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A Study on Accurate Thickness Control of
a Single-Stand Cold Rolling Mill
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L INTRODUCTION

Tradittonally, the major porlion of cold rolled metal
strip was produced on large, tandem cold rolling mills
having between 4 and 6 stands and producing up to 2
million tons per annum in coil form, The rapid growth in
mini-mills and smaller sized flat products plants, especi-
ally in Asia, has encouraged the prowth in single stand
reversing moills. At the same time, there has been an
increased emphasis on improved quality and a significant
tightening in the thickness tolerances acceptable to down-
slream custolmers,

Because high speed response of roll position is available
by a hydraulic screwdown system, the roll positon AGC
{automatic gange control systems) is mainly used. How-
ever, a manipulation of rell position during rolling hrings
about not only change of exit thickness but change of front
and back tensions which influence the exit thickness
change, which inhibits fast closed loop respanse.

Rollimg data exhibit an intriguing pause in the exit
thickness in response to slep change in roll position. The
outpul appears (o injtially respond well but then pause,
which is called “hold-up effect”. This effect has been
previously noticed. see Kondo et al (1988), Clark and Mu
(1990) and Ueda el (1990). However, to the hest of our
knowledge, no satislactory explanation has so far been
advanced for 1ts appearance. In order to pinpoint the cause
of the hold-up effect, nonlinear and linearized model are
built and two blocking zeros on the je-axis from roll
position to output thickness are found 1o be the canse of
the hold-up effect which is fundamental and inescapable.

Finaily, in order to avoid fundamental limitations in
using the roll pesition. alternafive nput variables are
brought imo use. However each input has different
fundamenlal limitations, a key issue is how (a exploit the
different characteristics of the multiple inputs. To accom-
plish this goal a Hard Load Sharing (HLS) algorithm was
used io make full use of the available inputs and it is
shown by simulation that the HL.S scheme can be success-

fully applied to the rolling mill thickness cantrol problem.

I. SIMULATION MODEL

2.1. Nonlinear Model

There are several varrables that interact in a rolling mill
stand. Those variables that attract particular attention are
shown m Fig 1.

hydraulc cylinder

rolling direelion
- -

H i
- TD e —=
nncoifer
reference reference

Fig. 1. Variables of Interest

To distinguish between the varables corresponding io
the coiler and uncoiler, subscript C indicate variables
corresponding to the coiler and subscript and ¥/ to the
uncoiler,

For the purpose of deriving a model, the rolling mill
process is divided into Lhree parts. The first part 18 related
to the dynamical behavior of the coiler and uncoiler reels.
The second part corresponds to the rolls and the roll gap.
The third part corresponds to the connection of the 1eels
and the rolls, which 1s basically through tensions in the
strip.

There also generally exils a current control loop.
Usually, the electrical time constants are {aster than thoss
related with mass ineritia such as the rotating reel.
Furthermore, the current control loop is generally very fast.
This suggests that a simplification can be made by assu-
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ming that the armature current 15 directly controliable.
‘When the motor current reference 1s changed, the current
control system corrects the motol terminal voltage or the
motor revolution speed so that the actual motor current is
consistent with the reference. Consequently, the cotrection
of the motor revolution speed causes a change in the entry
speed of strip as it goes into the roll bite and also a change
in strip tension. On the other hand, the strip tension change
caused by the roll position alteration is corrected by the
current control system so that the sirip tension returns 1o
the original value.

For the motion of the reel, the variables involved arc the
electrical torque. the torgue crested by the strip tension,
the radius of the ree} and the angular velocity. The corres-
ponding equations are

dry, __Hmy (h
df b
dw

JUEQ:TUFU 7TI:

where f, 15 the nominal inpt strip thickness, J;, is the
uncoiler inertia, Ty is the uncoiler-wide strip tension, T is
the uncoiler motor torque, and »; 15 the uncoiler radius.
The equations for the coiler can be similarly determined.

For the purpose of control sysiem design it is desirable
o have a simplified formmla for the roll force. A linear
permrbation approximation is suitable for this purpose.
The roll force change with constant outpul thickness 1s in
linear form given by

P ap ap} @

A, =w| O ag . 00 98
» [DH a1, a,

= AAH + AT, — A,

where AH rtepresents a disturbance in the stiip entry
thickness, AT, and Af. represent eniry and exit tensiop
stress disturbance respectively. The partial derivatives in
this equation can be evaluated al any particular steady
state operating condition by using one of the complex roll
gap theories or by making expenmental measurements.

Any change in output thickness will introduce an
additiopal force, so that the total force change may then be
expressed as

3P
AF = AF, +W 2 Al
2T (3)
= AAH — A,Ah+ AAT, — AAL.

