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57 ABSTRACT 
A programmed computer control system provides on 
line roll force gauge control for a tandem hot steel 
strip rolling mill. An automatic gauge control system 
including a programmed digital computer calculates 
screwdown movement required for correction of de 
termined gauge error on the basis of measured roll 
force and screwdown position values and on the basis 
of calculated gauge deviation corrections for the pro 
vided roll opening settings for the roll stands. To com 
pensate for gauge error conditions, a gauge error cor 
recting screwdown movement value is determined to 
establish the total amount of corrective screwdown 
movement required at any particular point in time. 
The control system operates the mill screwdowns in 
accordance with the program calculations. 

13 Claims, 14 Drawing Figures 
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GAUGE CONTROL METHOD AND APPARATUS 
INCLUDING WORKPIECE GAUGE DEVIATION 
CORRECTION FOR METAL ROLLING MILLS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

Reference is made to the following concurrently fled 
and related patent applications which are assigried to 
the present assignee: 

S.N. 215,747, filed Jan. 6, 1972, entitled Gauge Con 
trol Method And Apparatus Including Workpiece Plas 
ticity Determination For Metal Rolling Mills and filed 
by A. W. Smith and R. Q. Fox. 
S.N. 215,743, filed Jan. 6, 1972, entitled Gauge Con 

trol Method And Apparatus For Metal Rolling Mills 
and filed by A. W. Smith and R. Q. Fox. 

BACKGROUND OF THE INVENTION 

The present invention relates to workpiece strip 
metal tandem rolling mills and more particularly to roll 
force gauge control systems and methods used in oper 
ating such rolling mills. 

in the operation of a metal or steel reversing or tan 
dem rolling mill, the unloaded roll opening and the 
speed at each tandem mill stand or for each reversing 
mill pass are set up by the operator to produce succes 
sive workpiece (strip or plate) reductions resulting in 
work product at the desired gauge. Generally, the 
loaded roll opening at a stand equals the stand delivery 
gauge on the basis of the usually justifiable assumption 
that there is little or no elastic workpiece recovery. 
Since the operator provided initial setup conditions 

or the initial roll opening settings provided by an asso 
ciated computer control system operative with model 
equation information to calculate the setup screwdown 
schedules for the rolling mill, can be in error and since 
in any event certain mill parameters affect the stand 
loaded roll opening during rolling and after setup con 
ditions have been established, a stand automatic gauge 
control system must be employed if it is necessary that 
the stand delivery gauge be closely controlled. Thus, at 
the present state of the rolling mill art and particularly 
the steel rolling mill art, a stand gauge control system 
is normally used for a reversing mill stand and for pre 
determined stands in tandem rolling mills. 
More particularly, the well known gaugemeter or roll 

force system has been widely used to produce stand 
gauge control in metal rolling mills and particularly in 
tandem hot steel strip rolling mills and reversing plate 
mills where experience has demonstrated that roll force 
control is particularly effective. Earlier publications 
and patents such as an article entitled Installation and 
Operating Experience with Computer and Pro 
grammed Mill Controls by M. D. McMahon and M. A. 
Davis in the 1963 Iron and Steel Engineer Year Book 
at pages 726 to 733, an article entitled Automatic Gage 
Control for Modern Hot Strip Mills by J. W. Wallace 
in the December 1967 Iron and Steel Engineer at pages 
75 to 86, U.S. Pat. No. 3,561,237 issued Feb. 9, 1971 
to Eggers et al, and U.S. Pat. No. 2,726,541, issued 
Dec. 13, 1955 to R. B. Sims describe the theory upon 
which operation of the roll force and related gauge 
control systems is based. Attention is also called to U.S. 
Pat. No. 3,568,637 issued Mar. 9, 1971, U.S. Pat. Nos. 
3,574,279 and 3,574,280 issued Apr. 13, 1971, and 
U.S. Pat. No. 3,600,920 issued Aug. 24, 1971 to A. W. 
SMith, which relate to roll force automatic gauge con 
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2 
trol systems. In referencing prior art publications or pa 
tents as background herein, no representation is made 
that the cited subject matter is the best prior art. 

Briefly, the roll force gauge control system uses 
Hook's law in controlling the screwdown position at a 
rolling stand, i.e., the loaded roll opening under work 
piece rolling conditions equals the unloaded roll open 
ing or screwdown position plus the mill spring stretch 
caused by the separating force applied to the rolls by 
the workpiece. To embody this rolling principle in the 
roll force gauge control system, a load cell or other 
force detector measures the roll separating force at 
each controlled roll stand and the screwdown position 
is controlled to balance roll force changes from a refer 
ence value and thereby hold the loaded roll opening at 
a substantially constant value. The following well 
known formula expresses the basic roll force gauge 
control relationship: 

h = So H. FK 

(1) 
where: 
h = loaded roll opening (workpiece delivery gauge or 
thickness) 
So = unloaded roll opening (screwdown position) 

K= mill spring constant 
F = roll separating force. 
Typically, the roll force gauge control system is an ana 
log arrangement including analog comparison and am 
plification circuitry which responds to roll force and 
screwdown position signals to control the screwdown 
position and hold the following equality: 

AS = -AFK 
(2) 

where: 
AF = measured change in roll force from an initial 
force 
ASF controlled change in screwdown position from an 
initial screwdown position. 
After the unloaded roll opening setup and the stand 
speed setup are determined by the mill operator for a 
particular workpiece pass or series of passes, the rolling 
operation is begun and the screwdowns are controlled 
to regulate the workpiece delivery gauge from the re 
versing mill stand or from each roll force controlled 
tandem mill stand. By satisfying Equation (2), and the 
assumptions implicit in Equation (1), the loaded roll 
opening h in Equation (1) is maintained constant or 
nearly constant. 
As the head end of the workpiece strip enters each 

roll stand of the mill, the lock-on screwdown position 
and the lock-on roll separating force are measured to 
establish what strip gauge should be maintained out of 
that roll stand. As the strip rolling operation proceeds, 
the roll stand separating force and the roll stand screw 
down position values are monitored and any undesired 
change in roll separating force is detected and compen 
sated for by a corresponding correction change in 
screwdown position. The lock-on gauge LOG is equal 
to the lock-on screwdown LOSD plus the lock-on force 
LOF multiplied by the mill stand spring modulus K. 
The workpiece strip delivery gauge G leaving the roll 
stand at any time during the rolling operation is in ac 
cordance with above equation (1) and is equal to the 
unloaded screwdown position SD plus the roll separat 
ing force F multiplied by the mill spring modulus K. 
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The gauge error is derived by subtracting the lock-on 
guage from the delivery gauge. The following Equa 
tions 3, 4 and 5 set forth these relationships. 

LOG = LOSED -- KLOF 

(3) 

G = SD -- KF 

(4) 
G - LOG = GAUGE ERROR = SD - LOSD + 
(F-LOF)*K (5) 
One mill condition which can cause steady state 

gague error is an incorrect operator setup. Thus, the 
screwdown position and the stand speed setup at a par 
ticular stand results in a head end stand delivery gauge 
which may or may not equal the head end gauge de 
sired from the setup values. If the roll force control uses 
a head end lock on roll force reference, the stand is roll 
force controlled to continue rolling the actual head end 
gauge unless the screwdowns are externally offset to 
produce the correct steady state gauge. 
The initial screwdown position calibration is a direct 

electromechanical measurement technique made at the 
beginning of work roll life and if desired new "initial' 
calibrations are made at various subsequent time points 
in the work roll life. In any case, the predetermined ini 
tial screwdown calibration is subject to change during 
mill operation and any such change requires screw 
down offset for correction of the roll force control 
operation. Typically, calibration drift is caused by 
changes in roll stand heating, stand speed (bearing oil 
film thickness), roll wear, differential leveling opera 
tion of the screwdowns for shape control and possibly 
by changes in other mill conditions. 
When the initial screwdown calibration does drift, 

changes occur in the screwdown position at which roll 
facing occurs thereby making the unloaded roll open 
ing correspondence with screwdown position differ 
from the initial correspondence by the amount of the 
calibration drift. As a result, the actual loaded roll 
opening, i.e. the actual gauge, differs from the ex 
pected value calculated with the use of an unloaded roll 
opening which is based on the erroneous calibration. 
The difference represents a gauge error condition 
which is correctable by a screwdown offset or, more 
specifically, a screwdown recalibration. If the mill 
spring constant changes, the actual loaded roll opening 
differs from the expected value calculated with the use 
of a mill stretch which is based on the erroneous mill 
spring constant, and the resultant gauge error condition 
is normally similarly correctable by a screwdown offset. 

To provide steady state gauge error correction, the 
well known monitor gauge control system is usually 
employed to produce screwdown offset for the roll 
force controls. In the monitor system, an X-ray or other 
radiation gauge is placed at one or more predetermined 
process points and usually at least at a process point 
following the delivery end of the mill in order to sense 
actual delivery gauge after a workpiece transport delay 
from the point in time at which the actual delivery 
gauge is produced at the preceding stand or stands. The 
monitor system compares the actual delivery gauge 
with the desired delivery gauge and develops an analog 
feedback control signal to adjust the operation of the 
reversing mill roll force gauge control system or one or 
more predetermined tandem mill stand roll force gauge 
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4 
control systems to supply desired steady state mill de 
livery gauge. In this manner, the conventional monitor 
system provides for transport delayed correction of 
steady state gauge errors which are caused or which are 
tending to be caused by a single mill variable or by a 
combination of mill variables. 

In operator controlled mills, some steady state gauge 
correcting load can eventually be taken off the monitor 
system by screwdown recalibration, and the like, be 
tween workpiece passes if steady state gauge error 
tends to exist along the entire workpiece and persists 
from workpiece to workpiece. In this manner, some re 
duction is achieved in the length of off gauge work 
piece material otherwise associated with monitor trans 
port delay. Similarly, corrective monitor system opera 
tion caused by head end gauge errors can be reduced 
by changes in the operator or associated computer con 
trol system provided setup from workpiece to work 
piece. 
A background teaching of stored program digital 

computer system operation can be found in a book en 
titled Electronic Digital Systems by R. K. Richards and 
published in 1966 by John Wiley and Sons. 
A more detailed description of computer program 

ming techniques in relation to the control of metal roll 
ing mills can be found in an article in the Iron and Steel 
Engineer Yearbook for 1966 at pages 328 through 334 
entitled "Computer Program Organization for an Auto 
matically Controlled Rolling Mill' by John S. Deliyan 
nides and A. H. Green, and in another article in the 
Westinghouse Engineer for January 1965 at pages 13 
through 19 and entitled “Programming for Process 
Control' by P. E. Lego. 

