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Aprés un chapitre d'introduction, dans lequel il expose bridvement 1'évolution,
nes 20 demmidres amndes, des systdmes automatiques de commande dams 1'industrie,
ttautewr en déorit la structure notammant en ce qui concerne les applications A l'auto- f
astisation des larinoirs & froid.

L'auteur examine ensuite 1'importance et les applications des dispositifs de
contr8le automatique de 1'épaisseur des t8les (AGC) et présente une série de résultats
a'expériences,

Les principes sur lesquels repose 1'emploi d'un dispositif automatique de contr8le .
de 1'épaisasur des t8les dane us laminoir & froid A& cing cages sont exposée en détail,
Pour conclure, 1'suteur recommande qus tous les laminoirs & froid modernes soient

1/ Les opinions exprimées danc le présent document sont celles de 1'auteur et
ne refldtent pas néoessairement leu vueu du Secrétariat de 1'ONUDI,
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dotds d'un dispositif do contrSle automaticue (e 1'énaicseur Jes t8ler, Or3ce . cetta
technique on p.rvient 2 respecter unc tclérance conutunie inlirisure 7 -1 .. dans
1'épaisseur ¢ o t8lsy o vitesue con:tunte, tolirance cui tombs & 22 ooen cus 'accdlé-
retion ou de roleniissement, Par comparaliion, l'emploi de commende: menurlles neut
entrafner dec variations de 10 " opar rhpport 1'¢paivseur nominale., Les avantages
de lo premiére mithode au point de vue cofli sont considérables c.ur la qu:ntité e

t8les mises au rebut ou déclansdes aiminue cons une forte prodortion.

Un autre avantage résultant cu contr8le nrécis de 1u tension e la t8le est qu'il
¥ a netiement moin. de ruptures et de jailles ce qui réduit senziblement les arr8tcs
d&s laminoirs,
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o UNMMARY

After an introductiory section, which summarizes the gicwih ot indupe

trial automatic control systems in the past twenty years, the parer

deals with the structire of control systems, with particular reference

to their application for the automation of a coljgi rolling mill,

The significance and application of automatic gauge control (AGC)
systems for cortrelling strip thicknese are then discussed, and

a series of experimental results are presented.

The philoczophy underlying the application of AGC to a five~stand
cold mill is congidered at length. The paper concludee with the
recommendatior. that no modern cold mill should operate without an AGC
system. Cormistent coil thicknese tolerances of better than #1% can
be acvhieved under constant mill speed conditions, dropping to 124 when
acoelerating or decelerating. These results compare with gauge chauges
that can ve as much as 10% different from the nominal value during
manual cperation. This has tremendous advantages in coet savings,
since the awount of rejected or downgraded product is considecrably
reduced.

Another advantage, resulting from the necessarily close control of
strip teneion, is that breakages and cobbles are conasiderably reduced.
‘Pfhere is thue an appreciable reduction of :ii} downetime,




1. Introduction

The rapid growth of industrial automatic control systems in the past

two decades is basically explained by the following three important

developments :

a) Development of new electronic components.

b) Better theoretical understanding of many industrial processes,
allowing their description by mathematical models.

¢) Development and utilization of computers ( process computers )
in the control of processes and to collect and classify data.

In addition, the theory of Servomechanisms, or what is the same,
the Theory of Feedback Control Systems, initially developed during
the 2nd World War, received widespread attention and started to be

& mmammmmmwwm
with o better theoretical wnd nding. resulted in an enormous growth
mmmmammm,awmamm
called the second industrial revolution,

of "muscular machines”. The stesm engine, the firet of the series,
is also the classical exanple of this perio

The 2nd Industrial Rewolution is charecterised by tha "econty This

mthWW:m&@n%wmw
types of machinery; the physical cownterpart of this word is much more
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sophisticated,

The "control" ( of a variable, a process, an industry ) is made possible
by one or more appropriate control systems.

This can be defined as a set of components with a "defined structure” that
actuate on a variable of a process and force it to assume desired values,
despite disturbances that eventually affect the process.

