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Preface

This literature review has been made during the fall of 1993 in connection with
the research project “Improvement of Roll Gap Control System”. It contains
a review of about 80 articles relevant for the plate thickness control problem.
The report is primarily directed towards control engineers with interest in the
hot rolling process.

The work has been supported financially by The Danish Steelworks Inc., where
I am employed, and the The Nordic Fund for Technology and Industrial De-
velopment in connection with my Industrial Research Education. The work
has mainly been done at the Department of Automatic Control at Lund In-
stitute of Technology, Sweden. I want to thank my colleagues in Lund, Karl
Henrik Johansson and Johan Nilsson, and my advisor Bjérn Wittenmark for
their valuable comments on this manuscript.

LARS MaLcoLM PEDERSEN






1. Introduction

This report is a literature review of articles, and reports collected in connec-
tion with the research project “Improvement of roll gap control system”. The
subject of the project is improvement of the thickness tolerances of the plates
rolled by the plate mill at The Danish Steelworks Ltd. (DDS) in Frederiksvaerk,
Denmark. The improvement of the thickness accuracy shall be obtained by de-
signing a better controller for the process.

There are many ways to roll flat products, and the articles collected are related
to thickness control of many other kinds of mills than just plate mills. These
articles are included in the review, since conversion of a method from one kind
of rolling to another may be a way to obtain improved thickness tolerances.

The articles have been collected during the last few years, come from many
different publications, and are written by many different authors. The articles
should therefore be seen as a broad collection of all the articles about thickness
control of steel plates. This review gives an overview over what has happened,
and what is happening in the field. Thus it is not a detailed description of one
narrow area.

The main purpose of the review is to give an impression of the state of the art
of thickness control of rolling mills. Naturally this description is concentrating
on methods which could be used in plate rolling. The emphasis is therefore put
on the basic ideas, and how they are accomplished. Since the improvement of
thickness control at DDS should be accomplished using control theory, and the
author of this report is a control engineer, the main weight has been put on
this subject. Therefore very complicated articles on other subjects have only
been skimmed. It is also interesting to note what has not been considered in
the articles. It is of course here new work should be done.

Other things of interest are what has been done by who, and which theory,
and methods have been used for solving the thickness control problem. This
is summerized together with the state of the art of thickness control today in
the last part of this report.

To give newcomers to the field a chance to get a grip of the contents of the
summaries of the articles, a brief review of the main problems of thickness
control of hot plate mills is given.

With the above in mind, the contents of this report are:

e Description of thickness control problem

e Summaries of articles

o Interesting articles, authors, and publications
State of the art in thickness control

Applied theory

e Conclusion

The summaries of the articles are divided in modeling, design, and implemen-
tation.



2. Thickness control of hot rolling mills

To give some background to the thickness control problem a general intro-
duction to hot rolling is given. In the following the rolling mill is described.
First the hydraulic positioning equipment used for the thickness control is de-
scribed. After this the various factors affecting the thickness of the plate are
commented, and the problem of estimating the plate thickness is treated. The
necessary signals for estimating the thickness are determined, and measure-
ment problems are described. Hereafter the material behavior is treated, this
is combined with the mill behavior, and the equilibrium conditions for the roll
gap are determined. The equations obtained in this connection are used for
determining the stability of the thickness control system.

2.1 The rolling mill

There are many specific types of rolling of flat products. The most common
ones are:

e Hot plate rolling. The thickness of a preheated slab ! is reduced in a
reversing single stand rolling mill. Used for thick heavy plates (5 — 100

e Hot strip rolling. A preheated slab is first reduced to about 40 mm in
a roughing mill with one or more stands, the plate is hereafter passed
one time through the strip mill, which consists of 5 — 8 stands. Used for
thinner products than the plate mill (1 mm — 10 mm).

e Cold rolling, single stand. Used for rolling of cold coiled plates. The thick-
ness of the finished products is between 0.1 — 3 mm.

e Cold strip rolling. Used for cold coiled plates. Consists of several stands.
Same thickness interval as above.

The basic problem, to reduce the thickness of a steel block or plate by passing
it through two parallel rolls, is in all cases the same. Therefore the basic physics
of all kinds of rolling of flat products are the same. Many of the measurement
problems are also the same. In hot rolling the temperature variation is larger,
and therefore has greater importance for the process than in cold rolling.
The material behavior is also different. Furthermore, the stands in the strip
mills interact with each other, the main problem being that there is a force
acting on the plate in the longitudinal direction (tension). Since the project is
considering thickness control in hot plate rolling the following description is
concentrating on treating this problem in detail.

Most plate mills are a four high mills (four rolls) equipped with a hydraulic
roll positioning systems, see figure 2.1. The main problem is to make the plate
thinner, and longer by pulling it through the gap between the two parallel work
rolls. The backup rolls are used to support the work rolls in order to reduce
the roll bending due to the large forces obtained during the rolling. The rolling
mill itself is used as a frame for placing the rolls in. Again, due to the large
forces, it is a rather solid construction. Many of them have originally been
constructed without the hydraulic equipment, which has been added during
the seventies, and eighties.

1 Steel block.
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Figure 2.1 Sketch of hot plate mill

The main action in connection with the control of the plate thickness is the
adjustment of the roll gap. This is done by varying the position of the upper
roll pack. The screws are used to make the large adjustments, and can only
be used for positioning when there is no plate in the mill. The hydraulic
equipment can be used for adjusting the roll gap both with, and without a
plate in the mill. The thickness control system is usually called the Automatic
Gauge Control or simply AGC.

The thickness control is done by adjusting the roll gap during rolling. The
hydraulic roll gap positioning equipment is therefore the actuator of the thick-
ness controller. A close up view of the hydraulic system is shown in figure 2.2.
As shown in this figure the hydraulic system constist of two sides: an oil side,
and a grease side. These two sides are connected by a common piston with
a large area on the oil side, and a small area on the grease side. Therefore it
works as a mechanical amplifier increasing the pressure from the oil side to
the grease side. The main measurements are the measurement of the position
of the common piston and the measurement of the pressure on the grease side
(which is used as a rolling force measurement). The specific configuration of
the hydraulic system varies a bit, some systems has no increase of the pres-
sure through the system. Also some uses load cells placed in the rolling mill
to measure the rolling force.

The thickness control is done by determining the plate thickness in one way
or another, and then change the vertical height of the roll gap to obtain the
desired thickness. Thickness control of steel plates is a central problem in
rolling. One important reason is that the thickness can not be changed after
the rolling, the width, and length can at least be decreased. The rolling pro-
cess might seem simple, but the process is very hard to describe and model
analytically, and the behavior of the process is time-varying and nonlinear, es-
pecially for hot rolling where the temperature varies. Therefore The problem
of mathematical modeling still gets much attention, since accurate models are
not yet obtained . The finite element technique is often used in this connection.
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Figure 2.2 Close up of hydraulic system with sensors

Another basic problem of thickness control in hot rolling is that the thickness is
hard to measure during the rolling. This is due to the hot, and wet environment
(the oxidized surfaces of the plate are cleaned with water under high pressure),
and the physical construction of the process. Instead it is often chosen to
estimate the plate thickness during rolling. The estimator is corrected using
thickness measurements made after the rolling. The estimation of the thickness
is obstructed by mechanical imperfections of the rolling mill.

Generally the thickness estimation has received most attention in the literature
about the thickness control of rolling mills. The estimation of the thickness,
and the imperfections of the rolling mill are well investigated, and described.

Three things affect the thickness of the steel plate during rolling. These are
the roll position, the elastic deformation of the rolling mill, and variation of
the shape of the rolls. These effects include:

e Changes in position of work rolls relative to the mill frame.

o Roll gap setting (screws, and hydraulic equipment). The position
of the upper work roll can be changed by the roll gap positioning
equipment. The effects are illustrated in figure 2.3.

o Backlash in positioning system. This introduces an upward move-
ment of the upper roll pack when the rolling force is increased, that is
when a plate enters the mill. A roll balancing system applies enough
force in order for the upper roll pack to seem weightless for the po-
sitioning system. This tends to keep the backlash in the positioning
system at a minimum.

o Speed effect. This is the change of backup roll position when the
speed of the rolls is changed. This is due to the changed thickness of
the oil film in the bearings due to the variations in centripetal forces.
If roller bearings are used the oil film thickness is not importance to
the roll gap position. Note that the the work roll bearing house is
not supported in the vertical direction. This implies that the work
roll is hanging between the backup roll , and the plate, and therefore
speed effect for the work rolls does not affect the plate thickness.

e Elastic deformation of rolling mill parts. Due to the large forces obtained
during rolling the elastic deformation of the rolling mill is of the same
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order of magnitude as the plate thickness. The main effects in this con-
nection are illustrated in figure 2.4.

o Elastic deformation of mill housing, and rolls. The mill housing or
frame, the screws, and the bearings are stretched or compressed when
exposed to the rolling force. The forces acting on the various com-
ponents can be illustrated by the force paths shown in figure 2.4.

o Roll bending. Both the work, and backup rolls are bended around
the plate.

o Roll flattening. The shapes of both the work, and backup rolls are
changed. They are flattened at the contact areas.

e Changes, and imperfections in roll diameter, and shape. The shape and
diameters of the rolls can vary due to other reasons than the rolling force.
The effects are illustrated in figure 2.5.

o The rolls are ground regularly, and due to the nature of this process
the rolls are normal circular. The center of the circular shape of the
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rolls need though not be the same as the center of rotation. Since
the work roll is hanging between the plate, and the backup roll, only
the backup roll eccentricity has importance.

o Thermal expansion. Due to the heat transfer from the hot slab to the
rolls, the temperature of the rolls varies considerably with time. The
rolls expand with increasing temperature. Since the heating need not
to be uniform, the thermal expansion can affect both diameter, and
shape.

