol, leaving the stock flow-moisture interaction to be
eliminated by design.

Dahlin reports that a moisture control system develop-
ed from the classical non-interacting approach may
provide sluggish response to moisture upsets (5).



This is due to the inclusion of a delay term to coordi-
nate the moisture and basis weight responses. Conse-
quently, for this system, a completely non-interacting
controller was sacrified for improved moisture respon-
se. Stock flow to moisture decoupling is achieved by
feeding forward the stock flow corrections computed
in basis weight control to an empirical model of the
interaction. The computed effects of stock flow chan-
ges are used to bias the observed moisture error, result-
ing in the following control algorithm:

1
£SF’5et = P(rr] X 3 M
P M,P)

_

Feedback Feedforward
Error Decoupling
where:
&pset - change insteam pressure set point
Mget . moisture set point
M,ye - moisture average
i AQstk stock flow change from basis weight con-
trol
Kmn - adjustable gain

OM , M _- partial derivatives describing process
aP 0Q  response

While the approach to non-interacting control is fre-
quently encountered in the paper industry, methods of
compensation for transport delays have been diverse
(4). Long term variations in basis weight are controlled
using an average of the observed basis weight during one
scan of the measuring system. Typical delays from the
stock valve to the measurement vary from approximate-
ly one minute to several minutes, meaning that several
scan averages may be computed within a process delay.
If simple integral control is applied, using the scan ave-
rage bone dry basis weight as the process feedback, the
controller must be detuned to prevent delay-excited in-
stabilities.

In the late fifties, Smith proposed a technique for achiev-

ing better transient response from controllers opera-
ting in the presence of process delays (6). This techni-
gue, known as a Smith Linear Predictor, adds a minor
feedback loop around the controller, as shown in fig. 3.
The minor loop includes a negative feedback of the si-
mulated process dynamics and a positive feedback of
the simulated response plus the estimated time delay.
During the delay between control action and measure-
ment, the negative feedback appears to the controller
as the process response without the delay, inhibiting
controller response to a previously measured error.
When the process delay has passed, the positive feed-
back loop cancels the negative minor loop, removing
the compensation of the measured feedback. The net
result of Smith’s technique is the ability to tune the
controller to a higher loop gain.

The basis weight and moisture control programs deve-
loped for this system (3) by Rice of Industrial Nucleo-

(3) Patent Pending
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Fig. 3. A Smith Linear Predictor

nics include an extension of the Smith Linear Predictor
to a sampled data system. The intention was to provi-
de the capability to control within a transport lag,
without appreciably detuning the controller. Further-
more, it was intended to use this model reference ap-
proach during grade changes which could occur within
a process delay. A conceptual block diagram of this ap-
proach is presented in fig. 4. The significant departure
from the Smith approach is the use of a steady state
model in the negative minor feedback loop, in place of
a dynamic model without the delay term. In unpubli-
shed results, Rice reports this improves controller res-
ponse during the transport delay.

The application of the model reference approach requi-
res a steady state and dynamic model of the process.
Since many wet end controls are varied in a predeter-
mined manner during a grade change, it was desired to
develop a model which would reflect these dynamic
changes. A first principles approach was adopted. This
technique results in a fixed model structure which is
determined by the physical characteristics of the paper
machine. The parameters of the model may be conti-
nuously adapted using measured wet end variables, such
as flows and levels. Variables which are not measurea-
ble on-line, but which change from grade to grade and
can be predicted by off-line analysis, are stored in a pro-
ductcoded data file. These characteristics of the model
may be loosely termed “‘open loop adaptive'. Operat-
ing experience on several different types of paper ma-
chines indicates that this approach is an economically
attractive tradeoff between model accuracy and comput-
ing requirements.

To put the basis weight and moisture control system in
the classical perspective, a block diagram is presented
in fig. 5.

OPTIMAL CONTROL METHODS

As an example of a third level controller, consider the
problem of determining optimal set points for basis
weight and moisture.

