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Abstract—This paper proposes a new flying gauge change
(FGC) scheme for a continuous cold strip mill to achieve
thickness reduction in a specified section including a welding
point. Because this section is often processed as scrap,
thickness reduction is desired as a means of reducing scrap

On the other hand, a specified section including a

welding point is often processed as scrap due ® th
mechanical properties of the strip or constraintsthe

downstream manufacturing processes. Thereforehasns
in Figure 2, thickness reduction in that sectioddsired as a

weight. However, this is not possible with conventional FGC,
which considers only one thickness change point, because two
thickness change points exist simultaneoudly in the mill due to
the short length of the specified section. The proposed scheme
utilizes the transition pattern of the position of the two
thickness change points during FGC to calculate the set values
of theroll gap and roll speed. Thickness reduction is achieved
by applying these set values to the rolling mill according to the
tracking signals of the two thickness change points. The
validity of the proposed method was verified by simulation and
experiments. Application of this technology has improved cold
strip yield.

means of reducing scrap weight, and thereby, impgov
yield. FGC must be applied in order to achieve thiskness
reduction in a cold rolling mill. However, thickres
reduction is not possible with the conventional F@&&thod,
which considers only one thickness change pointalse
two thickness change points exist simultaneouskphémill
due to the short length of the specified sectiogute 3
shows this situation.

This paper presents a new FGC method which makes it
possible to achieve the prescribed two thicknessgés. To
simplify the problem, the size and hardness of wietded
preceding and succeeding strips are the same. Whide
situation often occurs in actual operation, this edso be
eliminated by a few modifications to the technology

presented in this paper.
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. INTRODUCTION

In a continuous cold strip mill, as shown in Figdrea
coil is uncoiled by the pay-off reel, and its lesadl is welded
to the tail end of the preceding strip. Here, tve strips
differ in hardness and dimensions, such as thickraexl
width, and the specified thickness after rollingoadiffers.
Hence, the rolling mill must change the thicknelsghe strip
at the welding point. After rolling, the strips acat at the
welds and coiled separately by the tension reginglGauge
Change (FGC) was developed in order to achieve
necessary thickness change [1][2][3]. Although thest
important issue in FGC is obviously thickness aacyr it is
also necessary to minimize strip tension deviationsrder
to prevent rolling trouble such as strip breakage.
Yamashita et al. [1], the responses of the actsatghich
consist of the roll gap and roll speed, are synueml
during FGC, thereby minimizing strip tension deigans. In
[2], the set values of the roll gap and speed dse a
synchronized. Furthermore, a dynamic setup modsdan
the measured value of strip thickness is proposed t
compensate for setup model error. Hol et al. [3)lieily
introduces strip tension and thickness to the odietr
objective function and directly optimizes the timhemain
response, and the inherent variation of the forvsdipd and
friction conditions is mentioned.

Figure 1. Outline of a Cold Strip Mill
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Figure 2. Thickness Reduction for Yield Improvement

Exit Thickness of #4 Stand .

#2 Stand

()
NI

Thickness Change Points

#3 Stand

Q
@

#4 Stand

[ ]
@

#1 Stand

Q
@

Figure 3. Two Thickness Change Points in the Mill
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The outline of this paper is as follows. In Sectlna  tensjon between thi" stand and +1" stand is represented
dynamical model and the principle of the converdldiGC 55 (1), This model means that strip tension fluesiavhen

are shown. In Section lll, the details of the pregm FGC
algorithm are explained. In Section IV, simulati@md

experimental results are presented. Finally, theclosions  that of the exit strip at thei™
are summarized in Section V. characteristic for FGC. In the thickness model shaw(2),

the velocity of the entry strip at thier1" stand differs from
stand. This is an important

thickness is determined by the roll ga& and elastic

1. DYNAMICAL MODEL OF A COLD STRIP MILL AND A
CONVENTIONAL FGC METHOD

deformation of a work roll, which is representedRéM; .
The actuators of the mill are electric motors agdraulic

A dynamical model of a cold strip mill and a cyjinders. The former are for controlling the repeed, and
conventional FGC method are explained in this eacfThe e |atter for controlling the roll gap positiorhdse actuators
model is used in designing the FGC controller. can be modeled as first order transfer functioks (B) and

A. Dynamical model of a cold strip mill (4). The transport time delay is variable, depegdin the

The model consists of physical models and actuat
models. Each model is shown below, and the vasahl¢he
models are summarized at TABLE I. Note that thdisuif

strip velocity, and is modeled as (5). The cond@rudaw of
Ofhass flow is described as (6).

