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1 Introduction

Control of plate camber (edgewise curvature) in roll-
ing is one of the largest technical problems yet to be
solved in the field of rolling. Camber results in lowering
of vield and causes poor grading and lower efficiency in
the shearing process.

In the past, a method of preventing happenings of
camber during rolling was such that a rolling operator
adjusted the difference of roll gaps between the right
side and the lefi, the instant that he noticed the presence
of camber on his visual inspection. Relying solely on the
sixth sense and experience of the operator, this method
fell short of correcting cambers completely.

As a result, many studies have been made in recent
vears to pursue the camber generation mechanism in

* QOriginally published in Kewasaki Steel Giho, 18(1986)2, pp.
145-151
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Synopsis:

New, unique measuring and control techniques of plate
camber have been developed and utilized in the plate mill
of Mizushima Works. Features of the technigues are as
Sfollows:

(1) Plate camber can be measured regardless of sideslip-
ping or turning of a plate during roiling.

(2} Any nonuniform plate camber profile can be accura-
tely expressed in the form of the n-th order polynomial.

(3) The measured camber is used fo calculate the aimed
wedge, to which the actual wedge is fed back by a feed-
back control system, thereby reducing the plate camber
in the next pass.

A new control system, which adopted the above-
mentioned technigties, has been successfully used and con-
tributing to an increase in vield and a reduction in poor
grading and extra processing of plates in the mill.

the rolling and further in controlling the camber.!~”

At present the method of preventing the camber is
classified into two kinds.

One is meandering control.** This is a method of
suppressing camber by preventing the occurrence of
sideslipping (slipping of the plate-roll contacting position
in rolling) as the cause of camber. This method is useful
for the strip mill. The defect in this method lies in the
impossibility of correcting the camber which has already
been generated.

The other is a method in which camber is measured
during rolling so as to correct it in the subsequent rolling
pass.®® Since this method effects control after measure-
ment, it is suitable to the reversing mill like a plate mill.

At the plate mill of Mizushima Works, studies have
been underway on the camber control using the latter
method. As a result, Mizushima Works has developed
methods of its own for camber measuring and controll-
ing. This camber control has already been incorporated
into the plate rolling process, and is contributing to yield
improvement, reduction in poor grading, and efficiency
increase in the shearing process.

In this paper, a report is made on the camber meas-
uring and controlling methods in the plate miil as well
as the results of their application to a commercial plate
rolling,



2 Camber Measurement

In camber measurement, the following problems
were posed:

(1) Measuring must be made at a point nearest to the
mill in order not to lower rolling efficiency.

{2) Measuring must be free from the influence of side-
slipping of the plate during rolling, or anything
similar.

(3) Measuring must express faithfully the camber cur-
vature distribution in the longitudinal direction,
because this camber curvature is not always
uniform in the whole plate length.

(4) Measuring must express the measured values in a
simple function form, so that the measurement can
be immediately used for the subsequent control.

At Mizushima Works, three devices to measure the
central position in the width direction of the plate (herei-
nafter called the “off-center meters”) are installed’in the
length direction of the rolling line. And, by expressing
the camber profile of the plate by the nth order polyno-
mial, the above-mentioned problems have been solved.

Details of this procedure are described below.

2.1 Principle of Measurement

Principle of measurement is explained on the basis of
Fig. 1. Assume that, in the figure, the x-axis and y-axis
correspond to the length and width directions of the
plate, respectively, and that off-center meters are in-
stalled each at locations x,, X, and x.. Distance between
x, and x, and between x, and x,, are denoted by L, and
L,, respectively.

Now it is supposed that the camber profile of a plate
can be expressed by the following nth order polynomial:

y=Flx)
:ao+a1x+...+anx" ............ (1)

]:\ Plate camber profile
D /1
< M
B
o ¥=F(x)
A
ta Xh T x
¢ L2 .
I

oo Position of Ne.1 off-center meter
xu: Position of No.2 off-center meter
xe: Position of No.2 off-center meter

Fig. 1 Principle of measurement

During rolling, this plate progresses in the positive
direction of the x-axis, while sideslipping and rotating
occationally. To simplify the explanation, it is assumed
here thal there is no such sideslipping and rotation.