SUMMARY OF THE INVENTION 

In accordance with the broad principles of the pres 
ent invention, a system and method for controlling . 
gauge in a metal rolling mill employs means for detect 
ing at least one error condition representing gauge 
error and means for controlling screwdown position at 
each of one or more predetermined rolling stands of 
the mill. Means are also provided for determining the 
total amount of screwdown movement (position 
change) required to correct the error condition at pre 
determined mill spring constant and workpiece plastic 
ity values. In roll force gauge control, the roll force is 
detected and the determined error conditions is a 
gauge error. 
There is calculated a correction in relation to a gauge 

error or X-ray gauge deviation measured after the last 
roll stand which correction is for selected roll stands 
previous to the last roll stand. This calculated correc 
tion is determined from the rolling of an initial work 
piece strip for adjusting the roll opening settings of the 
selected roll stands before the subsequent rolling of an 
other workpiece strip similar to that initial workpiece 
strip. A selected number of previous roll stands are cor 
rected while the last stand is roll force gauge con 
trolled. This correction is determined by a mass flow 
relationship with the speed of the last stand and the 
speed of the corrected stand, the measured gauge devi 
ation and a predetermined weighting factor. 
A digital computer system is preferably employed to 

make the error correction screwdown movement deter 
minations as well as to perform other mill control func 
tions. The computer employs a programming system 
including an automatic roll force gauge control pro 
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gram or AGC program which is executed at predeter 
mined intervals to calculate the desired screwdown 
movement required at each roll force gauge controlled 
stand for gauge error correction including that stem 
ming from roll force error detection at that stand. 
Screwdown movement for correcting roll force error is 
made on the basis of calculations which use selected 
workpiece plasticity and mill spring constant values 
stored in data tables in the computer system memory 
or otherwise determined by the computer system. . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a schematic diagram of a tandem hot 
steel strip rolling mill and a digital computer system au 
tomatic gauge control therefor arranged for operation 
in accordance with the principles of the invention; 
FIG. 2 illustrates a mill spring curve and a workpiece 

reduction curve for a given rolling mill stand and the 
manner in which roll force screwdown correction is de 
termined in relation to a change in the stand load force; 

FIG. 3 illustrates a mill spring cruve and a workpiece 
reduction curve for a given rolling mill stand and the 
manner in which roll force screwdown correction is de 
termined in relation to a change in both the stand load 
force and the stand screwdown position setting; 

FIG. 4 shows an illustrative mill stand deflection 
curve and product deformation curve to show the re 
quired screw movement to correct a determined gauge 
error, 
FIG. 5 shows a graphic representation of typical PW 

plasticity values, such as could be included in the use 
table as loaded into the computer control system mem 
ory or such as could be included in the adaptive table. 

FIGS. 6A, 6B and 6C show an illustrative logic flow 
chart of an AGC program operative with a tandem hot 
strip rolling mill; 
FIGS. 7A and 7B show an illustrative logic flow chart 

of an X-ray routine program operative with the AGC 
program shown in FIGS. 6A, 6B and 6C; 
FIG. 8 shows an illustrative logic flow chart of a feed 

forward routine program operative with the above 
AGC program shown in FIGS. 6A, 6B and 6C; 
FIG. 9 shows an illustrative logic flow chart of a feed 

back routine program operative with the AGC program 
shown in FIGS. 6A, 6B and 6C; 
FIG. 10 shows an illustrative logic flow chart of the 

adaptive routine program operative with the X-ray rou 
tine program shown in FIGS. 7A and 7B; and 
FIG. 11 shows an illustrative logic flow chart of the 

head end routine program operative with the X-ray 
routine program shown in FIGS. 7A and 7B. 
GENERAL DESCRIPTION OF THE AUTOMATIC 

GAUGE CONTROL SYSTEM AND ITS 
OPERATION 

There is shown in FIG. 1 a tandem hot strip steel fin 
ishing mill 11 operated with improved gauge control 
performance by a process control system 13 in accor 
dance with the principles of the invention. Generally, 
however, the invention is applicable to various types of 
mills in which roll force gauge control is employed. 
Thus, the invention can be suitably adapted for applica 
tion in hot steel plate reversing and other rolling mills. 
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6 
The tandem mill 11 includes a series of reduction 

rolling stands with only two of the stands S1 and S6 
shown. A workpiece 15 enters the mill 11 at the entry 
end in the form of a bar and it is elongated as it is trans 
ported through the successive stands to the delivery 
end of the mill where it is coiled as a strip on a down 
coiler 17. The entry bar would be of known steel grade 
and it typically would have a thickness of about 1 inch 
and a width within some limited range such as 20 
inches to 80 inches. The delivered strip would usually 
have approximately the same width and a thickness 
based upon the production order for which it is in 
tended. 

In the reduction rolling process, the successive stands 
operate at successively higher speeds to maintain 
proper workpiece mass flow. Each stand produces a 
predetermined reduction or draft such that the total 
mill draft reduces the entry bar to strip with the desired 
gauge or thickness. 
Each stand is conventionally provided with a pair of 

backup rolls 19 and 21 and a pair of work rolls 23 and 
25 between which the workpiece 15 is passed. A large 
DC drive motor 27 is controllably energized at each 
stand to drive the corresponding work rolls at a con 
trolled speed. 
As previously described, the sum of the unloaded 

work roll opening and the mill stretch substantially de 
fines the workpiece gauge delivered from any particu 
lar stand in accordance with Hooke's law. To vary the 
unloaded work roll opening at each stand, a pair of 
screwdown motors 29 (only one shown at each stand) 
position respective screwdowns 31 (only one shown at 
each stand) which clamp against opposite ends of the 
backup rolls and thereby apply pressure to the work 
rolls. Normally, the two screwdowns 31 at a particular 
stand would be in identical positions, but they can be 
located in different positions for strip guidance during 
threading, for flatness or other strip shape control pur 
poses or possibly for other purposes. 
A conventional screwdown position detector or en 

coder provides an electrical representation of screw 
down position at each srand. To provide an absolute 
correspondence between the screwdown position and 
the unloaded roll opening between the associated work 
rolls, a screwdown position detection system which in 
cludes the screwdown position detector 33 can be cali 
brated from time to time in the manner previously de 
scribed. - 

Roll force detection is provided at each of predeter 
mined stands by a conventional load cell 35 which gen 
erates an electrical analog signal. At the very least, 
each roll force controlled stand is provided with a load 
cell 35 and in many cases stands without roll force 
gauge control would also be equipped with load cells. 
The number of stands to which roll force gauge control 
is applied is predetermined during the mill design in ac 
cordance with cost-performance standards, and in 
creasingly there is a tendency to apply roll force gauge 
control to all of the stands in a tandem hot strip steel 
mill. In the present case, a roll force gauge control sys 
tem is assumed to be employed at each of the stands. 

Conventional motorized sideguards 37 are located at 
predetermined points along the mill length. The side 
guards 37 are operated during mill setup on the basis 
of the widths of the upcoming workpiece 15 thereby 
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defining the sides of the workpiece travel path for guid 
ance purposes. 
The process control system 13 provides automatic 

control for the operation of the tandem mill 11 as well 
as may be desired for associated production processes 
(not indicated) such as the operation of a roughing 
mill. Preferably, the process control system 13 com 
prises a programmed process control digital computer 
system 39 which is interfaced with the varoius mill sen 
sors and the various mill control devices to provide 
control over many of the various functions involved in 
operating the tandem mill 11. According to user prefer 
ence, the control system 13 can also include conven 
tional manual and/or automatic analog controls for 
backup operation in performing preselected mill func 
tions. 
On the basis of these considerations, the digital com 

puter system 39 includes a finishing mill on-line roll 
force gauge control computer system, such as a Prodac 
2000 (P2000) sold by Westinghouse Electric Corpora 
tion. A descriptive book entitled Prodac 2000 Com 
puter Systems Reference Manual has been published in 
1970 by Westinghouse Electric Corporation and made 
available for the purpose of describing in greater detail 
this computer system and its operation. 
The computer processor is associated with well 

known predetermined input systems typically including 
a conventional contact closure input system which 
scans contact or other signals representing the status 
of various process conditions, a conventional analog 
input system which scans and converts process analog 
signals, and operator controlled and other information 
input devices and systems 41 such as paper tape tele 
typewriter and dial input systems. It is noted that the 
information input devices 41 are generally indicated by 
a single block in FIG. 1 although different input devices 
can and typically would be associated with the com 
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puter system 39. Various kinds of information are en 
tered into the computer system 39 through the input 
devices 41 including, for example, desired strip deliv 
ery gauge and temperature, strip entry gauge and width 
and temperature (by entry detectors if desired), grade 
of steel being rolled, plasticity tables, hardware ori 
ented programs and control programs for the program 
ming system, and so forth. 
The contact closure input systems and the analog 

input systems interface the computer system 39 with 
the processes through the medium of measured or de 
tected variables. The present invention is largely in 
volved in the functioning of the automatic gauge con 
trol computer system, hereinafter referred to as the 
AGC computer. In one typical invention application, 
various mill signals are applied to the AGC computer 
input systems. These mili signals include the following: 

1. A roll force signal from the load cell 35 at each 
stand proportional to stand roll separating force for use 
in roll force gauge control. 

2. Screwdown position signals generated by the re 
spective detectors 33 at the stands for use in roll force 
gauge control. 

3 Screwdown motor speed signals generated by re 
spective tachometers 49 at the stands for use in pro 
grammed regulation. 
4 Stand speed signals generated by respective ta 

chometers 43, with the spccd signal used for calcula 
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8 
tion of acceleration compensation and for calculation 
of time delays in monitor operation. 

5 A gauge deviation signal from an X-ray gauge 47 
at the delivery end of the mill for programmed monitor 
gauge control through the roll force control. 
6 An entry temperature signal from a mill entry tem 

perature detector or pyrometer 45; the mill entry tem 
perature for the head end of each workpiece 15 is 
stored. 
7 Width signals supplied by sideguard follow potenti 

ometers for mill spring constant calculations, etc. 
It is noted at this point in the description, that the 

measured head end roll force is stored and used as a 
reference for roll force gauge control functioning at the 
respective stands if the AGC computer is in the lock-on 
mode of roll force operation. 
A contact closure output system would normally be 

associated with the digital computer system 39. In the 
operation of the AGC contact closure output system, 
various control devices are operated in response to 
control actions calculated or determined by execution 
of control programs in the AGC computer. 
To effect determined control actions, controlled de 

vices are operated directly by means of output system 
contact closures or by means of analog signals derived 
from output system contact closures through a digital 
to analog converter. The principal control action out 
puts from the AGC computer contact closure output 
system include screwdown positioning commands 
which are applied to respective screwdown positioning 
controls 55 in operating the screwdown motors 29 for 
screw movement, and speed control signals which are 
applied to the respective speed and tension control sys 
tem 53 to cause a change in drive speed to compensate 
the force on the strip for a change in thickness being 
made by a screwdown movement. 

