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This invention relates to apparatus for rolling ma 
terials such as steel into strip form, and in particular to 
means for controlling the apparatus so as to obtain ?n 
ished strip of uniform thickness. 

Metals such as steel are usually rolled into strip or 
sheet form in two stages, viz., an initial stage where 
the metal is rolled while hot to a thickness somewhat in 
excess of the ?nal thickness speci?ed, and a second stage 
where the un?nished strip is rolled while cold to its ?nal 
dimension. Since the un?nished strip may vary in thick 
ness along its length, the controls for the cold mill should 
included some means to prevent the mill from simply du 
plicating these variations in thickness of the strip. In other 
words, the cold mill should be compensated in such a way 
that during the time that the rolls of the mill reduce the 
thickness of the strip they also smooth out these variations 
and produce a ?nished strip of uniform thickness, that is, 
uniform within speci?ed tolerances. 

It is old in the art to measure the thickness of the 
?nished strip as it leaves the rolls by means of a gauge 
such as a ?ying micrometer, and to employ an operator 
to observe these measurements and continually adjust the 
mill accordingly so as to produce a ?nished strip as uni 
form in thickness as possible. The adjustments made 
by the operator to the mill will be onev or both of the 
following: the separation between the rolls, and the ten 
sion applied to the strip during rolling thereof. In this 
method of control the skill of the operator determines 
to a large extent the uniformity in thickness of the 
?nished strip. However, with the introduction of equip 
ment for using the micrometer readings to control the 
mill automatically, the accuracy of the mill is no longer 
limited by the skill of the operator. 
With the increase of speeds in modern mills, another 

signi?cant source of error in the control of thickness of 
the strip arises from the location of the ?ying micrometer 
with respect to the rolls of the mill. Unless the measure 
ments are taken on the strip at the point where it leaves 
the rolls (often referred to as the roll bite), a delay in 
time is introduced into the control system. Because it 
isphysically impossible to place the micrometer in this 
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position, the strip must move from between the rolls to ' I 
the micrometer before its thickness is measured. This 
time delay varies inversely with the speed of the mill and 
it may become excessive at low mill speeds. For example, 
the time delay will be one second when the micrometer is 
located three feet from the roll bite and the strip is 
travelling at a rate of 180 feet per minute. This time 
delay is well known by the expression “transport delay” 
and it will be referred to hereinafter as such. Transport 
delay introduces errors into the controls for the mill, 
causes instability of the system, and renders control of 
gauge very dif?cult, particularly during acceleration of 
the mill, 
A gauge control system developed by the British Iron 

and Steel Research Association (BISRA system) uses 
the mill itself as a means for determining the thickness of 
the strip. In one version of the BISRA type of system, 
two electric signals are added together to give a com 
bined signal representing the loaded roll separation or 
the approximate thickness of the strip leaving the rolls. 
The ?rst of the two signals represents the separation 
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of the unloaded rolls, and it may be obtained from a 
device such as a potentiometer actuated by the screws 
used to position the rolls. The second signal represents 
the forces produced in the frame of the mill by the load 
ing on the rolls from the strip passing between the rolls, 
and this signal may be derived from one or more load cells 
attached to the mill at loaded regions thereof, the theory 
being that the frame of the mill obeys Hooke’s Law. This 
combined signal is then compared with an electric signal 
representing the thickness of the strip desired, i.e., a ref 
erence obtained from a constant voltage source by means 
of a potentiometer. A comparison of the two signals 
leads to an error signal which represents the extent to 
which the aforementioned approximated thickness of 
the strip deviates from the thickness desired. The error 
signal is applied to the gauge control system, and it causes 
the controls for the mill to correct the error by either al 
tering the position of the rolls, by altering the tension on 
the strip, or by altering the position of the rolls and the 
tension on the strip simultaneously. It is to be noted 
that the combined signal is taken in the region where the 
rolls contact the strip, and as a result the transport de 
lay has been eliminated. However, even with the BISRA 
system it is still necessary to make use of a thickness 
measuring instrument such as a micrometer. In this 
case, the role of the micrometer is to correct for slow 
drifts in accuracy which occur due to such things as roll 
wear and thermal expansion. 
The object of my invention is to provide a gauge con 