Assume that the position of a plate measured by three
off-center meters is expressed by three points A, B and
C, and that a straight line / passing A and B crosses
another straight line x = x_ at D. At this time, the dis-
tance M between C and D is expressed as follows:

M=F(x)—H(x) -, (2)

where y = H(x) is an equation of straight line / and is
expressed as follows: '
F(xh) _ F(xa)x
L,
+ F(xa)xb — F(xb)xa __________ (3)
L,

As the plate moves in the positive direction of the x-
axis, the value of M changes. If the value of M—when
the plate moves by s from the present position-~-is denot-
ed by G (s), curved line m = G(s) will express changes
in M brought by the motion of the plate. When Eqs. (1)
and (3) are substituted in Eq. (2), and further, x,, x, and
x. are altered into x, — 5, x, — s and x. — 5, then G{s)
is obtained. And this will become the following
(n — 2)th order polynomial.

Hix) =

GG)=by+ b+ + by 8" - 4)
where coefficients by, b, . . ., b,_, are expressed as the
linear combination of coefficients a5, 4a;,..., a,.
Namely,

b= Colxa LyLy)-ay --oooeeeen - (5)

j=2

(i=0,1,...,n=2)
In the above equation, C;, is a function of x,, L, and
Lz.
From the above, it is possible to obtain the polynomial
y = F(x), which expresses the camber profile, by the
following procedure:
(1) To seek after M which changes as the plate moves.
Then, changes in M are approximated by the
(n — 2)th order polynomial as shown in Eq. (4), and
by, by, ..., b,_, are obtained.
(2) To solve simultaneous equations (5) in order to
obtain a;, a3, ..., 4,.
(3) If the shape of the plate is expressed by Eq. (1), the
foliowing two equations become valid at two arbi-
trary measuring points x; and x,:
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F(x) =a,+ax, + 2 ax/’
j=2

Flx) =ag+ax; + 2 axy
iz

Then two measured off:center values F{x,) and
Flx,) and a,, a,,...,a, which have been already
derived, are substituted in Eq. (6). And the simultane-
ous equations are solved to obtain a,, and a.

Now, in the explanation made heretofore, it was
assumed that there was no sideslipping and rotation of
the plate, but in the actual rolling operation, such move-
ments occur at times. According to the present method,
however, their adverse effects can be disregarded. The
reasons for this are explained below.

First, no adverse effect is exercised by the sideslipping
of the plate, because the value of M will not change,
even if y = F(x} makes parallel movements in the y-
axis direction. '

Next, the effect of rotation of the steel plate is mini-
mal, so it can be disregarded. Rotation of the plate on the
rolling table is for .3° at the most, and rotation to this
degree wili only bring about changes in the M value by
mere 1 mm maximum.

Consequently, there is no possibility that the measur-
ing error of M will exercise an adverse effect on the esti-
mation of the coefficient of y = F(x). In the simulation
separately conducted, which is omitted in this report,
it has been confirmed that the effect of rotation is
negligible.

2.2 Configuration of the Equipment

Off-center meters

(B} No.l No.3

% X

Plate- crown meter

Fig. 2 Arrangement of instrumenis for camber
measurement and control

2. The instruments consist of three off-center meters.
Their specifications are shown in Table 1. In Fig. 3, the
system configuration of the camber meter is given.
The central position in the width direction of the plate
is measured by three off-center meters, and on the basis
of the measurements, distance M is calculated by an
upper-rank microcomputier. This distance value is trans-
mitted to the process computer, where first it is approxi-

Table 1 Specifications of off-center meter

Function Performance

Measuring range of plate width 1 000 — 5 500 mm

. Measuring range of off-center position + 150 mm
The arrangement of instruments for the camber A - —
. . ) . e +
meter (camber measuring equipment) is shown in Fig. ceuracy ] + Zmm
Process
comput;
UL | MELCOM 350-50/A2 500
Micro
comput
b P ‘i} . MELPLAC-550
b |Rolt gap y Plate-
' |control Load ge(;.lslo%ap g crown Off- center| JOff- center] |Off- center PLG
[ |equipment cell j meter meter meter meter
4
l A
" {Instruments for control) :
/l Farawi L b L L L L

I |

ChT ]
O

Fig. 3 System configuration for camber measurement and control
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mated to the (7 — 2)th order polynominal, and then
coefficients ay, 2, . . ., a, of the nth order polynomial
¥ = F{x), which expresses plate camber, are calculated.
The camber profile thus determined is fully used in
camber control and displayed in patterns on the CRT
screen as guidance to the operator.

