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ABSTRACT

The Bland and Ford equations @escribihg.the mech-
anics of cold rolling,including the éntry and recovery
elastic zones, are programmed for a digital computer.
This programme includes the calculation of the
coefficients required in the control equations used
 to describe the dynamic behaviour of a multistand cold
rollihg mill. Forward slip is expressed as a function.
of the stand input and output gauges and tensions
enabling a convenient equgtion for forward slip to be
obtained; for which the coefficients are determined
by digital computation. The control equation
coefficients are tabulated for a range of roll gap
: coefficients of friction for the mill schedule used. .

Util;sing these‘results,'a four stand cold rolling |
mill is simulated on aﬂ analogue computer so as to
allow the acceleration and deceéleration phases of mill
operétion to be represented. Variable time delays
‘and modified servomultipliers are used in conjunction
with a general purpose amalogue computer to échievé
‘this end. | |

With a model of the mill simulated, experiments
are periormed to study the ﬁature of the process with

a view to automatic gauge control. The response of
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the process alone, to a number of strip output
velocity profiles, incoming strip variations and
-schedule deviatioﬁé is recorded and discussed. The
experiments are conducted with and without forward
slip included as a variable to indicate its effects
on the mill variable transients.

A variety of automatic gauge control systems are
simulated and imposed on the mill model. Their ability
to control strip tensions and gauges when the mill is
subjected to a nuﬁber of striﬁ output velocity profiles

and incoming strip variations are recorded and discussed.
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1. INTRODUCTION

Although the concept of obtaining metal strip of a
desired gauge and width dates back to a feasible design
of u 4—high.rolling will sketched by Leonardo da Vinci
in 1495, it is only in this century that true tandem mills,
oﬁerating with the strip under tension between the stands,
have been\deVeloped; and it was the past decade that
saw the first successful applications of automatic gauge
control to tandem cold rolling mills (1).

To iﬁvestigate the automat;c control of any process
or inachine it is useful to étudy the process itself and
to obtain a mathématical model which will allow insight
into the preferable methods of control.

In this thesis a method of investigating multistand
cold rolling mills with computers is described and applied
to this end. The résulting wodel is also used to
illustrate and evaluate the effects of a variety of
automatic gauge control systeus.

1.1, THE HNULTISTARD COLD JOLLING HNMILL

A nmultistand cold rolling mill is used to reduce the
-thickness of metal strip by passing it, unheated, through
a gseries of up bto six stands of work rolls. Lach stand
consists of two work rolls (about 20 inches in diameter)

and a back up roll (about 50 inches in diaumeter) for each



.d.work roll to prov1de stlffness. | Thus. eaoh staﬁd )
Lficonsists of 4 rolls in a vertlcal plane, supported by
.bearings mounted in the stand hou51ng

The work rolls of each stand are driven by D. C.,
motors-' there usually belng separate drives for each
stano.. The &ap ‘between the work roils 18 adaustable

dto allow for various strip thlcknesses desired and for .

dadgustments to be made during a productlon run The'

' rolls are. p051tioned by motor driven screws attached to
- yokes supporting the roll bearlng. | '

i , uhile the strip is passed through the roll gap a
vertical force is applied to the strip via the work rolls;‘

a torque is applied to the work rolls by the drive motors

"to force the strlp through the rolls' and the strip is

'eeput under tension by the relative roll speeds of the

z‘stands.. The conditlon of plastlcity states that the

"'ealgebraic sum of the vertical compressive stress end the

- - horizontal tensile stress must equal the yield stress of

/'the strip at every point 1n the roll gap in. order to

uproduce a plastlc zone in the strlp to insure permanent

) '"ereductlon to the ctrip gange as it passes between the rolls.,

”f'Various theories ex1st on the mechanics of cold rolling (2).
The theory for the mechanios of the rolling process usod

(Ghapber 2) is that of ‘Bland and Ford (5, 6) and Bland

“ddFord and-Ellls (4, 5). .wThe'equationewdescrlblng this
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theory (4ppendix A) were prbgrammed'fqr the digital

' cdmputer by the author and so enables convenient

analysis of the process. The prograume including the
effects of the elastic zones in the roll gap is

descfibed(in Chapter 5, and the programme itself is in

Appendix C.

Fig. 2.1 shows the layout ef the 4-stand tandenm
nill at the aAbbey Works of the Steel Company of Wales.
This mill has been used for investigetion into rolling
mill gauge by others at Imperial College (7, 8)
and by the British Iron and Steel Resesrch Association,

(9, 10, 11) and is also used as a reference in this thesis.

1,1.1. Mill Operation

Thefstrip~to'be'rolled; consisting of several

‘geparate strips froa the hot rolling mill butt welded
' together to form a totai length in the order of 5000 feet,

is coiled and mounted on the. unwind reel. The strlp is

v‘fed through the mlll stands and connected to the wind
- ‘reel, Both the wind and unwind reels are powered to

. control the 1nput and output ten51ons of the mill. = The

rolls thlng been p081t10ned to the desired 8ap, the

:rolllng speed of the mlll is then increased to Iull

operating speed. “he oPerat;ng speed in this case is =
1n'the.order‘of 2000 feet-pe? minute. Althongh'the

operating'abeed of avmillvﬁey;be of this order, some
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modern mills can be run at specds exceeding 6000 feet

per minute (1). xzeference (1).§lso states that strip
for many applications way be produced at a rate of ‘

up to 1OOQ tohs per shift.

Yhile the striﬁ,is being rolled, manual or aubomatic
controli is'exerted through the wotors to keep the gauge
within the'reqdired thickness tolerance and to prevent |
strip.brcakagé or ‘'cobbles'. Cobbles are the tangles
of metal that may result if the strip becouwes too slack and
buckles over on itsélf. ‘

Satisfactory operation ol the wmill iwplies that the
meximun amount of on-gauge strip with good surface finish
and good physical properties has been obt#ined‘econdmically.
To achleve thls, work is be*ng devotcd to increasing will
speeds, increasing the amount of gauge within tolerance,
lowerlng the tolerances and opt1m1s1ng the energy cone-
sumption of the process. In'the course of this thesis
. schemes for the automatic control of gauge are evaluated
using. the electronic analogue computer.

a2 AUTOHATIC CRTROL COF GAUGE

During operation of the will continuous ddguotment
~of the mill settings is'required due Lo disturbasnces
caused by chénges in the vaiueskof the paraméters'éf the
strip and will., Incowing thickness variations can

originate in the hot will due to skid warks, loss of



7f'f}in hardness of the strlp, a change 1n screw setting,

'tension at strip ends and eccentricity of the rolls.itf“ 

In the cold mill disturbances may be caused by a, change ff@

‘f;5peed tension or roll gap frictional condltlons, ofﬁi'"a

‘erin bearing roll neck fr1ct10na1 conditions.;v Over the

| ~Jcan cause effective changes in the roll gap settlngs.
““*fThe butt weld ab the strip Joints is a Particularly

ﬁ'flong term, temperature rlses in the m111 durlng operation

-*}«f»sevexe dlsturbance which requires the mill Speeﬁ be ’;ﬂ;§7f§

:'ftreduced to allow its passage."”