trol system which also effectively eliminates the transport 
delay, but does not depend on the precise measurements 
of roll force and roll position necessary for the BISRA 
system. 
My invention is practiced by making use of certain 

anticipatory signals available at the mill, and it will be 
described now with reference to the attached drawings 
in which: ' 

IISIGURE 1 is a schematic diagram of a metal rolling 
m1 .; 

FIGURE 2 is a diagram in block form of a control sys 
tem constructed in accordance with my invention; and 
FIGURES 3, 4’ and 5 illustrates graphically signal 

forms used to explain the nature of the invention. 
In FIGURE 1 there is shown a strip of metal 2 entering 

between the main rolls 3 and 4 of a four-high rolling mill 
at a thickness of hi inches and leaving these rolls at a 
reduced thickness of k2 inches. The thickness of the strip 
after reduction thereof is measured by means of an in 
strument 5, such as an X-ray thickness gauge, located at 
a distance L feet from the bite of the rolls, the bite of 
the rolls lying on the dotted line 6 passing through the 
axes of the rolls. Rolls 3 and 4 are supported for rota 
tion in the mill frame between a pair of backing rolls 7 
and 8 respectively, and the distance between rolls 3 and 
4 can be adjusted by rotating two mills screws, of which 
one is shown at 9 threaded through a nut 10 ?xed to the 
mill frame. Axial movement of a screw is transmitted to 
backing roll 7 through a load cell 11, a column 12 and a 
bearing 13. Screw 9 is rotated by a gear 14 secured to its ' 
upper end, and the gear is driven by a motor 15 through a 
train of gears 16, 17 and 18 respectively. A tachometer 
19 coupled to the motor senses its speed and direction of 
rotation. FIGURE 1 is a schematic arrangement only 
of those components of a mill helpful in demonstrating 
the nature of my invention. In a practical form of this 
arrangement, there are two assemblies of components 9 
to 18, one assembly at each end of the- rolls. The two 
screw down drives are coupled together mechanically 
through a clutch such that under normal operation of the 
mill the two motors 15 operate in unison, With the speed 
of the drive measured by a single tachometer. How 
ever, release of the clutch allows the motor to be oper 
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ated independently to position rolls 3 and 4 in parallel 
should this be necessary. The thickness measuring instru 
ment 5, tachometer 19 and load cells 11 are all known 
types of instruments which ‘give an electrical output rep 
resenting the particular quantity being measured. Since 
the load cells are mounted between the top backing roll 
and the screws, they are subject to the forces applied to 
the rolls for reducing the thickness of the strip, i.e., the 
roll separating forces. The electrical signals from the 
two load cells are summed and used in a roll force net 
work, and‘ethe electrical signals from the tachometer are 
used in a tachometer network, both of which will be de 
scribed later. Since the operation of the system will be 
the same with one or two load cells, one cell only will 
be considered in the description to follow in the interest 
of simplicity. 
As the ?rst step in explaining the nature of the inven 

'tion, let it be assumed that the mill screws are stationary. 
Therefore, so long as strip 2 entering between rolls 3 and 
4 is uniform in thickness I11 and hardness, the strip leaving 
the rolls will also be uniform in thickness hz, and the roll 
separating force will remain at a constant value.~ Since 
the output from load cell 11' is directly proportional to 
the roll separating forces, this signal will have a constant 
value, i.e., the DC. voltage represented by line 22 in 
FIGURE 3(a). If the thickness hl of the incoming 
strip increases at the point 23 or if the hardness of the 
strip increases at this point, the roll separating forces will 
increase abruptly and cause an immediate increase in 
signal output from'the load cell as indicated at 24. The 
output of the load cell rises to a new level 25 representing 
the new conditions, where it will remain until the roll 
separation forces are disturbed again; Signal 24 from 
the load cell represents a rate of change of roll separating 
forces and indicates a change of gauge hz. ' ' 
The output from load cell 11 is ampli?ed by ampli?er 