2.3 Measurement Results

An example of measurement results by the camber
meter is shown in Fig. 4. In Fig. 4 (a), the measured
value of distance M and its approximated curve are
shown; in Fig. 4 (b), the measured and calculated values
of the camber profile are given. In these figures, M and
the camber profile have been approximated by the 4th
and 6th order polynomials, respectively. Through the
use of this camber measuring method, bending shapes

_20 [ T T T T T
E I ©
E i ]
E _ogl ]
= I ]
s 736: ® Measured 1
5 C — Approximated curve 1
:‘}“ 44 (4-th order polynomial) :

A S B RN [
Sampling point of A
(a) Locus of M
60 T T T v T T T

+ Actual camber profile
~ Measured profile with camber meter
(6-th order polynomial)

TTTTT

i1 atlal sl

i i 1 i L 1 1

10 20 30

ST

Position {mm)
)

— 60

Ey
(=3

Plate length (m)
(b) Camber profile

Fig. 4 An example of camber profile measurement

40r
Total number 80
3ol Average 0.79 mm
Standard deviation 2.1 mm
&
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v v "
(=
101
U i L 1 1 —Tra 1 i
—-16 —8 8 16 24

Error of Cz per 15m plate length

Fig. 5 Histogram of measurement error with camber
meter

No. 16 June 1987

having various curvatures which are generated during
rolling can be faithfully expressed.

A histogram of measurement errors with the camber
meter is shown in Fig. 5, where errors are evaluated by
converting them into an error of camber values (Ca in
the figure) per 15 m of plate length. This camber meter
has attained the accuracy as indicated by an average
error value of 0.79 mm and a standard deviation of
2.1 mm.

3 Camber Control

Camber control of the plate is effected on the basis of
the result of camber measurement. First, the next-pass
aimed wedge (difference in thickness between the right
and left edges of the plate), which is necessary for cor-
recting the camber, is calculated from the measurement
results of camber. Then, rolling control is effected in the
next pass, 50 that the aimed wedge can be satisfied.

In the following, models necessary for camber control
and the detailed control method will be described.

3.1 Models for Camber Control

To control camber, the following two models have
been prepared;

(1) Model showing the relation between the camber of
the plate, which occurs as a result of rolling, and the
wedge: This model is used for calculating, from the
camber profile of the plate, the aimed wedge which
is necessary for correcting the camber profile.

(2) Model for observing the wedge during rolling: This
model is used for controlling the wedge according to
the target.

The above models are described in detail below.

3.1.1 Relational expressions between camber and
wedge

(1) Basic Model

When no consideration is given to the three-<dimen-
sional deformation such as the width-directional
metal flow during rolling, the relation between the
camber and wedge is inevitably determined by the
difference in elongation between the right and left
edges of the rolled material, and can be expressed by
the following equations:

1 Ay
= A 7
Py Az(ﬂo B) 7
1o
H
hdl‘ Hdt"
Ay =% =&
e T H

where p;: Delivery curvature



Table 2 Rolling conditions in model mill

i Type of mode! mil! 2 Hi

Specifica- —
tions of Work roll diameter 200 mng
model mill |-~ P S

Work roll barrel length 500 mm

Material Pure lead

Thickness 2, 4, 8 mm
Conditions | DImMENSions | gy 150, 250, 350 mm
of experi- of specimen | "
ment Length 500 mm
S
Wedge 1atio 0, 3, 6, 10%
Reduction matio 10, 209%

po: Entry curvature
A: Elongation ratio
Ay Changes in wedge ratio
B: Plate width
h: Delivery thickness
H: Entry thickness
hy Delivery wedge (Work-side plate thickness
— drive-side plate thickness)
Hy: Entry wedge (Workside plate thickness
— drive-side plate thickness)

(2) Verification by Model Mill

16

In commetcial rolling, it is considered that the plate
is affected by the three-dimensional deformation,
and particularly, within a larg plate-thickness range,
relaxation takes place so as to lesson the degree of
camber.