The above effects can be divided in those varying much during a single pass,
and those varying little. Typical short term effects are:

o Elastic deflection of mill due to the rolling force
e Roll gap changes due to imperfections in roll shape
e Roll gap changes due to speed effect

These things has to be handled during the pass, and are therefore taken care
of by the thickness control system. The rest is handled by the computer plan-
ning the pass schedules. These effects will not be investigated further in this
treatment of the thickness control problem.

2.2 The thickness control

Before servo valves which are able to handle high pressure were invented, the
mill spring was reduced by prestressing the mill with a force from the top, and
the bottom of the mill housing to counteract the elastic deformation due to the
rolling force. This was also done using a hydraulic system. AGC control was
also implemented using powerful electro-mechanical screws. The improvement
of servo valves has made it possible to use hydraulic equipment for thickness
control. The use of the hydraulic systems has decreased the response time of
the roll positioning system considerably (about a factor 10).

The plate thickness is usually defined to be the average thickness of the plate
about 10 cm from the edges. The thickness between this point, and the edge
is not well defined due to material flow in the sidewise direction. Usually the
material can be assumed to be rigid plastic, which results in that the plate
thickness is equal to the roll gap. Assuming symmetry around the vertical
center axis of the rolling mill, and neglecting dynamical effects makes it pos-
sible to reduce the mill deflection, and hereby the plate thickness to a scalar
equation:

h(s, f,w) = s + d(f, w) (21)

10



where h is the exit thickness, w the plate width, f is the rolling force, s the
roll gap without a plate in the mill (unloaded roll gap), and d is the mill
spring as a function of plate width, and rolling force. d is width dependent
due to the dependence of the roll deflection of the width. The mill spring
is a nonlinear increasing function of the rolling force. The nonlinear relation
between force, and elastic deformation is dominating for low forces. This is due
to badly fitted mill elements which first are pushed together until the force
reaches a certain level. The limit between backlash, and mill spring is therefore
somewhat floating, usually the backlash is included in the mill spring when it
is modeled.

Without thickness control the mill spring cancels some of the effects of imper-
fect roll shape on the plate thickness. When the roll gap becomes smaller due
to these imperfections the rolling force increases and the mill spring increases,
and vice versa. The cancellation of the mill spring by using AGC control cause
these imperfections to be imprinted directly in the plate thickness. Therefore
the roll eccentricity has to be handled in order to obtain a proper thickness
control. This can be done in four different ways:

e Using notch filters to cancel the critical frequencies in the rolling force
used for the thickness control. This prevents the AGC to compensate for
the mill spring at the frequencies excited by the roll eccentricity.

e Introduction of dead zones to prevent the thickness control to react to
the force variations due to the roll eccentricity.

o To use force control where the the roll gap position is controlled to obtain
a constant rolling force when the force is within specified bounds. This
cancels the variations in the changes in roll gap due to roll eccentricity.

e Estimation of the real roll shape, and using this information in the thick-
ness estimation.

The first three methods has been used for a long time while the last has been
developed, and implemented recently.

The compensation for the speed effect is normally done using an empirically
obtained curve for the change of the roll gap due to roll speed changes. This
information is again used by the thickness estimator.

Another problem in the roll gap control is if the rolling force is different in the
two sides of the rolling mill. This happens if the plate is not in the middle of
the roll gap or if the temperature is inhomogeneous. The mill spring is then
different in the two sides, and because of this the plate thicknesses in the two
sides are also different. This implies that the thickness reductions of the two
sides of the plate are not equal, and different elongation of the sides will there-
fore be obtained. Thus the plate will be curved in the longitudinal direction.

Interaction with pass scheduling computer

The rolling force of the next pass is predicted by the computer calculating the
pass schedules. From this the mill spring, and the mill spring constant can be
estimated. The AGC decreases the roll gap with the estimated mill spring, and
uses the spring constant for the mill spring compensation. Generally the AGC
can operate in two modes; relative, and absolute control. In relative mode
the AGC locks on the thickness obtained when steady state is obtained, and
holds this thickness constant. This implies that the plate will have constant

11



thickness. But if the working point deviates from the one calculated by the
computer, the thickness of the plate will be wrong. In absolute mode the
thickness control system tries to obtain the specified plate thickness. Generally
absolute control is used in the last passes in order to obtain correct mean
thickness.

The plate is only elongated in the length direction during rolling. Therefore
the desired plate width is obtained by first rolling the plate in the direction
perpendicular to the length direction. When the length of the plate is equal
to the desired plate width the plate is turned 90°, and the length rolling is
started. This is also handled by the pass scheduling computer.

Measurements

The thickness controller should be able to handle the above mentioned varia-
tions of the roll gap during rolling. By using the following variables as inputs
to the thickness control system it is possible to handle these variations:

e Measured rolling force
e Measured position of upper roll pack relative to mill frame

e Speed of the backup rolls (this can be measured or estimated from the
work roll speed)

Normally the measurement of the roll speed causes little trouble. The mea-
surement of roll position, and rolling force are more critical, and have therefore
gained more attention.

The main idea is of course that the force measured should be as close as
possible to the rolling force applied to the work roll. The problem with the
harsh environment makes it necessary to place the force measurement some
distance away from the roll gap. This implies that there is some mechanical
equipment between the place where the rolling force is applied, and where it is
measured. By looking at the force paths in figure 2.4, the mechanical equivalent
diagram shown in figure 2.6 can be constructed 2. The roll pack is assumed to
be massless, and the mill housing are assumed to be inflexible. In this figure
F, is the rolling force applied at the work roll, F, is the measured force in
the hydraulic system, z, is the position of the work rolls, z, is the position
of the piston in the hydraulic system, d. is the coulomb friction coefficient,
d, is the coefficient of the viscous friction, k, is the spring coefficient of the
equipment between the roll pack, and the force measurement, and k, is the
spring coefficient of the screws.

As shown in figure 2.6 the relationship between F,, and F, is dynamical, but
this causes seldom trouble. The problem is the nonlinearity due to the static
friction. It can be quite large, and results in a constant offset between the real,
and the measured rolling force.

The position of the roll pack is measured in the hydraulic cylinder and therefore
the deflection of the positioning system is included in the mill spring. One thing
that can cause trouble is backlash in the positioning system, the problem can
be handled in several different ways. One way is to always make the final
adjustment of the screw position downwards in order to keep the positioning

2 Note that the diagram is turned upside down compared to the original system.

12



7

Figure 2.6 Mechanical equivalent of roll pack

system compressed. The backlash has only importance when the plate enters
the mill, hereafter the positioning system is compressed by the rolling force.
It has therefore little importance for the hydraulic control equipment during
pass. The initial backlash is included in the mill spring curve, as mentioned
above.

2.3 The steel plate

The material behavior during rolling is even more complex than the behavior
of the rolling mill. In addition to this not only the thickness profile is affected
by the thickness control. Also the flatness of the plate is affected when the roll
gap is changed. If the shape of the roll gap is not appropriate the plate will get
waves in the length direction. This also has to be considered in connection with
the thickness control. One way of controlling the plate profile is to use backup
roll bending. This is a hydraulic system which is able to bend the backup rolls.
In this way the profile of the roll gap can be varied independently of rolling
force, and plate width. Roll crossing, and roll shifting can also be used for this
purpose.

Three things are of importance in connection with the thickness control. These
are the plate shape in the width direction, the flatness of the plate and the
plates reaction when rolled. This include:

e Shape. This is the cross profile in the width direction, also called the
thickness profile. It is affected by the following factors
o Width boarding. Due to the high pressure some of the material flow
in the sidewise direction.

13



o Transversal shape of work rolls. The thickness profile is formed by
the shape of the work rolls, see figure 2.4

e Flatness. In order to meet the costumers demands, waves in the length di-
rection should be reduced to a minimum. The factors affecting the flatness
are:

o The profile of the plate, which is also called plate crown. In order to
obtain a good shape of the plate the relative crown (the difference
between the thickness at the center, and the edges divided by the
thickness at the edges) of the plate should be kept constant.

o The shape of the roll gap. This affects the crown of the plate , and
therefore determines the plate shape.

¢ When the plate is rolled it applies a pressure profile to the work rolls, inte-
grated over the area of contact this gives the rolling force. The magnitude,
and shape of this profile is dependent on:

o The thickness reduction (the ratio of the ingoing the outgoing thick-
ness). The more the plate is reduced the higher rolling force is ob-
tained.

o The hardness of the material also affects the rolling force. The harder
the material, and the lower the temperature the higher rolling force.
The temperature varies with the plate length, and width. These tem-
perature variations are due to nonhomogeneous cooling of the plate
or cold areas from the furnaces, these cold zones of the plates are
known as skid marks.

o The rolling speed also affects the rolling force, the higher speed the
higher rolling force.