Grant has pointed out that criteria for saleable paper
are usually derived from limit conditions, such as mini-
mum fiber content or maximum moisture content (7).
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Fig. 5. The Basis Weight and Moisture Control
System

Since basis weight and moisture are statistically distri-
buted about their mean values, the set points are usual-
ly manually selected to insure that the majority of the
product does not exceed the limiting factor. For a gi-
ven mean, a process distribution, and a limiting factor,
it is possible a small fraction of the product exceeds the
limit, as shown in fig. 6. In a practical situation, the va-
riance of the product variable may be a slowly changing
function of time. Since the mean value is under control,
and relatively stationary, the amount of product beyond
the limit also will be time varying.

It is apparent that as the product variance changes, the
efficiency of material utilization changes, since the pro-
cess is not operated as close to the limit factor as possi-
ble. The motivation for Target Optimization Control is
to take advantage of the changes in process variance to
shift the mean in relation to the limit. To optimize the
useage of raw materials, it is desirable to dynamically
determine the product set points as a function of the
limit factor, the estimated process variance, and the de-
sired fraction of production beyond the limit. This prob-
lem can be conveniently formulated as a steady state
optimal control problem.

In the optimal control formulation, the control objecti-
ve is to choose a mean value (set point) such that the
amount of product exceeding the limit is maintained in
the presence of a changing process variance. To forma-
lize this, the objective function

1 T 2
Q:-i_({[q(t]-qsp]dt
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where:
q(t) - fraction exceeding process limit
Asp - desired fraction exceeding limit
T - asuitably long period of time,

relative to the basis weight and moisture
control dynamics

is defined and minimized. One approach is to assume a
distribution function, such as a normal distribution and
to relate the fraction exceeding the limit, q(t), to the li-
mit, the mean, and the variance. Appropriate mathema-
tical manipulation produces an algorithm relating the
mean of the process to changes in process variance. The
resulting algorithm is difficult to implement in practice
since it requires storing tables of the distribution func-
tion.

Spitz of Industrial Nucleonics has developed an appro-
ximate version of the algorithm using a fit to a normal
distribution function in the region of the tails. The ap-
proximate optimal control algorithm is attractive since
it is a simple linear relationship between the process
mean and the estimated variance. The approximate al-

gorithm is
SP an=L W e xrA1+ G 1. lspo gL
new— k;\l 4 qsp LAZ EE A3qsp old
where:
SP - process mean set point
qsp - desired fraction exceeding limit
e - measured fraction exceeding limit
L - process limit
Al.Az.A3 - parameters of the fit to the distribution

To implement the approximate algorithm, an initial
estimate of the variance is made, and subsequent values
are computed from on line observations. Analysis indi-

cates that approximately 1000 samples, which would
normally require 10 scans of the measurement system
at 100 discrete samples per scan, is a reasonable num-
ber from which to compute a new set point. Conse-
quently, the period between set point changes is on
the order of 10 to 20 minutes.

ACKNOWLEDGEMENTS

In addition to Messrs. Grant, Rice, and Spitz, mentio-
ned in the text, the authors wish to acknowledge the
efforts of the entire Control Systems Development
Group of Industrial Nucleonics, which contributed to
the development of the control system described in
this paper.

REFERENCES

1. Lefkowitz, I. **Multilevel Approach Applied to Con-
trol System Design''. Proceedings of the 1965 Joint
Automatic Control Conference.Troy, New York,
1965.

2. "Where North American Mills are Using Process Com-
puters and With What Benefits''. Paper Trade Journal.
Vol. 154, August 31, 1970, pp. 25-31.

3. "“Us Control Experts Voice Thier Views'. Pulp & Pa-
per International. Vol. 11, No. 12, Nov. 1969, p.63.

4. Brewster, D. B. and Bjerring, A. K. ““Computer Con-
trol in Pulp and Paper 1961-1969"". Proceedings of
IEEE. Vol. 58, No. 1, January 1970, pp. 49-69.

5. Dahlin, E. B., et al. *'Designing and Tuning Digital
Controllers”. DDC Tuning Reference Book. Rimbach
Publications, Philadelphia, Pennsylvania, 1969.

6. Smith, O. J. M. “"A Controller to Overcome Deadti-
me'. ISA Journal. Vol.6, No.2, p.28, Febr. 1959.

7. Grant, M.P. “Target Optimization Control for Auto-
matic Maintenance of Product Factors at Limits".
To be presented at 1970 TAPPI Engineering Confe-
rence, Denver, Colorado, USA.

290



