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ABSTRACT: A process for automatic control of the rolling of
metal flats by determination of consecutive roll nips, uses a
program in the form of a sequence of intermediate thicknesses
for the product devised on the basis of numerical determina-
tion of a parameter denoting the plasticity of the metal. The
development of such parameter depends on product thickness
and a selected rolling force. The invention finds particular, but
not exclusive, application in the hot rolling of metal flats.
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PROCESS FOR AUTOMATIC CONTROL OF THE HOT
ROLLING OF METAL FLATS

This invention relates to a process for automatic control of
the rolling of metal flats such as heavy and medium gauge
sheet metal. The invention finds particular, but not exclusive,
application in the hot rolling of such metal flats.

The desiderata in this kind of rolling are:

1. To obtain an end product having the required dimen-
sions, more particularly the required thickness, and

2. To make optimum production and economic use of exist-
ing tooling, rolling mills and furnaces.

The limitations associated with rolling mills are basically as
follows:

a. A critical rolling force must not be exceeded;

b. The mechanical torque which the driving motors can pro-
vide must not be exceeded.

In rolling, condition (a) is a limitation for lesser thicknesses
and condition (b) is a limitation for greater thicknesses.

Rolling right at the critical limits—of course, without ex-
ceeding them—provides many advantages, such as increased
productivity, reduced electrical consumption, reduced heat-
ing, reduced roll wear, etc.

3. To obtain an end product having optimum metallurgical
properties, implying in all probability programming of defor-
mation sequences and speeds and of product temperature, all
these parameters being of course interlinked, and

4. To ensure minimum expenditure on plant.

Automatic control of rolling implies automatic determina-
tion of the consecutive roll nips required to produce a product
of a predetermined end thickness under optimum conditions.

There are at present rolling-mill systems comprising com-
puting facilities working on the initial thickness and entry tem-
perature of the product and, by calculating the temperature of
the product and the rolling force at each pass, determining the
sequence of product thicknesses. However, for these factors
to be calculated, a system of very complex equations must be
worked out. For instance, the relationship between tempera-
ture drop and time is expressed by an equation in which radia-
tion losses and the heat introduced by the work of deforma-
tion appear. Rolling force is calculated from equations in
which the product of the antilogarithm of the deformation re-
sistance, product width, the square root of working-roll radius
and the thickness reduction appear. The required calculations
are therefore on such a scale as to require very extensive and
costly equipment.

Another known method, used for rolling series of identical
sheets, is to roll on the basis of a pattern of reductions derived
from the results obtained with the first sheets of a series. This
is a very special method and is of no use for everyday manu-
facture (which implies very small or substantially no series of
sheets). Even in its own limited field this method cannot al-
ways ensure the required end-thickness accuracy.

This invention, which will be described hereinafter, over-
comes the disadvantages mentioned and achieves the various
stated desiderata.

According to the invention, there is provided a process for
automatic control of the rolling of metal flats by determina-
tion of consecutive roll nips, wherein a Program in the form of
a sequence of intermediate thicknesses for the product is
devised on the basis of numerical determination of a parame-
ter r based on the plasticity of the metal, and the development
of such parameter depending on product thickness and a
selected rolling force.

The invention will now be described in greater detail with
reference to formulae and graphs.

Throughout the following description, thicknesses obtained
consecutively during the rolling operation are given indexes in
the form of decreasing numbers from the initial thickness ¢, to
the end thickness e,; similar considerations apply to the rank
of rolling passes, the pass of rank n being the pass which brings
the product from the thickness e,,, to the thickness e, while
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the last pass, which has the index O, brings the product to its
end thickness ¢,.

In a rolling operation, the thﬂckness e of the material leav-
ing the rolls is of course given by the term:

(1) esste
in which s denotes the off-load nip of the rolls, and ¢ denotes
mill “yieldability”—i.e., the increase in nip due to resilient
deformation of the complete mill stand as a result of the
rolling force produced by the passage of the stock between the
rolls.