Therefore, a laboratory scaled experiment using
pure tead has first been conducted to find out the
relation between the camber and wedge quantitati-
vely. In this experiment, a straight plate without a
wedge has been rolled at room temperature with a
difference in roll gap between the right and the left
hand sides. The specification of the test mill and test
conditions are shown in Table 2. The thickness of
the test plate and the roll diameter of the model mill
are equivalent to 1/6 of those in commercial rolling
operation,

A comparison between the measured and the calcu-
lated values of the plate curvature is shown in Fig. 6.
The calculated value has been obtained from Eq. (7)
using a measured wedge. The measured and the cal-
culated values have shown a good agreement, well
corresponding to the results obtained by Nakajima,
et al¥

In addition, no influence of plate thickness has been
observed, and within the scope of this experiment,
the phenomenon of the camber decrease caused by
the width-directional metal flow has not been
observed.

6.9

4.0

T T T T

2.0 .

T T T T T

0.0

—201 -

Calculated curvature e 10°(mm™)

—40

T

L
L Y

B 111 N TIPS T A TP I B S
—6.0 —4.0 21 0.0 240 4.0 6.0

Measured curvature g% 10?(mm™)

Fig. 6 Comparison of curvature p between calculated
and measured values (lead rolling)

(3) Verification by Commercial Rolling Mill

Next, a test using commercial rolling mill has been
conducted in order to obtain a relation between the
camber and the wedge in commercial rolling. In this
test, rolling with a difference in roll gap between the
right and the left hand sides has been performed at
the final pass, thereby intentionally generating the
camber. Further, the camber and wedge before and
after the final pass have been measured using the
camber meter and crown meter, respectively. The
test material is a mild steel, measuring 2 800 mm,
3 000 mm, and 4 000 mm in width and 10 mm and
15 mm in thickness.
A comparison of the measured and the calculated
values of the plate curvature is shown in Fig. 7. The
calculated value has been obtained from Eq. (7).
Both the measured and the calculated values coin-
cide with each other qualitatively, and no obvious
difference due to plate thickness and width has been
observed.

In comparison between Figs. 6 and 7, the scatter of
the result of commercial mill test is larger than that in
the lead model test. The reasons for this may be as fol-
lows:

(1) In the lead model test, a wedge was formed relatively
large, thus making the resultant camber large
enough (o absorb the effect of the width-wise metal
flow.

(2) In the commercial roll test, the wedge was sup-
pressed to a small value, making the resultant
camber small unable to absorb the effect of the
widthwise metal flow, thus causing the effect to
show.

The above-mentioned problems have been corrected

KAWASAKI STEEL TECHNICAL REPORT



Width! 5 000 | 3000 | 4000
3.0r Thick> mm| mm| mm
ness
15 mm
I0mm A [ ] a

2.0 }A
o

Calculated curvature px 105(mm™!}

<

L
0 10 20
Measured curvature o X 10° {mm™')

Fig. 7 Comparison of curvature p between calculated
and measured values (steel rolling)

by adjusting the model equation depending upon the
plate width and thickness in the commercial rolling
operation,

3.1.2 Wedge observation model

This model is used for observing the wedge during
rolling. Since this model is incorporated in the dynamic
control system, calculation speed is required and the
simplification of the model equation becomes neces-
sary. In forming this model, careful attention was given
to maintaining accuracy and also simplifying the model
equation.

(1) Basic Model

The deformation condition of rolling mill when roll
deformation was disregarded is shown in Fig. 8. A
basic model, as shown below, is obtained from the
dynamical relation between the rolled material and
the mill, taking into consideration the sideslipping
of the rolled material, difference between the right
and the left mill constants of the rolling mill, differ-
ence between the right and the left roll gaps, and
work toll crown quantity:

P P\ B B

hy =X 2D}=2 + S—

& (Kw KD) Lo
+ 4Cy sin (%rr) sin (E-BWR) ...... (8)