Display and printout systems 51 such as numeral dis 
play, tape punch, and teletypewriter systems are also 
associated with the outputs of the digital computer sys 
tem 39 in order to keep the mill operator generally in 
formed about the mill operation and in order to signal 
the operator regarding an event or alarm condition 
which may require some action on his part. The print 
out systems are also used to log mill data according to 
computer log program direction. 
Generally, the AGC computer uses Hooke's law to 

determine the total amount of screwdown movement 
required at each roll force controlled stand at the cal 
culating point in time for roll force and gauge error cor 
rection, i.e., for loaded roll opening and stand delivery 
gauge correction to the desired value. The calculation 
defines the total change in the unloaded roll opening 
required to offset a new mill stretch value or other roll 
force and gauge error causing condition. The predicted 
corrective screwdown position change value is em 
ployed in a screwdown position control program in the 
AGC computer to define the screwdown motor posi 
tion-time profile to be followed in making the correc 
tive screwdown movement. 
During rolling operation, the on line gauge control 

system operates the stands to produce strip product 
having desired gauge and proper shape, i.e., flat with 
slight crown. On line gauge control is produced by the 
roll force gauge control loops at the stands and the pre 
viously noted screwdown monitor gauge control sys 
tem. 
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In the monitor system, the X-ray gauge 47 produces 
the previously indicated X-ray deviation signal which 
indicates the difference between actual strip delivery 
thickness and desired or target strip delivery thickness. 
In other cases, it may be desirable to employ an abso 
lute thickness measurement X-ray gauge signal to form 
a basis for monitor control actions or, more generally, 
for screwdown offset control actions. 
To effect on line gauge control in the closed loops, 

the programmed AGC computer system operates on 
the screwdown position detector and load cell signals 
from each stand as well as the X-ray gauge deviation 
signal to determine the control actions required for 
producing desired strip delivery gauge. Screwdown 
motor speed is in this instance also applied to the com 
puter system 39 in order to provide for programmed 
screwdown positioning control. In effecting control 
operations, the AGC computer employs an AGC pro 
gramming system which forms a part of the total pro 
gramming system for the computer system 39. The 
AGC programming system includes programs oriented 
to controlling the AGC computer system hardware and 
programs oriented to developing the control actions. 

In FIG. 2, curves are shown to illustrate the applica 
tion of Hooke's law to a rolling mill stand and to illus 
trate the unique basis upon which the process control 
system 13 and in particular the on line AGC computer 
gauge control system provides improved gauge control 
speed, accuracy and stability and other operating bene 
fits. A mill spring curve defines the separation between 
a pair of mill stand work rolls as a function of separat 
ing force and as a function of screwdown position. The 
slope of the mill spring curve is the well known mill 
spring constant K which is subject to variation as previ 
ously described. When a correct screwdown calibration 
is known and the screwdowns are position cd such that 
the empty work rolls are just facing, the unloaded 
screwdown zero position is defined. The Zero screw 
down location mill spring curve is indicated by the ref 
erence character 61. 
At the correct calibration condition, the indicated 

theoretical face intersect represents theoretical roll 
facing and it is for this theoretical condition that the 
screwdown position is assigned to a zero value. Under 
the correct calibration condition, roll facing actually 
occurs when the screwdown position is at a slightly neg 
ative value because of the nonlinearity of the lower part 
of the mill spring curve. A definition of the screwdown 
calibration as being correct for the indicated theoreti 
cal condition is, however, convenient and appropriate 
for mill operation. 
When the screwdowns are opened (positive move 

ment) the unloaded roll opening increases as reflected 
by a change to the right in the graphical location of the 
mill spring curve as indicated generally by crve 67 such 
that the theoretical spring curve intersect equals the 
new unloaded roll opening. With screwdown closing, 
the mill spring curve is shifted to the left in a similar 
aer. 

At any particular screwdown position and with cor 
rect screwdown calibration, the stand workpiece deliv 
ery gauge equals the unloaded roll opening as defined 
by the screwdown position Sto plus the mill stretch 
caused by the workpiece. If the screwdown calibration 
is incorrect, i.e., if the number assigned to the theoreti 
cal roll facing screwdown position is something other 
than zero because of roll crown wear or other causes, 
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10 
the stand workpiece delivery gauge equals the un 
loaded roll opening plus the mill stretch plus or minus 
the calibration drift. 
The amount of mill stretch depends on the character 

istic reduction curve for the workpiece. As shown in 
FIG. 2, a reduction curve 65, for a strip of predeter 
mined width represents the amount of force required to 
reduce the workpiece from a stand entry thickness 
(height) of Hw. The workpiece plasticity P is the slope 
of the curve 65, and in this case the curve 65 is shown 
as being linear although a small amount of nonlinearity 
would normally exist. 
Desired workpiece gauge HD is the initial condition 

IC produced in this case since the amount of force re 
quired to reduce the workpiece from HIN to Hp is equal 
to the amount of roll separating force required to 
stretch the rolls to a loaded roll opening Ho, i.e., the in 
tersection of the mill spring curve at an initial screw 
down opening So indicated by mill spring curve 67 and 
the workpiece reduction curve 65 lies at the desired 
gauge value. 
As shown in FIG. 2, if the stand delivery gauge in 

creases by a gauge error amount GE to Hx during a 
workpiece pass to produce a present condition PC, in 
this instance because the workpiece plasticity de 
creases and because the workpiece entry thickness in 
creases to Hxy as represented by the reduction curve 
69, the stand screwdowns must be closed to a value 
which causes a future correct gauge condition FC. At 
the condition FC, the intersection of the mill spring 
curve and the new reduction curve 69 lies at the de 
sired gauge HD as provided by a spring curve location 
indicated by the reference character 63. In other 
words, corrective screwdown closing causes the un 
loaded screw opening to be reduced by an amount A 
S. to a new value which adds with the new mill stretch 
to equal the desired gauge Hp. 
As shown in FIG. 3, after the stand screwdowns are 

moved from the initial position So to another position 
S, the force error FE and the related gauge error GE 
must not only take into consideration the change in 
force from the initial value F but also the change in 
screwdown from the initial position Sto. The correction 
required in the screwdown position is A Sr. to produce 
the desired gauge HD, and the new screwdown position 
S' is 

S' = S - A SRF 
(6) 

where: 
S is the present unloaded screwdown position 
A Sr. is the required correction in the screwdown posi 
tion. 

In accordance with the present invention, A S is 
calculated to enable roll force gauge control operation 
in accordance with the following programmed algo 
rithm: 

A S = K/P + 1 * GE 
(7) 

A SR = required screwdown correction 
where: 
GE = gauge error 
K = mill spring constant (in/10b) 
P = workpiece plasticity (in/10lb) 
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Equation 7 is derived with reference to FIG. 3 as fol 
lows: 

GE = FE-K = gauge error 
(8) 

A F = GE/P = expected change in roll force resulting 
from corrective screwdown movement. (9) 
A S = A FK + A FP = A F * K+P) (10) 
A S = GE/P * K--P = GE * (K/P + 1 (11) 
In order to calculate the predicted amount of screw 
down movement required to correct a gauge error, the 
gauge error GE is calculated as follows: 

GE = F - F. K. -- (S - S) 
(12) 

In providing for the gauge error calculations Equa 
tion 12 defines the difference between the present roll 
force F and the reference roll force F (either lock on 
or absolute as predetermined) in relation to the stand 
mill spring constant and subtracts from that difference 
the amount of change in roll force caused by screw 
down movement made to correct previous roll force 
error. For the condition PC shown in FIG. 2, S = S, 
in Equation 12, but in general Sa would typically have 
some value other than So as shown in FIG. 3. 
Corrective screwdown movement in the predicted 

amount produces further roll force change and FE be 
comes zero if the system behavior corresponds to pre 
dictions and if no new roll force error develops during 
the period of correction. If the system does not behave 
as predicted, FE does not become zero and in effect a 
new roll force error PE is generated to the extent that 
the executed screwdown movement in the predicted 
amount fails to correct the stand delivery gauge. 

It is also noted at this point in the description that the 
screwdown reference So used as a base for determining 
the gauge error GE in Equation 12 is updated as foll 
lows: 

Sto (new) F Sto - S - Srp 
(13) 

where: 
Sw Screwdown offset produced by conventional 
X-ray monitor operation 
S = screwdown offset produced for roll force error 
anticipated by feedforward action. 
These quantities are considered more fully in the dis 
closure of the above referenced U.S. Pat. No. 
3,561,237. By way of explanation, the screwdown ref 
erence So can be up-dated in accordance with Equa 
tion 13 as changes occur in S and Srp in order to pre 
vent the stand roll force gauge control system from re 
sponding to roll force changes caused solely by screw 
down movement required by external screwdown offset 
system control for screwdown calibration, head end 
gauge error correction in the lock on mode of opera 
tion, anticipatory mill speed change compensation, an 
ticipatory roll force error compensation or other gauge 
error correcting purposes. If conventional X-ray moni 
tor is not employed in the system 13, the corresponding 
term S can be omitted from Equation 13. 
Generally the operative value of each stand spring 

constant K is relatively accurately known. It is first de 
termined by the conventional work roll screwdown 
test, and it is recalculated prior to each workpiece pass 
on the basis of the workpiece width and the backup roll 
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12 
diameter. Each resultant spring curve 61 is stored for 
on line gauge control use. 
The form in which the spring constant K is stored can 

vary. In the present case, the slope of the linear part of 
the spring curve is stored as a single value. The nonlin 
ear part of the spring curve is estimated by three 
straight lines of increasing slope with the respective 
slopes stored as three separate spring constant values 
which are corresponding force range. As future mill 
data returns from computer data logging demonstrate 
presently unknown relationships which may define on 
line variations of the mill spring constant as a function 
of certain mill variables, provision can be made for pro 
gramming on line calculations of the mill spring con 
stant in accordance with such relationships under dy 
namic mill operating conditions. 
The operative value of the workpiece plasticity P at 

each stand is also relatively accurately determined. In 
the present case, P tables are stored in the computer 
system 39 to identify the various values of P which 
apply to the various mill stands for various grade class 
and gauge class workpieces under various operating 
conditions and at various operating times during the 
rolling of the strip 14. The plasticity values are stored 
in the table as a plasticity for a product with a width of 
unity, typically in inches/10 pounds/in wide. The val 
ues in the table, PW, are divided by the width of the 
product being rolled to obtain the appropriate value. 
Hot strip mill gauge control using programmed digi 