FIG. 1 is a graphic representation of the phenomenon and
represents the development of a product of initial thickness
€x41 introduced between rolls whose nip s is less than e,.,.
Product thickness (or roll nip) is plotted along the abscissa
and the rolling force is plotted along the ordinate. Curve 1,
known as the yieldability curve and passing through abscissa
point s, is a characteristic of the mill and denotes the resistive
force of the rolls and roll housing when endeavors are made to
force the rolls apart further than corresponds to the adjusted
off-load nip. Curve 2, called the plasticity curve and passing
through abscissa point e.,, is a characteristic of the rolled
product and corresponds to its deformation resistance in de-
pendence upon its thickness reduction. The point of intersec-
tion of the curves 1 and 2 corresponds to the abscissa point e,,
denoting the thickness of the sheet after the pass.

According to the invention, to denote the plasticity of a
product of width / during a pass reducing the thickness from
€u4) to e, by means of a rolling force F,, the parameter r, is
used; it is defined as follows:

(2) — I_il €n+1
1 eir1—e,

Ha =Kl[f(e:)]

This parameter has the interesting feature that its variation
in dependence upon product thickness, assuming working
with a substantially constant rolling force, can be denoted, if
product thickness is plotted along the abscissa and the
parameter r along the ordinate, by a family of closely related
curves relative to the ordinate axis. The family of curves as
defined by the statistical method can be represented in a
satisfactory approximation by a family of hyperbolae for lesser
thicknesses and by a family of parabolae for larger
thicknesses.

FIG. 2 shows an exemplary curve family of this kind. The
family has been equated. To facilitate formulation, two forms
of equation are used. For thicknesses less than 50 mm., the
hyperbolic expression:

(3)

aent8
Ha K'Ylen+ &
is used in which r, denotes the plasticity parameter for a
rolling operation bringing the product to the thickness e,; a, £,
v, 8 are constants; and K denotes the affinity coefficient of the
curves of the family.

For thicknesses above about 50 mm. the parabolic expres-
sion:

(4) ri=K[ases(extBs)tvs)
is used in which ay, B, 7; are constants, and K is the affinity
coefficient of the curves of the family.

Also, theoretical calculations show that the variation of
plasticity in dependence upon rolling force, assuming a con-
stant thickness, proceeds approximately in accordance with a
hyperbolic form such that, once r, is known for a thickness ¢,
and a rolling force F, the new value r’, of the parameter
chosen to represent plasticity can be calculated for a different
rolling force F',. This value is defined by the formula:

(5) 5K F 4+
KoF' +v

in which 8y, Z vare conStanfs; and K, is defined by the formu-
la:

“,n= KO

(6) as— Fopo+[(os— Fopgg )2+ B Fnpsn )t

3P,

Ko=
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in which ay, 8; and vy, are constants.

Housing yieldability in dependence upon rolling force and
product width can be satisfactorily represented by a formula
of the kind:

(7) C=F (ag1™4B, 14y 8 143,
in which ! denotes product width and as, B, ¥., 85, Z¢ are con-
stants characteristic of the mill.

Also, of course, the selected rolling conditions must lie
within the power of the driving motors, more particularly as
regards their maximum permissible torque, which is usually a
factor limiting the working of heavy-gauge material.

The maximum possible thickness reduction A, without ex-
ceeding the permissible torque of the driving motors for a
piece of sheet material of given plasticity, width and initial
thickness can be determined from theoretical calculations
based on observation of the term defining the rolling torque,
and is determined by a relation of the kind:

(8) oy €n+1

[ 3
A"_l:Kl ageu+i{€n1+83) +“/a]

in which a, is a constant characteristics of the drive motors, X
is the affinity coefficient of the plasticity curve which is as-
sociated with the operation and which is taken from the family
defined by the formula, | denotes product width, e,,, denotes
product thickness at the entry of the product into the roll nip,
and ay, 8, ¥4 are the same constants as in formula (4).