In the &—stand mill being con31dered the dlstancefffﬂf

| ”'!between the flrst and last stands is approximately 40

' fefeet With the strip travelling -1 an average speed

”:in the mlll at about 1200 feet per minute, the strip

| ffenters and leaves the. mlll 1in about 2 seconds.% With

‘"f'hlgher sPeeds being 1ntroduced it is. obV1ous that’ the 'ﬂf?fl

N most a manual controller can do 13 to note the trend

L of ¢ any deviations and make attempts to correct them.;'ﬁh

| eVSince a: proper balance of loads, speeds and tensions iseﬁ -”
' required there exists the danger of a severe upeet to {157’
' the mill such as strlp breakage or cobbles,}from an
ooimproper corrective action. "jfi' s .>  T

| A rellable control syatem weuld remove this risk

'allow more strlp to be rolled to gauge and 1n general o



:T;ftend to achieve the goals noted in section'1 1. 
7_.fstrip not rolled to w1th1n the gauge tole;ances must
h :ijin output sauge thlckness, from the desired value,T
- °5fwill produce a 51gnal which may be used to,aotuate

”'ﬂ\7control system to supply corrective actio”, rapidly

“'  considerable attention (Ref. ? to 50).:

'v-_fﬁgiven process, a mathematical model ia required.and:i

‘ .5 'theory of rolling mechanlcs has been found 1mprncticable

'”*I.at present and it’ has been necessary for the equatio"

T‘There can be a considerable economic gain as all"

- -,be cut out of the produced strip as scrap.¢ , g

The requirement is for a method by which a chanse

 and wlthout instabllity.;_ This problem has refeived

1 2’1.: _gplication of Gomputers to Gauge Control

é_nf_l.zaig g B ;
o As mentioned to evaluate control systems_ror5'

 fmust be such that it accounts for the dynamics oi the
'.process.;_ ‘In thls instance the prccess is taken'torh
- mean the rolling mill and 1ts associated electri‘

To use the r°1llns QQuatlons as develOped from the  “V

J”‘to be 11nearised (12, 16 17, 18) to obtazn control
“equstions whlch enable the dynamlcs to be convgnienw

.‘” deacribed for a Bpecific point, or millispeed._

This has llmited previous work ntilisins'computers

'to trials at a partlcular mill speed This
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thesis describes znii utilises a method developed by

the author which allows a wultistand rolling mill to

be simulated on an analegue computef so that will speed
or Lhe strip velocities arc varisble. This allows the
acceleration and deceleration phases of will operation

to be siwuleted and studied. also slip - a factor
relating, stand roll speed to strip velocity - is
included as a variuble as is the varying roil neck
bearing 0il filw tihickness effect on the roll gap setiing.

These control cyuutions (Chapter 4) require partial
differential coexflcivnts 4o be evaluated. his was
done by repeated soiubtions of the origimnal rolling
egquations. These calculutions are inciuded in the digital
progra.we in apgendix C which is described in Chapter 5.
It culculates the coefficicnts for a range of mill speeds
and o glven mili scﬁedule.

The wmost efficient wanner of investigating wany
processes und their control systews is by snalogue coumputer
siwul=ztion. inalogue cowputers (Chapter 6) enable the
process wand 1ts control systew to be siwulated by
electronic analogy.

Two anslogue couputers were uséd in this work.
Initial tests were run on the International Research

and Jeveliopment Coupany analogue cowputer. the final
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and majoriﬁy of tests were conducited on the Imperial
Cbllegé Mechanicél Engineéring Departiuent's analogue
computer. It is a general purposé analogue couputer
- (Chapter 6) but its coamponent specification was such
that it lends itself particularly to the problem at
hafd. ‘ -

o The analogue siwulations of the will developed
(Chapter 7) and the control systems used (Chapter 5)

were used to investigate the will behaviour.  The

results of these tests awe described in Chapters 8 and

- 9..



2.
2. THE COLD ROLLING PROCESS

2.1. MECHANICS OF THE ROLLING PROCESS

- The mill and its operation were described in
‘section 1.1 where iﬁ'was menbioned that the rolling
theory of Bland‘Ford and Ellis was ewployed in the study.
Fig. A.1 iﬁ Appendix A shows the geometry of the roll gap
and the'fordeé acting on the plastic zone of the strip in
the roll.gap. The assuuption of plane strain makes the
Von~-Mises yield stress criterion valid which gives the |
yield stresé as 1.15 times the yield stress in uniaxial
teﬁsion. Because friction exists between the strip and
the rolls, the distribution ofﬂveftical preésure on the
strip is wodified. The distribution is found using the
equations of force equilibrium. The equations for the
plastic zone are listed in Appendix A.1 and their
derivatioﬁlemployed the following aésumptions.

2.1.1. Assumptions for the Plastic Zone Czlculations

1)  The coefficient of friction is of constant value
in the roll gap'and changes sign at the neutral
point. ‘ ‘

2) ‘The arc of contact is circular.

3) TIlastic coupression is negligible.

4) Plane-strain exists in the roll ggp.

5) .Von-liises criterion of plasticity holds.
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6) Plane vertical sections rewain plane.
7) Small angle relations hold as @ is usually
less than 6°.

2.1.2. Yield Stress as Function of Strip Reduction

_ To solve eguation A.16 for the roll force Bland
‘and Ford suggest the use of a mean yield stress in the
roll gap. = However, with the digitél computer it was
possible to include the yield stress (Fig. A.2) as a
function of strip reductiom, which in'tufn'may be
expressed in verms of @, the roll gap angle.  The :
equation relating yield stress to reduction was devsloped
vy B. Kaftanoglu at Iuperial College (31). It is based
on a least squares fit to a logariﬁhmic function. The
constants in the equation (A,19) were deteruined with'
the digital computer from a set of points taken from
Fig. A.2, Up to 200 points may bé accomuodated; in
this instance 50 poinits were used apd the following wvalucs

- were obtained for the equations coefficients.

55,2982 tons/ihai
 0.00202317
0.271503 .

A

H

e

2.1«3. Elastic Zone Equations

At the boundaries of the elastic and plastic zones,

the elastic plane-strain must be compatable with the
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plastlc plane-straln. CdmmenCing with-these'boundar& |

 00ndit10nS, and Hookes 1aw for a three dlmen51onal state
of stress, the forces in the elastic zones may be found.

- The. equatlons for the elastic zones, accordlng to the
.;theory of Bland Ford and Bllls, are given in Appendix
‘ ?A~2. Fig. A.2 ‘'shows the elastic zones and the notation

‘pecullar to Appendlx A 2', , | | A |
The effects of both the entry and exit elastlc zones
4are included, although the entry elastic zone does not
'make-a significant contribution. Once the effects of o
—1 £h§fe1astic éones'bn‘the roll force and torque have been
found, a modified radius of the circular arc of contact
;}can’bé'found Qonsi&efing the stfip deflectidhs. : The
*‘;equatlons are 1lsted 1n ﬁppendlx AD, '
| | The equatlons discussed above. have been included in
‘Appendix A as it is these equatlons whlch are later
j.prbgrgmmed_for the d;gltal computer in Chapter S.
2.2, HILL CONSTANTS _AND SCHEDULE DATA

_ The calculatlons 4in this thesis are based on a.
.particular schedule run on the Abbey Works mill. The
 ‘data concerning thls schedule is listed in Table 2. 1. |
The same schedule has been used by the.Brztish-Iron and
Steel Researéh Asso¢iation (9,'10,‘11) and.by,othersrat
'1Imﬁerial College (7,'8)'in their ihvestigationé of cold

rolling mill control.



