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In order to meet the requirement for higher thickness accuracy in cold rolling processes, it is
strongly desired to have high performance in control units. To meet this requirement, we have
considered an output regulating control system with a roll-eccentricity estimator for each rolling
stand of tandem cold mills. Considering entry thickness variation as well as roll eccentricity as
the major disturbances, a synthesis of multivariable control systems is presented based on H.,
control theory, which can reflect the knowledge of input direction and spectrum of disturbance
signals on the design. Then, to reject roll eccentricity effectively, a weight function having some
poles on the imaginary axis is introduced. This leads to a non-standard He. control problem,
and the design procedures for solving this problem are analytically presented. The effectiveness
of the proposed control method is evaluated through computer simulations and compared to that
of the conventional LQ control and feedforward control methods for roll eccentricity.
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Nomenclature o S. Sr : Roll gap, roll gap command (mm)
€ * Roll eccentricity (mm) To. Ty : Backward tension, forward tension
E . Young's modulus of the strip (kg¢/mm?) (kgo)
s - Forward slip ratio Ve. Vo [ Entry strip velocity, delivery strip velo-
H. & Entry (input) thickness, exit {output) city (mm/s)

thickness (mm) Vz. V5 . Roll velocity, roll velocity command
K, : Time constant of the housing system (mm/s)
Ks, K, . Time constants of actuators

L . Distance between stands (mm)

M . Mill modulus (kge/mm)

P, Py  Measured roll force, actual roll force
(kgo)
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1. Introduction

The purpose of control systems in tandem cold
mills (TCM) is to improve the thickness accuracy
of the strip and to maintain the interstand strip
tensions within a reasonable range in the rolling
operation. The thickness and tension of the strip
are commonly controlled by adjusting the rela-
tive gap between top and bottom rolls and by
adjusting the roll velocity. Basically, the rolling
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process of TCM is a typical multivariable system
with strong mutual interaction between the thick-
ness and the tension of the strip. The rolling
phenomena also interact with each other through
the tension between the neighbour stands. Ap-
proaches via the decoupling method (Francis et
al., 1975) and optimal regulator theory (Lisini et
al.. 2000), etc. have been proposed to solve the
problem of interaction between variables in a
rolling stand. The approach via the decoupling
method requires the synthesis of the main con-
trollers for thickness and tension control. as well
as the synthesis of the precompensator for de-
coupling. However, there is no systematic method
to design the main controller. The approach via
the optimal regulator theory results in an excessi-
vely complex structure with a great number of
loops, which leads to serious difficulty in actual
implementation. A blocked, non-interacting con-
trol technique (Hattori et al., 1987) has been sug-
gested to solve the problem of interaction between
neighbour stands of TCM apart from the main
controller. However, TCM are such large-scale
and complicated systems to construct a single
type of control system. Actually. in most fields of
TCM, the system is divided into a plurality of
blocks and proper controllers have been indepen-
dently applied to those respective stands.

In the coid-rolling mill process, the major
sources of output thickness variation are the
entry-thickness variation caused from hot mills
and/or forward stands of TCM, and the roll
eccentricity emerging from a rolling stand itself.
With the requirement towards higher thickness
accuracy far more strict, the roll eccentricity that
had been previously of little practical significance
has become a considerable issue since the 1970s.
The roll-eccentricity disturbance is directly load-
ed on the output thickness and thus acts as a noise
measurement of it. The effect of roll eccentricity
on the “gaugemeter” thickness error prediction
technique, well known as the approach for av-
oiding the process time delay inherent in output-
thickness measurement, is a practical problem
which can degrade the performance of the sys-
tem. Solutions that have been tried to correct
the roll eccentricity problem associated with the

gaugemeter technique, through on-line estima-
tion of roll eccentricity, mostly signal the com-
pensation of output-thickness error (Teoh et al.,
1984) and/or the feedforward eccentricity control
(Edwards et al., 1987), etc.