A description of how the process can be used will now be
given with reference to a product of width / and initial
thickness e,, which is brought to a final thickness ¢,. A rolling
force F, is determined by conventional operating practices.
For the sake of dimensional tolerances, curvature and flatness,
the rolling force F, in the first pass is reduced, the object being
to meet these requirements in optimum conditions—i.e., more
particularly by using the minimum number of passes compati-
bie with the available equipment.

For a better understanding of the calculations, the same are
set forth as if performed by ordinary manual means; in fact, of
course, they are performed by computers which given sub-
stantially no indication of intermediate resuits but indicate the
results directly as consecutive nips for the mill rolls.

The first two passes are performed under manual control;
during these passes data which will be used for subsequent au-
tomatic calculation are sampled. The rolling force Fy,
developed during the operation is measured during the first
pass with an off-load nip of s;;,. The corresponding yieldability
Ci1) can be calculated by means of formula (7):

Cc11=F111(°n|I+B¢1+ﬁ¢)+aal+zz
Product thickness e;,; is measured after this first pass in ac-
cordance with formula (1):
eur=Sintcm

The developed force F,,, is measured again in the second
pass with an off-load nip s, and is used for deduction of the
yieldability Cj,y and then the end-of-pass thickness e,y by
means of formulae (7) and (1) as previously mentioned.

Once the entry and exit thicknesses and the rolling force for
the second pass are known, the corresponding parameter r can
be calculated by means of formula (2), which gives:

_Fia
Ki-3 1

€i—1
€j—1— 6i~3

defining the plasticity parameter for an exit thickness ¢,z at a
rolling force Fi,.

Since the sequence of operations is to be performed with a
substantially identical rolling force F), the theoretical
plasticity parameter value which would have been found if the
second pass had been performed at the predetermined rolling
force Fy must be determined. This theoretical parameter r';;,
results from formula () which in this case is stated as follows:

W= K SRl 4+ 2
R VY T
with, in acvordance with formula (6):
Flgr oM E 5 F el
k. g

(3% F.- FLaN 3l Loy
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Once the parameter r',,; is known for a thickness e, and for
the predetermined rolling force Fy, it is possible to determine
that particular statistical curve of the family of closely related
curves (FIG. 2) along which—except for unforeseen events
which can be allowed for in a manner to be described
hereinafter—the parameter representing plasticity in depen-
dence upon thickness will vary, and therefore to calculate the
affinity coefficient X corresponding to such curve.

If the thickness ey is above about 50 mm., from formula (4)
we have:

1
oz¢i-2{ei-at+83) +va

or, ife,,,‘ is below 50 mm., from formula (3) we have:

K=p'i3

=316
K=p,_y T8 a2+ 81
¥ 20161—2:*'51

A rolling Program can now be devised which defines the
consecutive thicknesses to be given the product between the
thickness e;,q, associated with the termination of the manual-
control phase, and the end thickness i e,.

FIG. 3 shows in graph form the procedure for calculating
the program. The imposed rolling forces F, and F have been
shown in FIG. 3 on the force-thickness coordinates system
used in FIG. 1.

Knowledge of the trend of the parameter r is equivalent to
knowledge of the plasticity curve 2 in FIG. 1, and so from the
point ¢, (FIG. 3) it becomes possible to determine seriatim the
points A, (the point of intersection of abscissa value e, and or-
dinate value F, as shown in FIG. 3); and e¢,, then A, (deter-
mined similarly to A, as shown in FIG. 3) and e,, and so on up
to a value close to e;2, which is the actual thickness of the
product at the start of the truly automatic phase of rolling.