Table 2.1 Mill Schedule Data

H£_1 Input gauge-inches .093 .078 .055 . 041
Hr Output gauge-inches .078 .055 041 .0%6
6r Draft - iuches .015 023 014 .005
T, strip reduction . 161 . 109 +559 613
Tr—1 Tension force - tons 0 18 18.2 10.9
Tr Tension force - tbns 18 18.2 10.9 0
o Back tension tons 0 4.99 7-15 S.77
r-1 .
in
o) Front tension 2282 4,99 7.15 15.77 10
r . 2
in
b Strip width-inches H6.25 | 46.25 | 46.25 |46.25
Aé_q Strip arca in2 n..30 5.608 | 2.544 |1.896
A Strip urea in® 3.608 | 2.544 |1.896 |1.665
K ®oll radius-inches 10.0 10.0 10.0 10.0
1, Mill stiffness %%9 110000 | 10000 | 10000 | 10000
L Distance to next 156 156 156
stand-ins.
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Pig. 2.1 denotes the variuble nobation that will
be used in this snalysis and &lSOrShOWS the layout of
che will, Fig. 2.2 illustrates the general notabion
used - by substibution of the sband nuaber for 'r' the
notation of Fig. 2.1 is obtained.

2.%, WHE iilil DRIVED

e wmill rolls are driven by vWard-Lleonard sets in
which the drive wotor is a D.C.-szhunt uotor. The
stcady-state characteristics of such wotors can be
expressed by the eyuation:

G, = A, +1/D_ W, 2.1

The torgue oubtput to the rolls can be coantrolled
by varying 4, which corresponds to vurying the wotor
aruature voltage. Dr is the wotor droop. When the
motors are operating at a set speed, any disturbance
causingta change in torgue will result in 2 chznge in
rolling speed duc to the wotor 'drocp'. fhe droop can
vary when the wotor speed is chunged by varying the
shunt field excitution. '

For a given setting of A, the steady state ¢hange

in speed is given by:

N
L]
1Y)

W 1 -
o\, /B 8G, = D_8G,
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The results of Table 2.2 are based on equation

A0590
2.4. ROLL GAP FRICTION

Ags the strip is being rolled it slides against
the roll surfaces due to the change in speed qf the
strip relative to the rolls as it passes through the
roll gap. Only at the neutral point (Fig. A.1) does
the strip speed equal the roll speed. The greater the
coefficient of friction, the greater the tangential
forces gencerated; hence, the greater the roll forces and
roll torgues. A reduction in the coefficient of friction
allows a grezter reduction of the strip gauge, for the )
saue roll force and hence a wmore efficient will dcsign.
5liding friction, as described in referemce (34), is
wainly due to the forwation and desbtruction of winute
bridges between the asperites of sliding surfaces. A
- film of lubricanc, itself easily shearci, sepsrabes the
surfaces and reduces the nuwber of asperite bridges.

Zelte e Types of Lubrication

The type of lubrication is defimed by the film
thickness. The extrewe cases are boundary znd hydro-
dynamic; witlh 'thin-filw' being an interwmediate condition.

With boundary lubrication the filw is only one or two

molecules thick (34). It occurs under heavy loads and
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Table 2.2 IMill Motor Schedules
gotal Flatout 1950 FPM Output 975 i
orse
Power RPM Droop Droop Droop
% r/s/Ton-in| r/s/Ton~
| estimated
1 3500 270 ) l-.00472 -. 00944
2 5000 408 | 5.33 l-.00682  |-.01364
5 5000 545 4.57 - . 301065 -.02130
4 5000 635 1,00 - .0126 -.0252
. EST
Wind *
r:égl 1250 730 1.0 —.0173 -.0173
%
100 | ——— 45

Motor torgue
9% of full-
load torque

0

Fig. 2.3

¢

92

94

96

100

Motor speed % of no-louad speed

Motor Droop Characteristic

Hotor droop characteristic
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low>5peeds. The natﬁre of the surface and the chemistny
of the lubriéant pluy an iwportant role in this type.of
lubrication.

in hydrodynamic lubrication the surfaces aré
sep&rated by & filia of considerable thickness and the
resistance to motion is due to viscosity and other bulk
properties of the fluid. There is, ideally, no weaﬁ
and aq,éil wedge 1s created if the pressures are
sufficiently high. This type of lubrication might exist
in cold rolling at high speeds (34, 35).

2.4.2. Cold Rolling Aspects

Tthe type of lubrication which exists in the roll
gap is still not certain. The production of metal dust
during rolling and of measured values of u in the order
of 0.07 indicate'boundary type lubricatiod. ‘But as u
decreases with increasing strip speed, some hydrodynamic
effect is indicated. | |

J.il. Thorpe (34) carried out a series of experiments
with a variety of lubricants on a single stand experimental
mill. His results for pure paraffin lubricants show a
marked transition zone where u falls to a lower value
with increasing strip velocity. - The explanation put
forward was that during the transition period liquid is

trapped in the surface irregularities to produce soame
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hydrodyneauic effect. With palm oil - a base for uany
rolling lubricants - thc coefficient of friction exhibited
a gradual decrease with speed. Strip precoated with
stearic acid in 100% concentrations,which fills the
surface irregularities,did not show any change in u for
speceds up to several hundfed feet/minute. However,
stearic acid by itself is not a practical lubricant,
although it is used in swall percentages in wany rolling
lubricanvs.

2e9 CCLUROL OF  3031IFP GAUGE

2.1, Holl Force woguilibriuam

Hessenbery and J3ims (12) considered the svand housing
48 reacving as a stiff spring to the load iaposed on
the sbtrip by the rolls; +the overull stiffness being the
comwbination of the roll stiffmess and stand housing
stifiness. “he rolling load will thus cause the roll
gap o increase over its value with no load. Assuaing
the sbtrip outpuv thickness to be equal to the roll gap
under roiling load, chey cexpressed the roll force as:

r = Mr(Hr - 8

T ) , 2.4

or
squation 2.4 is called the elastic equation of the
stand. Fig. 2.4 shows the state point describing the

equilibrium or the deformation of the strip due to load
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Roll ‘

Force <~— [1ill elastic line

' Y =
]."r = MI‘(HI‘ UI‘O)

Ar - state point

#— Strip Deformation
line. P _=p(H))

» Gauge

N . - ]
Hr Hr--l

Fig. 2.4 Roll Force EBouilibrium

Roll i
:Rolling torcue

Torque .
AL ’/r-Gr = g(Hr)

.‘//,_Mill motor
" characteristic.

G = A + B w
r r

T r

w - iHoll sjeed
-

Fig. 2.5 RollTorgue Equilibrium
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and the elastic deflection of the stand (12, 16). The
strip deformation characteristic is calculated fro. the
roll force equations in Appendix A for varying output

thickness; other variables being held constant. That

is:

V?r = P(Hr) ' 2.5

Therefore, for a given roll setting So’ there is
a particular state point A.

