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AESTRACT OF THE DISCLOSURE 
A strip rolling apparatus strip gauge and shape Sensing 

means and automatically responsive control means to con 
trol strip gauge by adjusting strip tension and to control 
strip shape by controlling roll screw down setting or mu 
tual flattening between work roll and back-up roll by ap 
plying roll separating forces thereto. The tension control 
affecting shape and the shape control affecting gauge in 
mutually compatible Senses. 

This invention relates to the rolling of strip and is 
particularly concerned with the automatic control of strip 
gauge and shape, that is to say, strip thickness and flat 
CSS. 

An object of the invention is to provide a method and 
apparatus for automatically regulating a strip rolling mill 
so that deviations from the desired gauge and shape of 
the rolled strip, which deviations arise naturally in the 
rolling process, are both maintained within narrow toler 
ances relative to the desired values. 
A measure of strip shape can be defined as follows: per 

fectly flat strip has zero shape, expressed as 2=0; strip 
with wavy edges or so-called long edges, has positive 
shape, 2)0; and strip with a wavy middle or so-called, 
long middle, has negative shape 2<0. In practice, if a 
mill is initially set up correctly so as to roll strip to Some 
desired gauge, hi, and to perfect flatness, X* =0, inevitable 
disturbances of the conditions of rolling give rise to errors 
of gauge, Ah=h-h:8, and of shape, A2=X-2. Theo 
retical considerations of the rolling process Suggest, and 
experimental measurements confirm that the two errors 
occur together and are of the same sign. 

Various proposals have in fact already been made in 
respect of automatic strip gauge control and this is com 
monly effected by regulation of the roll gap setting and/ 
or strip tension as control factor or factors. One example 
of such control is represented by British patent specifica 
tion No. 681,373 which describes a system wherein the 
gauge currently being rolled is computed from signals 
proportional to the rolling force and the roll gap setting, 
derived respectively from load cells situated between the 
roll chocks and mill screws, and from mill screw position 
detectors. This current gauge is represented by an electri 
cal signal, and a similarly proportionate signal represent 
ing the desired gauge is subtracted therefrom to produce 
a difference, or error signal. The error signal is employed 
to regulate the front and/or back tension of the strip rela 
tive to the mill stand in question, and the magnitude and 
sense of such regulation is arranged to be such as to 
eliminate the gauge error. In the case of a single stand 
mill the front and/or back tension can be controlled by 
the motor or motors driving the associated coiler and/ 
or uncoiler, respectively; while in the case of a tandem 
mill the relevant motor drive control may be associated 
with the rolls of a mill stand adjacent to that in question. 
Turning to the question of shape control, a proposal 

has already been made in co-pending patent application 
No. 17,339/65 to provide a strip shape sensor device. 
Such device may take various forms, such as a plurality of 
rollers which are urged to engage the strip, from below, 
say, at different points transverse the strip path. In the 
case of strip having imperfect shape, the rollers will as 
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Sume different heights and an electrical signal representing 
Such height difference can be employed to represent the 
corresponding error in shape. Other means can be em 
ployed to indicate the shape errors but some such arrange 
ment as described above is preferred in that it not only 
detects manifest shape errors which are superficially ap 
parent from local transverse undulations of the strip, but 
it also detects latent bad shape represented by transverse 
variations of longitudinal stresses in the strip. Also, the 
above described shape sensor device is readily made in 
robust form and does not require highly accurate sig 
nal generation for appropriate accuracy of shape sensing. 

In any event, as in the case of gauge control, a shape 
error signal can be generated and applied to regulate one 
of the controlling factors of the rolling process, such as 
roll gap setting, strip tension or roll camber, to correct 
the process in respect of deviations from required shape. 

However, while individual proposals may be made for 
automatic control of strip gauge and shape, it is an inher 
ent feature of the process of rolling that shape and gauge 
errors generally arise together and it is an inherent fea 
ture of the devices for regulating shape and gauge that 
correction of errors in shape will cause a change in gauge 
which will interfere, to a greater or lesser extent, with the 
automatic control of gauge if that is also to be provided 
on the mill. Similarly, correction of gauge errors simul 
taneously causes the shape to change, as interfering with 
automatic shape control. 