21 and then applied to a resistor capacitor circuit, i.e., the 
resistor R2 capacitor C2 circuit shown as a part of the roll 
force network in FIGURE 2. So longas the output from 
the load cell is constant in magnitude, the output from the 
R2C2 circuit will be zero. However, any change in signal, 
such as the abruptv change 24, will alter, the charge on 
capacitor C2, and consequently, there will be an output 
from the R2C2 circuit having the usual exponential wave 
form characteristic of RC circuits. 
FIGURE 3 shows that when a change of roll force 

takes place, the‘ resistor capacitor network will have an 
output which will decay as illustrated by curve 27. As 
is-well known, the time constant of the R202 circuit will 
equal the resistance of R2 in megohms multiplied by the 
capacitance of C2 in microfarads. To make effective use 
of the output from the resistor capacitor network in a 
gauge control system to compensate for transport delay, 

‘ the time constant of RZCZ must be suitably related to the 
transport delay of the mill; the relationship requires that 
R2C2 be equal to one-half the transport delay. It can be 
shown mathematically that this is actually the case, that 
R202 can be made to equal one half the transport delay 
of the mill by proper selection of resistor and capacitor 
components. Since the transport delay varies inversely 
with mill speed, it follows that R2 should also vary in 
versely with mill ‘speed. R2 can be made to vary in this 
way by using a variable resistor and coupling it mechani 
cally to a servo 28 which follows mill speed. Therefore, 
R2 is adjusted continually so that R2C2=V2 transport 
delay. Transport delay=L/ V seconds, where L is the 
distance in feet of the thickness measuring instrument 
from the bite of the rolls and V is the velocity in feet per 
second of the strip through the mill. 

The rate of change of roll force signal provides a means 
for discovering that a change of gauge has taken place 
before the thickness of the strip is actually measured. 
This is illustrated graphically in FIGURE 4. Still assum 
ing that screws 9 are stationary, the mill is reducing a 
“strip of thickness hl to a thickness of k2 as denoted at 29 
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1i 
and 30 respectively in FIGURES 4(a) and (b). At point 
23 the thickness of the incoming strip increases to 33m; 
sulting in a simultaneous increase in thickness of the out 
going strip to 34. However, the increased thickness 34 is 
not measured until some time later at 32 because the meas 
uring instrument is located L feet downstream from the 
bite of the rolls. Hence it is impossible for the measur 
ing instrument to initiate corrective measures until some 
time after the change of gauge has taken place, i.e., the 
transport delay later as shown in FIGURE 4(c). It will 
be noted with reference to FIGURE 4(d) that at 23 
where hl increases, the roll force increases as well from ‘ 
31 to 35; therefore, the signal from the load cell changes 
as already described with reference to FIGURE 3, cans 
ing the roll force network to give the signal illustrated 
graphically in FIGURES 3(b) and 4(e). Since signal 
27 ‘represents a rate of change of roll force rather than 
a measure of the correction required to bring the mill 
back on gauge, it can only be used to initiate screwdown 
of the rolls, after which other means must be introduced 
to avoid overcorrection'. In FIGURE 4(f) numeral 36 
denotes a signal representing the thickness 30 measured 
by gauge 5 before the roll force increased at 23. If the 
output from the roll force network is added to signal 36, 
the sum will appear as 27a, i.e., as signal 27 superposed 
on signal 36. At 32, the increase in thickness of the strip 
is actually measured, resulting in an increase of signal 
output from the thickness measuring instrument. This 
increase in gauge signal raises the level of curve 27a to 
37. FIGURE 4(f) shows a compensated gauge meas 
urement equal to the measured gauge plus the output from 
the roll force network. A greater degree of control is 
possible when the output from the roll force network is 
combined with the output from the thickness measuring 
instrument, but this combination is insu?icient for full 
control of gauge because the screwdown mechanism must 
be considered too. 