tal computer evaluation of the roll force feedback in 
formation involves the combination of a number of 
process control operations. Roll force, screw position, 
and mill spring information is used to evaluate the 
gauge of the strip as it is worked in each stand, and an 
X-ray gauge is used on the strip as it passes out of the 
last stand to evaluate the absolute strip gauge produced 
by the rolling mill. 
A multi-stand and continuous hot strip mill requires 

a gauge control system to maintain uniform gauge. 
Typically a hot strip mill will roll a single strip simulta 
neously in all of its stands. Therefore the gauge control 
system used with the mill should be able to determine 
gauge errors leaving each of the stands as quickly as 
possible, and it should be able to make corrections to 
those gauge errors in as many stands as may be neces 
sary. 
There are two gauge error detection systems used for 

this purpose to consider: (1) X-ray and (2) roll force. 
X-ray gauge measuring devices should be placed after 
each roll stand; they are accurate, but they are expen 
sive, difficult to maintain, and can only detect errors 
after the workpiece strip has passed the provided dis 
tance between the associated roll stand and the subse 
quent gauge measuring X-ray device. On the other 
hand, the roll force gauge error detection system is 
much less expensive, and can be more easily imple 
mented in all roll stands; it detects errors in the work 
piece strip gauge as the strip is still passing between the 
rolls, thereby allowing more immediate evaluation of 
required corrections to the roll stand screwdown posi 
tion setting. Unfortunately, the roll force system pro 
vides only a relative evaluation of the strip gauge, since 
it measures how much the strip gauge has deviated 
from the gauge of the head end portion of the strip. 
A practical combination of the above two gauge 

error detection systems is to use roll force feedback in 
formation to calculate fast desired corrections to errors 
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in strip gauge, and to use one X-ray gauge measuring 
device after the last roll stand to evaluate the absolute 
gauge of the strip coming out of the last stand. The fast 
corrections are calculated from the roll force feedback 
information, combined with the detected stand screw 
down position and the predetermined modulus of elas 
ticity of the rolling stand. The slower X-ray device 
gauge error evaluation is used to calculate simulta 
neous monitor corrections to several stands so that the 
absolute value of the strip gauge leaving the rolling mill 
may be brought to the desired value. The output of 
each of these systems is a screwdown correction gauge 
in the respective positions of the screwdowns of each 
of the stands. 
FIG. 2 shows the linear approximations of the mill 

deflection curve 67 and the product deformation curve 
65 for a typical rolling mill stand operation. The un 
loaded roll opening So, sometimes called the screw 
down because of the screw and nut system used for ad 
justing the roll opening, is the strip gauge that would be 
delivered if there were no roll separating force. As the 
stand roll force increases with a constant roll opening, 
the delivery strip gauge increases, since the mill stand 
stretches or deflects. This is shown by the line 67 with 
slope K. The product deformation characteristic is 
represented by the line 65 with slope P. If there were 
no force exerted by the roll stand on the product being 
rolled, the strip gauge would not be reduced and the 
delivery strip gauge would be equal to the entry strip 
gauge. If the roll force is caused to increase, the prod 
uct is plastically deformed and the delivery strip gauge 
decreases. The slope of the mill characteristic line 67 
is called the mill spring modulus K, and the slope of the 
product deformation characteristic line 65 is called the 
product plasticity P. 
The delivery strip gauge is determined by the equilib 

rium point IC where the force exerted by the mill stand 
is equal to the force required to deform the product. 
Changes in workpiece strip entry gauge and/or changes 
in product hardness result in a change in stand roll 
force and delivery strip gauge. The gauge error correct 
ing control system must move the screwdown to cor 
rect for these resulting error changes in strip gauge. 
The main advantage of using the roll force gauge 

control system is the ability to detect error changes in 
strip gauge the instant they take place as the product 
is being rolled in the roll stand. A shift in strip delivery 
gauge or thickness can be caused by a change in entry 
thickness, or a change in hardness as usually caused by 
a change in temperature. This change in delivery gauge 
can be immediately detected by feedback information 
monitoring of the roll separating force on the roll stand. 

FIG. 3 illustrates the operation of a gauge error de 
tection system, with the mill spring line 67 and product 
plasticity line 65 representing the initial lock-on condi 
tion of operation and the mill spring line 63 and plastic 
ity line 69 representing the future condition. As com 
pared to the original lock-on conditions, the screw 
down system has moved in the closing direction and the 
roll separating force has increased because of a harder 
cold portion of the workpiece strip passing through the 
roll stand. 
The required gauge error correction in screwdown 

position is not only dependent on the strip gauge error 
but also on the stand mill spring modulus and the prod 
uct plasticity values. In FIG. 3 there is illustrated how 
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14 
the gauge error GE is removed by a screwdown correc 
tion A Sr. The screwdown correction A Sr. is larger 
than and approximately twice the size of the gauge 
error GE, since this correction operation will actually 
result in an increase in stand roll force because of the 
greater reduction taken. Relatively soft workpiece strip 
products require a screw correction A Sr. very nearly 
the same as the gauge error GE but relatively hard 
products require a larger correction compared to the 
gauge error. The necessary screwdown movement A 
Srf to correct a determined gauge error is determined 
as follows in relation to FIG. 4. The screwdown correc 
tion A Sr. can be determined by the realitionship: 

S = X -- GE 
(14) 

where: - 

X is the amount of roll opening change and hence strip 
delivery gauge change due to the stretch of the roll 
stand 
GE is the gauge error. 
The roll stand stretch X can be determined by the re 

lationship: 

(15) 
where: A F is shown in FIG. 4 and is the change in roll 
force when the gauge error GE is corrected. 
From the illustration shown in FIG. 4, it is also seen 
that 

GE = P* A F 

(6) 

A F = GE/P 
(9) 

now combining Equation 9 with Equation 15 will give 

(17) 
and combining Equation 17 with Equation 14 will give 

A S = K* (GE/P) + GE 
(18) 

A Srf = GE * (KIP+ 1) 
(li) 

The screwdown correction A S is shown in FIG. 4 
in relation to the gauge error GE, the desired gauge H. 
and the present gauge H. 

FIG. 5 shows a graphic representation of typical PW 
values stored for a seven stand tandem hot strip mill. 
The six sets of values cover the range of thicknesses 
rolled from 0.050 inches to 0.250 inches. This could 
be an illustration of a use table as loaded by the opera 
tor into the computer storage memory or it could be an 
illustration of a learned table provided by the adaptive 
program. 
The main roll force AGC program, as illustrated by 

the flowchart shown in FIG. 6, and the associated X-ray 
monitor program, as illustrated by the flowchart shown 
in FIG. 7, occupy the same task priority level, with both 
programs being initiated by the well known analog 
input signal scan operation. The roll force AGC pro 
gram operationally maintains a constant workpiece 
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gauge based on the initial mill setup parameters pro 
vided by the operator, while the X-ray program backs 
up the roll force AGC control by monitoring the final 
product gauge and making desired adaptive corrections 
as needed. 
When a workpiece strip is being rolled, the roll force 

AGC program corrects deviations from the initial or 
head end exit gauge of each stand, by adjusting the 
screw opening of the stand. A deviation in the exit 
gauge of a stand from its initial or head end lock-on 
value is reflected in a sensed change in the roll force of 
the stand from its initial value. From the exit gauge 
error when scanned and determined every 2/10 second, 
a gauge error correction to the screw opening is deter 
mined and made by adjusting the screwdown position 
of the respective roll stand. 
The main AGC program also includes a subroutine 

for making corrections to a stand's entry gauge by feed 
ing back determined gauge error under specified condi 
tions to the screw opening of the previous stand, this 
feedback program subroutine is illustrated by the flow 
chart shown in FIG. 8. This feedback routine correc 
tion is normally made to the screwdown setting of a 
previous roll stand, when the screws for a given stand 
have reached a maximum or minimum limit and re 
quire further movement in a direction that would cause 
the limit to be exceeded, so a portion of the desired 
gauge error correction determined for that given stand 
is fed back to a previous stand such that the previous 
stand can help with this desired gauge error correction 
needed in relation to the operation of that given stand. 

5 

25 

30 

The flow charts shown in FIGS. 6, 7 and 8 are written 
in an effort to be substantially self-explanatory to per 
sons skilled in this particular art, with the functions to 
be performed at each step of the flow charts being set 
forth accordingly. 

In FIGS. 6A, 6B and 6C there is shown a flow chart 
to illustrate a preferred embodiment of a suitable AGC 
program operative with a tandem hot strip rolling mill. 
At step 10 a determination is made to see if the auto 
matic gauge control or AGC program has been selected 
and desired by the operator to be functional. The AGC 
program is run shortly after the head end of a work 
piece strip has entered that stands of the rolling mill, 
and for each roll stand the initial lock-on roll force, 
lock-on speed and lock-on screwdown position setting 
is measured and saved in memory storage. At step 12 
a determination is made to see if this particular scan is 
not an X-ran scan; for a typical rolling mill installation, 
there may be seven roll stands to be scanned plus a scan 
of the X-ray device located after the last roll stand in 
relation to the provision of analog input signals to be 
scanned by the digital computer system. This step 12 
procedure relates to the organization of the analog sig 
nal inputs; if this is an X-ray input signal scan, the pro 
gram goes to the X-ray subroutine at step 14, and if this 
is not an X-ray scan and instead this is an AGC pro 
gram run in relation to one of the drive stands the pro 
gram goes to step 16 to determine if roll force has been 
selected by the operator for this stand, i.e., stand N, 
where N can be each one of the roll stands in sequence. 
Step 18 is provided to see if automatic scan has been 
selected by the operator for this stand. Each of steps 16 
and 18 must be satisfied, or the program goes to step 
20 for reset of a head end software flag and to step 22 
for turn-off of the AGC light for that stand on the oper 