According to one aspect of the invention, there is pro 
vided an apparatus for automatically rolling strip ma 
terial, comprising means for producing a signal indicative 
of the shape of the strip leaving the rolls, means for pro 
ducing a signal indicative of the gauge of the strip leaving 
the rolls, and control means for varying the roll separating 
force in dependence on said gauge signal to maintain a 
substantially constant gauge leaving the rolls and in 
dependent on said shape signal to maintain a substantially 
constant shape of strip leaving the rolls. 
According to another aspect of the invention, there is 

provided an apparatus for automatically rolling strip ma 
terial, comprising means for producing an electrical sig 
nal indicative of the shape of the strip leaving the rolls, 
means for producing an electrical signal indicative of the 
gauge of the strip leaving the rolls, first electric control 
means for varying the tension at which the strip is pulled 
through the rolls, and hence the roll separating force, in 
dependence on said gauge signal to maintain a substantial 
ly constant gauge leaving the rolls, and second electric 
control means for simultaneously varying the roll sepa 
rating force in dependence on said shape signal to main 
tain a substantially constant shape of strip leaving the 
rolls. 

It is however, important to appreciate that the present 
invention does not merely consist in integrating any pair 
of automatic gauge and automatic shape control Sys 
tems, and this is best demonstrated by a consideration, by 
way of example, of pairs of systems which are incompat 
ible as well as other which are compatible. 

In the drawings: 
FIGURE 1 is a graph illustrating the relationship be 

tween changes in strip gauge and strip shape and the man 
ner in which certain adjustments for changes in one affect 
the other and FIGURES 2, 3 and 4 are schematic illustra 
tions of different embodiments of apparatus for practicing 
the present invention. 

Referring to FIGURE 1 of the accompanying drawings, 
such figure shows the effects of gauge control by screw 
down or tension adjustment on shape. In this figure the 
vertical axis represents rolling force F and also shape 2, 
and the horizontal axis represents roll gap setting, ingo 
ing gauge H, and outgoing gauge h. Point A represents 
the rolling conditions at a particular instant when the in 
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going gauge is H and the roll gap screw setting is S. Point 
A is determined as the intersection of the straight line at 
which represents the effect of the mill spring on the rol 
gap, and the deformation curve AH which related the 
rolling force F to the outgoing thickness h. 
Assuming that the conditions at that time are such 

that the desired gauge h; and shape X* = 0 are obtained, 
relevant considerations are what happens if the ingoing 
gauge subsequently changes to H' and what is achieved 
by different attempts at corrective action of the resultant 
changes in rolling conditions. Firstly, considering the 
change in rolling conditions; the new situation is repre 
sented by point B which is seen to be represented by a 
positive gauge error and positive shape error, the latter 
being so since the rolling force increases and thereby sub 
jects the rolls to increased bending thereby tending to 
produce a convex roll gap. Secondly, considering possible 
corrective actions: if screwdown action is initiated to re 
duce the gauge error, this is represented by translation of 
the mill spring line SA to the left by - As and the point 
B will move along the new deformation curve H'B until 
it coincides with a point C corresponding to the desired 
gauge hi. It will be noted that the effect of such action is 
to increase the existing positive shape error AS. 

If instead, tension adjustment is initiated to vary the 
roll separating force and thereby to reduce the gauge error, 
this is represented by rotation of the deformation curve 
HB until point B coincides with A whereat the gauge error 
is reduced to zero. In this case it will be seen that the 
shape error is also reduced to Zero. 

This discussion in relation to FIGURE 1 is idealized 
to a certain extent, but nevertheless it does indicate that 
different forms of gauge control can have quite opposite 
effects on shape control. This arises from the fact that, in 
general, screwdown action causes the intersection of the 
mill spring line and deformation curve to move along the 
deformation curve, while tension adjustment tends to make 
the intersection move along the mill Spring line. 

Accordingly, correction of gauge errors by tension con 
trol, which can be referred to as AGC(T), whether front 
or back tension tends also to correct the shape errors 
which have arisen from the same causes as the gauge 
errors. Correction by screwdown, AGC(S), however, ap 
pears incompatible with automatic shape control, ASC, 
because it aggravates the shape errors already present. 

Considering briefly some other modes of control for 
usefulness in connection with the present invention: shape 
control through tension, ASC(T), is basically compatible 
with AGC(T) as seen from the above discussion of 
FIGURE 1 since tension correction to reduce a positive 
or negative shape error produces a respectively negative 
or positive gauge variation thereby attenuating the shape 
error associated with the gauge error that is being cor 
rected. 
A further possibility is to employ roll bending devices in 

accordance with recent proposals, such as generally indi 
cated in FIGURE 2 of the accompanying drawings, where 
by pressure means in the form of hydraulic jacks are lo 
cated between corresponding back-up and work roll ends. 
In operation for shape control, the force on the Screws 
and mill stretch will not change, but the mutual flatten 
ing of back-up work and work roll will be reduced, effect 
ing a narrowing of the roll gap and thereby causing a nega 
tive gauge error. This error will, however, be much small 
er than is the case with tension regulation for shape con 
trol purposes and one may therefore usefully employ a 
combination of AGC(T) and ASC(JBW), the latter in 
dicating "jacks between back-up and work rolls.” 