It has been shown that signals derived from a rate of 
change of roll forces can be used to detect variations in 
thickness of the strip when these variations occur. The 
next step to consider is the effects of screw movement on 
the control of gauge. In order to simplify the analysis to 
follow, let it be assumed that there are no variations in 
thickness or hardness of the incoming strip to alter the 
roll separating forces. Instead the strip is reduced in 
thickness by running the rolls down, and as the separation 
between the rolls decreases, the roll forces will increase 
because more metal must now be displaced by the rolls. 
Therefore, the signal appearing at the roll force network 
will be due to an increase of roll separating force as was 
the signal obtained when the thickness of the incoming 
strip increased. In other Words, the output from theroll 
force network due to an increase in thickness of the in 
coming strip is in the same direction as the output from 
this network due to the running down of the screws, 
even though in the ?rst instance the thickness of the out 
going strip increased while in the second instance the thick 
ness of the outgoing strip decreased. Therefore, as soon 
as the screws move it is insui?cient to use roll force alone 
as an anticipatory signal, a signal suitably related to the 
rate of change of screw position must also be injected 
into the ‘system for controlling roll separation. . 

Actually, the rate of change of screw position is its 
speed which can be measured by tachometer 19. A 
tachometer having a D0. output will sense direction of 
rotation of the screw as well as measure speed of rota 
tion thereof. As with the signal from the load cell, the 
signal from the tachometer must be suitably related to the 
transport delay of the mill before it is combined with the 
output from the roll force network for control of the mill. 
To this end it can be shown mathematically that the 
tachometer signal should be conditioned by a resistor ca 
pacitor network wherein the time constant is again equal 
to one half the transport delay. It will be seen from 
FIGURE 2 that the signal from tachometer 19 is applied 
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to the network R1C1, and the output from this network 
is fed to ampli?er 20 where it is ampli?ed. Since R1C1 
is the same type of resistor capacitor network as R2C2, 
it too will have an output signal only when the signal 
from the tachometer is changing in value, i.e., when the 
screws are either accelerating or decelerating. In prac 
tice, roll adjustments are very small and very frequently in 
opposite directions, hence the screws are either accelerating 
or decelerating when in motion. Tachometer 19, resistor 
R1, capacitor C1, and ampli?er 20 will be referred to here 
inafter as the tachometer network. The resistor capacitor 
network R1C1 serves the same purpose in the tachometer 
network that network R202 serves in the roll force net 
work, and moreover, resistor R1 is coupled mechanically 
to servo 28 in the same way as resistor R2. Therefore, 
R1 is adjusted continually in accordance with mill speed 
so that R1C1='1/2 transport delay. 
FIGURE 5(a) illustrates a strip of uniform thickness 

I11 passing between the rolls when at point 38, the screws 
are turned down to reduce the thickness k2 of the strip 
leaving the rolls as illustrated in FIGURE 5(b), the 
thickness of the outgoing strip being measured at a time 
later equal to the transport delay as illustrated in FIG 
URE 5(0). As soon as the screws are turned down, the 
roll force increases as illustrated in FIGURE 5 (d). 
Since the screwdown operation is not instantaneous, re 
duction in thickness is gradual with respect to time as in 
dicated at 40 and 41, and as a result the roll force signal 
from the load cell will tend to rise along a slope 42 re 
lated to the rate of reduction in thickness. After the roll 
force signal has been modified by the RC circuit of the 
roll force network it'will appear as curve 43 in FIGURE 
5(a). In FIGURE 5(f), curve 44 represents a signal 
from the tachometer while the screws are accelerating 
and curve 45 the signal while the screws are decelerating. 
The output from the tachometer network will appear as 
curve 46 in FIG. 5 (g). Curves 43 and 46 may be com 
bined to give a signal which shows the way in which the 
thickness of the strip is changing. In this particular 
example it will be noted that curves 43 and 46 are in op 
posite sense and that curve 46 is the larger of the two, 
thus indicating that the thickness of the strip is getting 
less. 
The signal obtained from the roll force network indi 