In incremental form the following expression relates Lhe
change in thickness to changes m unloaded roil opening
and roll force about the operating point

Ab— A+ DF 4
M
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where Af 15 mill moduins. A4 is change in exit thickuess,
AS is change in unloaded roll opening and AF is change in
total roll force.

Combining equations (3} and (4), an explicit expression
for the exir thickness change can be obtained as

Ah= —1——(MAS + AAH + AAT, —AAL) ()
M+ A,

We assume thatl the exit strip velocity is a result of the
tangentizl speed of the roll speed plus a slip effect. Hence
we describe the exit velocity by

Vear = Rpizoi (K ship (t, =Ty )+ K, ) (®)

where Ry, and d,,, are respectively. the radius and the
angular velocity of the roll. For most cold rolled products.
the value of [orward slip will be between zero and five
percent. Forward slip mcreases with increasing delivery
tension f-and decreases with increasing entry tension T,

The interaction between the reels and the rolls is given
by the comnection ol the subsystems through the sirip. We
make a simplifying assumption that the length of strip held
between roll gap and coiler reel at any mstant of time is
considered to be equivalent 10 a massless spring whose
ends are traveling with dilferent velocities Then a
simplified model can be developed expressing the rare of
change of the tension force in terms of the end velocities
and an equivalent spring constant K. Assuming that the
strip is stressed within its elastic limit and therefore obeys
Hooke’s Law, the fension in the coier side strip is
expressed as

fe = KCJ‘(VC Vg Y 9

2.2. Simulation Result for Nonlinear Model

Simulation of the model has been performed in an
operating condition when both reels have approximately
the same radius The closed loop corresponding to the
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Fig. 2. Open laop step responses



speed control of the rolls is assumed to have a tume
constant of 1 [sec]. Also the reference for the armature
current is sef to a value such that, in the steady state, the
input strip tension s 74 [kIN] and the output strip tension is
61 [kN].

To examune the effect of the different input variables,
step changes were made in the three inputs (7, I, 5). Fig.
2 shows the manipulaied variables affect the output. In the
simulation, at t=0.5[sec], I, changed from 30[A] Lo 20[A]
and [ from 20[A] to 10[A]. The rollgap was increased by
0.4[mm] at 0.5{sec].

We see from Fig 2 that the output (Ah) response 1o [,
and I.are almosi the same. Also, we see that the gain from
rollgap S to the output is much bigger than from I;;and 7.
Close inspection of Fig 2 reveals that the response ol to a
slep change in § is not monotonic but instead exhbits a
temporary “hold-up” phencmenon after approximately
10[msec] following the step change in S, This response
will be the subject of a detailed investigation in the
{ollowing sections.

2.3, Linearized Model

The rolling model is mherently nonlincar. The nonh-
nearities come from the mass low feedback. ship ellect
and magnetic flux change due Io the change of radus of
the recl. Mass flow feedback und slip effect are lineanzed
and 1t is assumed for simpheity. thal the reel radius is
constant.

By linearizing the mass Ilow leedback and the slip
effect. we can get a linear moded which has 7 states and 4
inputs. The system is actually umec-varying since reel radii
and related mill paramelers change accoidingly. However,
for the purpose of simulation, we will fix the radins at
some nominal value.

The resulting hnearized model can then be written in
state space form as

x=Ax-+Bu+FAH

(8)
y=Cx+Du+PAH
where
[T, input strip tension
v=| 1 = output strip tension
LAh output strip thickness change
(7, armaiure current to uncoiler
w=|1.|=| armainre current to coiler
| § roll gap

AH =input strip thickness disturbance

The various transfer function of the linear model were
found to be as follows:

KIM :=I (S + th ) . Kfc 5=1 (S + ZJ’(, )

=== T ==
Y TLLbre) T LR <o
_ KSHL(S +Zs‘ ) _ Ky ::1 (5 +Zm)
Te=—7 7 tw=Fp 7 %
I-I,,,=| (S + P}IM )

hs Hm:1 (5 + Rs,m )

where T, is the transfer function from roll posiion 1o
output thickness and other transfer functions are similarly
defined.