35 

40 

45 

SO 

55 

60 

65 

16 
ator's control panel. The operator has a roll force select 
switch by which he initiates the roll force AGC pro 
gram operation. At step 24 a determination is made to 
see if the screwdown positioning mechanisms for this 
stand have been calibrated. If they have, at step 26 the 
program checks to see that the workpiece strip is in this 
stand, and at step 28 to see if this is the first scan made 
on this particular strip. Each of these conditions has to 
be satisfied for the AGC program to run through for 
this stand as desired. For the first scan on this strip, the 
measured lock on force for this stand, the lock on 
speed and the lock on screwdown position is saved at 
step 30, since these parameter values will be later 
needed for control purposes. 
At step 32, the measured lock on roll force for this 

stand is used with a predetermined look-up table of mill 
spring modulus values provided in storage, in relation 
to the well known nonlinear mill spring characteristic 
for a typical roll stand, to determine the value of the 
mill spring modulus K to use for subsequent calcula 
tions in relation to the lock on operation of this stand. 
It should be noted that the upper portion of the mill 
spring characteristic curve is well known by persons 
skilled in this art to be substantially linear as shown in 
FIGS. 2 and 3 above an initial lower portion for the typ 
ical roll stand and in accordance with the disclosure of 
U.S. Pat. No. 2,726,541 of R. B. Sims. At step 34 the 
stand mill spring modulus K is corrected in relation to 
the known width of the workpiece strip. At step 36 the 
exit gauge class for this stand is determined, such that 
at step 38 an adaptive learned look-up table operation 
will provide the average plasticity PW for this gauge 
class. At step 40 the plasticity constant P is calculated 
in relation to this determined average value PW divided 
by the known width of the workpiece strip. At step 42 
the desired hardness correction in relation to known 
grade of the strip being rolled is determined by a prede 
termined table look-up operation with operator pro 
vided values of same. At step 44 the plasticity P for this 
stand is corrected for hardness. 
At step 46 the stand screw position is read. It should 

be noted that if the present scan was not the first scan 
on this particular strip at step 28, the program then 
went to step 46, through NOT HEAD which is refer 
enced in the program listing operative with the digital 
computer. At step 48, if the stand load cell is ON, the 
strip gauge error is calculated at step 50 in accordance 
with above Equation 13. At step 52 the desired screw 
position correction A S is calculated in accordance 
with above equation 11. At step 54 a check is made to 
see if the desired screw correction A S is greater than 
an operator determined minimum response deadband 
value; if this screw correction is not greater than this 
deadband value, at step 56 it is made zero, and is this 
screw correction is greater than the deadband, at step 
58 the running average gauge error is calculated. At 
step 60 if the screw correction is not within the opera 
tor defined maximum correction limits, the program 
advances to step 62 where the screw condition is set to 
equal that maximum correction limit and the feed for 
ward subroutine is entered by step 64 to feed forward 
some of the needed gauge error correction from the 
stand to the later stands of the rolling mill. At step 66 
a check is made to see if a feed forward correction from 
a previous stand is approaching this stand, such as 
would happen in relation to a skidmark. If it is, a deter 
mination is made at step 68 if the skidmark is about to 
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enter the present stand. If a skidmark or like condition 
is approaching the present stand it is desired to begin 
the movement of the stand screwdown mechanism. At 
step 66, if there was not a feed forward correction ap 
proaching this stand, there might have been such a cor 
rection already in the stand and the program then goes 
to step 70 to check if there is a skidmark in the present 
stand. If a skidmark is not in the stand and there is none 
approaching, the program goes to step 72 for the calcu 
lation of the new desired screwdown position for this 
stand. If there is a skidmark in this stand, and perhaps 
the stand screws hav already begun to move, the step 
74 is provided to determine if this has happened. If it 
is the first check, the screws are told to take off in the 
desired direction at full speed at step 76 for the purpose 
of skidmark correction. At step 78 a check is made to 
see if the end of the skidmark has arrived at this stand, 
and if so the screw correction of-set is removed at step 
80. The counter is set in accordance with the known 
number of counts required to get the skidmark through 
this stand, and at step 81 if the skid counter is not zero 
the counter is decremented during each scan as re 
quired for the desired operation of the stand in relation 
to skidmark correction. 

If there is not a skidmark in this stand at step 70, the 
program goes to step 72 where a screw correction, such 
as A S is to be calculated for this stand, and this cal 
culation is made to see where the screws should be po 
sitioned to remove the gauge error at this stand. At step 
82 a check is made to see if this new position will put 
the stand out of operator desired limits. If it will be out 
of limits at this stand, the excess screw movement will 
be fed back to an earlier stand at step 84 after setting 
a software flag at step 83. If the new position is not out 
of limits at step 82, a check is made at step 86 to see 
if the previous stand load cell is OFF and not operating. 
At step 88 the load cell of this stand is checked to see 
if it is operating. Now the screwdown position refer 
ence calculation is begun, and at step 90 a determina 
tion is made if the tail end of the workstrip has as yet 
dropped out of the previous stand. At step 92 a trans 
port time delay is checked, and at step 94 if full com 
pensation is desired then this compensation is added to 
the screw position at step 96. Otherwise, partial com 
pensation is made at step 98. The program then goes to 
step 100 to calculate the actual new position of the 
screws for this stand. At step 102 the percentage 
change from the lock on screwdown position is calcu 
lated, and at step 104 a check is made to see if the cal 
culated actual position is within operator provided 
screw positions limits for this stand. At step 106 the 
screw position movement for this stand is held within 
desired limits if necessary. At step 108 if the previous 
screw position for this stand was zero, an AGC indicat 
ing light for the operator is turned at step 110; other 
wise the direction of screw movement is determined at 
steps 112 and 114 with the looper going in respectively 
the opposite direction at steps 116 and 118. At step 
120 the position regulator for this stand is told to move 
the screw positioning drive as desired, and at step 122 
the new screw position reference for this stand is saved 
in memory for subsequent operations. At step 124 if 
the workstrip is still in the previous stand, the program 
ends, otherwise a desired subroutine in preparation for 
the next workpiece strip and reset the stand screw posi 
tions in relation to the position of the tail end of the 
workpiece strip is performed at step 126. 
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18 
In relation to the X-ray routine at step 14 of the AGC 

program flow chart shown in FIG. 6A, there is shown 
in FIGS. 7A and 7B a flow chart to illustrate the opera 
tion of this subroutine. At step 170 a check is made to 
see that the operator has selected the X-ray monitor 
operation. At step 172 a determination is made that the 
provided time delay for the next correction has ex 
pired, and at step 174 a check is made to see that a par 
ticular X-ray device is selected in the event that two 
X-ray devices are provided after the last stand. At step 
176 a determination is made that the X-ray device is 
measuring strip gauge. If any one of the dterminations 
at steps 170, 172, 174 an 176 is negative then the pro 
gram exits. At step 178 the operator desired target or 
nominal workpiece strip gauge is read from storage. It 
should be understood that gauge is herein used to mean 
the same as workpiece strip thickness, and it is com 
monly also spelled gage by persons skilled in this art. At 
step 180 the percent deviation between the desired 
nominal gauge and the X-ray device measured actual 
gauge is now determined. At step 182 a limit check is 
made, and if it is too large a flag is set and an alarm 
message printed at step 184 and the program exits. If 
it is not too large, at step 186 a check is made to see 
if this is the first scan on the workpiece bar or strip; and 
if it is, a flag is set at step 188 and the program ends. 
If this is not the first scan on the bar, at step 190 a de 
termination is made to see if this is the last head end 
scan on the bar. At step 192 the last head end scan flag 
is set. At step 194 the program goes through a predeter 
mined adaptive routine, to be later described, and after 
that the program goes through a head end routine at 
step 196 to adjust the screw position setups of the re 
spective roll stands for the next similar workpiece strip. 
At step 198 the actual head end gauge is determined. 
At step 200 a check is made to see if the operator has 
selected lock on gauge control operation, and if not at 
step 201 this gauge becomes nominal guage. At step 
202 a check is made to see if the percent deviation is 
greater than some operator predetermined limit value, 
such as 10 percent. At step 204 a look-up table opera 
tion is provided in relation to operator provided values 
to reapply the desired or nominal strip gauge. At step 
206 a new percent deviation is determined in relation 
to this new desired strip gauge. 
At step 208 the last stand speed is determined, and 

a mass flow relationship including proportional integra 
tion of the established gauge error is the desired func 
tion to be performed here on a selected stand by stand 
basis, generally three such stands are selected by the 
operator. At step 210 the last stand is addressed, and 
now the correction of the selected stands occurs. At 
step 212 a check is made to see if the selected stand has 
calibrated screws, and at step 214 a check is made to 
see if the X-ray monitor operation has been selected by 
the operator for this stand. At step 216 the X-ray cor 
rection is determined for the selected stands, including 
the proportional integration function. This operation is 
continued for all selected stands. If the checks made at 
step 212 or 214 are failed, then the stand drive number 
is decremented at step 218 and a check is made at step 
220 to see if this stand is number zero. At step 222 the 
correction is limited. At step 224 if the stand roll force 
gauge control system is turned off, then an X-ray cor 
rection is output for this stand at step 226; this permits 
providing only the X-ray correction with the roll force 
system turned off for a given stand when desired by the 
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operator. Step 228 is for incrementing the number of 
corrections. At step 230 a check is made to see if 
enough stands have been corrected. At step 232 a 
check is made to see if this stand under consideration 
is the first stand and at step 234 the last stand is ad 
dressed. At step 236 a determination is made of the re 
quired time delay to wait for the strip to pass from this 
stand to the next stand before the next correction is to 
be made in relation to the selected stands for the cor 
rection. This is a function of speed and distance in 
volved. 

In relation to the feed forward subroutine at step 64 
of the AGC program flow chart shown in FIG. 6C, in 
FIG. 8 there is shown a flow chart to illustrate the oper 
ation of this subroutine. At step 250, if this is the last 
stand no gauge error correction can be fed forward in 
the direction of strip movement, so the subroutine 
ends. If this is the first sign of a skidmark at step 252, 
a counter is set at step 254 and a flag is set at step 256. 
The direction of the skidmark is determined at step 
258, for example, to see if a soft spot in the strip has oc 
curred, and at step 260 the required transport time 
delay is calculated in relation to the strip speed through 
this stand. At step 262, if this is not the first sign of a 
skidmark, the counter will be incremented each time 
the program runs. At step 264 the previous screw cor 
rection is made the new screw correction and the pro 
gram then ends. At step 266 the transport time delay 
calculated at step 260 is saved, and at step 268 the 
stand that feeds forward is addressed. 

In relation to the feedback subroutine at step 84 of 
the AGC program flow chart shown in FIG. 6B, in FIG. 
9 there is shown a flow chart to illustrate the operation 
of this subroutine. At step 270, if this is the first stand 
no error correction can be fed back to an earlier stand 
so the program ends. At step 272 the preceding stand 
N-1 is addressed, with the present stand being stand N. 
At step 274 the desired flags are picked up, and it is 
now desired to check why the feedback subroutine was 
entered. At step 276, it is determined if the roll force 
load cell of the previous stand N-1 was faulty, and if so 
at step 278 the desired feedback correction applied to 
stand N-1 is calculated. If the roll force signal was pro 
vided at stand N-1, then at step 280 a check is made to 
see if the stand N-1 screw positioning mechanism was 
properly calibrated and if so the feedback correction is 
calculated at step 278. In general, the feedback subrou 
tine can be entered if stand N went into screw position 
limits as well as if the load cell of stand N-1 was faulty, 
and steps 276 and 280 are related to the happening of 
one of these events. At step 282, the stand address in 
dexing is set up, and the subroutine exits back to the 
AGC program shown in FIG, 6C. 