TABLE I. PARAMETERS IN THE MODEL

in the variables indicates th&" stand.

) Symbol | Notes
Rolling Force R Rolling force
R =wk KR (Hi =h)Q. w Strip width
where, ki Mean deformation resistance
Kpi Entry deformation resistance
K, =(1-0y {1.05+ 0.11_aﬂ Ik _ 0'151_Ubi /k; ], K Exit deformation resistance
1-0y 1k 1-04/k Ki Tension correction term
_py2 ) R Flattened work roll radius
R = R[;H 16(157: ) w(HIiDI— hi)} H; Entry thickness
- h Exit thickness
Q =108+ 179 1 HR -102r,. Qi Influence of friction coefficient

! Opi Unit tension of entry side of a stand

Forward Slip Model o
1

Unit tension of exit side of a stand

Reduction rate

: 1-04/k
f, = tan Larcta ] (H— f f') / . I

Friction coefficient

Strip Tension Model v Poisson’s ratio of work roll
fi Forward slip
T = I(V|+1 v; )dt. 1) - -
Ti-i+1 | Strip tension betweeri™ stand and (i +1)'" stand
) E Young’s modulus
Thickness Model L Length between stands
h=5+R/M,. (2) Vi Entry strip velocity;Vg; (f; + )k / H;
Roll Speed Actuator Model v, Exit strip velocity; Vg (f; +1)
1
Vi (8)=-—V&" (9. (3) S | Rolgap
T's+1 M, Mill modulus
Roll Gap Position Actuator Model s Laplace operator
VRi Roll speed
ref Ri p
SO =570, (4) .
VFE Reference of roll speed
Transport D6|ay MOdeI TiV Time constant of roll speed actuator
Hi. =h exptL/vs). (5) & | rer - —
Conservation Law of Mass Flow S eference of roll gap position
\/i Hi =y, h . (6) Tis Time constant of roll gap position actuator

In these models, rolling force and forward slip dan
calculated according to the models in [4][5]. Thieips
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B. Conventional FGC method

FGC is achieved by applying these set values to the

The conventional FGC method is explained here. rBigu rolling mill according to the tracking signal ofethhickness

4 shows an example of the time chart of the aatibthe
actuators during FGC. The roll gap is being clostén the
thickness change point passes each of the standghé

other hand, the roll speed of ti stand does not decrease

change point. This situation is shown in Figurdse above
is the outline of the conventional method.

Il
The thickness reduction controller design is presiim

THICKNESSREDUCTION CONTROLLERDESIGN

when the point passes tfié stand, but decreases when thethis section. The proposed method consists of thteps.
point passes the+1" stand. The reason for this can beThe 1st step is to classify the transition pattgfrthe position

explained by (1) and (6). From (6), we obtain

Vi+1:Vi+lh+1/Hi+1' (7)

Becauseh,,; becomes smaller by closing the roll gap,

Vi in (7) also becomes smaller. To minimize the déia
of strip tensiony; =V,,; is required from (1). For this, it is

necessary to decrease the speed of ffe stand.
Synchronization of the responses of the roll gapp speed to

of the two thickness change points during the FGt& 2nd
step is to calculate the set values of the roll giag the roll
speed based on the results of the 1st step. Thset@ods to
apply these set values to the rolling mill accogdin the
tracking signals of the two thickness change points

A. Classification of the transition pattern

The volume of the specified section between two
thickness change points is invariant. Based onftds the

minimize the imbalance of the mass flow during thetransition pattern of the position of the two thieks points

transition period is described in [1].

can be classified under several cases. Haréenotes the

In order to calculate the strip velocity during FGC first thickness change poinB denotes the second thickness

information on the thickness and initial strip @ty are
required. The reference thickness after FGC israéted by
the setup calculation of the mill, and the inisaiip velocity
is usually estimated By (f; +1) . Finally, the roll speed
during FGC is calculated by using the prescribedp st
velocity and forward slip after FGC based on thevéord
slip model. The roll gap is calculated by (2).

i" Stand (i +1)™ Stand
vi Vi+1 vi+1
8 h Hi+1 h+l Tlme
i Stand _""‘-\ e evveeenesnesnneennsasanes Lot Closing
Rollgap { . el =
(i+1)" stand
i Stand i Reducing
Roll speed S
(i+)" Stand o

T
Figure 4. Time Chart of the Action of Actuators during FGC
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Figure 5. FGC Time Chart of a Conventional Method
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change pointM is the volume of the specified section and
h' is the reference of the exit thickness of tflestand of

the specified section.