In this paper, a multivariable model for TCM
has been established based on the data of an
actual process, and in which the entry-thickness
variation and roll eccentricity as major distur-
bances are simultaneously considered. And. in
order to overcome the limitation of the gaugeme-
ter technique, a form of observer or soft sensor for
the eccentricity signal will be built using other
measurements. The on-line estimation of roll-
eccentricity signals leads directly to the estimation
of instantaneous output thickness. Consequently
it allows the output feedback control to achieve
high system performances. Also. a main controller
to attenuate the disturbances will be synthesized
based on the theory of H. output regulation,
which can effectively reflect the knowledge of
the frequency and input direction of disturbances
in design. Then, in order to effectively reject the
roll eccentricity disturbance, a weighting func-
tion having some poles on the imaginary axis is
introduced. This leads to a non-standard He
control problem. The design procedures for solv-
ing this problem will be analytically presented
using the internal model principle. Finally, it has
been illustrated by computer simulations that the
proposed control method gives higher perform-
ance (in both thickness and tension control)

compared to previously studied methods.

2. Mathematical Model of TCM

Thickness control in a cold mill is necessary to
adjust the manipulating variables. such as roll
gap and roll velocity to maintain the exit strip
thickness within the range of specifications with-
out interrupting the satisfactory operation. The
schematic diagram of a stand is shown in Fig. |
to indicate major rolling parameters. The thick-
ness and the interstand tension of the strip are
measured by an X-ray thickness gauge and a
tension meter. respectively. Roll force can be
measured with a load cell.
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Fig. 1 Rolling process of a mill stand

The rolling phenomenon is nonlinear with
multiple inputs and outputs. The rolling control
system has been conventionally composed of a
set-up system that roughly defines the operating
points in consideration of the lack of linearity,
and a controller that compensates for the control
deviation caused by disturbances. A more precise
control function is performed around the operat-
ing points. The set-up system defines the nominal
values of rolling factors such as roll gap and
roll speed, etc. So as to have an expected product
based on a production plan (a determination of
the production rate, target thickness of the final
stand, and the draft, rolling load, and strip ten-
sion of each stand, etc.) using the mathematical
model that describes the rolling phenomena.

2.1 Basic theoretical equations
The basic theoretical equations are the follow-

ing.

* Rolling force and forward slip ratio

Pi=P(H;, hi, T, T}'i) (])
fe=f(Hs, hi, Tor. Tr) (2)
* Equations of actuators
dSi_ 1 (.o
dt _Ksi ( St+SP1) (3)
dvi_ 1, ‘
dt _Kvi ( VRi+ VP:’) (4)
¢ Equation of the housing system
dP._ | (_p.p
¢ Volume continuity
HVei=h: Vo, (6)

* Strip velocity

Vei=(1 +fi) Ve (7
* Exit (output) thickness
P i S
hi_Si+ Mi +ez (8)
* Interstand strip tension
dT.: _ EbH; .
dt - L (I/ez Vm-l) (9)

The subscript 7 denotes the stand number.

2.2 Linearized equations

The models for the calculation of the rolling
force (Hill, 1950) and forward slip (Bland et al.,
1948) are commonly expressed in nonlinear forms
of rolling parameters. In this paper, modified
models are employed since the partial derivatives
used to linearize the model can be determined
analytically. In order to apply the state space
theory, however, the nonlinear Egs. (1) and (2)
must be linearized by considering small pertur-
bations around the nominal operating condition.
Also, Egs. (3) through (9) need to be converted
to the form of perturbation equations. Then, com-
bining these perturbation equations yields the
state-space linear equations for a mill stand as
follows :

J'c,-=A,» x;‘+Bi u,-+E,~ w; (IO)

yi=Ci x:+F;: w; (11)

where state vector X, control input vector u,,
disturbance vector w; and output vector y; (sys-
tem matrices A, R, B.€R"? C,€R* F.€

R??, are attached in Appendix.) are given as
follows, respectively.

Xx;=[4S: AP; AVe: AT5:]7

u;= [AS;‘ AVpi] T
w:= [AHi ei] T
Y= [Ahi Asz’] T

where 4(+) means the deviation around the
nominal operating point of a variable (¢ ).

As shown in the output Eq. (11), the unmea-
surable eccentricity signal acts on the exit thick-
ness as measurement noise. In addition, the time
delay to exit thickness measurement is inherent
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because the X-ray sensor for measuring exit
thickness is inevitably placed at some distance
away from the roll bite. For these reasons, it is
difficult to attenuate the adverse effect of roll
eccentricity from any control system unless extra
steps are taken.