cates whether roll force is increasing or decreasing, and 
represents the rate at which the force is changing. The 
signal obtained from the tachometer network indicates the 
direction of screw movement and represents the rate at 
which the screws are adjusting the position of the rolls. 
By summing these two signals and comparing the sum 
thereof with thesignal obtained from the thickness meas 
uring instrument, a combined signal is obtained having the 
correct sense under all conditions for the application to the 
control of gauge; and moreover this combined signal has 
virtually eliminated the transport delay. 

Referring now to FIGURE 2, the signal from the ta 
chometer network is fed through potentiometer R3 to 
summing ampli?er 47, where it and the signal from the 
roll force network are summed and ampli?ed. Potenti 
ometer R3 is coupled mechanically to servo 28 so as to 
continually adjust the gain of the signal from the tachom 
eter network, rendering the gain directly proportional to 
the speed of the mill. The signal output from ampli?er 
47 is ?ltered at 48 to remove the effects of eccentricity of 
the backing rolls, and it is then combined with the signal 
from thickness measuring instrument 5 in summing ampli 
?er 49. The output from ampli?er 49 is composed of 
three separate signals, the ?rst two of which have been 
modi?ed in such a way that the composite signal is suitable 
for application to the controls for the mill. In a practical 
system, it is likely that the output signal from the microm 
eter will represent deviations from a set value rather than 
actual thickness of the strip. Thus, the output from 
ampli?er 49 will be a signal proportional to thickness 
deviations. Therefore, the expression “an electrical signal 
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6 
representative of the thickness being measured” appearing 
in the claims can be a signal representing the thickness of 

' the strip as actually measured or a signal representing a 
measured deviation from a thickness value set on the 
measuring instrument. The additional signal from the 
load cells and tachometer may be regarded as stabilizing 
signals which compensate for the effect of the transport 
delay. 

In summary, my system differs in some fundamental 
respects from prior art systems in that I overcome the 
transport delay without accurately determining the separa 
tion of the rolls or the roll forces. I control gauge through 
the medium of anticipatory signals obtained at the mill 
and modi?ed to render them suitable for control purposes. 
The embodiments of the invention in which an exclusive 

property or privilege is claimed are de?ned as follows: 
1. In apparatus for performing work upon a moving 

strip lby a pair of rolls between which said strip is ad- . 
vanced; gauging means positioned along the path of said 
strip at some distance from the bite of said rolls for 
measuring the thickness of the strip after it leaves the 
rolls and for producing an electrical signal representative 
of the thickness being measured; said gauging means 
measuring the thickness of the strip at a time interval 
after reduction thereof and thereby introducing a trans 
port delay in the control system; means for generating a 
?rst electrical signal representative of the rate of change 
of roll separating force; ?rst circuit means having a time 
constant approximately equal to one half said transport 
delay for converting said ?rst signal to a decaying signal 
having a generally exponential wave form; means for 
generating a second electrical signal representative of the 
rate of change of separation of said rolls; second circuit 
means having a time constant approximately equal to 
one half said transport delay for converting said second 
signal to a decaying signal having a generally exponential 
wave form; and means for summing said exponential 
signals and comparing the sum thereof with the electrical 
signal from said gauging means, the signal output from 
said last mentioned means substantially eliminating the 
effects of said transport delay and therefore a signal use 
ful in said control system for controlling gauge auto 
matically. 