Let us consider the pattern shown in Figure 6 tlgjrsA
exists between No. 1 stand and No. 2 stand in-$taféen,
A moves to between No. 2 stand and No. 3 standean th

following state-2. Becaus® is larger thanh' xL , B
cannot enter between No. 1 stand and No. 2 stathctime.

In the following state-3B enters between No. 1 stand and
No. 2 stand becausM is smaller than(h' +h')xL .
State-4 shows tha# moves to between No. 3 stand and No.
4 stand. The reason for this is explained as falowhen
state-1 exists, the inequalityhy xL<h' xL<M is

obtained. ThusB cannot enter between No. 2 stand and No.
3 stand in this state. In the following stated, enters
between No. 2 stand and No. 3 stand siMeis smaller

than (hy +hy')x L. The following state-6, state-7, and state-

8 are obvious. Thus, the transition pattern issifiesl based
on the volume of the specified section.

A summary of the transition pattern is shown inurgy7.
The transition pattern is classified under fouresasThe
subscripts toA and B indicate that the thickness change
point passes the stand indicated by the numbers.
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Figure 6. An Example of a Transition Pattern of the Positibthe Two
Thickness Change Points

NO
h)L <M —
case 1 case 2 case 3 case 4
A-A-B-A A-A-B-A [|A-A-A-A |A-A-A-B
~A BB -B| ~B,~A -8B -B/|-B B, -8B B[ A B, B B,

From the conservation of mass flow in No. 4 stamd,
obtain Vps(L+ f3' )y =V, @+ f))hy . This formula is
deformed as

syl +fa by
R3 ™ R41+ f3|| h3|
We obtain Vg, L+ fo')hy =Ves @+ f53')hy from the

conservation of mass flow in No. 3 stand. By ug@y this
formula is deformed as

R o L) 1+1f, hy hy
Vio =Vigs 3|| h?| =Vra A|1| All hgl)l : ©)
1+, hy 1+f, hy hy
From the conservation of mass flow in No. 2 stamd,
obtain Vg, @+ f')h' =Vg, @+ £,')h) . This formula is
deformed as

)

veooye At by i 1+ by by
TR T e n

Thus, the set values of roll speed are obtaine(Bas(9)
and (10). The roll speed should be obtained fostates. The
results are shown in TABLE II.

@ First thickness change point
® Second thickness change pajint
Roll SpeedVe,

) VRZ VF:B VRl4
() G2
OREC

(10)

OO

Reference of Thicknes® | W' | h' | h' [ h in
Forward Slip  f | ' | £ | f

Figure 8. An Example of a State for Roll Speed Calculation

END
Figure 7. The Logic of Classifying the Transition Pattern

B. Calculation of the set values of the roll gaps and the
roll speed

The set values of the roll gap and the roll speedtrhe
changed to achieve thickness reduction when thekribss
change points pass each stand. As is describedcito8 I,
the roll gap can be obtained by (1) and the radlespcan be
calculated from the thickness information and tbewérd
slip and initial roll speed. Classification of thpattern is
performed in order to obtain the thickness infoioratvhen
the thickness change points pass each stand.

An example of a state for roll speed calculatioshiswn

in Figure 8. HerehI denotes the initial exit thickness of the
i" stand andh'' means the reduced exit thickness of the
i stand. The roll speed of the final stand, desdrimVy, ,

is fixed. The variablesVr,, Vi, andVg; must be calculated.
fi' is the forward slip of thé™" stand in the initial rolling
condition, andf," is the forward slip of thé" stand in the

reduced thickness rolling condition. The calculatits
executed as follows.
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TABLE Il.  ROLL SPEED SETTINGS
State [ viy Via Vis
1 v 14 b L1+ 6 h) | 1+ 1) b}
ST 1+ 13 1y Répetl nl
1 2 hp +1f3 hy
| [N | | [
2 1 1 b 1 Tty ALy
(LN | [N | [N |
+f 1+f 1+f3 by
3 | | 1 | | [N |
é4l+f4 h4 h2 é4 1+ f4 h4 é4l+ f4h74
(N | [N | Il
1+ fl hl h2 1+ f2 h2 1+ f3 k%
4 [N | 1l | |
1y s | 1rfa Py P Ay
Rép+ f by nl Ras fa' hy Y Ry fal h
5 [N N (| [ | |
v/ 1+f, gy by | 1f hy | 1f, by
Moo i nl | Mier) nh ) M) o)
(LN | 11l Il
6 AL | L A
| Il | 1 Il
1+ f1 h2 i"& 1+ f2 h2 1+ f3 h3
LN LN | LN [N (LN
’ F|<4l+f4 hy hs VF|{4l+f4 hy hs F|<41+f4 hy
| [N | [N | | 1
11! nll 1+ 1) bl h) 1+ 1) 1
|| Iyl
8 A L vl Lt td hy
R4 N R4 ] R4 Il
1+ 1+1) hh 1+ 4 n
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C. Applying the set values to the mill