Fig. 3. compares the response of the 7 state linear model
with the nonlinear model. The figure corresponds the
response of a step of 0.2 fmm] in the input thickness
applied at 1.5 [sec] and when the roll position is closed by
0.4 [mm] at 2 [sec]. It can be seen that the correspondence
is remarkably good. This gives us confidence to use the
linear model to gain quantitative msight into the
performance of the system. We also see that the same
hold-up effect is present in the linear model response. We
therefore proceed in the next section to see if an
explanation for the effect can be obtained from lmear
theory.
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time [s]

Tig. 3. Comparisan belween nonlinear and linearized
model responses

1. HOLD-UP EFFECT

3.1 Pole-zero Analysis of the Linearized Model

A key observation 1s that T, has two parely imagmary
zeros on the jew-axis at approximately 86 [rad sec™']. The
impact of the jeraxis zeros identified 1s that. any attempt
to move the roll position with frequency 86 [rad sec”],
will nat change the output thickness.

3.2 Physical Explanation for ja-Axis Zeros

We recall that the strip acts as an (undamped) spring.
However, damping 1s provided by a feedback mechanism
through slip. Moreover, ihe rollgap change acts directly on
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strip  dynamzcs

Slip
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Fig. 4. Slip Feedback

the output (without dynamics). Hence, we can picture the
physical interaction in Fig. 4.

If we let the transfer function of the undamped strip
dynamics be T(s)= N{s5)/D(s) then the closed loop

transfer function from §to 210 Fig 4 1s

1
7.8 =N

L+k
D{s)
_ D(s)
Dis)+kN(s)

where £ 15 the gain of the slip effect. We thus see thal the
action of the feedback loop in Fig 4 has the effect of
placing the open loop poles (inchuding the undamped
resonant pair associated with the strip) as zeros of Lhe
transfer [unction from § to Ak, This explains the presence
of the zeros m the model. Actaally in practice the resonant
zeros appear at the average location of the open loop
resonant poles corresponding to the coiler and uncoiler
sides.

3.2. Single-loop Control Strategies

It is possible via the use of a soft sensor (Gaugemeter or
Mass-Flow Estimator) to effectively eliminate the delay
between the rollgap and the (estimated) exit thickness.
Hence we will essentially ignore the time delay in the
measurement of the exit thickness. Of course, the presence
of any time-delay in practice would make matter worse
and thus we are considering an ideal base-case for the
control system performance.

The roll position is used as the actuator, which 15 1n
accordance with the usual practice in thickness control
system. We study simple feedback controllers connecting
the output strip thickness and 1the rollgap change.
Simulation results for different PI controllers are given. It
is assumed that the time constant of the roll positioning
system 15 7 [msec] and there is step change of 0.2 [mm] in
input strip thickness.

Fig 5 shows the responses to lhe following feedback
controllers between output thickness and rall position.
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Fig. 5. Single loop feedback control with PI controller
using rolling position alane

It can be seen from Fig 5 thal the response time following
the disturbance appears Lo be lower limited by about 50
[msec] This seems strange given that the actuator
response lime 1s 7 [msec],

We will use the response to a 0.2 [mm] input thickness
disturbance as a quantitative measure of performance
based on an intcgrated absolute error (TAE) criterion
which is defined as follows

IAE = [ fn(e)~ h¥| di

where Aft) is the output strip thickness and A* is the
nommal output thickness, TAE of four different PI
controllers in Fig 5 are (a) 17.6x107%, (b) 8.9x107, (a)
147107, (a) 10.0x107. Various conlral strategies based
on single loop controller lead 1o unsatisfactory resulis
since all attempts to speed up the response result in a
degradalion in the transient response. An analysis
supporting this claim is presented in the next section.

IV. INVESTIGATION OF IMAGINARY ZEROS

4.1 Preliminary Step Response Study

We have seen in Secuon III that a key feature of the
linearized model linking the rollgap change to the exil
thickness is (a pair of) blocking zeros on the jew-axis. Tt is
conjectured thal these zeios are the origin of the hold-up
effect in the step response relating S to Ak .

To check if these zeros are really the cause of the “hald-
up effect”, the following system was simulaled

K(s+ j0)s— j&)
(s+a)s+b)s+c)

where K was chosen to give unity d.c. gain.
The parameters a,b.c were chosen to give real poles.
Four cases were studied, namely
(1) poles : -1,-2,-3, zeros at £ (.1
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Fig 6. Effect of undamped zeros on transient response

{2) poles : -1,-2,-3, zeros at + 0.5j

(3) poles : -1,-2,-3, zeros at & j

{4) poles : -1,-2,-3, zeros at £ 7
Fig 6 shows the corresponding step responses.

We see from Fig 6 that the presence of jeraxis zeros
leads to a hold-up effect. Moreover the faster the closed
loop poles in relationship to the location of the zeros the
mare pronounced the effect becomes.