The key concept in the above description is "defined structure”. The in-
ternal constructive details of the components of a "control system" lose
their importance but the function and structure ( interconection ) of these
components become of paramount importance.

The Feedback theory shows that there is a common structure in all these
Systens and that they can be studied in a systematic way. The technolo-
gy supplies the components to physically implement these structures. The
result is systems with a complexity ard presenting a performance difficult
to be imagined 'mtil a few years apo.

In the following pages we will try to explain the basic structures commor

to all control systems. After that, we will show how the operation of a

Cold Rolling Mill is contrelled by these systems. Special emphasis will
begimtﬂthemmiemwsﬁm (AGC), one of the more important
control systems in a mill. The use of the Computer as a control component

will briefly ve discussed,

tafwmwmwmme!tm(m, emperature, gaupge,
etc. ) to assume desired values, Mlyefé&:tmmm
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The "structure” of a control system, which is so important for its operation,
is a direct consequence of two very simple but important concepts :
measurement and corrective action,

In order to effectively control a variable it i3 necessary to constantly
measure its actual value and to compare it apainst the desired value ( re-
ference ). If there is a difference between the two ( error ), then the
control system must be capable of initiating a corrective action actuating
over the controlled process in order to drive the value of the controlled
variable to the desired value. In other words the control system constantly
acts to reduce the error to zero.

desired values,
4.~ opposite are the open-loop systems or systens witholst feed-back, which
opsrete without measuring the controlled variable. Hence, such systess re-
ceive no information regarding the actual value of the controlled variable
and thus are "blind" to any variation in its value; consequently they are
unable to effect a corrective action if necessary.

All roderm control systems opsrwie in the closed-lcop fashion.
A complex industrial process is controlled by meny individual closed loops,
each one being responsible for the contrel of a specific veriable.

As an example of a process of dafinite intevest we will now discuss the auto~
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o start, it is inportant to notice that there are many possible degrecs
of automation, depending on the number of functions that are transferred
from the control of a human operator to the control of one or more Repu-
lators,

For purposes of classification it is possible to recognize three basic
levels of automation.

. 4 ‘, *
First level of Automation

At this level, at least the basic variables of the cold-rolling process

( speed of the rolls,position of the screwdowns, tension on the winding
and uwinding reeis, gauge of the final product etc.) are controlled by
appropriate regulators. However, it is the operator's responsibility

to decide which value to chose for' the reference of each repulator as
well as the decision of when to change these references. The function of
each regulator is simply to control its assigned variable and maintain it
at the value determined by the reference, independently of eventual dis-
turbances that may affect the rolling process.

Hence, before rolling, the operator choses the speed of each stand, the
position of each screwdown, etc. which, based on his previous experien-
ce, he knows will produce a sheet with the desired characteristics and

dimensions. This choice is made by adjusting the reference of each in-
divimalmgnlm by means of manually opereted rhecstats located in a

&tﬁm lml,tho ammmmmm However, it
\ | esponsibility tochooss the covrwct valuss for tiese




"oehidule” among various available altermartives, previously prepared

and stored in a memory of some sort. In many cases the schedules are
stored in a computer, Before rolling, the operator "calls" for a parti
cular schedule, identifying it to the computer by a code number. The
computer recognizes the code called, retrieves from its menory the va-
lues of the various references corresponding to that particular schedule,
and adjusts the actual references of each regulator accordingly ( set - %
.‘ point control ). llence, the computer performs the functions of schedule §
- storage and of adjustment of the reference "rheostats". lowever, it is i
still the responsibility of the operator to select the correct schedule.

Although we have assumed that a camputer is used at the 2nd level of autg
mation, it is perfectly possible to attain this level without it.

The schedule storage can be made, for example, by a set of punched cards .
The operator choses the desired schedule by selecting a card and inserting
it in a card reader. The reference rheostats are then positioned by minia
ture rotors in accordgnce with the values from the card. Although this al
ternative solution is perfectly acceptable, a computer is generally prefer
ed because it can also be used for a number of other activities such as data
logging,alarm monitoring, production logging, €tc. Also, the computer can
be used to implemsnt one or more Regulators such as the screwdown position
regulators, The Automatic Geuge Control, etc. In these cases the computer
performs the functions of the "Sumser” and “Controller" modules shown in
Fig. 1, and operates in real time ( on-line operetion ).