2eDel. Roll Torgue Eguilibrium

During a rolling operation the torque supplied by
the drive motors is balanced by the rolling torqgue
defined by the torgue eguations in Appendix Aa. For a
particular stand and.given strip parauweters the rolling
torque can be expressed as a function of output thickness

(17)0 ' Thus:

G, = g(i)) 2.6

The state point A denotes the equilibriuw condition
which defines a particuler value of opcrating speed of
the rolls. The value of Hr in equation 2.6 is that
defined by Fig. 2.%. Fig. 2.5 shows the rolling torque

as decreasing with speed - an effect which is discussed
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in section 2.5.5. It is due to the reduction of
the coefficient of friction with increasing speed.

2.5.3. The Speed Effect

Experiuwents and observations on operating wills
(11, 22, 27, 34, 35, 36), as discussed, indicabte that
as the rolling speed of the mill is increased, the
coefficient of friction in the roll'gap decreases. The
consequent reduction in roll force and roll btorque,
predicted by the rolling theory in Appendix A, give
rise to new state points. This is shown in TFig. 2.7
by the wmovement of the force state point from A1 to A2
for decréasing u.

There is, however; the added effect of the movement
of the necks of the rolls in their bearings. The
hydrodynamic film - for non antifriction type bearings -
tends to increase in thickness with increasing roll speed,
This causes the rolls to move closer together, decreasing
the gap, and shifting the state point to A3; at which |
point there has been a reduction in output gauge, but |
ap overall increase in roll force (22). ''his effect
is takeﬁ into account in the simulation of Chapter 7

by wodifying equation 2.4 to:

Ppo= Mp(Hp - 8o, - 88,0 27



.‘406..
Roll v

Force +
Decreasing y With speed
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_ : .
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Fig. 2.6 Illustration of Speed Effects.
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Force

yield stress

>
Gauge

1

. ; '
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Fig. 2.7 Effect of Changing Yield Stress
on Gauge.
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Where ASor is the roll neck bearing oil film
thickness change.  Foll wovements are considered .
positive when tending tc increase the roll gap.

2.9.4 Control Modes

The effect of sowe cowwon disturbances on gauge
is illustrated in ifigs. 2.6 to Z2.9. In each case a
shift in the state point has changed the output gauge.

L method of correcting the effects of a perturbation
by adjusting the roll gap is illustrated in Fig. 2.8.
An increase in incowming gauge has caused the staté point
to shift frow A1 to AZ. To bring the output back to
the desired value, the roll gup opening is decreased to
point 2, causing the state point to shift to A3, thus .
correcting the output gauge (12).

In Fig. 2.9:the correction for an increase in
incowing gauge is obtained by increasing the tension
'applied to the strip. The increased tension,‘acting
in accordance with the roll force equation 4.16, redﬁcés
the roll force required to produce a given output gauge.
The»state’point, having been shifted to A2, can thus be
brought back to A1 which gives the correct output gauge
(16). | -

Figs. 2.8 and 2.9 thus indicabe two modes of

automatic gauge control. They are the bhasis of most
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Roll . ‘\\ Decreasing
Force + roll. gap

Elastic mill
characteristics

Strip
characteristics

——" Gauge
S H,  HL

o “r 1

Fig. 2.8 Controlling Gauge by Roll Gap Setting.

Blastic mill

' ' Increasin , .
Roll )} XYension \\ . characteristic
Force
Strip _
- characteristics
| ' :iGauge
Sro Hr Hr~1

Fig. 2.9, Controlling Gauge by Tension Adjustments.
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cold rolling mill control systeus. | Usuélly the

tensions are adjusted for rapid contr01 of gauge and

the roll gap'setting for coarse, or iong.term control.-

" Phis is due to the drive motors being able to vary the
tenéions more rapidly than the screw down motor can vary
the roil gap setting. Controlling gauge by varying
ﬁhevroll gap sebtting is usually undertaken in the earlier
stands before the strip has been work hardemed.  Although
with the introduction of digital computers for mill control
there is usually facilities available for the control of

the roll gap of each stand (11).



3 AUTCMATIC COOHTROL THEORY

3,1, OPEN LOOP CONTROL

An open-<loop control system is illustrated in

Fige Je1. In this system the thickness of the outgoing .
»gauge is proportional to the setting of the roll gap %6;
By adjusting the roll gap the desired output gauge aay '
be obtained. If the strip deviates from the desired
gauge & manually introduced signal would have to be |
supplied to the screwdown motors to reposition the rollé;

%.2. CLOSED-IOOP FEEDBACK CONTROL

Fig. 3.2. shows the system with closed-loop cont:oi.
There is now & closed sequence of cause and effect; gn‘
~unwanted variation in any quantity initiates actions B
whiéh‘tehd to reduce the initial variation. Thus, if
the gauge were too heavy, a signal, proportional to the
gauge, would be obtained from the x-ray gauge and it
would differ from the signal corresponding to the desired .
gauge. A voltage or current signal proportional to,'or'”.
some function of, this error would then actuate ‘the
‘motor to position the rolls so as to reduce the dev1at10n_,i
until the error signal; ‘Desired gauge ~ Actual gauge, . |
is equal to zero. ‘ | _

The above discussion holds for slowly varying
disturbances. Eor rapid variations the dynamic feépbnSes

of the system elements become important, and tend to
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down
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> Rolling . r/\ X-ray gauge
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Unwind (:_:)Incoming P Out501ng _ Wing
reel strip strip ree

Fig. 3.2 Closed-loop Type of Gauge Control.



limit the behaviour of the system.

BeleTe Dynamip Responses

In the mill a signal into the screwdown motors
takes tiwe to have effect as the motor must accelerate,
position the rolls, and return to rest. Also, due to
the inability to measure thickness in the roll gap, a
delay occurrs until the corrected strip reaches the
x~-ray gauge and is measured.

The respoﬁse of the system to a sudden desiped
change in thickness is important as it determines the
transient response. The response of the system, and
hence the change in thickness, must be such that the
cérrection is obtained rapidly and without excessive
oscillation. Such information is available from the
transient response.

Also iwportant is the response of the system to
sinusoidal signals. It reveals how a poor system can
osclllate continuously’- be unstable = and so be useless
ag a control systemi The reaction of control systems.to
sinuscidal inpﬁts is termed their frequency response.

The strip entering a cold mill may have, among
other deviations, a sinusoidal variation due to‘the
eccentricity of the rolls in the hot rolling mill.

The outgoing strip would then also have such variatiéns,

ag would the error signal. The error signal would act to
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reduce the error, but due to deléys it would be

lagging in phase.