No. 16 June 1987

Solid line:no-loaded
Broken line:loaded
Fig. 8 Wedge model on the assumption that rolls are
rigid

where Py Work-side rolling load
Pr: Drive-side rolling load
Kw: Work-side mill constant
Kp: Drive-side mill constant
B: Plate width
Sy Dilference between right and left roll gaps
{Work-side gap — drive-side gap)
Cw: Work roll crown
W Roll barrel length
{y: Distance between roli chocks
d: Side slipping value (Deviation of the central
position in the width direction of the plate
from the central position of the rolling
mill. It is also called the “off-center value”.
Deviation towards the work side is taken as
“positive”.)
(2) Simulation by Split Model
Previously the meodel equation was formed by
neglecting roll deformation, but actually, roll deflec-
tion, and roil flattening have influence on it, result-
ing in errors. Therefore, the authors performed
simulation by a split model® and prepared a correc-
tion equation from the difference between the
results of the basic model and simulation.
An example of simulation of the relation between
the sideslipping, difference between the right and
the left roll gaps, and wedge is shown in Fig. 9. The
wedge has a linear relation with the difference
between the right and the left roll gaps. Also, since

17



Wedge Ao {mm)

Fig.

Wedge hdr {mm}

Fig.

18

0.4

Unit rolling
force (t/mm}

35
1.0

o
L]
e: 15
[

20

Thickness before rolling: 20 mm
Thickness after rolling: 16 mm
Width: 4 000 mm

1
0 02

Roll gap difference Sa(mm)

0.4

9 Relation between wedge hyand roll gap difference

Thickness before roliing: 20 mm
Width: 4 000 mm 4

0.5+

0.1 —//o

10

i
250

1
200

Off-center value &(mm)

] 1
160 150

Influence of work roll crown Cy on wedge hy

the slope of this straight line is constant independent
of the sideslipping value, it is known that the effect
of the difference between the right and the left roll
gaps and the effect of the sideslipping value on the
wedge can be treated independently from each
other.

An example of the result of simulation is also shown
in Fig. 10. The effect of the sideslipping value on the
wedge varies with the work roll crown. This indi-
cates the validity of the basic mode! equation (8).
On the basis of the above-shown simulation results,
the basic model equation (8) is corrected and the
following Eq. (9) has been obtained. In this Eq. (9),
the effect of entry-side wedge Hy is also taken into
consideration.

where Py

hy = (e + ex(Cw)f(6) + e3/1(Py)

+ e4f3(Sdf) + €5f4(de)
Rolling load difference (Work-side load -
drive-side lcad)

Correction coefficient for basic model
equation
Basic model portion

(St

Si~f

(3) Verification of Model Equation

Wedge lai (mm)

Measured wedge hat (mm)

The wedge observation model has been verified by
commercial mill rolling. The result is shown in Fig.
11. The calculated values have been obtained from
Eq. (9), and in obtaining the measured values, a
micrometer has been unsed afler rolling. Both the
test method and test material are the same as those
used in the camber generation test. In various roll-
ing conditions and roll chances, calculated values
show a good agreement with measured values.

In Fig. 12, an example of the calculated and mea-
sured values of the wedge in the length direction of
the plate is shown. The calculated value by the
model equation shows a good correspondence to

Width o]
a 49000 mm
O 3000 mm
A 2000 mm

{].2[-

g1k O

0.2

Calculated wedge hat{mm)

Fig. 11 Comparison of wedge hy between calculated

and measured values

0.2 Plate size 8> 4000 x40 000 (mm)
f—“ﬂ
0 T ¥ 40
02 Plate length (m) Calculated

—o— Measured

Fig. 12 Comparison of plate wedge between mea-

sured and calculated
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the measured value, and accuracy in using the
model for control purposes has satisfactorily been
ensured,

3.2 Camber Control Method

This section concretely describes the method of con-
trolling the camber after the measurement.

First, the measured camber y = F(x), which has
been described by the sth order polynomial, is convert-
ed into curvature p by the following equation:

_ Fr.'(x)
p(x) = (I——F_FW S (10)
where
oy dF (%)
Fx) = dx
oy d°F(x)
Frx) = dx?

Equation (10) expresses a curvature at an arbitrary
point x in the length direction of the plate.