If, though, one contemplates use of ASC(JWW)1 that is 
the system in which the jacks are situated between the 
chocks of the work rolls, one can readily show from a 
consideration of the disposition of forces that correction 
for a positive shape error will increase the mill stretch and 
mutual flattening of the back-up rolls, whereby a positive 
gauge error ensues. Recalling that shape and gauge errors 
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4. 
normally occur in the same sense 
ASC(JWW) will interfere with AGC.. 

Another possibility is shape control by regulation of the 
thermal camber and roll gap contour. In practice, it will be 
difficult to ensure a change of the camber without simul 
taneously changing the mean roll diameter and so, on face 
value, affecting gauge; moreover, the regulation is likely 
to be too slow acting for most practical purposes. 
A further possible mode for shape control is by regu 

lating longitudinal strip tension transversely of the strip, 
by pivotable tension rollers, say, but this will produce a 
corresponding variation in mill stretch. Thus, correction 
of a positive shape error will be associated with the intro 
duction of a positive gauge error. 
The above consideration indicates that if separate con 

trol Systems for gauge and shape are to be employed, then 
compatibility is only achieved by careful consideration 
and choice of Suitable Systems in accordance with the in 
vention. In fact, such consideration of a pair of control 
systems in parallel, as it were, suggests that only 

AGC(T) --ASC(T) or AGC(T) --ASC(JBW) 
are compatible. Even then, the former pair may lead to 
hunting between the relevant systems in that ASC(T) in 
volves a transport time delay which varies with mill speed 
owing to the nature of the measurement of shape, whereas 
AGC(T) does or does not depending on where the gauge 
is measured. 
A further possibility arises from consideration of uti 

lizing a pair of control Systems connected in cascade, as 
it were. One such integrated cascade system which appears 
advantageous employs tension regulation of gauge and 
Screwdown regulation of shape, and may be referred to 
as AGSC(T/S). Thus AGC(T) can be effected by the 
regulation of back and/or front tension, in accordance 
with Specification No. 681,373, say, in a first control loop, 
and a shape control error signal is made to actuate the 
Screwdown setting in similar manner to AGC(S). - 
One example of AGSC(T/S) is illustrated schematically 

in FIGURE 3 of the accompanying drawing. The gauge 
control is effective by a signal AF proportional to the de 
viation of the current rolling force from that force at 
which the current roll gap setting will produce the required 
gauge. This signal is electronically computed from a sig 
nal representing the current rolling force F and derived 
from the load cells 1, a signal representing the roll gap 
Settings and derived from the screw position detectors 2, 
and a signal h representing the desired gauge. The com 
putation is carried out by a computer 4 in accordance with 
the equation AF=F-M(h-s), where M represents the 
mill Spring modulus. The computed signal is applied via 
a torque regulator 5 to control the drive motor or motors 
6 of the coiler or uncoiler 7. 
Shape is corrected by use of a signal representing cur 

rent strip shape 2 generated by a shape sensor device 8 
according to applictaion No. 17,339/65. Signal x is ap 
plied via a computer 9 to control the screwdown motors 
10 and thereby to regulate the roll gap settings. The com 
puter 9 will control the screwdown motors 10 in predeter 
mined manner in response to the signal x, such that the 
roll gap Setting S is reduced or increased as ) or <0, 
respectively. 

In operation, a shape correction alters the roll gap set 
ting, which in turn changes the rolling force and so brings 
the gauge control system into operation by regulation 
of tension in Such a sense as to assist reduction of the 
Original shape error and maintain correct gauge. 

In another example of an AGSC(T/S) system, the 
shape control computer may be responsive to variables 
additional to that of shape 2, and such a system is illus 
trated Schematically in FIGURE 4 of the accompanying 
drawings. The gauge control duplicates that of FIGURE 
3, but the shape control is based on the following con 
sideration: 

indicates that 
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Firstly, a measure of shape can be represented by the 
expression: 

(le-lic =a ( ) (1) 
where a is a constant, lc is an outgoing length of strip 
measured along its centre line, le is the corresponding strip 
edge length, and w is the strip semi-width. 

If the ingoing strip has perfect shape, represented by 
Le=Lc, Equation 1 can be rewritten as 

up. v. le/Le 
l+2=it (2) 

and in the absence of lateral spread, ingoing and outgoing 
thickness H and h, can be substituted on the basis of con 
stant volume, h.l=H.L., whereby 

'w helhe l+ix-fifti, (3) 
Since the associated gauge control system will operate 

generally in respect of mean gauge h, it is convenient to 
approximate Equation 3 as 

(4) 
where bw is the distance from the strip centre line to the 
point at which h=h, and the approximation is good if X 
is not excessively large. 
Now the mean gauge his that determined by the control 

relationship 

If then one assumes that a mill stand with automatic gauge 
control is such that his maintained substantially constant, 
and that for a period of time strip of constant dimensions 
is fed into the mill whereby Ho/H is substantially con 
stant: then if conditions in the roll gap are disturbed in 
such a way as to cause a change of roll force, AF, and 
thereby of shape of the outgoing strip, the situation is rep 
resented by partial differentiation of Equation 4, namely, 

Ale?h-E. Ax-e-A 
where 

C He-bs 
H.a. 