3,2.2. Instability

Instability may be explained by considering
what happens when a sinusoidal signal is applied
to a couwponent which cannot respond instantaneously;
the response of the cowponent is a sinusoidal
waveform delayed in time relative to the input.
There is a phase lag between the input and output.
¥or several such couponents in cascade, the overall
phase lag is the sum of the lags of the individuai
couponents. Should, at some particular frequency,
the overall phase lag from output strip thickness;
to uwecasured gauge; to error sigpal; to roll gap
adjustment So, be equal to 180 degrees, then the
respbnse of the feedback system would bé such as
to increase the original gauge error rather than
decrease it.
_ Consider a gauge control sysﬁem'as in Fig. 3.2
acting at stand 1. Assume that the output gauge.of
stand 1 is varying sinusoidally with tiwe - which can

oceur if the input gauge has a sinusoidal variation -



at a frequency which gives an overall 5hase lag of

180 degrees. If the correétive action under these
conditions is too large, the system will continue to
oscillate. - This is illustrated in Fig. 3.3. At

time to,vthé gtrip has the maximum‘positive deviation.
Due to the déiay‘until the deviation is recorded by the
X~-ray gauge the error does not reach the motor until

time t© and the screws are not set until time %,.

-1'!
Bowever at btiue t,, the output fluctuation is of the
. sawme phase as that initially assumed; the screws are
thus‘merely-following the contour of the strip, amnd
maj actﬁally increase the deviation should the loop
éain‘be greater than one. - |

The preceding.discussion indicated how an unstable
contrbl systen would-oscillate continuously; if the
gain of The system were higher the oscillations uould'
tend to grow. The presenéé of inértia and time lags
>‘ar$'thé basic causes of instability{‘ _Considéring the
50§ion of a control systew in a more génefal nanner; a’
signai-demanding an‘action on the pérf of the control |
éystem‘Causes*the'ioad to be driven, the kinetic energy‘
.;df'fhé‘moving parts causes an overshoot the magnitude‘ |
':of'which depends on the damping in the system. There

aust be some damping in a satisfactory control system.
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Instability may also be explained in terams of
loop gain. As control systems are described by at
least a second order_differeﬁtial equation, the
classicsal solution of which indicates that the gquation
coefficients can be such that an oscillatory response
will be cbtained for a step input. As the equation
coefficients correspond to the gains in the controil
loop an onscillation indicates that the gains are
incorrect or Loo yreat.

In the majority of texts 6n control systems
(39, 40, 41, 42) stability is snalysed by specially
adapted techniques such as the root-locus method which
demonstrates the degree of stﬁbility by considerihg the
roots of the cowplcecmentary solutibn of the system
differential'equations. ’In general it may be said that
if any derivative terwm is wissing frow the differential
equation or if all the coefficients are not of the same
sign the systew will be unstable.

The above methods are more difficult to apply to
couwplex sysbtews such as the rolling mill in this
instauce. In such cases investigation by analogue
couputer simulation is both convenient and infbrmati#e.

%.2e3. Reguirewents of Control Systems

In any automabic conurol system there are three

basie requirements which must be aet.
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1) The variable whichvis to be controlled must
be measured. This is gsually done by a device called
a transducer which converts the weasurement into an
easily handled voltuge, current, hydraulic or pnucaatic
signal. The transducer accuracy is iwportant as it
liuits the maxiwum accuracy that can be achieved with
the control systcu. |

2) The error that exists between the desired value
and the existing value of the output must be determined,
If the signals are in voitage forw, the voltage from
~the transducer, which corresponds to the measured value
of the output, wust be couwpared and subtracted from the
voltége corresponding to the desired value of the
guantity being controlled.

3) The error must be used to control the output.
The error signal, being of small power, is used to
wodulate or conlrol & power source or primemover which
supplices the power to adjuét the output quantity. The
tery 'ewmpliifier' is used to describe equipment which
perforums this function.'

3.2.4. Basic Perforwance Considerations

Three iwportant considerations in the design of
control systems are noted below. '
1) GSteady-state error: when the system is

disturbed or a new value of output dewsanded the system
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will experience a transient period. After the
transient has died out and the variables have reached
new constant values, the error must be within tolerance.
Increasing the systewm amplification - the gain - will
reduce the steady-state error; too large an increase |
will cause instability.

2) Response time: to a sudden change in dewanded
output the system should respond as fast as possible.
The:new'desired steady-state value must be reached as
rapidly as possible without excessive overshoot or
oscillation. If the input is sinusoidal. or periodic
the system must respond and‘reproduce the appropriate
output without excessive error.

3) Stability: the system must be stable; that
is,it wmust not oscillate.

3.%3. EQUATIONS OF PHYSICAL SYSTEMS

Although the differential equation expressed in
the cdassical foram contains a systems dynamic character-
istics, they are labourious tb'sdlve, particularly if
of a higher order. Their solution can also obscure
the fundamental relationships between the responses
for various inputs. The Laplace transformation‘method
(39, 40, 41, 42) tends to dverco&e these difficulties.

The Laplace transforu of a differential equation

is an algebraic equivalent from which the dyanaaic
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characteristics way be couputed. The transforw can
incorporate initial conditions, but for most control
sjstem analysis the mathewmatical treatment assumes the
systeu is initially at rest. An outline of the Laplace

transforus used in this study is given in Appendix B.1.

%.%.4. Transfer Function Analysis

' If the transformed equation is msnipulated
so that the ratio of the output signal to the input
signal is obtained, (wegnitude and phase) the ratio is’
called the components trunsfer function. The transfer
function form assuwes the initial conditions to be ZEro.
For a systewm which is initially at a steady-state
- operating condition, the response ﬁay be obtained by
adding the initial value to the response for the case in
which all the initial conditions are zero. The transfer
function-allows ready assessment of the effect of each
component in the system, and it is independent of the
input function it wmust operate on.

Techniques such as the frequency response and root
locus methods (39, 40, 41, 42) allow the transfer function
to be handled numerically or graphically. By determining
the inverse Laplace transform; that is reverting back to
the time domain which gives the solution of the differ-

ential equation, the transient respomse for various

inputs may be found.



St
The analysis of a system respresented wholely
or partly by transfer functions or differential

eQuations”may be perforﬁed on an electronic analogue

computer as desgscribed below.

FeBele Analoguétcomputer Analysis

There are two methods in general use for analysing
equations; of the type encountered in control system
studies, on an analogue computer

One methéd, the differential analyser approach,
analogueéythe entire system term by term.  Using this
method the correspondance between each computer element
and the component it represents is lost. |

. Another approach, called the simulation method,
is to obtain the equation of one or several components
at a time and to anélogue them. When all the components
or equations have been analogued they are interconneﬁted
in the proper seguence. The siﬁulation method is often
usad in control system analysis as it allows the study of
each couiponent, as well‘as the entire systeu. This
is the wethod employed in this thesis to analyse
gauge control systems. Using an analogue computer
allows changes or adjustments of any'of the system
parameters to be easily made. | |

In wany coumplex processes and control systeas, an

analogue computer study is the only feasible method of



55.
analysis. For many systems, particularly in studying
dynamic responses, it is faster and wore flexible than

a digital couaputer.

e%.5. Block Diagraums

Block disgrams are useful in illustrating the
order of events in control systeﬁs. The output
quantity of each block is formed by the multiplication
of the input to the block by the operating equation or
transfer function in the block. Cowplex operations can
be factored‘into simple operations, each one being
represented by a separate block, and the complete
 operation can theﬁ be represented by a.series of.cascaded
blocks. Hince the effect of each block on its input
can be easily assessed, insight into the operation of
 the system is facilitated.