3. Gaugemeter Thickness Prediction
with On-line Estimation

3.1 Effect of roll eccentricity

In rolling processes, the non-uniformity of the
material properties, variations of strip thickness
and hardness, entering the mill causes variations
in the rolling load. Also, since the mill stands
are elastic and the rolls are deformed under
load, these variations in the rolling load result
in variations in the effective roll opening which,
in turn, cause variations in the exit thickness.
The gaugemeter thickness-prediction technique is
used to estimate the instantaneous exit thickness
from roll force and roll gap measurements. But
this estimation is effective only so long as the
roll eccentricity can be neglected, as previously
mentioned.

From Eq. (8) and ignoring eccentricity ¢, the
estimate of exit thickness Aﬁg is written as
follows :

dhe=3y AP+4S (12)
If the high-gain (state) feedback to force Afig
to zero is used, the effect of other disturbances
may be reduced as desired. However, the effect of
eccentricity not only causes some deviation to the
exit thickness but also feeds a signal to the control
system in such a way as to exaggerate this eccen-
tricity effect. For example, when the eccentricity
in the back-up roll is causing a reduction in the
effective roll opening, an increase in roll force is
produced, which, in turn, causes a positive error
signal, which then will tend to drive the roll gap
in a downward direction, thereby further de-
creasing the roll gap and causing additional re-
duction in the exit thickness. Consequently, the
high-gain feedback using 4%, may magnify the
effect of e on 4h.

3.2 Eccentricity estimator and thickness

predictor

The only way out of the difficulties associated
with the gaugemeter technique is to build some
form of observer or soft sensor for the unmea-
surable eccentricity signal, using other measure-
ments, including roll force, roll gap, and exit
thickness. The key to the development of a soft
sensor is the fact that the eccentricity signal is
nearly periodic, because it arises from the rotation
of the backup rolls on the mill.

A characteristic of roll eccentricity disturbances
is that they are not stationary. That is, although
the initial waveform for each roll may be the
result of roll shape and bearing characteristics,
the subsequent waveforms in all rolls may change
due to non-uniform thermal expansion, wear, and
other factors. Therefore, it is desirable to try
to identify the eccentricity signals continuously,
rather than before the start of rolling.

The eccentricity signal estimation may be ex-
pressed from Eq. (8) as follows :

é=dh—-y; AP—4S (13)
We shall assume the knowledge of mill modulus
M and time delay to the thickness gauge .
The key concept in the estimation strategy is
used in Eq. (13), with the instantaneous thickness
Ak (1) replaced by dhw(t). which corresponds to
the exit thickness rolled at a time 7y earlier. Thus,
past values of 4P and A4S must be stored so that
& at time (f—14) can be estimated as:

_L

e(t—r1a) =dhalt) i

AP(t—1) =4S (t—1a) (14)
If the eccentricity signal has period r, the current
value of e (#) can be estimated as :

e(ty=elt—r (15)

Actually, however, an instantaneous eccentricity
signal estimated &* can be thought of as being
the sum of the harmonic components plus mea-
surement noise 7 (#), as shown in Eq. (16). Thus,
for using the periodicity of Eq. (15), the com-
ponents e; from the composite signal é* for each
of p periods must be estimated separately.
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Fig. 2 Eccentricity estimator and output thickness

prediction
p

é'=216,-sin(w,~t+¢j)+n(t) (16)
=

where the magnitude G and phase @ are un-
known, except for the frequency w.

The required filter for a particular period needs
to have a low gain at frequencies other than the
corresponding roli-rotation frequency and each
of its harmonics. We used a near-optimal Kalman
filter (Goodwin et al., 1986) for estimating a
single sinusoidal component buried in a compo-
site signal.

Finally, we can obtain the whole eccentricity
of Eq. (17) by applying Eq. (i5) for the output
signals of the filters corresponding to respective
periods, and estimate an instantaneous exit thick-
ness of Eq. (18) by using Eq. (13) again.

et =j=ﬁ:é,~(t~rj) (17

AE(t)=—AlTAP(t)+AS(t)+é(t) (18)

Fig. 2 is the block diagram that shows the on-line
estimation technique for the roll eccentricity and
exit thickness.