T s

mmmmmammmwmwwwmm
of automation.

In addition to the functions of reference storege and reference adjustment,
ference. This is accomplished by the so-called "Schedule Calculation” function.,
product ( such as gmge, hardness, width ) and the gauge desired for the




finished product. With this data the computer calculates the values of
the various variables of the process such as stand speed, interstand
tensjions, screwdown positions, etc. that will lead to a final product with
the desired dimensions.

The "Schedule Calculation" is based in a mathematical model of the rolling
process and is previously progremed into the computer.
Fig. 2 shows a 5-Stand Cold Mill and the Main Regulators that control it.

These are :
Five speed regulators that individually control the speed of each stand.
‘Tvo Reel Tension Regulators

T i e

We will now concentrets our sttention in are of the sure isportant ( and
( ARC ) System.

oontrol the thicnes ( gauge ) of & finished product in arder to main
or distgbences % Yo wiling procass. Ideally, if the rolling pro~

-
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wise = the pararcters of the mill ( tensions Speeds, rolling for-
ces, etc.), as required to obtain a desired thlcknoss reduction for
a particular coil and, assuming that no disturbances were present,
the mill would then deliver the desired rauge throughout the full
rolling of the coil. Unfortunately this is not the case, and the
list of disturbing factors that affect the finished paupe is a long
onc. Among the most important we can mention :

a) T Tempcrature - That chanpes the diameter of the back-up and work

rolls and consequently affects the roll fap opening and the Fau
ge. %his is a slow-changing disturbance that is relatively easy
to compensate for.

h) foll Eccentricity - That periodically ( the period depends on the

mill speed ) also disturbs the roll pap. At high mill speeds this
disturbance can become very fast, making it extremely difficult to
correct for,

¢) Incoming Gaupe Changes - Lvidently the incoming paupe is far from

perfect and the random deviations in thickness of the incoming pro
duct tend to produce the same type of pauge chanpes in the finished
product. Among the most difficult to correct are the sudden and un
predictable changes in the incoming paupe caused by welds,

d) Mill Speed Effects = It has beon consistently observed that when the
speed of a cold mil1l is increased, the delivery paupe pets noti-
eeablvthim,mifﬁmvismmmmimmingm*
duct. mm(ﬁlimmmsthim)mwmntm
mill speed is decreased.

The machanism responsible for this effect is not quite well under-
Steod. One possible explanation is the increase in the oil fiim
mmw&mmlhﬁuththmnmptobe
reduced when the mill speed is increased. However, the oil film
cffwtmthemmmbem!dmmﬂwain is unloaded
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( no metal in the mill ) and, although these measurements are not very

accurate, they seem to indicate that the oil film is only partially
responsible for the mill speed effect on gauge.

Another theory tries to explain the reduction in pauge with an in-

creasing mill speed as being caused by a reduction in the coeffi -

cient of friction between the metal and the work rolls., This would
result in less energy losses - under heat form - at the roll bite,

increasing the efficiency of the reduction process and cxmsequently
causing the gauge to go thinner.

Still another explanation theorizes that a "wedge" of coolant,
carried by the strip, interposes itself between the metal and the
work rolls, actually decreasing the roll gap. More coolant would
be carvied at higher mill speeds, explaining the progressively
thinner gauge.

an? together contribute to the cbserved decrease in gauge when the

The "Speed Effect” is particularly isportant in Cold Mills that,

Mﬂ“M*hWﬂ‘
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product, variations in the front or back tension of the strip, etc.,
all affect the delivery pgauge in various degrees.

Hence, the first s.ep to be taken in order to obtain a good final
paupe is to reduce to a minimum the changes in the rolling variables over
which one has any control. Thus, the rolls should be carefully ground,
the front and back tensions should be precisely controlled by good ten
sion (or current) regulators, the coolant carpoeitim should be main ~
tained as uniform as possible, etc.