In the casé of the screwdown motor the error signal
voltage is Ehe input to the block repfesentigg the motor
and the ouput is the screw rotation which sets the rbli

gap.
2.4, ZYPES OF CONTROLLERS

There are a variety of wanipulations that may be
exerted on the signals in a control system in order %o
obtain the desired output respomse. This action may be

exerted by a controller as indicated in Fig. 3.5 and is

described in references (38, 39, 40, 44).
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The rolling mill gauge control systeams in chapter
8 were tested with proportional, integral and proportional
_plus integral_controllegs as required in the various |
control loops. |

Using proportionzl control,the controlier (S}
coneists siwply of an amplifier to increase the mégnitude
of the error signal before it reaches the motors. The
- transfer function is thus a pure gain,»k, which is
usually adjustable. Since the conirol action is
proportional to error; for a suwall error there is a
- small coatrol action. The control system thus tends to
alloﬁ a steady-state error to exist. This error may be
reduced by increasing the gain, but with increasing risk
of'instability. To eliminate it entirely additional
control signals are required,

With integral control the controller transfer function
is of the fdrm ¢/p, where ¢ is a constant and 1/p
represents the integration. The error is thus integrated
before it is applied to the motors. Phis eliminates the
steady-state errérs as the output of the controller will
increase indefinitely with time for a constant error;
thus Yo produce any finite mctof,signal, zero steady-state
error is reguired. The amount of integral control must

be consistent with systew stability.
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- By applying proportional plus integral control,
the advantage of‘the integral’action are couwbined with
-w the deéired transient response of the proportional
' contiol ﬁhich applies the error signal immediately to the
motbrs wifshm’zt having to wait for the error to be

integrated. The transfer function for this type of

’,_controller is (k +.¢/p).



58.
4. CGNTRCL EQUATIONS OF THE ROLLING PROCESS

- 4.4, LINEARISING THE ROLLING &QUATIONS

Due to the non—iinear nature of the equations
describiﬁg the rolling process - Appendix A - it is
aifficult to develop equstions that will account for
the dynamic behaviour of the mill. This can be over-
come by linearising the rolling equations about a
selected operating point. The resulting equations
then hold for small deviations about that operating
' point, This is satisfactory for a study of the process
w;thra view to automatic gauge control as‘only small
~deviations éré expected to be encountered.
|  The experience of mill operators and previous work
(7, 10,12, 17, 18) indicate that the roll force amd roll
tofque for a mill stand may be expresséd for a given -
_éperating‘poiny as: |

v

P, = function (B! ,, H ) 401

r r-1’ “p* %.q» Op

_‘Gr = function.(H£_1; H., 6n_4» ©p) ' 4,2

~ As equations 4.16 and A.17 indicate, P and G are also
functions of the coefficient of friction; and in section

'2.5.5 the coefficient of friction is described as being
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a funcivion of strip velocity. Thus, eguations 4.1

and. 4.2 hold at a selected will velocity, which

deveruines a particular value of u.

%.1.17. Roll Force anl Roll Torgyue Gontrol kquations

By applying partisl differentiation to the equations
4.1 and 1.2, they have been expressed for swsll changes
in the variables as shown below (7, 10, 12, 17, 18, 20).

The general notstion illustrated in Fig. £.2 is used.

- GPr . aPr aPi ' aPr .

oFP, = 53;;16Hr-1 + Eﬁ; OH, + 53;;1°0r-1 + 53; o, 4.5
 or 8F, = §1r6H£_1 + popdH, + p5r6°r;1 + Pypd0y, . 4.3
6Gr = %;i—_qcﬂ;_q + g-;f 6Iir + %.1601._1 + Z—%i- Gcr 4.4

or 6G, = gqr6H£_1 + 8opOH, + 33r°°r—1 + 8,000,  4.4

The method of calculation of the coefficients (8)
is described below using stand 2 roll force as an exasmple.,

The control equation is:

6P2 e EE: 6ﬁ1 + gﬁg 652 + 53: 601 + 535 602
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o)

/{’
aP
from Table 2.1. To eveluate the cocfficient _£; the
5

H2’ 9,5 and o, are known scheduled quantities

roll force was czlculated for s swall increment added

1 1°?
increment subtracted frowm HY, that is; H% - 6H%° The

to H!, that is; E! + 8H!; and again for a samall

remaining independent variables, HZ’ Oqs and o, were
held constant during the calculations.

- Letting H% + OHi equal H%+ and the corresponding

1

roll force egual PE and again letting H1 - GH%-equal
H%' and its corresponding roll force equal PE we have:
+ -

P “ = aH' = e T - - [,'05
12 1 Hp - E

This process is repeated for cach independent
variable and for each equation in the set described by
equations 4.3, 4.4 and equation'4.15 which is discussed
in section 4.2.1. The control equation coefficients
were evaluated using a digital programme developed by

the,ahthor and described in Chepter 5.

4,1.2. Coustraint Equations
As the¥e is no storage or depletion of strip as it
passes through the mill the mass flow through the mill

must be constant at all points. Since the width of
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the strip throughout the will is constant the continuity

equation may be expressed as (7, 18):

In incremental form it becomes:

Ve ,8H! o o+ H_0Vh , = Vo OH, « HoV, = . . .47

The stands are effedtively connected by the tension
existing in fhe interstand strip. Disturbances at a
stand may cuuse a change in interstand tensions and so
tronsmit a disturbance to the neighbouring stands.

The following equation (7, 10 , 19, 29) has been used

to desceribe the inberstand tensions. In incremental

foru:

ArE
= \ -
oTr -I;- f(avr 6Vr)dt

" In terms of tension stress it becomes:

' E
6o, = £ j (8V), - oV,)at 4.8
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The mass flow concept iamplies that when the speeds
of the mill stands zre fixed,the strip gauges are
constrained to certain ratios, anéd the interstand tensions
must go Lo the values necessary to maintzsin these ratios.
However in practice it is necessary to keep the tension
fluctuations within limits as too low a tension will
cause cobbles cnd too high a teusion any break the
strip.

For convenience and to conserve cquipament in the
analogue cowputer simuluation, equations 1.7 and‘4.8 are

combined to give equation 4.9. Using the relationship:

3 we getb:

T + 1

v V! V!

bo, = ¢ (V;—f—;ﬁvr” + Hﬁ—;ﬁﬂrﬂ - Hi-aﬁl', - 8V,) dt 4.9
Since a chunge in thickness of the strip at one

stand takes a finite time to reach the following stand

there exiéts a 'transport delay', Tp- The delay is

equal to the time reguired for the strip to travel froa

oné sband to the next. Thus:

bﬁé(t) = OHr(t - Tr) %1410
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As in previous work (7, 10, 12, 17) the rolil force
control eguation #.3 is cowbined with the mill spring
equation 2.5. In this case however the oil film

thickness parameter is included to yield:

, |
OHy, = (F-p) (Pqpdlip_q + W8S p+ M8, + pypBop g

+ p4r60r) 4,11

This step eliuirates the roll force from the
simulaticn. Because of this the simulations of Chapter
7 were attempted without couabining egquations /.5 and 2.5,
but There was 2 tendency for the simulation in this form
to be unstable. dence equation %.11 has been used.

f.2. IKCLUDING SLIP AS A 'VARIABLE

As mentioned, previous anzalogu: simulations of rolling
mill control equations huve generally assuwed the slip
(equation A.20) to be constant. That is,it does not
change value should the mill experience any perturbations
from its operating point.