4. Synthesis of the Output Feedback
Control System

In this section, the output feedback H.. control
system for a cold mill will be synthesized to
attenuate effectively not only the entry thickness
variation but also the roll eccentricity. Fig. 3
shows the structure of an output feedback system
for designing an H. controller. The constraints
on control input signals g are limited by an

Fig. 3 Feedback control system for the generalized
plant with weighting functions

appropriate choice of the weighting Wy(s) €
RH... and the frequency contents of disturbances
w(w. wy) are effectively modeled by the weigh-
tings Wy (8) and W;(s) ERH... In particular, out
of consideration for the periodicity of the roll
eccentricity signal (w»). the weighting Wy (s)
having poles on the imaginary axis will be
introduced.

The weightings Wy (s), Wy (s), W:(s), and the
plant model P(8) can be expressed as the fol-
lowing stabilizable and detectable state-space re-

[Aw BWJ
Cv | Dw

[ AJB [ Ap||Es By
wz(s>~[ A DZ},P@_[{—CP Fo By ]

Then, the generalized plant system G(8) is given
by

alizations.

Ay| By
Cul Dy

I

] . Ww(s)

Gu(s) Gils)

Gz (8) Gz(8) 0 Wu] (19)

] [WZ(HP) Ww] [W:P
I+P)Wy P

G(s) E[

And, representing G(8) in a state-space real-
ization,

| A|B B

Cl Dll DIZ

| C:|Da Dn

Ay 0 E. 0| EDe By ]
BG A: BFG 0 [BFD B | (o
0 0 A, 0] B. O

= 0 0 0 A 0 B

DG C. DJCy O (DFDw 0

0 0 0 G| 0 D

t G 0 FG 0] FDe 0]

G(s)=
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A non-standard H. control problem occurs
where the weighting function W, (8) (and/or
W.(8)), having imaginary axis poles, cannot be
directly applied to the problem formulation be-
cause the first assumption [ (A, B,) is stabilizable
and (C, A.) is detectable] in the standard H.
control theory (Doyle et al., 1989) is violated.

4.1 Non-standard control problem

Suppose that the closed-loop system (G (s),
K(8)) composed with the plant model Gz/(s)
and a controller K(s) is internally stabilizable.
Our goal is to design a controller K(s) that
satisfies the following equations.

Gzw (8) =G+ G K(I—G2K) 'GuRH.. (21)
[ Gow(s) o<1 (22)

Figure 4 represents a generalized plant containing
either the weighting Wy (8) or W;(s) and having
imaginary axis poles that connect to w and
2, respectively. The realizations of Wy(s) and
W, (8) are assumed to be minimal.

Wi (8) is uncontrollable from # but controt-
lable from w, and W,(s) is unobservable from y
but observable from z. Hence, to satisfy Guw(s) €
RH.., the jw modes, Aw and A, in W(8) and
W (8) respectively must be cancelled by zeros of
Gzw(8). Aw then becomes unobservable from z,
A and uncontrollable from w. Noting this fact,
irrespective of the designing controller K(s), the
necessary and sufficient conditions for the gen-
eralized plant G(8), such that G.w(s) ERH., can
be analytically summarized as follows. Only the
case of having jw modes (Aw) in Wy(8) is stated.
The case of W.(s) is omitted as the two cases are
dual.

w 4
| I
W,(s) W,(5)
i I

Fig. 4 Weightings having poles on the jw axis

Proposition : To satisfy G.w(s) ERH.,

(1) There must exist a column full rank matrix
V satisfying Eq. (23). That is, Aw must be zero
mode of Giz2(8).

(A—B:DC)) V=VA,, DC,V=0 (23)
where ;
D;=(DL:D:z) "'Df,, (Di2) "D&:=1—Di.Diz (24)

(2) A controller K(8) that satisfies Gow(s) E
RH.. contains the mode Aw as a real mode
(controllable and observable mode) if and only if
Eq. (25) is satisfied.