Again, defining the thickness as the mean value of the thickness in two points
with the same distance to the vertical axis of symmetry, and assuming sym-
metry around this axis the model can be reduced to a scalar equation. If the
dynamics furthermore are neglects the model then is:

f= .f(H1 h,p,T,'U) (2'2)

where f is the rolling force, H is the ingoing thickness, h is the outgoing thick-
ness, p is a constant defining the material hardness, T is the plate temperature,
and v is the rolling speed.

The counter reaction of the plate when the reduction is increased is to increase
the rolling force. A general problem in the thickness control is that when the
force increases, the mill spring becomes larger making it necessary to decrease
the roll gap which makes the force increase etc. This positive feedback has
crucial influence on the closed loop stability of the thickness control.

2.4 Equilibrium between plate and mill

The plate thickness is the result of an equilibrium between the height of the
roll gap, and the counterreacting force applied by the plate. An approximate
analytical description of this can be found by linearizing the expressions for
mill spring, and rolling force.

The nonlinear equations 2.1, and 2.2 for the force, and the plate thickness
is linearized around the working points f;, and hy, assuming that all other

14
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factors except roll position, and ingoing thickness are constant. Assuming that
the force is only dependent of the difference (H — h) the following equations
can then be derived using a first order Taylor expansion.

FUE — ) % o+ 93 (Ho, ho)(h — ho) + 5L (Ho, ho)(H ~ Ho)
= fo—m(h— ho) + m(H — H,)

(s, £) % ho + (s = 80) + 55 ()£ ~ o)
= ho+ (s — 0) + 1 (f ~ o)

where 8o, fo, Ho, and hy are working points for the roll position, the rolling
force, the ingoing plate thickness, and the outgoing plate thickness. k, and m
are positive real constants. This can be rewritten as:

Af =-mAh+mAH (2.3)
Ah=As i %Af (2.4)

where Af = (f — fo), Ah=(h— ho), AH = (H — Hy), and, As = (s — sp).

Assuming that the above functions are linear the above equations can be il-
lustrated as shown in figure 2.7. The graph has the plate thickness, and roll
position on the ordinate axis, and the rolling force on the abscissa axis. The
change in outgoing thickness, and rolling force when the roll position is de-
creased is illustrated in figure 2.8. As shown in this figure the plate thickness
is decreased, and that the rolling force increases. This results in a larger mill
spring making the change in plate thickness smaller than the change in posi-
tion. The effect of a change in ingoing thickness can be analyzed in a similar
way.

2.5 Stability of the thickness control

The relationship between change in roll position, and change in rolling force,

15
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and can be derived from equations 2.4, and 2.3.

km km
_k+mAs+k+mAH

Af =

If it is assumed that the thickness control only includes compensation for mill
spring the control system can be represented as:

As = —%G(s)Af

where k is the estimated mill spring coefficient, and G(s) is the dynamics of
the positioning system with a dc-gain of 1, and a phase shift of 0° in order to
ensure proper steady state operation of the system. Finding the closed loop
transfer function from AH to As yields:

E m

2™ _6(s)
As=_—kmtk AH

k m
1- sz(s)

From the above it can be seen that changes in the hardness of the plate causes
changes in the dynamics of the control loop, while variations in ingoing thick-
ness introduce an additive disturbance. The minus sign in the denominator is
due to the positive feedback. When the plate is hard, m will be large compared
to k, and the term m/(k+ m) will be close to one. The characteristic equation
for the closed loop hereby becomes:

k
1—':G =0
ZG(s)

because of the positive feedback the critical phase shift is 0° which will be the
case around dc. Since G(s) has dc gain 1 it is important to ensure that the
factor k/k is below 1. Therefore the mill spring compensation for the thick-
ness control is reduced, it is usually around of 80 %. This stability problem
has obtained a lot of attention in the literature, and of course better thick-
ness control can be obtained if the percentage of mill spring compensation is
increased.
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From the above it is seen that the better the mill spring constant is known
the more accurate it is possible to do the thickness control. Therefore the
plate thickness calculation is usually updated using a thickness measurement
made after the rolling is finished. The principle of using the rolling mill as a
measurement device is called the “gaugemeter principle”.

The thickness control amplifies the variations in rolling force. A problem of
this is that it changes the shape of the roll gap, and therefore the relative
crown of the plate is changed. This affects the flatness of the plates, if the
relative crown is changed too much. The thickness control should therefore be
used with care if the rolling force is too far from the aimed value.

3. Summaries of articles

In this section the contents of the articles included in this literature review are
summarized. The summaries of the articles are partitioned after main subject.
The articles covering several areas are grouped after the main subject.

3.1 Modeling, and estimation

3.1.1 Mechanical behavior
General

A general treatment of the mechanical behavior of the rolling mill relevant for
the thickness control is given in [Teoh et al., 1984]. The topics covered are
the roll eccentricity, hysteresis in the force measurement due to static friction,
and how to cope with the variation of the material hardness. Furthermore
a systematic design approach for the thickness control problem is stated. In
this approach, the control action is based on the estimated roll eccentricity,
the estimated mill spring, and the downstream measurements of the thick-
ness measurement device. The controller used is of PI type where the gain is
changed due to the material properties. The roll eccentricity is estimated from
the variations in rolling force, and the thickness measurement. The estimates
are stored in a ring buffer with each cell defining the eccentricity in a area of
the periphery of the backup roll. The controller has been tested on the cold
strip mill of Western Port in Australia.

Hydraulic systems

The main part of [Ginzburg, 1984] is dedicated to the construction of a linear
model for the thickness control system of a single stand hot rolling mill. This
includes controllers, hydraulic system, rolling mill, and plate. The rolling mill
is modeled as a second order system and the plate is modeled as a spring. The
effect of variations of parameters of the hydraulic system, the rolling mill, and
the steel plate is analyzed. An adaptive control strategy based on the model is
briefly described, and is evaluated using computer simulations. It is concluded
that the material stiffness, and the spring coefficients has the most important
influence on the stability of the control system.
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In [Gou, 1991] the design of hydraulic systems for AGC is considered. This
is done by an evaluation of the nonlinear dynamical model for the hydraulic
system, the rolling mill, and the plate. In this case the rolling mill is mod-
eled as a second order mechanical system. The plate is modeled as damping
in the mechanical model for the rolling mill. Both single, and double acting
hydraulic systems, and three different servo valve configurations are consid-
ered. The conclusion is that the bandwidth of the hydraulic system should be
considerably lower than the natural frequencies of the mill. It is furthermore
concluded that the double acting system is to prefer to the single acting system
for position control, while the performance of both systems are fairly equal for
pressure control.

The purpose of [Paul, 1975] is to develop a nonlinear model for hydraulic sys-
tems in cold rolling mills. The roll pack is modeled as a nonlinear second order
system, and the plate is modeled as a nonlinear spring. A computer simula-
tor is constructed, and the responses of the thickness control system using a
proportional controller are evaluated. It is concluded that hydraulic thickness
control systems are superior to electro-mechanical systems with respect to the
response time.

Roll profile

[Kawanami et al., 1990] gives a review of the shape, and crown control in strip
rolling mills. First a theoretical analysis of the behavior of the rolling process
with respect to crown, and shape is done. Then different kinds of mechanical
equipment for controlling the crown such as roll bending, roll shift, and roll
crossing is described, and analyzed. The conclusion is that the HC-method
(which is a combination of roll shifting, and roll bending), and the PCM (which
is crown control by varying the angle of crossing of the two roll packs), are the
most efficient methods.

The purpose of [Fujii and Saito, 1975] is to introduce a shape controlling
algorithm in the pass scheduling algorithm for a single stand rolling mill. This
is done by developing a model, and estimating the roll profile. The estimate
is based on the measurements collected during rolling, and is updated from
a thickness measurement after the rolling. The estimation is done using a
Kalman filter. The estimated profile is used in the pass schedule calculations for
maintaining a constant relative crown on the plates. The plate temperature is
also estimated using a Kalman filter. The algorithm is implemented at Nippon
Kokan Fukuyama Iron Works in Japan.

[Davies and Shuman, 1992] considers eccentricity of the rolls. It is concluded
that this phenomenon is due to imperfect roll grinding. The effects of roll ec-
centricity in connection with the plate thickness are analyzed. It is concluded
that in order to prevent roll eccentricity, the rolls should be ground in their
bearing houses, and that the tolerances of the grinding machine should be
appropriate for the task.

Models for key variables

[Cumming, 1972] describes the identification of parameters in models for roll-
ing force, rolling torque, and forward slip of a strip mill. The input parameters
to the models are in-, and outgoing thickness, and tension for the stands, and
exit velocity from the last stand. The tension is the horizontal force applied to
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the strip by the coiler, and the other rolling stands. The process characteris-
tics are analyzed, and linear SISO models are derived. The parameters in the
models are estimated using a correlator. This is done by using a white noise
signal as input to the process, and finding the cross correlation with the sys-
tem output. System identification using a computer is also tried. The author
concludes that the correlator is the superior tool for the system identification.