4.2, Fundamental Limitations

If one allows arbitrary pole positions, then the impact of
Jjoraxis zeros reduces to the rather uninteresting obser-
vation that the frequency response must be zero at the zero
location. The corresponding time domain constraints woukd
therefore be uninteresting. However. for reasons of
robustness it is wsual to requre that the poles lie in the
strict left half plane {say to the left of -0}, Under these
conditions, there 1s quantifiable [undamental limitation
arising from je-axis zeros. This 18 made clear in the
following result.

THEOREM 1

Consider a system, G{s) having poles and zercs
satisfying the following two constraints

{1) all poles have real part less than - (c>0)

{ii} there exists at least one pauwr of zeros on the joraxis
at + ja,

Further, the steady state gain of the system is
normalized Lo vnity.

Under these conditions, the following iniegral
constraints hold {or the unit step response y(t) of the
system:

[ cosa,rl1— ye)]dr=0 a0y
[ sinw, 11— y(e)ldi=—
0 o

n

IR o o

J

con
-1
o

ik A Al < -

)
[

1T

PROOF
The Laplace Transformation of the step rcsponse
satisfies

Y(S):G(s)l
K]

in the region of convergence of the transform.
Now let eftj=1-v(t), Then

(o) -L1=60)

By assumption, G(@j=1, and hence E(s) does not bave a
pole at s=0. Hence, in view of assumption (I}, s=* j, lies
inside the region of convergence of the transformation
E(s).

Thus, since

E(s) = j: e e(rydi
_[1-G(s)]

s
and G{t jaw, }-0, then
- 1
[ e tety=—v
) J ma
Similarly
-1
[erety-——
Jﬂ){)

The result follows on using the fact that
1 -
COS@,t = 3 [em”’ +e ””“’]

. 1 _
sin@ f =— [e’m“' —e ﬂ"“’]
2j

To get a feeling [or the results in Theorem 1. let us
consider the limiting case where @, is much smaller than
the location of the poles. In this case, we can approximate
cosey, ! and sineo,t as follows over the settling time of the
system

cosa i = |

sines, f = o f

In thus case. the integral constraints become approximately

[[0-y)ar =0 -

L, 21
L (L—y())rar = -~

;]
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to a step

where ¢, is the settling time {r, << /@, ).

‘We thus see that the mean value of the erior 1esponse is
approximately zero while the first moment about the
origin is approximately 1 fa?

To validate this analysis, a simulalion was carried oul of
the following system

+ 2
G(s) = — IUf +1
574387 +3s+1

Note that the poles are at (-1,-1,-1) whereas there are
blocking zeros at & j0.01. The simulation response 1-¥(t}
tc a unit step is shown in the Fig 7.

The response in Fig 7 has massive over and under shoots.
However, ey are easily explained by Theorem | and
approximately by (11). One can easily evalnate

[ 0= y)dr =21

12
jﬂ (1— y())r dr =19932

Of course, exacl correspondence would be obtained by
using the precise constraints given in (10),

4.3. Implication for Rolling Mill Gauge Control

The fundamental constraint presented by Theorem 1 is
applicable to the thickness control problem. However. 1t is
unreasenable to expect that the closed loop peles would be
placed in the far left half plape. The limiting results
presented indicates that this would be an extremely
undesirable thing to do. Instead. the actualor response of
the rolling mill is almost 7 [msec] and it thus seems
reasonable to aim for a settling time of 30 [msec].

The location of the blocking zero is at 86[rad sec-1], i.e.
a period of approximately 73 [msec]. We refer to Fig, 8 for
the corresponding graphs of cosm, t and sind, . We see
from these graphs that, in order that the carrelation of (1-
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y(1)) with sinco, f be large but the correlation with cosar, t
approximately zerc, we must “hold-up” the error response
so that there is enough weight in the part of the cosw, 1
waveform which is negative to give an overall result of
zero for

J: (1— y(£) Jcos @, dt

Thus v{t) cannot settle to the steady state value 1 untd
significantly after 20 [msec] has elapsed. We thus have
obtained a major insight into the control problem. We see
that hold-up phenomenon is [indamental and is a dircct
consequence of the location of the jo-axis zeros, together
with the location of the closed-loop poles of the system.

We have seen that the comventional SISO control
system linking exit thickness o roll position is dele-
teriously affected by Lhe hold-up phenomenon. Moreover,
this effect is fundamental and unavoidable within this
control archilecture. We therefore proceed to investigale
ways of cucumvenlng the hold-up problem keeping in
mind that this must be achieved by a fundamental change
to the basic arclntecture ol ihe controller.