Actually, these values can be calculated directly from the
equations hereinbefore defined. From equations (2) and (3),
for thicknesses below 50 mm.:

E_n €nt1  __ aje.+ 8,
1 ey1—en Yien+3
which can also be stated:
(9) = 1
Y AP Y
1 K 1€y + Bl
For thicknesses above 50 mm., from equations (2) and (4):
F, €ntt
—1" €n+1—6n— K[C‘Zen(en+ Bz) +'Yﬂ]
which can also be stated:
10 1
10 D e L
1 n

1K azeq.(en+B3)+ 7

Since the thickness e, is almost always below 50 mm., formula
(9) is used to determine the penultimate thickness e, by the in-
troduction of the special value F, of the rolling force of the
final pass, so that:

1
° —e";:m
1K a6+ 81

The value F, of the current rolling force is introduced into
the formula for calculation of the other intermediate
thicknesses, so that:

v

_F1 metd,

1K a6+ 8
until an intermediate thickness above 50 mm. is obtained. If,
for instance, the thickness ¢4 is the first result above 50 mm.,

the thickness e; and subsequent thicknesses are calculated
from equation ( 10), so that:

€3=¢]

1
S S
1K azes(es+82) T2

€:=1¢€3
1
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B=er g, 1
l—ﬁ aser(er+B3)+v2

and so on until the thickness nearest the thickness e,y ob-
tained at the end of the second pass is reached.

Independently of the use of formula (10) for calculating
thicknesses above 50 mm., a check of the motor torque
required for reductions in this zone is made on the following
basis, referring again to the case previously mentioned of the
calculated thickness e,. Starting from the thickness eg, formula
(8) is used, which defines the maximum possible reduction in
actual or present rolling conditions. Therefore:

a=fe _L__]i
S LKL age(est ) tmd

If this result A, is greater than the previously calculated
reduction e;—e,, the maximum permissible torque is shown not
to be reached and so the intermediate thickness is kept as per-
missible, but if A, is less than e;—e,, the reduction is excessive
and is limited to A,, so that the intermediate thickness must be
taken as e'q=e,+A,. This procedure is not accurate from a
strictly theoretical point of view but is found in experience to
give satisfactory results.

The rolling Program formed by the sequence of required in-
termediate thicknesses should following on accurately from
the actual value ¢,,, obtained at the end of the second pass.
Only in exceptional circumstances does the rough calculation
result lead to this accuracy; as a rule, the calculations give two
consecutive intermediate thicknesses e, and e;,on either side
of the “‘meeting” thickness e,y such that:

€,<e(;3<€;,
The program already calculated then needs correcting, to
which end the value of the correction relatively to the total
thickness reduction is calculated:

€j—€i~2__
-3 €9

If the value found of v, is below the theoretical value or equal,
for instance, to within 5 percent (0.05), a correction is made
by expansion by making e, coincide with e,,—i.c., by replac-
ing e, by e’/~e;;y,—on the basis that this increase in the total
variation of reduction will not cause any major changes in the
rolling force.

The correction to bring e, to ¢'; is therefore:

1 »1
L= _+ —— =g
CiE e, TeT,, T

and similarly, for the other intermediate thicknesses:

»

1
i q———
€ j—1 e’—11+vl+eol+l‘g

and so on, as shown in FIG. 3.
If, on the other hand, the value found for », is higher than
the theoretical value, for instance, by up to 5 percent (0.05), a
contraction operation is performed by making e,,, coincide
with e ,—ic., by replacing e, by e',,=e,3—in fact
equivalent to making an extra pass.
The correction factor:
Citt T2

Ci—3—Co

is used and the correction to bring e, to €’,,, then becomes:
1 V2
"= — e —— =€
€ i+1 6’:+11+y’+ 01+v2 -3
and similarly for the other intermediate thicknesses:
l 1]
=gy —— g
e’y le+"+ T,

and so on.

6

Upon termination of this correction all the corrected inter-
mediate thicknesses are stored and form the rolling program.
The assumption will be made for the remainder of the descrip-
tion of the process that the value e, has been corrected to e’ e

5 12, all the other values &1, € ... €, of the first rough calculation
therefore being amended to 'y, €'y ... €'yy,.