In relation to the adaptive routine at step 194 of the 
X-ray program flow chart shown in FIG. 7A, in FIG. 10 
there is shown a logic flow chart to illustrate the opera 
tion of this subroutine. An adaptive routine will be 
done to calculate the mean plasticity value and a stan 
dard deviation for each such plasticity value for this 
workpiece gauge class and for each roll stand. At step 
300 there are determined the last stand speed and exit 
thickness; the exit thickness as measured by the X-ray 
device and the last stand speed are needed in order to 
establish the mass flow relationships. Digital speed 
measurement circuitry is used to determined each of 
the stand speeds. Now the mean plasticity value and the 
standard deviation for that value are calculated for 

O 

15 

20 

25 

35 

40 

45 

55 

60 

65 

each of the stands, starting with the address of the first 
stand at step 302. Is this stand calibrated is checked at 
step 304. If it is not, the adaptive program exits to the 
head end routine. Using mass flow at step 306 from the 
stand speed, the exit gauge is determined. If this stand 
is the first stand at step 308, the program goes to step 
309 because of inability to mass flow the first stand in 
relation to stand zero to determine the entry gauge and 
the program therefore cannot calculate plasticity value 
for the first stand. If it is not the first stand at step 308, 
the program goes to step 310 to read the nominal width 
of the workpiece strip, so the width is read from opera 
tor input thumbwheels and a calculation is made of the 
plasticity constant PW at step 312. The side-guard posi 
tion could perhaps be fed back as an indication of 
workpiece width. A validity check is made at step 314 
to make sure the calculated plasticity value for stand N 
is positive, which it should be and if it is not positive the 
program exits to the head end routine. A determination 
is made of the gauge class at step 316 for storage. At 
step 318 the mean plasticity or average plasticity value 
for this gauge class is determined, at step 320 the stan 
dard deviation is calculated and at step 322 it is stored 
away according to gauge class of workpiece product. 
At step 324 a determination is made to see if this is the 
last roll stand, and if it is not the program goes back to 
step 309 for processing each of the stands of the rolling 
mill. If this is the last stand at step 324, the program 
exits to the head end routine. 

In relation to the head end correction routine at step 
196 of the X-ray program flow chart shown in FIG. 7A, 
in FIG. 11 there is shown a logic flow chart to illustrate 
the operation of this subroutine. 
The speed RPMs of the last stand is read at step 400. 

The weighting factors are initialized at step 402 and set 
up to index through each of the stands, with the head 
end weighting factor being set equal to 1 and the other 
selected stand weighting factors being set respectively 
equal to 2 and 3 for the purpose of providing the de 
sired three/thirds, two/thirds and one/third relationship 
for three selected roll stands, for example, going back 
from stand 6, to stand 4 and then to stand 2. At step 
404 the stand number is decreased and at step 406 a 
determination is made to see if X-ray gauge deviation 
correction is selected to monitor the operation of this 
stand. If it is, at step 408 the desired correction is deter 
mined for this stand. If it is not, at step 410 the stand 
number is decreased and step 412 checks to see if this 
stand is equal to zero. This operation will give the de 
sired three/thirds, two/thirds and one/third gauge devi 
ation correction relationship for the respective selected 
stands. When the stand weighing factor WF equals 
Zero, the program subroutine will exit or end. After the 
function of step 408, the program goes to step 414 
where the stand number is decreased, and then step 
416 decreases the weighting factor and step 418 checks 
to see if the stand weighting factor is zero. If not, the 
program goes back to step 406. At step 408 the correc 
tion for this stand is determined by the relationship: 
CORRECTION = (FPMs/FPMs) (X-ray Gauge 

Deviation/weighting factor) 
(19) 

where the weighting factor for the higherst stand num 
ber is one and for the lowest stand thenumber is three 
and the ratio of last stand speed is with this stand speed. 
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The monitor switch is provided for the operator to se 
lect the X-ray correction function or not. 
Functionally, the main roll force AGC operates when 

the analog scan program initiates the roll force AGC 
program level each time a stand's roll force or an X-ray 
deviation is scanned at periodic intervals of every 2/10 
second. 

in order for AGC corrections to be made to a given 
stand, the following conditions must exist: 

i. 'AGC Master' must be selected as determined at 
step 10. 

2. "Roll Force' must be selected for the stand as de 
termined at step 16. 

3. The stand must be in the automatic mode as deter 
mined at step 18. 

4. The stand's screws must be calibrated as deter 
mined at step 24. 
If any one of the four is not met, the AGC program ex 
ists without making a correction. 

If a strip has just entered the stand as determined at 
step 26, and this is the first scan check on the strip as 
determined at step 28, "lock-on' or initial values for 
the screw position and roll force are established at step 
30, and values of mill spring constant and product plas 
ticity are selected. 
Each time a stand's roll force is scanned by the ana 

log scan program, its new value is checked against the 
initial lock-on value and any deviation in roll force is 
directly related to an error in the stand's exit gauge at 
step 50 which is in turn directly related to a screw 
opening correction determined at step 52. If the screw 
correction is within a preestablished deadband at step 
54, it is ignored at step 56. Otherwise it is checked to 
determine if it is greater than an operator provided 
maximum limit at step 60. If the screw correction does 
determine if it is greater than an operator provided 
maximum limit at step 60. If the screw correction does 
exceed the limit, a correction is made not only to this 
stand but also the next stand. Correcting the next stand 
(N + 1) from this stand (N) data is called feed forward. 
If a large screw correction is required on stand N, the 
time required to move the screwdown mechanism to 
make the correction may be long enough to cause a 
section of the strip to pass through the stand uncor 
rected. To catch the uncorrected portion, a screw 
opening correction is made to the next stand (N + 1). 
in anticipation of the arrival of the section. This correc 
tion is made T seconds after the distrubance is detected 
in stand N, where T is slightly less than the transport 
time between stand N and (N + 1). Likewise T seconds 
after the disturbance disappears from stand N, the cor 
rection is removed from stand (N + 1). If the screw cor 
rection for the stand under consideration is within pre 
determined limits at step 60 no feed forward correction 
is made. 
The new position of the screws is calculated at step 

72. Before a screw is corrected, its absolute position is 
checked at step 82 to see if it is presently at one of its 
minimum bound or maximum bound. If the screw is po 
sitioned to one of its limits, and the correction will 
cause it to exceed that limit, a feedback correction is 
determined at step 84 to the entry gauge of this stand 
(stand N). 
The following conditions must be met before a feed 

back can be made from stand N: 
1. Stand N is not stand 1 as determined at step 270. 
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2. The load cell for stand (N-1) is not on or stand N 

is out of limits as determined at step 86 and at step 82. 

3. The load cell for stand N is on as determined at 
step 88. 

4. A feedback from stand N is not already in prog 
TeSS. 

If all conditions are met, the feedback subroutine at 
step 84 and in accordance with the flowchart of FIG. 
9 is entered. 
The feedback routine makes three checks on stand 

N-1: 
1. (N-1) is not 0 at step 270. 
2. The screw for stand (N-1) is not at the same limit 

as stand N at step 274, i.e., if stand N is at its up limit, 
stand (N-1) is not at its up limit. 

3. The screws for stand (N-1) are in calibration at 
step 280. 
If all three checks are true, a feedback correction to the 
exit gauge of stand (N-1) is made. A predetermined 
time delay is initiated so that no further feedback can 
be made to stand (N-1) until the present feedback cor 
rection reaches stand N. The time delay is equal to the 
transport time between stand (N-1) and stand N. 

After all corrections have been made to a stand, the 
net direction of the movement of the screws is deter 
mined at steps 112 and 114 and a signal is sent to the 
looper stand speed controls at one of steps 116 and 118 
indicating that direction. If the screws are moved down, 
the looper preceding the screws will tend to be moved 
up. If the screws are moved up the preceding looper 
tends to move down. Any looper movement causes cor 
responding speed correction to an adjacent stand to 
maintain constant looper height. Each time a screw 
down is moved, a speed correction is sent in anticipa 
tion of the looper height change. 
The function of the X-ray monitor program is to pro 

vide a reading, in absolute units of measure, of the fin 
ished product gauge. The roll force AGC system is 
based on changes in screw position (and therefore 
product gauge) rather than absolute position and for 
that reason, there may be a discrepancy between de 
sired gauge and actual gauge. The X-ray provides a ref 
erence for this comparison. 
The X-ray information is used in one of two ways. If 

the last stand roll force is inoperative or failed the cali- . 
bration tests for other reasons, the last stand is posi 
tioned by the X-ray monitor. On the other hand, if the 
last stand is being positioned by roll force AGC, then 
the last three stands, whose screws are calibrated, are 
corrected to produce the desired gauge. 

In addition, the X-ray monitor program at step 194 
updates a table of average values of product plasticity, 
P and makes head end corrections at step 196. The 
head end routine calculates an offset for this stand, 
based on the X-ray deviation, to add to the initial stand 
screw positions for the next similar strip which is to fol 
low the strip being rolled. This procedure allows bad 
initial screw setups provided by the operator to be cor 
rected in relation to subsequent strips which follow. 

It is generally known and understood by persons 
skilled in this particular art of applying a computer con 
trol system that a combined hardware and software 
process control system comprises a special purpose ex 
tended control computer machine, and is provided 
when a general purpose computer is operated under 
the control of one or more software instruction pro 
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grams. Such a process control system can be built if de 
sired using hardware or wired logic programming in re 
lation to the functional steps set forth in the flow 
charts, in view of the recognized general equivalence of 
a software programming embodiment and a hardware 
programming embodiment and a hardware program 
ming embodiment of substantially the same control sys 
tem. However, when an involved industrial application 
such as here described becomes somewhat complex, 
the economics tend to favor the software approach due 
to the greater expense and lack of flexibility when hard 
ware logic circuits, such as well known NOR logic cir 
cuits, are wired together to provide the desired circuit 
arrangement built up of such logic circuits to perform 
the sequential program steps set forth in the illustrated 
flow charts. 