After these preliminary steps are taken, the next step is to design
some kind of a system able to recognize any gauge deviation from a de-
sired value (error) and capable of initiating corrective measures to
restore it to the required value. More explicitly, any AGC system has
perform two kinds of functions :

a) To detect (sense) any deviation in the delivery thiciness from the
nominal (desined) value.

b) To initiate some kind of corrective action, by manipulating one or
more variables (controlled variables) that affect gauge, in order
to foros it to retun to the desired value, independently of the
factor initially responsible for the gauge disturbance.

mmm,nhwm»mmhmmswm

! ' iaa-am I1.

m.;mummummmm,mmm

VE ,;,ammummmmmmmm
sssrtant i Bhe 5o calied "Trane

 Piss” which we will now
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of mcasuring the gauge deviations at the moment they occur ( at the
roll bite ).

Due to mechanical and space problems, the faupemeter sensing head,
penerally an X-Ray, has to be always mounted some distance away from the
roll bite. Hence, when pauge deviations occur at the rap, they are not
detected immediately but only after the strip has travelled from the
roll gap to the seasi.ng head.

This delay in measurement is known as "transport time" delay.
Typically, the X-Ray measuring head is mounted at a distance of four
to six feet from the roll bite.

Evidently the "trensport time" depends not only on this distance, but
also on the delivery speed of the mill. It is given by the expression :
T=D vhere : T s transport time

v

D = distance from the X-Ray head to the roll bite.

v & Strip speed.

This delay in measurement evidently also delays any necessary corrective
action and creates serious difficulties for the good performance of an
AGC system. Recently a new method has been developed that practically
solves the problem represented by the "transport time". It is known &s
AGC with compensation for "transport time."

This method rredicts the gauge exiting the roll bite by measuring the
actua) m@mmmmmgmme&mmw
ge.

The results obtained with the "Compensated AGC" are excellent and are
shown in Figs. 3Ja=f, which are charts taken on & single-gtand cold mill,

The recordings shown in Figuree la and b were taken in a Single -
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Stand Aluminum. with the operator trying to contiol raupe manually
by operating in the sorcwiowi.  These recondings clearly show the
"speed effect” on pauge and the fact that the roll force (P) is
completely unchanped when the pauge decreascr due to an increase
in the mill speed. It is important to notice though that, when~
ever the operator moves the screws, there is immediately a change
in roll force as should be expected.

For comparison, Fig. 3c shows a coil in the same mill with
the screwciown AGC in operetion. The distance between the X-Ray
head ard the roll bite is 5.5 ft. for this mill. The tersion
ANX wvas not operwtive at the time this recording was taken, but
gether,

Pigure 3 shows the perforwance cbtained with the Screwdown §
Tension AGC in a Single-Stand Alumiram Mill that has the X-Ray
mounted quite close to the roll bite (3 ft.). This makes the
"traneport time compsnsation” very effective. The perforwance
shown is consistently cbtained and percentage-wise it is even

Pigure Je Shows a recording taken to conduct & statistical anal-
meter (in this case a (-Ray typs) response time has on pauge. T
to verify that thw corvect thickness wae being read by the gauge -
vhen the gougwster time constant is 100 m eec.

Pigure 3 is an statistical analysis of the coil of Fig. le.
The desired gaugs is §.400 mils  target value ). Notice that the
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actual paupe is always within the band 5.750 mils to 5.875 mils with
the tarpet value being reached (zero deviation) 12 times out of b
measurenents.

The results evidently are very jood and are consistently obtained.

The AGC with "Compensation for Transport Time" can be utilized in single
stard or multi-stand units. In this last case it becomes part of a mul-
tiple and coordinated system whose objective is to maintain the final
product gauge within close tolerance.

In the next item we will briefly present the AGC system for a 5-Stand
Mill. :

In a milti-stand mill there are many variables that can he used to
" control paupe. In the particular case of a S-stand mill there are
fifteer, (15) different variables (five screwdown positions, five
hack tensions,and five stand specds) that can be manipulated in di
ffeicnt ways, all affecting the final delivered product. To make
the situation more difficult, these variables are not independent
but interact with each other; thus, a chanpe in a stand speed not
only affects gaupe but also chanpes inter-stand tension and pressductor
roll force; a change in the screwdown position affects roll force and back
tension but does not affect pauge, etc.