The program is then formed by the required consecutive
thicknesses:

(e ey €ng) €'y €'py ... €'3 €'5 €', e,, Whereafter rolling

10 proceeds under automatic control and the operator must fol-
low the roll nip instructions, which are determined by the
system as follows:

Before the first automatic pass—i.e., the pass of rank i—3 or

1s J—1—the exit thickness of the second pass e, is known
together with the required new thickness e';;, and the theoreti-
cal plasticity parameter r’;;s calculated from the results of the
first two passes. These data are used to calculate the theoreti-
cal force required in each pass to reach the thickness e,,,. This
20 force is determined by means of formula (2) in the form:

an P, 1%t 6
. €n4y
which in this case is stated as:
25 a—e
Fi—1=l"i—2le’_‘—2 € im
€i-g

in which, as an approximation, the approximate plasticity
parameter value r', is introduced instead of the value i
30 which is still not known accurately. Once the required rolling
force Fj,, is known, the estimated yieldability is calculated:
€n=Fy (s P8 14y, 48 143,
s0 that the required nip:
Sni=e’ i

35 can be calculated, this latter instruction being given to the
operator for this pass and being displayed by the computer on
a display panel.

During performance of the pass of rank j—1, the system de-
tects:

40 The actual off-load nip s',,,, which may differ from the in-
structed value either because of human error on the operator’s
part or because of mechanical inaccuracy, and

the actual rolling force F';,,, from which, after intermediate
calculation of the yieldability ¢’;;, corresponding to the force

44 p 11, the actual exit thickness:

€' =8 ey

is calculated. The system then performs all the requisite calcu-

lations for determining the off-load nip for the next pass of

rank j—2 to bring the product from the thickness e’’,,, to €' 35

To calculate the rolling force Fyy, to be used, formula (11) is
used as in the previous pass but with the introduction into it, as
theoretical plasticity parameter r,,,, of a value linked to the
previous actual values of such parameter, for instance, the

55 mean value of the theoretical parameter 7', during the
second pass and of the actual parameter r';,, during the next
pass, calculated by:

50

po o Fm e
60 #in 1 e-z—e'j-,
_plimat i
Hi—2 D)
then
€'’ 5-e' -
65 Fig== ] 2122
€ " j=1
and finally

Cim3= Fy-2(as 13+ Bal +v4) + 8314 2,
si—2=¢ ;2 —Cj-
70
which is the instruction displayed by the computer.
The system simultaneously compares the calculated rolling
force Fy;; with the predetermined force Fy.
If Fyy3 remains within predetermined limits of tolerance, for
75 instance, =10 percent of ¥y , operations continue; otherwisc
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the system completely recalculates the program in accordance
with the principles hereinbefore described. The calculations
are made in exactly the same way as described with reference
to the end of the second pass. In general, if the calculated

force is outside the indexed limits of tolerance, the program of 5

intermediate thicknesses is recalculated.

It will be assumed hereinafter that Fj,, is well within the per-
missible tolerance limits. During the pass j—2 the system de-
tects, as during the previous pass, the actual off-load nip s';;,
and the actual force F'j, to determine the actual exit
thicknesse'’y;,.

FIG. 4 represents the calculated and actual values for
thicknesses and rolling forces. The hatched zone corresponds
to the permissible rolling-force tolerances on either side of F' 1-

The system then makes seriatim the calculations, in a
manner identical to what has been previously described, to
determine the off-load nips for the next passes.