DESCRIPTION OF THE PREFERRED 
EMBODEMENT 

When the tail end of a strip drops out of a stand, the 
AGC program operation must prepare the stand for the 
next strip by resetting its screws. If the next strip is to 
be the same gauge as the previous strip, and if during 
the rolling of the previous strip the initial screw set-up 
resulted in an immediate X-ray gauge deviation, that 
error should be taken into consideration when setting 
up the screws for the next strip. This is accomplished 
by calculating a correction for each of selected roll 
stands which is added to the screw position reference 
for the next strip's initial screw set-up. The first X-ray 
guage reading on a strip is ignored since it may have 
been taken on the initial head end portion of the strip 
which is usually distorted. When the X-ray scans a new 
strip for the second time, the head end corrections are 
calculated and stored for the next strip. The X-ray cor 
rections are based on the gauge deviation reading from 
the X-ray device, in most applications and no correc 
tion is applied to the last stand. Only stands whose 
X-ray monitors are selected are corrected, with a pre 
determined limit such as three stands being selected. 
The function of the head end routine is to enable the 

computer system to aid the operator in the initial set up 
of each roll stand in the rolling mill. The AGC pro 
grammed computer system is operative such that the 
operator dials in the desired screwdown position refer 
ence for each stand by means of a thumbwheel, and the 
computer system sets the screw openings of the respec 
tive roll stands to those position references. Then a 
workpiece is rolled and the head end of that workpiece 
will end up being at whatever gauge corresponds to 
those reference screw positions. One problem is that 
the operator does not consistently get those reference 
screw positions correct on the first try, and each roll 
stand commonly ends up rolling a workpiece gauge that 
is excessively heavy or excessively thin, so the operator 
provided set ups need to be changed. Under the prior 
art gauge control system operation the operator would 
eyeball the desired change for each stand by himself, 
but those changes in and by steps of successive approxi 
mations the operator would arrive at a set of positions 
for the respective screws for that particular product for 
that day that would result in reasonably good delivery 
gauge from the rolling mill at the front end of the subse 
quent bar. 

In accordance with the present invention, the AGC 
programmed computer system still cannot do much 
about the front end of the first strip or bar, since it does 
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not have enough learned information at this time, bu 
the AGC computer system can replace the operator 
function in the successive approximations for obtaining 
better and more correct gauge in the head end portion 
of the subsequent similar bars. 
When the head end of the first workpiece strip has 

passed through all of the roll stands and enters the 
X-ray gauge positioned after the last roll stand, a delay 
for a short predetermined time period is provided and 
then the head end thickness deviation is measured at 
the X-ray. This deviation is used as an indication of 
how satisfactory the initial operator provided set ups 
were. Then a gauge deviation correction is calculated 
in relation to the initial operator provided set ups, and 
this gauge deviation correction will equal the head end 
gauge deviation at the X-ray gauge times the mass flow 
relationship with the stand to be corrected, times a dis 
sipative constant. The determined gauge deviation cor 
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rection is then applied to the stand screws and the 
screw position for the next strip will equal the screw po 
sition for the previous strip plus or minus this deter 
mined correction, depending upon the gauge deviation 
being negative or positive in relation to the desired tar 
get gauge. The full determined correction would be ap 
plied to the selected stand having the highest stand 
number, while the screws of the selected stand having 
the middle stand number would receive a fractional 
correction such as two/thirds of the full correction, and 
the screws of the selected stand having the lowest stand 
number would receive a fractional correction such as 
one/third of the full correction. If desired, more than 
three stands can be corrected, such as five stands of 
correction being provided in this manner instead of 
three. 
This AGC program can be operative with a smaller 

digital computer gauge control system having no pro 
cess model equations to determine the initially pro 
vided respective stand screw settings or stand screw 
down schedules, so the operator can be using his own 
skill and knowledge to set the initial screw setting for 
each stand and then the here disclosed control system 
becomes operative to quickly correct these initial man 
ual stand screw position set ups. 
The here described head end correction routine uses 

a mass flow relationship to determine corrections ap 
plied to the operator provided screwdown set ups, and 
is operative with the smaller computer and provides a 
head end correction for only selected roll stands based 
upon the measured X-ray deviation for the head end 
portion of the workpiece. This X-ray gauge deviation 
is determined by the X-ray device positioned after the 
last stand, and is equal to the difference between the 
operator desired target gauge delivered by the last 
stand and the measured actual guage delivered by the 
last stand. An average X-ray measured gauge deviation 
is assumed to apply for the whole strip, and it is being 
used in relation to the whole of the next similar work 
strip. 
A digital speed measurement for each stand is pro 

vided, and the head end correction operation uses that 
digital speed measurement for each selected stand to 
calculate the mass flow relationship delivery gauge 
error for stand N to correct the screwdown set up for 
stand N for the next similar workstrip. The latter set up 
lock on screwdown setting values are for selected 
stands for the rolling of the next similar workstrip in re 
lation to the gauge error measured from the last stand, 
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and this gauge error is distributed among selected pre 
vious roll stands. The lock on X-ray measured gauge 
deviation is measured and applied back by mass flow 
relationships to correct the head end rolling of the next 
workstrip. The measured gauge error is ratio applied 
back to the selected roll stands by mass flow and 
weighting factors. The lock on screw setting for next 
workstrip is determined by the operator and then cor 
rected by the here described gauge error corrections. 
This X-ray gauge deviation feedback correction is ap 
plied every 2/10 second for the entire length of the 
workstrip and provides a screw position correction in 
addition to the operator selected screw position. 

GENERAL DESCRIPTION OF INSTRUCTION 
PROGRAM LISTING 
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In the Appendix there is included an instruction pro 
gram listing that has been prepared to control the roll 
force automatic gauge control operation of a tandem 
rolling mill in accordance with the here disclosed con 
trol system and method. The instruction program lis 
ting is written in the machine language of the PRODAC 
P2000 digital computer system, which is sold by Wes 
tinghouse Electric Corporation for real time process 
control computer applications. Many of these digital 
computer systems have already been supplied to cus 
tomers, including customer instruction books and de 
scriptive documentation to explain to persons skilled in 
this art the operation of the hardware logic and the ex 
ecutive software of this digital computer system. This 
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instruction program listing is included to provide an il 
lustration of one suitable embodiment of the present 
control system and method that has actually been pre 
pared. This instruction program listing at the present 
time is a more or less development program and has not 
been extensively debugged through the course of prac 
tical operation for the real time automatic gauge con 
trol of a tandem rolling mill. It is well known by persons 
skilled in this art that most real time process control ap 
plication programs contain some bugs or minor errors, 
and it is within the skill of such persons and takes vary 
ing periods of actual operation time to identify and cor 
rect the more critical of these bugs. 
A person skilled in the art of writing computer in 

struction program listings, particularly for an invention 
such as the present roll force automatic gauge control 
system and method for a tandem rolling mill must gen 
erally go through the following determinative steps: 
Step One - Study the workpiece rolling mill and its 
operation to be controlled, and then establish the 
desired control system and method concepts. 

StepTwo - Develop an understanding of the control 
system logic analysis, regarding both hardware and 
software. 

Step Three - Prepare the system flowcharts and/or 
the more detailed programmer's flowcharts. 

Step Four-Prepare the actual computer instruction 
program listings from the programmer's flow 
charts. This instruction program listing included in 
the Appendix was prepared in relation to the pro 
grammer's flowcharts shown in FIGS. 6 and 11. 

AGC ATA FE 

FILES ARE EITHER x 'CO' CR X'60' 
IN ENGTH 

REv SED 3/31/71 
THE Elle WING IS A CSMPLETE ISTING 6F THE AGC DATA 

OO FIE ENTRIES 
CO2 

000 003 FILE 8RG xOOOt 
000 ool. 4 FLSIZE BRG s NUMBER 6F We RDS IN THis dATA Fle 
00 005 FWPFLS 6RG st REL ADDRBF FWD PR6 FILES is 
OO2 006 RVPFLs BR3 st 1 REL ADDR 6F REV PRGF LES 87 A 
003 Ooi FXDCN 6RG s+ REL ADDR, 8F FixED PENT C6 NST 'S 
OO 4 008 RewcNT BRG $+ ENCODER REVOLUTION CEuNT 
OOS 009 REFENC 3RG s+ REF, J N EMCCDR UNITS 
006 OO2O FBENC 0R3 st CURRENT EN Ceder RADING IN GRAY 
1007 O021 BFFs.T BRG s+ All RAT6N OFFSET 
1008 oo22 CALPNT eRG S+ 1 ENCEDER CAL) sRATIGN POIT (a CS) 
O09 0023 8R3 st 
100A 002, ENCNs R3 s+ ICA INSTR, T5 NPUT ENCREAC ING 
OO3 O)25 WKDATA 6RG s+ speed PATTERN INFO 
OOC OO26 CLREG 6RG st Cl6SED 66P REGISTER NJMBR 
OOD opez ZERBC6 eRG St. zere ERRSR C6 IF Clude 
OOE 0.028 ENGREF 6 RG st REF IN ENGINEERING MITS (2 woS) 
OOF 0.029 6RG st - 
00 003O BINPT BRG s Lic F BINARY PT INF Exe) PT. WCS 
0. 0931 CAL FLAG 6RG s+ DRIVE IN CABRA 8N FAG 
102 O032 PFLCAL GRG st SD, PRB FILE CALIB" TN FLAG 
iO3 Oo33 PR8 FIL 6Rg st Aux II ARY S D PRFILE is C1 TR 
O4 Oo34 PRelec BRG st PRESENT ACT 6) N. Fr. F ss). PR3 FILt. 
1015 oo3s SPDPAT 6Ri st SPEED PATTERN MASK - 
106 0.036 INT DLY GRG s TIME CELAY F9R INT, STE)P DELAY 
101.7 Oo37 INTCNT ERG s+ NT step c6 JNT-CBN w8 RD 
108 OQ38 TIMMAX 6RG sh MAX ERR6R T C C, TIME 
101.9 0.039 ERRTM GR3 s+ ce UNT DewN werD - CR RRR T8 
10. A 900. ZEF LAGBR3 ------ ZER6 ERRERFLAG ------- 
OAB 001 Te FLAG BRG s+ 1, TIME 8UT FAG 
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OD O)3 6RG $41 
OE oci is ZER8 FF eRs t MEC, OFFSET F. P. M3 CE (2 wicS) 
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O)49 THIS SECTBN IS ALWAYS REGURED 
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AUTOMATIC GAUGE CeNTR8. 