V. HARD LOAD SHARING ALGORITHM
APPLIED TO THICKNESS CONTROL

‘We have seen that the problem is directly related to the
presence of je-axis zeros m the rollgap to exit thickness
transfer function. However, inspection of the linear model
reveals that the jeraxis Zeros are not zeros of the
multivariable system. A prelimmary mvestigation using
the coiler and uncorler molor currents to control exit
thickness proved 1o be perfectly satisfactory save for the
fact that these inputs are very limited in their authority due
to hard amplitude constraints. Thus use ol these currents,
in isolation, is an nnsatisfactory solution. However, it does
seem [easible that the currents could be used in a
coordinated way with the rollgap to effectively control exit
thickress
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Fig. 10, Biproper controller implementation via feedback

The method we propose 18 developed in Shim et (1996)
and can be briefly described as follows:

The class of all stabilizing controllers for a plant having
all its open loop poles in a desirable Tegion (e.g. at least
stable which is the case of rolling mill) is shown in Fig 3
where @ is slable-proper. Assuming no modeling emor
then the output disturhance sensitivity, inpwt disturbance
sensifivity and complementary sensitivity are given
trespectively by

S=(-GQ), 5 =U-GQ)G, T=CQ

The above expression suggest that QQ should be a stable-
proper approximalion to the inverse of G. Furthermore, T
shows that diagonal decoupling is achieved if Q is chosen
so that GQ is diagonal. In the presence of saturating
actuators, one could proceed by simply implementing Q m
feedback form — see Goodwin et al (1993), We can write

Q as
0=t +T(s)

Here we assume thal () is biproper but by prefiltering the
teference signal and the feedback signel this assumption
can be removed. so without loss of generahty we can
agsume that Q 1s biproper. A feedback realization of Q 15
depicted in Fig 10

When () is implemented by feedback as in Fig 10 T(s}
contains the dynamics of G(s). Therefore there are three
copes of G(s}. By saturating the input to each of these
copies simultaneously, a match between the plant, the
model and the model 1nverse can be achieved — Goodwin
et al (1993). This methodology was applied to the rofling
mill model and have been found to give satisfactory
resulis. We thus conclude that the hold-up effect due (o
tension interaciions can be satisfactorily dealt with via
multivariable design. However, the decoupling controller
uses three outpuls (output strip thickness, input and output
strip tension) as inputs to the controller. In practice it is
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Fig. 11. Hard Load Sharing algirithm apphed to feedback
control

difficuit to measure or estimate tensions accurately With
exit thickness as its only output, the rolling mill becomes a
nonsquare System. Since nonsquare systems have their
own  unique properties, design methodologies  for
nonsquare syslems must be approached differently [rom
those for square systems.

A key 1ssue is how 1o exploit the different characteri-
stics of the multiple 1nputs. Each input has different
fundamental Limitations. For example, (he rollgap suffers
from the hold-up effect whereas 7, and 7. have limited
range. Thus the controller for the rolling mill should
exploil the strength of each inpul while avoiding the
weakness. This may only be achieved by using inputs in
some coordinated fashion. To accomplish his goal Hard
Load Sharing (HLS) algorithm developed by Shim et al
(1996) is adopted. HLS algorithm makes full use of the
available inputs for the nonsquare system having 3 inputs
{roll position, couler and uncoiler current) but only 1
oulput (exit thickness),

Our objective 15 to first use the coiler and uncoiler
currents and then to only turn to the rollgap when the
currents reach saturations.

We use the feedback version of HLS scheme, which is
shown in Fig. 11 where

- (S + ZQm Xg + ZQ:..: )Hle (S + Z’"’ )

op = Lt
KQ.’n Hp;;:[ S+ ’Pl'n m

1 _

= + Tm
[er8

. 1 =

.'.'.1 =—+ T}C
K‘Qh

5 = S T
KQ:

Fig. 12 shows the simulation result when the HLS
scheme is used in the feedback controller o cooperale
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three inputs as well as returning 7, and [ back to their
noroinal values following a disturbance.

The simulation result shows that a significantly better
result is achueved with the proposed scheme than with the
use of the rollgap change alone. When used 0.2 |mm]
input thickness disturbance as a measure of performance
IAE improved from 8.9x10* (with rollgap change only) to
4.0x107 Thus we have achieved a 2:1 increase in
performance by coordinated use of three available inputs,

VL. CONCLUSIONS

In this paper, accurate thickness control for a single-
stand reversing cold rolling mill was studied. Hold-up
effect which mbhibits the achievement of rapid closed-loop
response was identified and a general result on the Tmpact
of jw-axis zeros on fundamental limits in feedback control
systems was developed. Having identified lhe canse of
hold-up effect. a new multivariable design method, HLS
algorithm, which makes full use of redundant inputs of
non-square  system, was apphed. Simulation results
demonstrate the usefulness of this approach in practice.
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