prevent rolling trouble. Hence, this method achsetension

Thickness reduction is achieved by applying the sefléviation within the reference value.

values to the rolling mill according to the tragkisignals of

Figure 13 is a thickness chart. A thickness reduactf

the two thickness change points. The control system Nearly 50% is achieved by using the proposed method

shown in Figure 9. The state can be judged by riking
signals, and the appropriate set values are sdlette set
values are then sent to the mill controller, anel bl gap
and roll speed are controlled.

Hydraulic Cylinder

b

3
\V/ ref

Ri
Set Value of
Roll Speed

[ A state

Motor
Set Value of
Roll Gap

Decision of a state

Tracking Signal of First] [Tracking Signal of Second
Thickness Change Point| Thickness Change Point

Figure 9. The Proposed Control System
The procedure outlined above is the proposed method

IV.  SIMULATION AND EXPERIMENTS

The results of a simulation and experiments aregunted
here. In the chart graph of the simulation and ewpents,
the value on the vertical axis is normalized by ihiéial
value, which is the value before applying thicknestuction
control.

A. Smulation

Figures 10 and 11 show the actions of the roll gag
roll speed, respectively. In Figure 10, the rolpga being
closed when the first thickness change point passe$
stand, and it is being opened when the second rtessk
change point passes each stand. Thus, the actithre abll
gap is simple and the existence of the two thickredmnge
points in the mill is confirmed by the graph. Thaien of
the roll speed, especially at No. 1 stand in Figlte is
somewhat complex. It was found that the effecthef two
thickness change points appears in the upstreard steeed.
The strip tension will deviate unless the roll spee set
appropriately.

Figure 12 shows the strip tension deviations. beoito
maintain unit tension, which is the tension pessrsectional
area of the strip, the set value of tension is eB=s®d. Strip
deviation is within 20% in this graph. In actualeogtion,
strip tension deviation within 30% is desired irder to

Copyright (c) IARIA, 2014.  ISBN: 978-1-61208-371-1

Thus, these simulation results verify the validifythe
proposed method from the viewpoints of thickness strip
tension deviations.

B. Experimental results

The experimental results are shown in Figure 14 and
Figure 15. In this control method, the referenceéhatkness
reduction is 11% compared to the thickness before
application. Strip tension deviation within 10% wastained
in this experiment. Hence, this method satisfiesdbndition
for actual operation. Thickness fluctuated at theldmg
point at 19 [sec] due to the difference of the defition
resistance of the welded strips.
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Figure 10.Roll Gap (Simulation)

Roll Speed [10% %]

#1 Std

#2 Std

#3 Std

#4 Std

Time[sec]

Figure 11.Roll Speed (Simulation)
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Figure 13.Exit Thickness of Final Stand (Simulation)
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Figure 15.Exit Thickness of Final Stand (Experiment)

However, in total, thickness accuracy is controlhed
within 1%, demonstrating accurate thickness conifols,
the validity of this method was also verified expeantally.

V. CONCLUSIONS

In a continuous cold strip mill, a specified sewtio
including a welding point is often processed aspcin
order to reduce scrap weight and improve produetdyi
reduction of the thickness of this section is dskir

A new FGC method which achieves two thickness
changes is proposed in this paper. The proposetiochet
classifies the transition pattern of the two thieks change
points in the mill and calculates the set valuethefroll gap
and the roll speed, thereby simultaneously achig\time
desired thickness reduction and reducing tensieratiens.

In a simulation, a thickness reduction of nearly&band
strip deviation within 20% were obtained. Experitan
results also showed that thickness reduction awdémsion
deviation are achieved by this FGC method.

Thus, the validity of the proposed method was ieatif
by both simulation and experiments. Application thfs
technology has resulted in improved cold stripdiel
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