2. In apparatus for performing work upon a moving 
strip by a pair of rolls between which said strip is ad 
vanced; gauging means positioned along the path of said 
strip at some distance from the bite of said rolls for 
measuring the thickness of the strip after it leaves the 
rolls and for producing an electrical signal representative 
of the thickness being measured; said gauging means 
measuring the thickness of the strip at a time interval 
after reduction thereof and thereby introducing a trans 
port delay in the control system; means for generating a 
?rst electrical signal representative of the rate of change 
of roll separating force; a ?rst resistor capacitor network 
having a time constant approximately equal to one half 
said transport delay for modifying said ?rst signal; means 
for generating a second electrical signal representative 
of the rate of change of separation of said rolls; a second 
resistor capacitor network having a time constant ap 
proximately equal to one half said transport delay for 
modifying said second signal; and means for summing 
said modi?ed signals and comparing the sum thereof with 
the electrical signal from said gauging means; the signal 
output from said last mentioned means substantially 
eliminating the effects of said transport delay and there 
fore a signal useful in said control system for controlling 
gauge automatically. 

3. The apparatus de?ned by claim 2 wherein one or 
both of the time constants of said ?rst and said second 
circuit means are varied with changes of roll speed to 
compensate for variations in transport delay with such 
changes of roll speed. 

4. The apparatus de?ned 'by claim 2 wherein at least 
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one resistor of each said resistor capacitor network has 
its resistance‘ varied responsive to speed changes of the 
rolls, said variations in resistance compensating for vari 
ations in the transport delay caused by said speed changes 
of the rolls, thereby maintaining the time constant of 
each resistor capacitor network substantially equal to 
one half'the transport delay. 

5. The apparatus de?ned by claim 2 wherein amplifying 
means is provided for amplifying said signals, and ?lter 
means [is provided for removing extraneous signals caused 

‘ by ‘ roll eccentricity. 

6. The apparatus de?ned by claim 2 wherein amplifying 
means is provided for amplifying said signals, gain con 
trol means is provided for rendering the amplitude of 
‘said second modi?ed sign-a1 proportional to the speed of 
theirolls, and ?lter means is provided for removing ex 
traneous signals caused by roll eccentricity. 

7. In apparatus for performing work upon a moving 
strip by a pair of rolls between which said strip is ad 
vanced; gauging means positioned along the path of said 
strip at some distance from the bite of said rolls for meas 
uring the thickness of the strip after it leaves the rolls 
and for producing an electrical signal representative of 
the thickness being measured; said gauging means meas 
uring the thickness of the strip at a time interval after 
reduction thereof and thereby introducing a transport 
delay in the control system; means for generating a ?rst 
electrical signal representative of the rate of change of 
roll separating force, means for amplifying said ?rst sig 
nal; a ?rst resistor capacitor network having a time con 
stant approximately equal to one half said transport delay 
for modifying said ampli?ed ?rst signal; means for gen 
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8 
crating a second electrical signal representative of the 
rate of change of separation of said rolls; a second resistor 
capacitor network having a time constant approximately 
equal to one half said transport delay for modifying said 
second modi?ed signal; ‘gain ‘control means following the 
speed of the wells for adjusting [the gain of said ampli?er 
means for rendering the amplitude of the signal therefrom 
proportional; to the speed of the rolls; means for summing 
the signals from said ?rst resistor capacitor network and 
from said gain control means; ?lter means for ?ltering 
said combined signal for removing extraneous signals 
caused by roll eccentricity; means for summing the signal 
from said ?lter means and the signal from said gauging - 
means; the signal output from said last mentioned means 
substantially eliminating the effects of said transport delay 
and therefore a signal useful in said control system for 
controlling gauge automatically; and means following the 
speed - of said rolls for varying the resistances of said 
resistor capacitor networks to maintain the time constants 
thereof equal to approximately one half said transport’ 
delay which also varies with roll speed. 
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