Next, the aimed wedge /14*{x) of the succeeding pass
is calculated to correct the camber of curvature p.

h(x) = (f%i‘l - Bp(x))h

where 4*(x): Aimed wedge at position x in the length
direction of plate
Hy: Current wedge at position x in the
length direction of plate
h: Deliveryside aimed plate thickness
Equation (11) can be obtained by equating the de-
livery side camber p, to zero in Eq. (7). In the actual
control process, the plate is sub-divided in the length
direction, and aimed wedges of all these sections are
calculated.
When the succeeding pass begins, the feedback con-
trol systemn shown in Fig. 13 is constructed and wedge
control is effected to generate the aimed wedge. At this

S5V, SV,

Roll gap control
equipment

Fig. 13 Block diagram of camber control

No. 16 June 1987

time, the following equation is used for observing the
wedge:

hdl'= alpdf + azsdr + a3(5 + oy e (12)

where a,~a,: coeflicients

Wedges are observed using this Eq. (12), and the
screwdown position is adjusted depending upon the
deviation from the aimed wedge. Equation (12) is a
simplified form of Eq. (9).

If the wedge is regulated to the aimed wedge, the plate
after the pass will acquire a camberless profile.

3.3 Application of Camber Control to Commercial
Rolling

3.3.1 Actual process of camber control

Camber is measured in the direction of arrow (A)
in Fig. 2, and controlled in the direction of arrow (B).

Timing of the camber control is shown in Fig. 14. In
the case of the frontside-finishing, the final pass
becomes the control pass, and in the case of the backside
finishing, one pass before the last becomes the control
pass.

After camber measurement, the aimed wedge is cal-
culated by the process computer on the basis of Eqgs. {10)
and (11), and the result is transmitted to the lower-rank
microcomputer. When the control pass begins, the
wedge control shown in Fig. 13 is executed.

Instruction value of the roll gap difference between
the right side and the left, S*, and aimed wedge A ,* are
provided with limit values to prevent abnormal control.
Also for the controller, the PI (proportion and integral)
control functions are used.

At present, the plate mill has no sideslip detecting
sensor and the sideslipping value cannot be measured.
Therefore, an additional model is formulated which

Mill € Mill €,
(Front side) {Back side) (Front side) (Back side)
<= => <=
! Detectors Detectors
[ [ m!
—J
(n—2) pass k
n pass z—@—
ba {(n—1) pass

Dummy pass’ !

(a) Front side finishing (b} Back side finishing

P23 Control of camber
(] Measurement of camber and wedge

Fig. 14 The timing of camber control
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{a} Before control

Camber —42.5mm

)
é 50 1 1 i )
it
2 5
5 (b) After control
&
Camber —12mm
O b=
—a0 1 1 L 1
0 20 40

Plate length (m)

Fig. 15 An example of camber control

expresses the rolling load difference which is caused by
sideslipping, and a wedge observation model is used in
which the term of the sideslipping value is eliminated
from Eq. (12).

3.3.2 Control Results

An example of control effected on a 15-mm-thick
plate is shown in Fig. 15. The camber which amounted
to 42.5 mm at the time of measurement has been cor-
rected down to 12 mm by camber control, thereby
clearly indicating the effectiveness of the camber con-
trol.

Effectiveness of camber control execution in the com-
mercial rolling process is shown in Fig. 16. This is the
rolling result at the same roll chance. When camber
control is effected, the scatter of the results has been
reduced to half, indicating the effectiveness of camber
control. Camber has been suppressed within 5 mm per
15 mm of the plate length.

4 Conclusions

The Plate Mill at Mizushima Works has developed its
unigue camber measuring and controlling methods and
realized their applications to commercial operations.
The outstanding features of the camber meter and the
camber control are summarized below.

(1) Camber can be measured at a location very near to
the mill site without being adversely affected by
sideslipping and turning of the plate during rolling.

(2) Through expressing the plate camber by means of
the nth order polynomial, the actual camber profile
can be faithfully expressed and the measured cam-
ber profile can be immediately reflected on the
control.

(3) From the measured result of the camber, the aimed
wedge is calculated, and feedback control is effected
to the wedge of the succeeding pass, thereby correct-
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Fig. 16 Effect of camber control

ing the camber of the succeeding pass.

The above-mentioned system is now smoothly ope-
rating, and is effective in reducing the camber, contri-
buting to an improvement in yield, reduction in poor
grades, and enhancement of efficiency in the shearing
PIOCESS.

Finaily, the authors would like to express their deep
appreciation to the staff concerned of Toshiba Corpora-
tion and Mitsubishi Electric Corporation for their valu-
able cooperation in the course of the development of the
camber meter and realization of camber control.
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