C.V=0 (25)

Remark : As was stated, Eq. (23) is the condition
for which the unstable mode Ay becomes the
unobservable mode of 2. The H. control pro-
blem may be solved only under this condition.
However, even if the cancellation of any unstable
mode or jw mode takes place in the generalized
plant G(s), Eq. (23) may also be satisfied. In this
case, any controller cannot make G.w(8) intern-
ally stable. Thus, Eq. (25) is the additional con-
dition for excluding such a case, that is, for
making the unstable mode (Aw) appear in the
controller K(s) as an internal model. This prop-
osition can be derived from the condition for
which the mode A, being unobservable from in
the state-space realization of G (s).

Conclusively, if a generalized plant model
G(s) has modes Aw on the imaginary axis, the
prerequisites for the existence of solutions in He
control problems, that is, the some conditions on
the generalized plant G(s) need to be replaced as
follows :

(a) (A, By) is stabilizable, except for jw mode
Av.

(b) D2 is full column rank matrix.

(c) Aw must be a zero mode of Giz(s), but
G12(s) does not have any zeros on jw except Aw.

(d) C.V=0. That is, Ay is unobservable mode
of (A—BDi:C,, C.).

Then, the stabilizing satisfying
| Gow(8) <1 can be obtained using the concept
of the pseudo-stabilizing solution (Mita, 1994) or

solutions
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the internal-model principle. This paper proposes
a procedure for solving this non-standard H..
control problem using the internal model princi-
ple as follows:

(1} Construct a generalized plant model G(s)
satisfying the assumptions (a) ~ (d).

(2) Asa controller K(s) being designed under
the assumption (d) contains A as the real mode,
let K(s) =U(s)K(s), where U(s) has poles of A
(Aw) and proper stable zeros, and K (s) is a new
controller.

(3) Derive a new generalized plant G(s) such
that Gw=F/{G, UR}=F{G, G} is satisfied.
Where F,{ *} means the lower linear fractional
transformation (LFT).

(4) Then, G(s) becomes the generalized plant
model satisfying all the assumptions of the stand-
ard H. control problem. A stabilizing solution
derived from G(s) and a pseudo-stabilizing so-
lution are numerically equal.

(5) Find a new controller K from G(s) by
using main theorems of the H. control theory and

calculate K=UK.

4.2 Controller design for TCM

The entry-thickness variation (un=A4H) and
the roll eccentricity (w2=e¢) are considered to be
the disturbances of TCM. The entry thickness
variation involves welding parts of strips and
non-uniformity of strip thickness. This causes the
rolls of the forward stands of TCM and/or hot
mills, whose roll velocities are relatively slow. to
pass to that of the controlled stand. On the other
hand, the frequency of roll eccentricity depends
on the normal roll velocity (wo), so w2 is a
high-frequency signal compared with w,.

To reject the effect of roll eccentricity com-
pletely, weighting W (8) is selected. It has poles
(£ jwe) on the imaginary axis as follows :

_ S22 Ewos + wh
2+ @k

W (s) I. (26)
where & is a design parameter and I means
(2X2) unit matrix. The reason for making the
orders of numerator and denominator equal is to
make Dz (=F;Dy) in Eq. (20} have a full row
rank.

W:(s) and W,(s) are the weightings used to
consider the performance and robust-stability,
respectively, in the general H. mixed-sensitivity
problem. W,(8) is selected as Eq. (27). so that its
gains are big at the low-frequency domain and
small at the high-frequency domain, and W,(s)
is selected as Eq. (28), so that its gains are big at
the high-frequency domain and W, (0) =I..

W.(s) = I (27)

__a_.
$+0.001
_ 20(s+100) (s +500)
Wols) = 0002

I. (28)

The generalized plant model containing these
weightings satisfies all the requisites (a)~ (d)
stated in the previous section. Thus, an output-
feedback Hw. controller K(8) that satisfies Egs.
(21) and (22) can be obtained by using the pro-
posed design procedures. And the design para-
meters & and a in weightings are selected through
an analysis of the singular-value diagram.

5. Computer Simulation and
Performance Analysis

The values of major parameters used for the
simulation are as follows.

Figure 5 shows the singular-value diagram of
the closed-loop transfer function Gzw(s). It has
sufficiently small gains not only at the low fre-
quency domain {(below 1 Hz) of the entry-thick-
ness variation but also at the frequencies (near 4
Hz) of the roll-eccentricity signal.