4139 OO3C 00 0 3. A 0.559 J2 DAT 60 
43A oo78 00 0 78 A O560 J3 DAf 20 
413B Ocsé OO o 96 A O55 j4 DAT 150 

O562 
41.3d 1040 18 5 40 A 0553 KTABLEP DAT KTABLE PeNTER T8 K TABle 

0554 
0555 MAX, ALL8 WED X CHANGE IN SCREWD6 WN 
O556 a (FR8M 6CK8N) FEEDBACK 6ccuRS 
O567 wHEN REF REACHES Li MIT 

43d OOOA 00 0 0A A o558 LIMIT DAT O 
4.3E OC80 00 0 8. A Ob59 Lee PSET DAT x80 

O570 MAX NTIAL XRAY DEW SEFre CK 
0571 is o6N CCURS 

41.3F OOOC, OO O OC. A O572 MAXA Law dAT 12 
O573 a MAXIMJN GAGE IN PERCENT 

440 009 OO O is A O574. MAXGAGE DAT 25 
0575 MAX width 8F MILL PReDUCTS 
O576 is N M-METERS 

44 oA28 08 2 28 A O577 MAxwdh DAT 2600 
442 OOOO 00 0 00. A o578 Me NPATeF DAT O MSN held LIGHT eff Ce PATTERN 
443 OCOO OO O OJ A 0579 MBNEFPAT DAT O Men. GHT (FF CCG PATTERN 

Ob80 a. MeNe Hald CCI REGISTER ADDRESS 
444 3F7 8 0 F7 A 058.1 MHBDREG DAT x 15F7t 

o582 is MINIMUM GAGE IN PERCENT 
445 FFE7 F8 7 e7 A (583 MINGAGE DAT 25 

-- 0584 MBNT 6R DEADBAND IN 4 
416 000A 00 0 OA A O585 MeNDBAND DAT 10 

O586 MSNITSR BN i GHT MASK 
4, 47 0800 08 0 00. A O587 MeNGNMSK DAT x 800 

O588 MeNTOR BN LIGHT PATTERN 
4 48 0800 08 0 00. A 0589 MeNeNPAT DAT x 800 

O590 
449 4001 40 O O. A 0591 MSNBNUM dAT x4001 

O592 Me NITer 8N GHT REGISTER 
l&A 0004 00 0 O& A 0593 MeNGNREG DAT 4. 

obs4 NUMBER 6F DRIVES 
4.4B 0007 OO O O7 A o595 Nee FDR vs DAT 7 

0596 XRAY Me NIT)R BN cci Bf PATTERN 
44c OOO 00 1 0. A p537 eNBTPAT DAT x 100 

O598 TEMPBRARY REFERENCE FR STRTPes 
44D 0000 00 O O. A O599 Pes ITN DAT O 

Os QQ - NUMBER 8F TD, FBR xRAY SCAN 
44e oooh OO O. O. A o59 PRS GRAMN DAT A. 

O502 PULSEs Per Rev6 UTBNS 
4 AF OC64 00 0 64. A 0603 PULPREW DAT 100 

O5). M8N HSLD CC BIT PATTERN 
. 50 200 00 2 00. A o695 GAGEPAT DAT x200 

0606 . EST MATE BF TIME F8R ScREWS T6 PSS 
O607 N teNTHS 8F SECBNDS 

451 OOOA 00 0 OA A 0608 SCRDELAY DAT Q 
05.09 FBRCE ADJUSTMENT TABLE BASED ON 
Oslo SPEED 

452 40 l. 52 A oéii SPEEDTAB EQu s 
4152 0009 OO O 09 A Osia CA O 
153 OCOO OO 0 00 A 06.3 DAT O 
454 0000 00 000 A o6 is DA O 
loss OOOO OO 0 00. A o55 DAT O 
456 CCOO O. O. O.) A O516 DA O 
457 0000 00 000 A o57 DA O 

068 MeN SELECTED CCI BIT PATTERN 
Osig (PER SAND BASIS) 

458 OOO 10 0 OO A O520 STDMeNe T DAT xOOC 
05:21 THICKNESS CCI REGISTER 

459 aee i8 O EE 0522 THREG DAT x8Ee 
45A 18FO 18 O FO. A 06.23 THREG2 DAT x 8F9. 

O62 'MeMIT ME TIME Function 
458 0003 00 0 03 A 0625 IMEFUN DAT 3 

O526 a NUMBER 6F ENc6 CER UNITS PER MILLIMET 
415 00:50 00 O 50 A o627 UNITSPMM DAT 80 

0628 WIDTH CSRR FACT BR FGR K 
415D OO32 OO O 32 A 0629 wif ACTR DAT 50 

O530 width cc REGISTER 
415E 1903 is i O3 A Os31 WIDTHREG DAT x 1903 
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We claim: 
1. A gauge control system for a rolling mill having at 

least a first roll stand and a second roll stand operative 
with initial roll opening settings to reduce the gauge of 
a plurality of similar workpieces passed through said 
rolling mill, said system comprising: 
means for measuring the gauge deviation of a first of 

said workpieces leaving said second roll stand, 
means for determining a correction for adjusting the 

roll opening setting of at least said first roll stand 
for the passage of at least a second workpiece in ac 
cordance with a predetermined mass flow relation 
ship between said gauge deviation of said first 
workpiece, the operating speed of said first roll 
stand and the operating speed of said second roll 
stand, and, 

means for controlling the roll opening of said first roll 
stand for the passage of at least said second work 
piece in accordance with said gauge correction. 

2. The gauge control system for a rolling mill of claim 
1, including 
means for controlling the roll opening of said second 

roll stand in accordance with the measured roll 
force of that second roll stand and the predeter 
mined mill spring characteristic of that second roll 
stand. 

3. The gauge control system of claim 1, with said roll 
ing mill having a plurality of roll stands and said second 
roll stand being the last roll stand of the rolling mill, 
said system including 
means for controlling the roll opening of a third roll 
stand positioned between said first roll stand and 
said last roll stand during the passage of at least 
said second workpiece in accordance with said cor 
rection, 

with said relationship including a weighting factor 
having a first value when said correction is deter 
mined for adjusting the roll opening of said first roll 
stand and having a second and different value when 
said correction is determined for adjusting the roll 
opening of said third roll stand. 

4. The gauge control system for a rolling mill of claim 
1, with said rolling mill having a plurality of roll stands 
operative to reduce the gauge of said plurality of work 
pieces passed through said rolling mill, 
with said correction being determined by the rela 

tionship CORRECTION (RPM) GAUGE 
DEVIATION/(RPMs) WEIGHTING FACTOR, 
where the RPMs is the operating speed of said first 
roll stand, where RPMs is the operating speed of 
said second roll stand and the weighting factor is 
determined in relation to a desired portion of said 
determined correction that is to be applied to said 
first roll stand. 

5. The gauge control system for a rolling mill of claim 
1, with said second roll stand being controlled by a roll 
force gauge control system responsive to a roll force 
determined workpiece gauge leaving said second roll 
stand. 

6. A method of controlling the workpiece gauge leav 
ing a rolling mill having at least a first roll stand opera 
tive with initial roll opening settings to reduce the 
gauge of a plurality of similar workpieces passed 
through said rolling mill and including a device for 
measuring the gauge deviation of a first workpiece 
leaving said rolling mill, the steps of said method com 
prising: 
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72 
determining a roll opening correction for application 

to said first roll stand during the passage of at least 
a second workpiece in accordance with a predeter 
mined mass flow relationship with said gauge devi 
ation of said first workpiece and the workpiece 
movement from said rolling mill as compared to 
the workpiece movement from said first roll stand, 
and 

controlling the operation of said first roll stand in ac 
cordance with a roll opening setting modified by 
said correction. 

7. The method of controlling the workpiece gauge 
leaving a rolling mill of claim 6, with said rolling mill 
having a plurality of roll stands operative to reduce the 
gauge of said plurality of workpieces passed through 
said rolling mill, with said method including: 
determining the roll opening correction for applica 

tion to each of selected roll stands during the pas 
sage of at least said second workpiece in accor 
dance with said predetermined relationship and a 
predetermined weighting factor for each of said se 
lected roll stands such that a decreasing portion of 
said correction is applied to each selected roll 
stand in relation to the distance of the selected roll 
stand ahead of the last roll stand of the rolling mill. 

8. The method of controlling the workpiece gauge 
leaving a rolling mill of claim 6, with said rolling mill 
having a plurality of roll stands and with said plurality 
of workpieces being similar in at least one of gauge 
classification and grade classification, said method in 
cluding: 
determining a roll opening correction for application 

to each of selected roll stands during the passage of 
at least said second workpiece such that the roll 
opening setting of an earlier selected roll stand is 
corrected less than the roll opening setting of a 
later selected roll stand. 

9. The method of controlling the workpiece gauge 
leaving a rolling mill of claim 6, with said rolling mill 
having a plurality of roll stands operative to reduce the 
gauge of said plurality of workpieces passed through 
said rolling mill, the steps of said method including: 
determining a weighting factor in relation to each of 

selected roll stands for providing a predetermined 
portion of said roll opening correction to each se 
lected roll stand, and 

controlling the roll opening of each of said selected 
roll stands in accordance with said correction and 
said weighting factor for that roll stand. 

10. The method of controlling the workpiece gauge 
leaving a rolling mill of claim 6 with said method in 
cluding: 
determining said roll opening correction in relation 

to a predetermined weighting factor for applying a 
decreased correction to said first roll stand in ac 
cordance with the distance between said first roll 
stand and the last roll stand of said rolling mill. 

11. The gauge control system for a rolling mill of 
claim 1 with said correction being determined in accor 
dance with a weighting factor in relation to a desired 
portion of said gauge correction that is to be applied to 
said first roll stand. 

12. A gauge control system for a rolling mill having 
at least a first roll stand and a second roll stand opera 
tive to reduce the gauge of first and second workpieces 
passed through said rolling mill and including a device 
for measuring the gauge deviation of said first work 
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piece leaving said second roll stand, said system com 
prising: 
means for determining a gauge correction for appli 
cation to said first roll stand during the passage of 
said second workpiece in accordance with a prede 
termined realtionship between said gauge deviation 
of said first workpiece, the operating speed of said 
first roll stand, the operating speed of said second 
roll stand and a weighting factor in relation to a de 
sired portion of said determined gauge correction 
that is to be applied to said first roll stand, and 

means for controlling the roll opening of said first roll 
stand during the passage of said second workpiece 
in accordance with said gauge correction. 

13. A method of controlling the workpiece gauge 
leaving a rolling mill having at least a first roll stand op 
erative to reduce the gauge of first and second work 
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pieces passed through said rolling mill and in relation 
to a measured gauge deviation of said first workpiece 
leaving said rolling mill, the steps of said method com 
prising: 
determining a gauge correction for application to 

said first roll stand during the passage of said sec 
ond workpiece in accordance with a predeter 
mined relationship between the measured gauge 
deviation of said first workpiece, the workpiece 
movement from said rolling mill as compared to 
the workpiece movement from said first roll stand, 

determining a predetermined weighting factor in re 
lation to said first roll stand, and 

controlling the operation of said first roll stand in ac 
cordance with said gauge correction and said 
weighting factor. 
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