To determine the plasticity parameter to be introduced into
formula (11) for each pass, one possibility is to use an ex-
trapolation method using an equation of the kind:

(12) 1=t g a5=30 a4at3r oy
Fa+1s T'asas Pasy denoting the actual parameters calculated
during the three respective previous passes. Let it be assumed,
for instance, in the case of the parameter ry applicable to the
pass of rank 3:
ry=r'e—=3r's+3r',

To calculate the theoretical plasticity parameter r, during
the last pass made with a lower predetermined force F,, the
procedure is as follows:

Let F', and ¢'’, denote the actual force and the actual exit
thickness of the penultimate pass. The actual value of the
plasticity parameter r’, during this penultimate pass is calcu-
lated, whereafter a value r, is calculated by application of the
ordinary formula (12):

re=r'ys=3r'y+3r,
this value would apply to an ordinary rolling force differing lit-
tle from Fy .

From formulae (5) and (6) a new parameter value 7', ap-

plicable to the rolling force F, can be calculated:

' — K, 5. KoFo+2
Ho= R0 "RKoFotr
with
K _ay—Fipg+[(as—Fipe)?+ BaFiue]'?
v vl

For the sake of accuracy, the calculations then proceed
from this value »’, through a double iteration by the consecu-
tive formulae (11) and (5) to approximate very close to the
actual value of the force which will be applied in this final
pass.

Consequently, from r’, and according to formula (11):

e —ep
eIll

Flo=u'el
and from F’,, according to formula (5):

5K F o+ 2
KoF'y+v

K, having the same value as previously.
Then again from r’’, according to formula (11):

wo=Ko
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8
e'’'1—e
Flrﬂzullol elul e,
The value F'', is the one finally retained to calculate the

corresponding yieldability ¢, (formula 7) and the final off-load
roll nip:

si=€'' 1 —Co.

During the final pass, as in the previous passes, the system
samples the actual off-load nip and the actual force to deduce
therefrom the actual end thickness ¢’, and the difference e’,—¢
» Statistical analysis of the results obtained shows that the end
thickness of the roll products can be guaranteed to an accura-

cyofx0.2mm. = .
Of course, variations in the execution of the calculations fall

under the invention. For instance, other formulae could be
devised for the equations which give an approximate represen-
tation of the family of closely related curves, and the thickness
at which the two kinds of equations used meet would also
alter. Similarly, the formula representing mill yieldability in
dependence upon the rolling force depends of course on con-
structional features of the mill and may vary according to the
kind of mill.

Other extrapolation formulae could be used to determine a
plasticity parameter from the values detected during the previ-
ous passes, or iteration could be effected further to determine
the rolling force during the final pass.

This method can of course be used for widthwise sizing of
the sheets, for in widthwise sizing a predetermined product
width is required—i.e., actually a given width once the weight
or volume of the initial product and the final dimension are
known.

Use of the invention in hot strip mills also falls under the in-
vention, for there is nothing preventing the general rolling
principles hereinbefore described from being used for a
number of roll housings, as in the case of a strip train, instead
of for just a single mill. Of course, it is useful if the required
thicknesses can be devised beforchand in the light of the op-
timum possibilities of available equipment.

We claim:

1. Process for rolling metal flats in a rolling mill having ap-
paratus for measuring the rolling force and apparatus for mea-
suring the nip of the rolls comprising the successive steps of
performing two rolling passes and measuring the nip of the
rolls and the rolling force on each pass, programming a com-
puter to determine the number of further successive passes
and the intermediate thicknesses of the flats to obtain a
predetermined final thickness of metal flat utilizing a
predetermined relation between the desired final thickness, a
predetermined rolling force for the last pass, a predetermined
constant rolling force for all the other passes and the measure-
ments of the rolling forces and nips of the first two passes,
determining the nip to be given to the rolls for the third pass,
then carrying out the third pass, measuring the actual rolling
force and the actual nip on the third pass and determining the
nip to be given to the next pass utilizing a predetermined rela-
tion between the values already known and the actual rolling
force and the actual nip of the cylinders measured during the
third pass and then repeating these determinations for each
following pass.

2. A process as described in claim 1 including measuring the
rolling force of each pass and reprogramming the computer
when the roiling force exceeds a predetermined value.