Vibrations

[Nieb and Nicolas, 1991] analyzes the vibrational effects in rolling mills. These
effects are split in three, vibration due to an oscillating forcing function, ex-
citation of a resonant frequency, and instable dynamics due to internal force
loops in the rolling mill. The vibrations affect the roll gap, the rolling speed,
and interstand tension, and are typically in the frequency areas of 150 Hz, and
1500 Hz. The article furthermore suggests a monitoring system to detect the
vibrations. This system is not implemented

3.1.2 Material behavior
Reviews

[Montmitonnet and Buessler, 1991] is a review article covering the develop-
ment of the theoretical analysis of hot rolling in Europe in the late eighties.
The article covers analysis of both hot, and cold rolling. The modeling mainly
covers product geometry, thermal effects, metallurgical aspects, and friction
between work rolls, and plate. It also describes the work of several important
authors. The main conclusions are that there is a general lack of verification
and use of the models in connection with practical applications.

Material deformation

[Kim and Kobayashi, 1990] investigates the effect of preshaping the plate in the
last pass of the width rolling. The purpose of this is to make the shape of the
finished plate as rectangular as possible. This is done by forming the thickness
in what will be the width direction of the finished plate. Three different profiles
using parallel rolling as well as diagonal rolling are investigated using a three
dimensional rigid plastic Finite Element Method (FEM). It is concluded that
FEM is a powerful tool for analyzing the hot rolling process.

Shape, and crown phenomena are analyzed in [Matsumoto, 1991]. This is done
by analyzing a two dimensional mathematical model derived from three dimen-
sional theory. The model considers width broading, and the thickness profile.
The predictions of the model are in good agreement with experimental results.

In [Kumar et al., 1992] material deformation, and heat transfer of steel plates
during rolling are investigated using a two dimensional FEM model. The article
analyzes the inhomogeneous deformation of the plate due to inhomogeneous
temperature, and the way the plate is deformed in the roll gap. The simula-
tion results are compared to experimental rolling of stainless steel samples.
The model will be used for prediction of rolling force, and microstructural
characteristics of the rolled material.

The subject of [Shohet and Townsend, 1971} is modeling of crown, and flat-
ness of hot rolled products. The developed theory implies that the change in
relative crown should be within certain limits related to the final plate crown
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in order to obtain good flatness. These limits are parametrized by making ex-
periments with aluminum rolling using a laboratory mill.

Force model

In [Shevtsov et al., 1988] a force model for plate rolling is developed. This is
done by a systematic investigation of the deformation resistance of the rolled
steel types, and the pressure distribution across the roll gap. The model was
developed using experimental laboratory data. The method is used in the pass
schedule calculation in several Russian plate mills, and is found superior to
other models used for on line calculation of the rolling force.

Temperature distribution

The temperature distribution in the thickness direction of hot rolled steel
plates or strips is investigated in [Laasraoui and Jonas, 1991]. This is done us-
ing a finite difference simulation. The factors investigated are the heat transfer
to the rolls, and heat produced by the mechanical working of the plates. The
temperature model is used for predicting rolling force, and microstructural
characteristics of the plates. The results of the temperature simulations are in
good agreement with experimental results.

3.2 Design

3.2.1 Control systems
Reviews

[Jonsson, 1991] gives a literature review of thickness control for hot rolling.
This includes a basic description of the process characteristics, and the basic
algorithms for thickness control. Furthermore plate crown using backup roll
bending, and its interaction with AGC control are described.

[Heidepriem, 1990] gives a review of the development of the control of the hot
rolling process in the late eighties. Main innovations are new sensors, actua-
tors, and control algorithms in various kinds of rolling. The main development
has been in the area of flatness, and shape control. In plate rolling, thermo me-
chanical rolling 3, and water cooling have gained increased interest. In rough-
ing mills Automatic Width Control, preshaping of the slab, and Progressive
Width Control, which compensates for varying strip temperature, have been
developed, and implemented. In the strip mill itself width, and flatness control
have gained most attention. Furthermore Artificial Intelligence such as fuzzy
control, and expert systems have gained much interest.

[Young, 1983] gives a review of the development in the thickness control in
strip mills. The development of AGC control is briefly described as well as
feedforward control, and mass flow control. The latter is based on thickness,
and velocity measurements of the steel strip, and ensures that the mass flow
through the mill is constant. Using this control principle a constant strip speed
is obtained, and therefore large variations in strip tension are prevented. The

3 This technique implies that the rolling is finished with the plate temperature below a
certain level. It increases the strength of the product.
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author concludes that this is the best way to solve the thickness, and tension
control problem in strip mills.

General

In [Katori et al.,, 1992] a two degree of freedom thickness controller for hot
rolling is designed. The main purpose of the controller is to cancel the dis-
turbances due to skid marks, and roll eccentricity. First the performance of
conventionally designed AGC is analyzed, and it is concluded that it can not
handle both disturbance types. After this the two degree of freedom controller
is designed, each degree taking care of g one disturbance type. The perfor-
mance of the controller is evaluated by simulations.

[Kitamura et al., 1987] describes the design of a control system compensating
for roll eccentricity, and thermal expansion of the rolls in a four high rolling
mill. The eccentricity is modeled as a sine wave for each roll, and the amplitude,
and phase angle of this are estimated using the recursive least square method
with exponential forgetting. Initially the eccentricity is estimated using a roll
kiss test *. During rolling the thermal expansion of the rolls is estimated using
the rolling force, and roll position measurements. The compensation for the
roll eccentricity is done by feeding the estimated eccentricity signal forward to
the hydraulic positioning system. The performance of the controller is verified
by simulations.

[Kokai et al., 1985] analyzes a general gaugemeter thickness control system of
a plate rolling mill. First the factors affecting the accuracy of the thickness
control system are investigated. They are divided into entry thickness, rolling
load, and gaugemeter estimation error. It is in connection concluded that it is
important to estimate the mill spring constant correctly. Errors in the rolling
force measurement can also be severe. The total error of the thickness esti-
mation can in worst case be 0.1 mm. Another factor analyzed is the AGCs
impact on plate flatness due to the amplification of the rolling force. Large
deviations are obtained when the preset value from the pass scheduling com-
puter is wrong. The conclusion is that maintenance of the measuring devices
for the thickness control is crucial for the thickness control.

In [Papapanagiotou and Koivo, 1983] the design of an adaptive controller for
the thickness, and tension control of a single stand mill is described. First a
linear model is derived, and the parameters of this are estimated using the
recursive least squares algorithm. Using the estimated parameters an optimal
controller is designed. The performance of the adaptive controller is evaluated
using simulations.

[Shabaro-Hofer et al., 1993] describes the application of neural nets to the
thickness control of the rolling process. The neural nets are trained to perform
an inverse modeling of the rolling process, and the training is based on sim-
ulated data. The inverse model is used for testing several control algorithms
including open loop control, PI control, Internal Model Control (IMC), and
Model Predictive Control (MPC). The performances of these controllers are
compared to traditional control by simulations, and it is found that the PI
controller with the inverse model has the best performance.

[Yeh et al., 1991] describes the design of a control system for compensation
for roll eccentricity of the back up rolls in a rolling mill. The roll eccentricity

4 The rolls are pressed together with a large force and no plate in the mill
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is estimated from the variations in rolling forces during a roll kiss test. The
eccentricities in a number of points can be found by solving a linear matrix
equation. The positions of the backup rolls are measured by pulse encoders.
The estimated values are stored in variables representing the eccentricity of a
number of equidistant points on the backup roll periphery. The system is then
supposed to work in parallel with a conventional AGC. Results from a rolling
test are presented.

In [Foda and Agathoklis, 1992] a stability analysis of the rolling process is
done. This is done using a theory for linear repetitive processes which covers
processes involving repetitive working of an item. The thickness profile of a
plate is a function of the actions of thickness control in the actual pass, but is
also a function of the thickness profiles in the previous pass. This can be mod-
eled as a delay differential system using both the Laplace, and z-transforms.
The stability of this 2D system can be analyzed using 2D Lyapunov func-
tions. Several stability definitions exist. The strongest is stability along the
pass which assures that original variations in plate thickness are attenuated.
In the article, asymptotic stability is proven for a system with a PD thickness
controller. The result is bounds on the controller coeflicients. Application of
this theory for design of a discrete tracking controller is also reported.

Single stand mills

[Ettler and Jirkovsky, 1991] describes the SKODA control groups work on
controlling cold strip rolling in Eastern Europe. The use of adaptive control
of strip thickness, and flatness is reported. The controllers have been imple-
mented, and is working well. This group has also worked with digital position
control, and is starting to get into roll eccentricity control.

The group mentioned above has also published [Ettler, 1986]. The subject is
adaptive control of a single stand cold rolling mill. Available measurements
are in-, and outgoing thickness, and speed. The implementation is based on a
simplified linear model. The sampling rate is dependent on the rolling speed
in order to eliminate the speed dependence of the time delays in the thick-
ness measurements. The estimation algorithm is recursive least squares with
directional forgetting. The controller is of PI type. The controller has been
implemented in KZ Beroun, Czechoslovakia, and Bad Salzungen, East Ger-
many, and the thickness accuracy is on the level of measurement accuracy of
the measurement devices.

In [Hishikawa et al., 1990] a digital thickness, and shape control algorithm
for a single stand aluminum cold rolling mill is developed. The algorithm
includes compensation for the delay of the thickness measurement, analog
eccentricity control, shape control by roll coolant, and decoupling of thickness,
and tension control. The time delay in the thickness controller is handled by a
conventional controller with a Smith predictor. The signal for the eccentricity
control is found by filtering the rolling force through band pass filters with
center frequency, and gain fitted after the eccentricity frequencies. The shape
control by roll cooling is implemented using fuzzy control, which controls the
roll diameter in different zones which affects the thickness profile of the strip.
The method has been implemented on a rolling mill in Fukuri Works, Japan,
with good results.