Also, it can be deduced from beam theory that 
Ahc-d.AF 

where d is a constant depending on the strip width and 
roll dimensions. Thus, under the above conditions: 

AX=N.AFf. (6) 

where N is a constant equal to d/c, as can be derived from 
the foregoing equations and the accessory screw setting 
control can be determined, from Equations 5 and 6 as 

S-FFIM. AS = NM AX 

In alternative arrangements of those illustrated and de 
scribed by way of FIGURES3 and 4, computer 4 may be 
arranged to compute the current rolled gauge in accord 
ance with Equation 5 above and to subtract from this the 
desired gauge h, so that the signal applied to regulator 5 
represents s-H-F/M-h. . 
Again, the systems of FIGURES 3 and 4 may be pro 

vided with means, such as an X-ray gaugemeter for pro 
viding a direct measure of the current outgoing gauge h, 
such means preferably being situated in close proximity 
to the shape sensor device. The gaugemeter signal can then 
be compared with signal h whereby the resultant gauge 
error signal (h-h) can be applied to regulator 5, and 
in the case of FIGURE 3 the load cells and screw position 
detectors can be dispensed with. 
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Summarising the above overall consideration: it has 

been demonstrated that automatic control of both gauge 
and shape in a single strip mill is not achieved by com 
bination of any two independent systems in a parallel 
arrangement, but rather a degree of compatibility must 
be found. Parallel combination of AGC(T)--ASC(T) or 
AGC(T)+ASC(JBW) appear advantageous from this 
point of view. Also, consideration of an integrated control 
with individual loops in cascade indicate that various 
forms of AGSC(T/S) are suitable. 

Lastly, it is desirable that AGSC be preceded by use of 
a predictive or negative feedback AGC system such that 
the control of the present invention is not required to deal 
with excessive errors. It will be seen that this is compatible 
with the predominantly common factor AGC(T) in the 
above proposals, since such control is commonly employed 
on the last stand of a tandem mill and is well suited to use 
as a finishing control. 
What we claim is: 
1. Apparatus comprising opposed rolls for automati 

cally rolling strip material, comprising means for sensing 
at locations spaced transversely of the strip the tension in 
the strip leaving the rolls and for producing a signal in 
dicative of the shape thereof, means for producing a signal 
indicative of the gauge of the strip leaving the rolls, first 
control means, responsive to said signal indicative of gauge 
for varying the tension at which the strip is pulled through 
the rolls to maintain a substantially constant gauge leaving 
the rolls, and second control means, responsive to said sig 
nal indicative of shape, for simultaneously varying the 
magnitude of the roll separating forces to maintain a sub 
stantially constant shape of strip leaving the rolls. 

2. Apparatus according to claim 1, wherein said second 
control means for varying the magnitude of the roll sep 
arating forces is arranged to control the screw down 
setting of the rolls. 

3. Apparatus according to claim 2, wherein the first 
control means includes computing means for computing 
a change in roll separating force (AF) from the equation 

where 

F represents the current rolling force 
M is the mill spring modulus 
h is the desired gauge, and 
s is the roll gap setting. 
4. Apparatus according to claim 3 wherein the screw 

down setting of the rolls is varied in dependence on the 
equation 

S-I-FIM ASF NM AX 

where 
As is the required change in the roll gap setting 
N is a constant and 
AX denotes a difference in the actual shape signal and 

the desired shape signal. 
5. Apparatus comprising opposed work rolls for rolling 

strip material and back-up rolls therefor, means for sens 
ing at locations spaced transversely of the strip the tension 
in the strip leaving the rolls and for producing a signal 
indicative of the shape thereof, means for producing a 
signal indicative of the gauge of the strip leaving the rolls, 
first control means, responsive to said signal indicative of 
gauge, for varying the tension at which the strip is pulled 
through the rolls to maintain a substantially constant 
gauge leaving the rolls, and second control means, re 
sponsive to said signal indicative of shape, for simultane 
ously varying the mutual flattening of the work and back 
up rolls to maintain a supstantially constant shape of strip 
leaving the rolls. 

6. Apparatus according to claim 5, wherein the mutual 
flattening of the work and back-up rolls is varied by pres 
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