The strip velocity l?aving a mill stand is related
to the peripheral velocity of the rolls by equation 4.20,
which for any stand is:

P, - Vr - W,R

r

4.12



This is the definition of F; +the slip.
The strip outpubt velocity isay be expressed from

.12 as

V, = W.R(1+FQ) | 4,13 -

The ineremental form; obtained by partial

-

differentiation is (9, 10):

8V, = R(F, + 1)0W,, + W ROF, 4.14

Assuwing bhe slip constant weuld cause tThe second
term on the right hand side To bucowe zero.
By including slip as a varisble the above assuwpiion
may be eliminated. The slip way be calculated froa
R' n2 . : .
, equation A4.20 in Appendix A.
r

However as the formula for #n (equation A.13) is.

the expression;

difficult to solvs in the dypamic sense, 1iv is necessary

to liaecsrise 3sgain. To do this the slip was expressed

F = ful H

L} Vi
r_./‘ 1 r’ or_/‘ ] Or) l"c 15

This is The sawe form as the equations developed
by others for roll force and roll torque. In

differential forw the slip control equation is:



aFr aFr - aFr . aFr 5
S8F = 6H! + + =T 8o _ + =00 4.1
r aﬁ;~1 -1 aﬁ;E T 00, 4 T-1 080, °T
= |
or &F, = £, 0H] , + £, 00, + £3,00, 4 + £, 250, 4.16

The coefficients for equation 4.16 were evaluated
in the sane maﬁner‘as those for roli force and torque,
using equation A.20 for the repeated calculations of
the slip, F. Their values, calculated with the digital
computer are listed in Tables C.1 to C.&, | |

4.3. VOTOR TRANGFER FUNCTIONS

4.%3.1. The Roll Drive Motors

A Ward-leonard set drive may be characterised in

increwmental form by the equation:
dwy, = fw(p)éwnr --_fG(p)DrbGr 4,17

The functions fw(p) and fG(p) represent the dynamics;‘
in iaplace transfer form, associated with the response
to demanded speed changes (GwDr), or load torgue changes
*(6Gr) respectively.
At o particular speed setting the steady-state

response to a load torque disturbance is:

GW: = - DrbGr; which is equation 2.2.
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4.3.2. The Screwdown Motors ,'

The transfér function for the screw down motors is
the relationship}between the signal_for the demanded
position and the\actual position of the rolls; however,
since a constant signal to the motors drives. the screws
at a constant veloéity, the tfansfer functionfcontains
© an integr&l’term in order to yield the roll gap setting.
In incremental fora the transfef function becomes:

£
. g(p)

- S— 685, 4.18

where fs(p) represents the remaining dynamics of the

transfer function representing the screw down motors.

4.2.3. NYind Reel Motor
In order to maintain the strip temsion between th;‘
last stand énd the wiﬁd reel constant the speed and
torque of thé wind reel must be under a form of controi.
Torgque changes result froam changes in the'strip tension
and the speed must be adjﬁsted to asllow for the increasing
diameter of the coil of strip as it is wound.  The
transfer function bécomes in incremental forw (Ref.
Appendix A.5): | - | , D
Vg = £.(p)Dgdo, + £u(pleVy, 4.19

where DR is a féctor relating the effect of tensipn
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changes on the strip velocity at the wind reel.

4.4. THE CONTROL EQUATIONS AS FUNCTIONS OF
MILL SPEED |

The equations 4.3 to 4.9 contain teims or

- coefficients which are functions of mill speed.

The nature of the coefficients is determined in
Chapter 5. To prograuwme the equatibns on an analogue
computer in & manner that will allow acceleration and
deceleration phases of mill operation to be simulated
will thus require varying the coefficients during a
trial on the analogue computer. Sections 6.9 and
6.10 describe a amethod which achieves this, and

Chapter 7 describes its application.
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5. DIGITAL COMPUTER DETERIINATION CF CONTRGL
" EQUATION COLFFICILNTS

5.1. INTRCDUCTICH

The‘determination of the coefficients in the control
equations of Chapter 4 involves considerable coamputation.
They have been calculated by hand (8) for the roll force
and roll torque equations; using the plastic ione
equations, the schedule.of Table 2.1 and a value of
U = 0.07 for all stands. Bryant and Butterfield (10)
have reported a set of coefficients, for the roll force
and roll torque equations, applicable bto slightly differing
control equations (Appendix c). They were obtained by
applying_stat?stical techniques to experimental data.
However slip was not included as a variable in this work.

Since the speed differs for each stand, the
coefficient of frictionm is different for each stand.

To determine the correct value to use for the

schedule selected it is necessary to do repeated calcul-
ations until a wvalue of roll force is obtainéd to match

an experimental value; or to solve the equations of
Appendix A for‘u,using an experimental value of roll
force. The former procedure was adopted as it suited
 the intention of calculating a series of stand roll forces,

torques steps and coefficients for & range of u values
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corresponding vo a rauge of will speeds.

5.2. FPROGEANYE DBESCRIPTION

Two final programmes were developed; one which
used the plastic zone equatioms only, and another which
included the effects of the entry and exit elastic zones.
A third programme was develbped in the lattervstages
which performed the trial and error process, necessany‘
to find roll forde, to a particular error of convergence.
”It'ran satisfactorily with a trial set of date; the
results of which indicated that the other two prograunmes,
which repeated the trial and error process a fixed number
of tiames, were converging‘to at least 0.65%. Although
the equations being solved are accurate to several% (5),
a precise answer is required as it is necessary to
subtract guantities of comparable size (equation 4.5)
to obtain the control equation coefficients.

Ezch of' the two final programmes included the print-
out of roll force, torque,slips, coefficients and
equivalent BISRA coefficients (Appendix C.2).

Fig. 5.2 is the flow diagraa for a complete programme,
The data required for the 4 mill sfands is termed one
set. Hach set is similar except for a different value

of u. The thirteen sets of data are for the following

values of u
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‘|46

‘Data'Indéx, .. Variable Index
|a1 |B, | inches Bo |H/H,  [6° |(s)°
A2 aif —ihches' BT |E/H,  |to [to |
|43 |H, | inches B2 (B, o/H. 678 |(s2)1®
‘A4u o tons/inch2 B3 |k HE
85 | tons/inch? k, HS [P
R inches Ky g - ||H7
A7 Ja - | 8 Bik:S) o1
las 1%y _toﬁs/inch2 VRS {710 ol
A9 fo | tons/inch® Aipprox.P ||H11 62‘ |
‘;,A10~Jc.v inch®/ton RY H12 B, |
1811 -P;  '_tohs/inch u 2, H16 R'
}'.A12 b inches 2, H7 &
Aia W RPM P H18 [F
A4 |y - 6, U12 baP/2H,
1415 |E | tons/inch? |2° |13 pac/eH,
e |- | to 14 [oF/H,
417 |- g18 U23 [baP/aH,
A18 | & tons/incha‘ exp(uJ)o v24 baG/aHo
.Ajg’-BA’ - to 1al|P25 [P/eE,
A20 |© - exp(uJ) U34 [b3P/30;
|21 |4, | inen® §° U35 [b8G/30;
A22; Aol .inch2‘ to U6 PpF/a0;
, A23, M | tons/ineh 818 : 045 aP/aao
- |A24|D rad/sec/tcn-ihch . x° U46- FEG/EGO
| to 47 JIETH
18

Fig.fB.ﬂ. Digital_Programme Data and_Vériables.
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Title | - . - 7
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Variable directives

!