The purpose of [Kondo et al., 1988] is to improve the response of the thickness
control system for a single stand cold rolling mill. The mill is equipped with
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measurements of in-, and outgoing thickness. The problem is that when the
thickness control makes a change in position the tension also has to be adjusted
before the right thickness is obtained. The idea of the paper is to make minor
adjustments in the thickness by the tension control, and larger changes by the
position control. In this way the reaction time due to the position control is
removed for small thickness changes. The controllers are implemented using a
minicomputer. The algorithm works well, and is implemented on the mill in
Naoetsu Works, Japan.

[Nose et al., 1993] describes the tuning of the gain of the thickness control of a
single stand cold rolling mill. This is done using fuzzy control which uses a kind
of gradient algorithm. The rules for the controller are found using operator
experiences. The performance is evaluated using simulations, and a test rolling.

Multi stand mills

The subject of [Asada et al., 1986] is thickness control of cold strip mills. Two
disturbances are treated: hardness variations of the steel strip, and roll eccen-
tricity. These facilities are combined with an AGC control using the gaugeme-
ter principle; and a feedforward from a thickness measurement before the first
stand. The hardness variations are estimated in the first stand from variations
in the rolling force, ingoing thickness, and roll gap position. The hardness
variations are then fed forward to the thickness control in the next stand. The
roll eccentricity for each roll is approximated with a sine wave. The amplitude,
and phase of this are estimated using a Kalman filter. The estimator is initial-
ized by pressing the rolls together with a large force. The roll eccentricity is
also estimated during rolling. The performance of the system is verified using
simulations which suggest improvements of the thickness tolerance by 40 %.

[Bryant et al., 1975] is considering the interaction between the thickness and
tension control of strip mills. The purpose of the article is to decouple the
multivariable system in order to obtain single input single output systems.
The decoupling is done by building a matrix array for the strip mill, and
eliminating the influence between tension and thickness by using Cramers
rule. This yields the structure, and coefficients of a decoupling network for the
process. After the decoupling the controllers can be designed independently
for thickness and tension.

In [Edwards, 1978] a historical review over the development of thickness control
in strip mills is given. Various controller structures have been proposed to
solve the multivariable problem. An improved solution of the thickness control
problem is given including both feedforward, and feedback algorithms. The
feedforward control gives the necessary changes to the stands proceeding the
thickness measurement. The method employs compensation for the time delay
between thickness measurement, and the rolling stands. The feedback control
includes eccentricity compensation by a force loop, compensation for material
properties, and PI-control of the thickness with varying gain due to the varying
delay time dependent on rolling speed. Force control is used to keep the rolling
force constant when it is within some limits, this is used for rejecting the effects
due to roll eccentricity. Both the force, and gaugemeter loop are compensated
for material variations. The new control strategy is evaluated by simulations,
and a test implementation at Port Kembla, Australia, has been done.

In [Edwards et al., 1987] a complete thickness control system for a strip mill
is described. The main subject is roll eccentricity compensation, but the ar-

23



ticle also treats mill spring compensation, and compensation for variations in
material hardness. Furthermore the hysteresis effects in the rolling force due
to static friction is analyzed. The description of the eccentricity compensa-
tion system considers the estimation of the roll eccentricity, control algorithm,
and various filters. The eccentricity is estimated for a number of equidistant
points on the roll peripheries using the screw position, the rolling force, and
the thickness measurement after the mill. The estimator is a multi period av-
eraging filter. It is shown that this is equivalent to using a Kalman filer or a
Fourier analysis. The system is implemented in the strip mill of BHP Steel
International, Australia and the thickness control error is within +1 %.

In [Hoshino et al., 1987] geometrical theory for linear systems is used for de-
signing a combined thickness, and tension control system for an aluminum cold
strip mill. The main purposes of the control are to decouple the thickness, and
tension control, and to handle the disturbances on the process appropriately.
The algorithm is implemented on the mill in Sumitomo Light Metal Industries,
Japan, and is reported to work well.

In [Kuznetsov et al., 1989] the transfer functions from various disturbances
to strip thickness in a hot strip mill are investigated. The input variables to
the transfer functions are chosen as strip temperature, rolling force, and pre-
stressing pressure. The transfer functions are estimated by introducing known
disturbances, and then using correlation analysis.

The subject of [Mizuno et al., ] is thickness, and tension control of a multistand
rolling mill. The linear differential equations governing the process are derived.
They are then decoupled, using a method proposed by Wonham, parting the
system equations into block diagonal state equations. This is done by using
a state feedback controller. After the decoupling, thickness, and tension con-
trollers are introduced. The performance of the control algorithm is evaluated
by computer simulations.

[Nakagawa et al., 1990] describes the design of a thickness control system for
a hot strip mill using optimal control theory. The objective of the controller is
to minimize the thickness deviations of the finished strip due to temperature
variations, and other disturbances. First a linear model of the strip mill is
derived, and hereafter an optimal controller is designed. The stability of the
optimal control loop is compared to a conventionally designed controller, and
it is found that the stability margin for the optimal controller, is considerably
better. The two control algorithms are compared using simulations, which
shows that it is possible to use full mill spring compensation with the optimal
controller without stability problems. The optimal control strategy has been
tested on the Wakayama strip mill in Japan. The results shows that the optimal
controller reduces the thickness deviations with 45 %.

[Nishikawa et al., 1986] considers the control of strip thickness, and width in
a hot strip mill. A high order linear model for the strip mill, including time
delays between stands, is derived. Then the validity of the linear model is
compared to the original nonlinear model using simulations. Good agreement
is obtained. The linear model is simplified, and a feedforward control is de-
signed to cancel disturbances in the thickness due to variations in the strip
temperature. After this the model is simplified in another way, and an optimal
controller is designed for the system. This controller makes it possible to con-
trol thickness, and width at the same time. The performance of the controllers
is evaluated by comparing it to the performance of conventionally designed
controllers. This is done using computer simulations.
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The subject of [Saito et al., 1988] is optimal control of thickness, and tension
of the steel strip in a cold strip mill. First the structure of the linear model
is described, and the interaction between the different stands is removed by
introducing a state feedback (blocked non-interacting control). After this, op-
timal controllers are designed for the control of each stand. This approach
makes it possible to use parallel processing for the control of each stand. The
performance of the optimal control is compared to the performance of conven-
tional control by simulations, and it is found that the thickness deviations can
be reduced by 50 %.

In [Zhao, 1987] the control of thickness, and tension in a strip mill is investi-
gated. Due to the time delays the model of the process is infinite dimensional.
A controller is designed on the basis of the infinite dimensional equations. The
controller is evaluated using simulations.

[Takahsahi, 1977] constructs a digital simulator for a hot strip mill. The sim-
ulator is based on the nonlinear differential equations governing the process.
Using the simulator the response to roll eccentricity, skid marks, and vari-
ations in ingoing thickness is evaluated. Mills with electro-mechanical, and
hydraulic roll gap positioning are simulated. It is investigated in which stands
it is important to use hydraulic systems in order to improve the response of
the thickness control. Hydraulic loopers ® for controlling the tension are also
introduced. It is concluded that these are necessary to obtain optimal perfor-
mance for the hydraulic roll positioning systems. A proposal for a thickness,
and tension control strategy is also given.

In [Yamashita et al., 1976] an optimal controller for the strip thickness in a
hot strip mill is designed. First a simple model of the rolling mill is presented.
On the basis of this a feedforward control, where the roll force disturbances
are fed down stream in the strip mill, is proposed. Furthermore an optimal
feedback controller is designed for each stand. The method has been imple-
mented at the Kashima Steel Works, Japan, and considerable improvements
in strip thickness are reported.

Production planning

[Rademacher, 1987] considers the design of a computer control system for the
pass schedule calculation for a single stand cold rolling mill. The main ob-
jective is to minimize the rolling time subject to the physical constraints of
the rolling mill. This is done by varying the thickness reduction, and rolling
speed. The basis of the algorithm is mathematical models relating thickness
reduction to rolling force and torque. Furthermore models for forward slip,
and plate temperature are necessary. The rolling time can be estimated on the
basis of the above model. The optimization problem is solved using dynamic
programming. By utilizing the structure of the problem, the number of cal-
culations is reduced considerably. The computer system is implemented in a
cold rolling plant resulting in time saving of approximatively 10 %.

In [Lu et al., 1989] a neural net for the production scheduling in a hot strip
mill is developed. The production control system handles the material flow
through the reheating furnaces, and rolling mills. The plant is modeled using
mass, and energy equations. The purpose of the production schedule is to

5 Device for controlling the interstand tension.
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maximize the production, and minimize the energy consumption considering
the physical constraints of the processes. This is accomplished using the models
for the system, and a neural network. Furthermore hardware, and software
configurations for the production control system are proposed. The system is
neither simulated or implemented.

3.2.2 Mechanical systems
Review

[Stone, 19XX] gives a review of the development of the modern automatic
gauge control systems. It starting with the hydraulic prestressed mill and ends
with the hydraulic position control. Characteristics such as force paths, and
achievable performance are analyzed for the different thickness control config-
urations. References to the inventors of the various principles are given as well.