Fig. 6 shows the disturbance signals for si-
mulation. The entry-thickness variation (w,) con-
sisted of a separate step and a 1Hz periodic signal

Table 1 Parameter specification
Item Symbol Specification
Mill modulus M 0.39 MN/mm
Measuring time delay Ta 0.15 sec
of the exit thickness
Nominal backup roll 7o (wo) 0.25 sec
period (frequency) (25.13 rad/sec)
Design parameters & 3
a 20
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in consideration of the weld junction and output
thickness variation of the backward stand. The
roll eccentricity {w.) contained the first and third

10

[ 10 10’ 10 10° 10
Frequency (rad/sec)

Fig. 5 Singular value diagram of the closed-loop

transfer function matrix from disturbances to

outputs
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Fig. 6 Entry thickness variation and roll ccentricity
as disturbances

harmonics of the nominal period of the corre-
sponding backup roll.

Figures 7 and 8 show the disturbance attenua-
tion performances of the proposed H. control
and an integrated control, composed of LQ-state
feedback control and feedforward eccentricity
control, for exit thickness variations and tension
variations, respectively. It has been verified by
much research that as disturbance input, in consi-
deration of only the entry-thickness variation and
the roll eccentricity, respectively, the LQ-state
feedback control and the feedforward eccentricity
control, through the roll- eccentricity estimation,
can give satisfactory performances of the exit

thickness. However, as the integrated-control

method is applied to the two disturbances simul-
taneously, it degrades the removal effects of both
disturbances as compared with that of the LQ-

{LQ + F. 7 rolt ece. contran |

7 N A N "
[} 1 2 3 4 ]

Time(sec)
(a)

H_ control I
7o 1 2 ) . 5
Time(sec)
(b)

Fig. 7 Controlled output thickness responses
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state feedback control and the feedforward eccen-
tricity control, respectively. That is, the LQ feed-
back control exaggerates the effect of the roll
eccentricity, and the feedforward eccentricity con-
trol degrades the attenuation effect of the entry-
thickness variation. On the other hand, the pro-
posed H. control shows a remarkable improve-
ment on the removal performance of not only the
roll eccentricity but also the entry thickness vari-
ation. This means that the H. control method
effectively reflects the characteristics of two
disturbances that differ from each other in both
input direction and frequency spectrum. Further-
more, if any controller could reduce not only the
exit-thickness variation but the tension variation
sufficiently, the interstand interference effect in
tandem cold mills could be neglected. This may
allow for an independent control system to be

04

[LQ+r.rnnoee.co-ml|

04 i rs r s
0 1 2 3 4 s
Time(sec)
(a)
04

Time(sec)
(b)

Fig. 8 Controlled backward tension responses

built for each rolling stand of TCM.

6. Conclusion

This paper proposes an H. controller design
method that can effectively attenuate the distur-
bances, entry thickness variation and roll eccen-
tricity, that occur simuitaneously in rolling stands
of TCM. In particular, in order to reject the
roll-eccentricity disturbance, an on-line estimator
of eccentricity and output-thickness signals is
built. And, in designing the disturbance-rejec-
tion H. controller, the non-standard H. prob-
lem, that results from selecting a weighting that
has imaginary axis poles, has been analytically
discussed, and its design procedures are proposed.
It was illustrated by a computer simulation that
the proposed H. control method gives better
performances in the rejection of the disturbances
of not only the roll eccentricity but also the entry-
thickness variation, compared with the existing
methods of the LQ-state feedback control and the
feedforward roll-eccentricity control.
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Appendix

System matrices (A;, Bi, C:, E; and F,)

—1/Ts O 0 0
as,  aba :
= ’ 0—1 i
A 0 0 /Tv
a43 i

as aiz a4

(/T O
N
: 0 1/Tw|" " |0 0 00
0 0
[0 0
E,— e(z).l e(z;.z . F;=[(l) g]
Lei1 eiz
where
= 71‘[“ < 3?]% >
ab2= 'Il‘p. { 1[14 <§]§1€? >_l }
aba= 7]‘pi ( 32”7)‘: >
o= 72 () Vit Ve |
da=L g (3ahe) Vot V]
ia= %{Jib (14 fi1)
ai= (Gt ) heve (AT ) BV |

i 0Py
2= T, aAH,.->
o= 0 {( ) Ve
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