At the present, there is quite a sizeable amount of theoretical and
practical knowledge available to the ACC desipner and this knowledge
has reached a point where it is possible to predict, fairly accurately,
how a mill and its final product will react when a certain approach for
pauge control is chosen. Still, there are a number of areas whecre an
understanding of the processes involved - especially a theoretical
understanding - is far from complete.




“.1.

Mue to the laree nunber of variables available for saure contiol
in a Multi=Ctand M1l the "philosopt . of paupe control acquires

paramount importance.

Thias pi:lesophy has been evolvine throushout the vears, as more
insight is pained about the rolling process and t'w relationships

that describe the various interactions amonp the different variables,

In this paper we will describe the system we presently consider

to be the most desirable althoupgh recogpnizing that other acceptable
approaches exist. lo attempt will be made to justify this philosophy,
although this can certainly be done.

As new developments take place, especially in the area of strip speed
measurement, the philosophy of pauge control will certainly ewlve apain.
It is important, then, to keep in mind the fundamental ideas that
support any consistent approach to the:.control of pauge in order to

be able to apply and take full advantape of future developments,

Interstand Tension - Some Considerations

Since back tencion has an important effect on paure, any ACC

system for a Multi-Stand Mill depends intimately on the way the
interstand tensions are controlled and/or chanped. In a Sinple-
Stand Mill the situation is quite straight forward since the current
(or tension) regulators of each reel accurately maintain constant
the front and back tensions.

In a Multi-Stand mill the situation is quite distinct. Here, the
stand speeds are the variables that are maintained constant by each
stand speed regulator. lowever, it is also hiphly desirable, not on
ly for a good control of guage but also to awid breakages or loops,
to be able to control the interstand tensions. Once this fact is re
cognized the first major decision immediately presents itself to the
AGC designer and user : which variables should be manipulated to control
the interstand ten;tsim?

L]

.
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-Basically either the screwdown positions or the stand relative
speed will affect the interstand tension,

The theory shows and the practical experience confirms that
the best method to control the interstand tensions is by actuating
in the screwiuwn position, leaving the stand speeds undisturbed,

Hence, a S-stand mill will have four interstand tension regulators
each one actuating in the screwdown position of the adjacent "down-
stream” screwdown.

After the interstand temaions have been controlled, the next step

is to actually contvol the delivery geuse. lHere, apain,there are

ney possible alternstives available. In the author's experience

&) One AGC system to control the pauge exiting stand 1 by changing
the number 1 stand sorewdown position.
and operating with a "Compensated AGC system".

b) One AGC system to control the final pauge by changing the stand
§ speed. The delivery gaupe is measured by n X-Ray mownted after
stand 5.

To summarize, a complete AGC system fof a S-stand Cold Mill is composed
by the following six subsystems :

b) One entry AGC

¢) One delivery AOC
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e beoat o ponsainle pauye under chaneing rolling condiiione,
! ! : A

foe Renults and Conelusion

o mdern Cold Mill, ~ither single or multi=-stand, can afford to operate
without an AGC nystem.

A manually controlled mill very frequently shows gaupe chanpes of nore than
10% from the nominal value. Vhat is worse, the results are not consistent
since it is 4impossible for any operator to dedicate full attention to the
rauge during his working shift,

With modern AGC systems it is possible to consistently roll coils with a
tolerance better than * 1% under constant mill speed conditions, dropping
to 2 zﬁ% when the mill is beine accelerated or decelerated.

These results are consistent, and obtained coil after coil.

It is easy to imagine the savinps in cost that this represents, rre-
venting the possible rejection of entire loads due to the product not
meeting the required customer specifications.

In addition, the necessarily close control of the strip tension substan
tially reduces the number of breakages or loops.

The mill down-time is kept to a minimum, resulting in appreciable increase
in the production. ilence, the use of an AGC system presents two direct
advantages to the user :

a) Better product quality