Hydraulic

[Huzyak and Gerber, 1984] describes the mechanical design of hydraulic gauge
control systems. The design includes the cylinder, servo valve, measurement
devices, and control system. The operation of the thickness control system is
analyzed, and demands on the equipment is derived from this. The external
disturbances to the control system are analyzed as well. Furthermore simple
dynamical models for the AGC system are derived.

Roll bending

In [Stone, 1969] the design of the BackUp Roll Bending (BURB) is described.
The purpose of this equipment is to change the profile of the roll gap, and
thereby the thickness profile of the plates. This is done by applying bending
forces to the backup rolls of the four high mill. This makes it possible to
vary the thickness profile independent of rolling force, and plate width. A
mathematical model for the dependence of the thickness profile of, the width,
rolling force, and backup bending force is given. Several different configurations
are given. Experimental results for aluminum rollings are given, and they show
good agreement with the mathematical model. In the last part of the paper
the interaction between AGC, and BURB is described. This interaction is due
to the influence of BURB on the rolling force, and thickness profile.

3.3 Applications

3.3.1 Control systems
General

A basic review of the different kinds of roll gap control systems is given in
[Wright and Young, 1979]. Typical values for the performance of electro-
mechanical, and hydro-mechanical systems are also given.

[Miller, 1989] gives general descriptions of rolling mill automation systems, and
adds guidelines for the design, and implementation of these systems. Rational
choice of process to automate, deliverer, and implementation of the system is
emphasized. Hardware configurations of the control systems are considered,
and an overview over state of the art of control systems for hot, and cold strip
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mills is given. For the thickness control system this includes head, and end
thickness control and suppressing the interaction between the thickness, and
tension controls. Good performance is when thickness errors are within +1 %
of the strip thickness. It is predicted that the improvements in the nineties will
come through invention of new types of sensors, and application of artificial
intelligence systems.

[Greenspan, 1992] describes some hardware, and software developed by Tippins
Inc., which can be used for implementing thickness, and tension control in strip
mills. Normal PLCs are usually to slow for handling this kind of control ®. The
hardware is programmed using an IBM PC, and the software is constructed as
a block programming language. The system is used for thickness, and tension
control on a tree stand aluminum cold strip mill using a scan time of 1 ms,
and 10 ms, and for speed, and tension control of a three stand bar mill using
a scan time of 10 ms.

In the three short papers [Omohri et al., 1986a], [Omohri et al., 1986b], and
[Omohri et al., 1986¢] the design, and application of a plate crown control
system is described. First a mathematical model for calculation of the plate
crown is described, and verified by experiments. After this a method for mea-
suring the plate crown is described. It consists of three measurements devices
in order to be able to handle non-perfect alingment of the plate when it is
comming out of the mill. Finally a control system using the model, and crown
measurement for controlling the plate crown is described. The plate crown is
controlled by varying the force applied by the roll bending system. The thick-
ness controller is compensated for the roll force, and change of thickness profile
due to this. The system has been implemented in the Mizushima Works, Japan.

Single stand mills

In [Morel et al., 1984] design, and implementation of a computer control system
on the plate mill at Unisor, France, are described. The control system handles
pass schedule handling, automatic gauge control, and MAS control. The mill
is equipped with a hydraulic positioning system, and the thickness control
performs mill spring compensation where the thickness estimation is updated
by micrometer measurements of the cold plates (!). Width control is done
by measuring the slab dimensions before, and after width rolling with the
side guides. The MAS control implies that the plate shape is preshaped using
the hydraulic position equipment in the last pass of the width rolling. This
redistributes the material of the plate in order to obtain a more rectangular
shape of the finished plate. This has resulted in a yield improvement of about
1 %. The standard deviation of the thickness error is 0.19 mm.

[Saito et al., 1981] describes the development, and implementation of an abso-
lute mode AGC for a plate mill. The thickness controller locks on the preset
values given by the rolling mill computer, and therefore controls the devia-
tions from the desired thickness of the plate. The thickness control includes
mill spring compensation, compensation of effects from BURB, roll expan-
sion, and wear. The compensation for the changes in roll profile is done using
thickness measurements in the center, and the edges of the rolled plates. Fur-
thermore the speed effect is compensated dynamicly during pass, and the roll

6 The rise time of the positioning system of the valve glider of the servo valve at DDS is
around 4 ms
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eccentricity is estimated, and used for compensation. The control gain is var-
ied dependent on material hardness. The standard deviation of the thickness
errors is 0.075 mm.

The short paper [Takeuchi et al., 1986] describes the development of a new dy-
namic model for roll profile for the hot plate mill in Mizushima Works, Japan.
The model includes the variation of roll profile, and roll flattening as a func-
tion of plate dimensions, and rolling force. The model is used for estimating
the roll gap in connection with the thickness control. The use of the model
has resulted in an improvement of the thickness accuracy of 20 % .

Multi stand mills

[Naitoh et al., 1989] describes the implementation of a digital control sys-
tem for strip thickness, and tension at Kakogawa Works, Japan. The motor
speeds are controlled by digital controllers, and have a steady state accuracy of
0.01 %. The thickness control includes mill spring compensation, feedforward
of variations in strip hardness, and roll eccentricity control. When a new strip
comes into the mill the initial set up of the mill is corrected using feedforward
from the first, and second stand. When major thickness errors have to be
corrected the thickness reductions in the mill are redistributed, this prevents
strip breaking, and overload of the mills. No standard deviation for thickness
deviations is given.

The implementation of a process control for the hot strip mill at Hoogoven,
The Netherlands, is described in [Heesen and Burggraaf, 1991]. The control
system is used for set up, and control of the thickness, shape, speed, tension,
and temperature. The core of the mill set up system is an improved rolling
force model. To improve the accuracy the model is adapted from the measured
values. By using the force model the roll gap positions, roll bending systems,
and the tension controllers are set up. The strip temperature is measured after
the roughing stands, and the finishing stands. These measurements are used
for the strip temperature control, which is predicting the strip temperature
all the way through the mill. The temperature is controlled by water sprays,
and water curtains placed between the stands. The temperature accuracy is
within £15° K for 96.2 % of the strips while the thickness error of the strip,
including head, and tail is within 4:0.1 mm for 95 % of the rolled strips.

[Harpster, 1983] describes the development, and implementation of a digi-
tal thickness controller for a hot strip mill. The controller is a discrete time
PID controller with a sampling time of 50 ms. The actuators for the thick-
ness control are electromechanical screws. The controller performs mill spring
compensation using the gaugemeter principle.

In [Ferguson and de Tina, 1986] the functions of the thickness control of the
no. 2 hot strip mill at Dofasco Inc. in Canada are described. The roll gap posi-
tioning in connection with the thickness control is done by electro-mechanical
screws. The functions of the thickness control are compensating for mill spring,
thermal crown, speed effect, roll bending, backlash in the positioning system,
and roll eccentricity. The compensation for the mill spring is done using the
gaugemeter principle while the compensation for the thermal crown is done
by a simple estimation of the effect on the average thickness. The compen-
sation for the influence of the roll bending on the thickness control is done
by compensating for its effect on rolling force, and thickness estimation. The
backlash is measured, and incorporated in the thickness estimator while the
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component due to roll eccentricity is removed from the rolling force using a
band stop filter. Furthermore absolute control has been implemented. When
the strip rolling is started the hardness of the material is estimated, and fed
forward to the proceeding stands to improve the head end thickness tolerances.
The thickness of the strip is measured after the mill, and used for corrections
of the thickness estimation. The standard deviation of the thickness error of
the strips is around 0.017 mm.

[Fischer et al., 1991] describes a revamp of the cold strip mill at Hoogovens,
The Netherlands. The revamp includes replacement of the control systems
for AGC, tension, and flatness control, and installation of BURB, and CVC
work roll shifting. Also the electrical power supply for the electro-mechanical
screws used for the thickness control is replaced. The control principle for
the new AGC system is the mass flow principle. The flatness of the strips is
measured using a stressometer, the measurement is used for controlling the
BURB system, the CVC rolls, and roll gap positioning system. The thickness
error for 98 % of the strips is within 1 %. The flatness control has reduced the
number of coils with flatness problems by 40 %.

[Readal et al., 1991] describes a revamp of the computer control systems for the
hot strip mill at the USS Gary Works, USA. The revamp includes replacement
of the original AGC, position, and speed control systems by digital ones. The
production control system for the strip mill is also replaced. The hardware
configurations of the new systems are described, and the start up of the new
system is summarized.

[Tsuji, 1987] describes the development, and implementation of an absolute
mode AGC on the hot strip mill at Hirohata Works, Japan. The thickness
control compensates for mill spring, speed effect, thermal roll expansion, and
roll eccentricity. In the model for mill spring, roll bending, and flattening are
modeled explicitly. The thickness estimation is updated using a thickness mea-
surement after the mill. Furthermore the interaction between the AGC, and
BURB systems is cancelled. The strip tension is controlled using an optimal
controller. The standard deviation of the thickness error is 0.028 mm.

In [van Ditzhuijzen, 1986] a flatness control system for a hot strip mill is
described. The systems controls the strip crown during pass using a BURB
system, with a sampling time of 1 s. The strip flatness is measured using a
laser measurement, and this is used as feedback for the flatness control. The
initial set up of the mill is found using physical models for the roll gap. No
concrete performance results are given.

[Yabuuchi et al., 1982] describes an almost total automation of the hot strip
mill at the Nippon Kokan plant, Japan. The primary goals of the automation
are increase of productivity, and reduction of the number of employees. The
areas automized are the slab yard, and coil storage. In order to accomplish
this an automatic labeling system is also developed. Furthermore all cranes are
automized. The reheating furnaces, and strip temperatures are also controlled
by process computers. The result of the automation is that productivity per
man-month has been increased by 250 %.

[Zeigman et al., 1991] describes the implementation, and start up of a com-
puter control system for the hot strip mill at LTV Cleveland, USA. The main
goal is to improve the thickness tolerances of the finished strips. The modern-
ization includes new AGC, installation of work roll bending, and new thickness
measurement devices. The functions of the AGC systems are compensation for
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speed effect, mill spring, thermal crown, head end control, compensation from
effects of roll bending, and feedforward control form the preceding mills stands.
The specifications for the control system is that 98 % of the strips should have
less than +1 % thickness error.

Production planning

[Davies and Mantyla, 1983] describes the implementation of a computer control
system for pass schedule calculation for the plate mill at Rautaruukis, Finland.
The pass schedules are found using look up tables with plate thickness, and
plate width as input parameters. The predictions of rolling force, thickness
reduction, and rolling torque are stored in the tables. The thickness control,
and backup roll bending systems are also described in the article. The thick-
ness control system is compensating for the mill spring using the gaugemeter
principle. The two sides of the rolling mill are controlled independently. It can
operate in both relative, and absolute mode. The flatness of the plates is also
controlled by the computer control system. The is done by determining the
rolling forces so a constant relative crown of the plates is obtained.

3.3.2 Mechanical systems
Hydraulic

[Clarke et al., 1983] describes the construction, and performance of several Ser-
mes hydraulic thickness control systems in reversing single stand plate mills.
The actuators of the hydraulic systems are divided into a grease, and an oil
side connected by a common piston. They are placed between screws, and
backup rolls. The oil flow is controlled using two parallel servo valves. Fur-
thermore the configuration of the hydraulic system is described. The system is
controlled using more or less the standard controller configuration described
in the introduction. The standard deviation of the thickness error is within
0.1 mm.

[Davies, 1989] describes the design, and application of a hydraulic width, and
thickness control device for a hot strip mill. The width control is done by a pair
of vertical rolls placed after the roughing mill. The width is measured after the
third, and fourth roughing stand the first signal is used for feedforward, and
the last for feedback for the width control action. The last four stands of the
finishing mill are equipped with short stroke hydraulic cylinders. The article
describes the functions of the mechanical systems, and the control system.
The hardware configuration of computer control system is also described. The
thickness control systems of the two sides of the mill are independent which
ensures a parallel roll gap despite different mill spring of the two sides due to
a different roll forces. The systems are implemented in the no. 2 strip mill at
Pohang Iron & Steel, South Korea. The performance of the equipment is a
width tolerance of £2 mm, and a thickness tolerance of +0.045 mm.

3.4 Measurements

Rolling force measurement

[Wood and Ivacheff, 1977] describes the rolling force measurement in connec-
tion with thickness control of strip mills. Hysteresis appears to the AGC con-
trol system as variations in the mill spring, and can therefore cause problems
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in connection with the accuracy of the thickness control. The rolling force is
measured using load cells placed between the upper roll pack, and the screws.
The hysteresis effects in the force due to static friction, and backlash in the
positioning system is investigated. The hysteresis curves are obtained by a roll
kiss test. The hysteresis effects are systematicly reduced, and it is found that
load cell alingment is crucial to obtain a precise force measurement.

Also [Zeltkalns and Riccatti, 1977] analyzes the rolling force measurements
in quarto mills. First the factors affecting the mill modulus are found and
analyzed, and the force paths for the rolling forces in the rolling mill are de-
scribed. Hereafter the friction effects along the force paths are investigated.
The deformation of the rolling mill, and its temperature dependence is then
analyzed. The force measurement characteristics for different placements of
the load cell are analyzed. It is concluded that maintenance of the rolling mill,
and measurement devices is important in order to obtain optimal precision of
the measurements.

Position measurement

[Morel and Houdion, 1983] describes a method for measuring the position of
the upper roll pack in connection with digital control of the roll position. The
main advantage of the digital position sensor is that it measures the position
of the piston in contact with the roll pack. Furthermore the center position
of the piston is measured to cancel effects from tilting of the piston. In the
thickness control system the rolling force is measured as the pressure of the
hydraulic oil. It is noted that it is important to measure the pressure where
the oil velocity is zero. A conventional thickness control system for mill spring,
speed effect, and roll eccentricity is also described.

Thickness measurement

In [Mangan et al., 1974] the design, and construction of a isotope thickness
measurement device is described. The purpose of the device is to measure the
thickness of the plates rolled in the reversing single stand rolling mill during
rolling. To protect the device from the harsh environment it is placed on a car-
riage that moves it over the plate when a thickness measurement is requested.
The design, and construction of the electrical, and mechanical parts of the
device is described. The device has been available to the production 99 % of
the production time, and the measurement accuracy is within 0.5%.

Speed measurement

[Yanai et al., 1986] is a short paper describing a new non-contact method for
measuring cold strip speed. The measurement is done using a laser Doppler
velocity meter. The measurement is used in connection with mass flow control.
The new system has reduced the errors in velocity measurement by 75 %.

3.5 Education

[Masten and King, 1991] describes the investigation of the necessary knowl-
edge for control engineers working in rolling mills. The work is a part of The
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Engineering Skills Assessment Program sponsored by IEEE. The article re-
view a typical process control system for a strip mill and describes the main
characteristics of the process. The main tasks of the control engineer include
implementation, documentation, and to be used by various departments as a
consultant. The necessary knowledge of the control engineer concerns analy-
sis, and design, user support, and evaluation of the performance of the control
systems. As sources of information of new technology Transactions of ISIJ,
Iron and Steel Engineer, and Journal of Metals are mentioned. It is concluded
that control engineers have a pivotal role for improvements of product quality
in the steel industry (!).

3.6 Interesting articles, authors, and publications

In this section the best articles, authors, and publications are pointed out. A
short description is also given.

Articles

The best articles have been chosen from the quality of the technical solution,
that they are clearly written, and that at least some details are given in the

paper.

o [Edwards et al., 1987] gives a detailed description of the function of
a thickness controller including a roll eccentricity compensator. The de-
scription is not very well organized but contains many good tricks for
the implementation of a thickness controller. Furthermore the equations
governing the rolling process are described and the simplified equations
are derived.

o [Ferguson and de Tina, 1986] gives a clear, and systematic descrip-
tion of the thickness control problem. This leads to the functions of the
thickness controller which includes what was state of the art some years
ago.

¢ [Foda and Agathoklis, 1992] analyzes the stability of a thickness con-
trol system. Even though a simple model is used, and the analysis is done
for a fixed controller structure the article gives a good description of the
application of the theory for linear repetitive processes. The future aspects
for the use of this theory is described elsewhere in this report.

o [Gou, 1991] gives a good, and general description of the hydraulic posi-
tioning systems used for thickness control. The nonlinear differential equa-
tions governing the system, and rules of thumb for what is neglectable are
given. Special phenomena in connection with the thickness control action
are also analyzed.

o [Kokai et al., 1985] gives a good fundamental analysis of the accuracy
of the thickness control. The article is rather hard to understand but
gives some important results. The analysis is general but the error is also
evaluated using typical data for plate rolling mills. Also the effect on
flatness is analyzed.

o [Saito et al., 1981] gives a good description of an early solution to the
thickness control problem. An interesting point is that the on line model
gives the thickness profile of the plate. This model is updated using a
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thickness measurement device. The other factors affecting the roll gap,
and the solutions in connection with these are also shortly described.

e [Stone, 19XX] gives a good description of the ideas behind the devel-
opment of the thickness control equipment. The description starts with
the earliest thickness controllers developed in the thirties, and ends with
the hydraulic position controllers. The characteristics of the technical so-
lutions are also analyzed.

e [Wood and Ivacheff, 1977] gives a detailed analysis of the force mea-
suring problem. The hysteresis in the force measurement is analyzed and
the improvement of the measurement accuracy is described step by step.

The articles in this review are generally not very detailed, this is probably
a result of secrecy restrictions given by the involved companies. Furthermore
the scope of most of the articles is rather practical; they do not normally use
advanced theory of any kind. This should be seen in the light of that many of
the authors are research engineers employed in the steel industry.

Authors

The authors mentioned below are the ones who have written good articles or
have appeared on two or more occasions during the reading of the articles.

e M. D. Stone has been the Vice President of the Research, and Devel-
opments section at United Engineering & Foundation Co in Pittsburgh,
USA. He has written two of the fundamental articles covered by this re-
view, the quality of these is high.

e M. Saito employed at the Computer Systems Development Department,
Kehim Works in Japan. He has also written two fundamental articles of
high quality about the thickness control problem.

¢ G. F. Bryant who is a project director of the Industrial Automation
Group at Imperial College, Great Britain. His article included in this
review is not exceptional, but he is well known among engineers work-
ing with the rolling process. He has also written a book about thickness
control of the rolling process.

e P. D. Spooner who is a senior research engineer at the Industrial Au-
tomation Group at Imperial College, Great Britain. He has worked to-
gether with Bryant.

e W. J. Edwards is the president of Industrial Automation Services Ltd
in Toronto, Australia. He is involved in three of the articles, one of them
together with Goodwin. His articles are good, and contain many good
tricks for implementing thickness controllers in practice. He has worked
with computer control in other areas than thickness control.

e D. A. Davies is a project sales manager at the Engineering, and Con-
struction Division at Davy McKee in Sheffield, Great Britain. He is the
author of three of the articles about implementation of thickness con-
trollers.

e R. M. Guo is a senior staff engineer at Armco Inc in Ohio, USA. He has
written a good article about nonlinear dynamic modeling of the hydraulic
positioning system. He has also worked with the modeling of the work roll
temperature profile.
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o S. Foda who is working at the Department of Electrical Engineering at
the Tyerson Polytechnical Institute in Toronto, Canada. He has written an
article about the application of the theory about linear repetitive process.

An interesting fact about the authors covered by this review is that there are
so many different. Only a few authors have written more that one article. This
implies that many different people have been working with the rolling process.

Publications

The publications which has caught my interest are the following:

e IS1J International is published by the International Steel Institute of
Japan. The articles usually starts with a short literature review, holds a
high technical level, and are generally well written.

e Iron, and Steel Engineer published by the Association of Iron, and
Steel Engineers. This is the publication from which most of the articles
included in this review are taken. The articles are in most cases describing
implementations, and are usually easy to understand. The technical level
is not always high.

o Proceedings of the IFAC World Congresses is also a source for many
articles of this review. The articles are naturally mostly concentrating on
control theory, and are well written. The technical level of these articles
are generally high.

There are many other publications about hot rolling. They are published in
many different languages including German, French, Russian, and Japanese.

4. State of the art

The state of the art of thickness control of rolling mills is given below. Even if
the object of the project is the plate mill, some of the ideas from the control
of strip mills which are directly applicable are mentioned as well.

4.1 Functions of thickness control systems

The state of the art consider the functionality of the control system. Imple-
mentation of the controller is not considered here except that new control
systems should be implemented using computers.

The state of the art thickness controller includes following functions:

e Mill spring compensation

e Proper handling of disturbances from
o Variations in ingoing thickness
o Variations in plate temperature

e Variations in dynamics due to different material properties

e Compensation for eccentricity, and thermal expansion of the rolls
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o Parallel control of roll gap despite different forces in each side
e Compensation for hysteresis effects in rolling force.

e Update of the thickness estimate from a measurement made after the
rolling is finished

The design of the controller can be done by treating the rolling mill as a SISO
system, and using traditional control theory. The only exception of this is roll
eccentricity control where some recursive estimation methods have been used.

The compensation for the mill spring is still done as described in the section
“Basic description of thickness control”, the main idea of this technique is
unchanged.

The systems should be designed to have a proper rejection of the most im-
portant disturbances. This is done based on a basic model of the system, and
using traditional control theory. The same is the case with the compensation
for variation in material properties. The controller should be designed to have
constant dynamics despite the varying gain caused by the material variations.

The roll eccentricity, and thermal expansion can be modeled by choosing one
of the given representations for the eccentricity of the rolls. The eccentricity
can initially be identified using a roll kiss test, and the thermal expansion by
using the estimator during normal rolling. To obtain a proper estimate of the
roll eccentricity, it is necessary to measure the speed of the backup rolls. This
can be done using pulse encoders. Using this measurement, and the rolling
force, the eccentricity can be estimated using a suitable estimation method.

The article describing the parallel control does not describe the transfer func-
tion for this part of the mill. It is though possible to estimate this using a
physical model, and some rolling tests. The problem of keeping the roll gap
parallel can then be solved by using a heuristical design or treating the thick-
ness control as a multivariable process.

The hysteresis effect due to the static friction between the bearing houses,
and the mill frame should be compensated. One possibility is to estimate the
hysteresis in the force measurement by performing a roll kiss test. The obtained
curve can then be used for correcting the rolling force measurement. It is
likely that the hysteresis effects are time varying, and an automatic procedure
repeated a couple of times a day would be preferable.

The update of the thickness estimation from a thickness measurement is usu-
ally done by changing the mill spring curve. This procedure should be consid-
ered as a feedback with a considerable time delay, and one should recognize
that there is also dynamics in this process. Neglecting these can lead to rather
unfortunate stability problems.

Ideas from strip mill control

One idea is to use the feedforward principle used in the control of strip mills.
This implies feedforward of hardness, and force variations from the first to
the last stands of the strip mill. The same could be done in plate rolling,
if the hardness of the material was estimated and recorded during the pass.
This could be used for feedforward control in the proceeding passes. This
would result in an improvement of the disturbance rejection of the thickness
controller.
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Today the start up of the thickness control is delayed until the rolling force
has reaced a stationary level. This implies that thickness control is not per-
formed on the plate head, and the first meters of the plates are therefore often
of gauge. If the thickness controller is designed to follow the rolling force on
its way up, and also keeping constant gauge. This problem could be solved. It
could for example be done by changing the working point of the system using
a prediction of the rolling force already recorded using the above idea.

General comments

The theoretical level of the articles concerning the thickness is more or less the
same as in the above introduction to the thickness control. It is surprising that
no applications of advanced control methods has been reported for plate mills.
In fact no one is treating it as the multivariable control problem it actually
is. If the rolling forces are not equal in the two sides, serious problems with
bended plates can appear.

Another surprising thing is that a lot of effort has been spent on the thickness
estimation problem, but the rolling mill, and plate are normally treated as a
time varying constant. It seems that the fact-that it is not possible to measure
the plate thickness has affected that all the attention has been directed towards
the thickness estimation problem. Due to this the modeling of the dynamics
of the process has been forgotten. A fundamental fact is though that the
dynamics are needed in order to be able to design a proper controller for the
process. The built-in stability problem of the process makes this even more
crucial.

Some authors have suggested the use of more advanced control techniques like
adaptive control, and neural nets, but the complexities of the models are the
same as described above. Usually these suggestions are only simulated. The
exception from this is the strip mills where more advanced control has been
applied in practice. Still only linear models are used for controller design, and
the isolated mill stands are treated as SISO systems.

4.2 Applied theory

The control theory used for the design of thickness controllers is, as mentioned
above, traditional control theory. Modern control theory is used for estimat-
ing the roll eccentricity, and the plate crown, where recursive least squares,
and Kalman filters have been used. Another exception from this is the use of
the theory for linear repetitive processes used for analyzing the stability of
thickness controllers for the rolling process.

For controlling the thickness, and tension of strip mills modern control theory
for linear multivariable systems has been used. The methods are optimal con-
trol, geometrical theory, and decoupling of the interaction between the rolling
stands using a specially designed multivariable feedback. This is only reported
implemented in strip mills in Japan.

For the analysis, and design of the rolling mill, and rolling processes both clas-
sical mechanics, and more advanced methods have been used. The advanced
methods include the Finite Element, and the Finite Difference Methods.
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5. Conclusion

The purpose of this paper is to give a review of the articles collected in con-
nection with the research project “Improvement of Roll Gap Control System”.
The literature review include 77 articles related to the thickness control prob-
lem for rolling mills. The articles contain description of modeling, design, and
implementation of mechanical, and control systems.

First a general introduction to the area is given. This includes a general de-
scription of the rolling mill, and the rolling process. Also the dynamics of the
thickness control system is considered. After this a short review is given of each
article. The summaries concentrate on the contents relevant to the thickness
control problem. After this a survey of the state of the art of thickness control
systems in plate mills, and interesting articles, authors, and publications are
given.

Generally the articles either describes implementation of systems designed
using conventional methods or development of control systems using advanced
methods. Usually the advanced methods are not implemented and no real
data are used. An exception is the use of multivariable control methods in the
control of strip mills. No advanced theory is used for controller design for plate
mills.

The state of the art for thickness controllers of plate mills of today includes
compensation for mill spring, handling of disturbances in ingoing thickness,
and compensation for imperfections of the rolling mill. The controllers are de-
signed using simple linear SISO models, and traditional control theory. The
methods for estimating the plate thickness are well developed, but the mod-
eling in connection with the controller design is not satisfactory. No articles
about the thickness control consider the rolling mill as the multivariable sys-
tem it really is. The model therefore should be multivariable, and the structure
should, if possible, be found by physical modeling. This would make it possible
to exploit the structure of the model in the controller design. The development
of two dimensional lateral flow models looks interesting, and will be considered
in the future work.

The use of more accurate models would probably result in better performance
of the thickness control systems. These models should contain a more accurate
description of the dynamics of the rolling process, and should consider the
multivariable nature of it. This kind of models would make it possible to
obtain a better control of the plate form, and would ensure the stability of
the thickness control system. Also the use of the theory concerning linear
repetitive processes would ensure better performance. Using this theory it is
possible to optimize the whole pass schedule, which will lead to improvements
in the overall performance of the thickness control system.

The future work of the literature search will be directed towards finding rele-
vant literature for the modeling problem. This will be done in order to obtain
a proper model for the rolling mill. The theory for linear repetitive process
will also be considered in connection with the literature search.
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