Read and acknowledge
number of sets of data

i

Read and print stand data

Yils = |Read data for coefficient
(calculations =

1

Determine roll force, torque
and slip-ref. Fig.5.3 & 5.4

» i
(Nominal case Aj}——zgi___
{ No o
Calculate and store g**gnaﬁd
ig. 5.5

f coefficients-Ref.

Calculate and store BISRA
‘a' and 'b' coefficients

!

Print all coefficients

} ) . :

Stand calculations No |
complete

¢y Yes
(g?ata set complete ;}, No
| t.Yes ‘
All data sets \_No
complete J
+ Yes
End

 Fig. 5.2 Flow Diagram for the Calculation of the
Control Equation Coefficients. Reference
Appendix C for the Digital Computer Programme.
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.01, .02, .03, .04, .C5, .06, .07, .08, .09, .10, .11,

.12, 15

The first 24 data are termed the nominal data, (Fig.5.1);
the rcwaining 8 dava describe the increwental éhanges in

Hi; respectively. iAfter the couputer

has read the nominal data for one stand it prints the

- data then proceeds with the calculations as indicated in

Fig. 5.2.

5.2+.1. wvalculatvion of Roll Force, Roll Torque and

S5lip in the Plastic Zone
Fig. 5.5 shows the flow diagram for the calculation

of P . Using equation A.15 and A.18, a first approximation
for R' is obtained. From equations A.1, A.1O,VA.15 and

J

A we obtain: @ Jn and ﬁn. To evaluate the

i’ i
integral for roll force (equation A4.16) Simpsons Rule
is uéed. ‘The angle ﬁn is divided into six increments
and (ﬁi - ﬂn) is divided into twelve increments. The
value of vertical stress, s; and s@, is evaluated for
every point using the relutions A.9, A.1 and A.19. By
summing according to Simpsons Rule the foll force is
obtained.  This cycle is;repeaéed four times, to give

the final value of PP' AT this stage the roll torque .

and slip are evaluated using equations A4.17 and A.20

respectively;
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Calculate k_, k.,k|
IEY |

Calculate approx.P
Calculate R'
Yy
Calculate Pp ]
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Calculate Peo -
R
Calculatesceo
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( 7 loops ;>—3EL
_ y Tes
Calculate_Pe:.L S

¥

Calculate Ggi

' -
(7 loops :}ii—
v Yes

Calculate
"lmodified R'

1
Substitute new
tensionscgquei

Y
( 4 loops j}EQ__M_
- ¢ Yes

Calc. and prin

P, G, F

Fig. 5.4 Calculation of
Roll Force, Torque and
Slip Including the
Elastic Zones
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[Calculate k_, ki Kk
, j _
Calc. approx. P

]
Calculate R' [
i i R
A Calculate Pp

13

(4-loops 4;>EEL__

t Yes
ICalc.'GP and F

P

Print I_)P’G;Q o F

4

Fig. 5.3 Calculation of Roll
Force, Torque and.
~Slip for the Plastic
Zone. .




5.2.2. Calculatlon of Roll Force, Torgue and Slig

, - inciuding the nlastic Zones
The flow alagram of Flg. 5.4 shows the basis of

the procedure used Here Pp_ls calculated as above.

Then u51ng ‘equations A.2%0 and A4.28, the roil force for
the exit elastic zone, Poo» 2nd the new tension stress,
béo’ applied ?ofthe exit side of bthe plastic zone is
found. - This ;atter calculaﬁion is repgated seven times
due to slow convergeﬁce. |

The roll force on the input elastic zone, Pei’ and
the new tension stress oéi,'applied to the entry side of
.the plastic zone are then found in the same way; using
equations A.32 and A.34.

Having found the roll forces for the three zones in
- the roll gap the wodified radius of the circular arc of
dontact, R', is calculated from equations 4.38 and
A.35. With the new R' the calculation for Pp is repeated
using the newly formed tension stresses oeoéndﬁoei
existlng on the boundaries of the plastlc zone.

' As indicated in Fig. 5. 4, the complete process is

then repeated 4 times to converge to a value of P found
to be converged to 0.05% (section 5.2). With the total

roll force available the roll torque and slip can be

calculatéd using equations A.3%6 and'A.aoQ
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ft§;2l§.' Calculation of the Coefficients for the

Control Egpatlons

The coefficients in the equatlons of Chapter 4

-,}were obtained using the plastic . zone equatlons only,

>and.againvu51ngvthe equations for the-three zones. In
.eaoh'caso‘tho portion of #he“programme,rcquired to
calcnlété’the ccéfficienta io‘identicai. 'Bcth-casas,oere
"done to afford a comparison.
| After having obtained the roll force, roll torgue
and 811p the computer proceeds to the part of the‘
programme shown in the flow dlagram of Fig. 5 5.
| The Q counter contrcls the flow of events. The
‘computer reads the value of H 1 frou the data tape then
calculates P~ » G and ¥~ which are defined in Chapter 4.
Itcthcn reads‘&£:1 and calculates P*, G* and F', kBy
this method thé volues of the relevant coefficients

p1r! 811‘ 311(1 f B?e obta;ned.

Fig.'5.5-shows how this process is repeated for
| Hr,zcé and o, to obtain the complete coaplement oZI

.coefficiento fbr the stand in question. Using the

 above ccefficients, ‘the probramhe then directs the

, compnter o calculate the equlvalent BISRA coefficlents

(Appendix C)o
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Fig. 5.5 Flow Diagram for the Calculation of the

Coefficients.
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5.5. RESULTS OF DiGITAL COMPUTER _ COMPUTATICNS

The main results obtained from the digital cowputer
compﬁtations are tabulated in the Tables of Appendix C.
From these, the coefficient values used in the analogue
simulations (Chapter 7) were selected. Figs. 5.6 to
5.10, graphs of the results for stand 3 of the mill,
illustrate the trend of the wvariations with the roll
gap coefficient of friction.

S5«5.1. Roll Force, Torgue and Slip

Fig. 5.6 shows the increase in roll force, torque
and slip with increasing u for the plastic zone and
plastic plus elastic zone cases. The force and torque
rise more steeply the higher u in accordance with the
exponential term in equation A.8.

The exception to this as iadicated in Table C.é is
the rolling torgue for stands 1 and 4 when the elastic
zones are included. At stand 1 the effects of taking
the stand back tension as Zero - which it is genefally
assumed to be in practice - results in the drive aiding
front tension (equation A.17) and the aiding torque
due to the exit elastic zone yielding a negative torque
requirewent, . This becowes unore negative as the roll
gap friction is increased due vo the increase in

negative torgue from the exit elastic zone. It is



Roll Roll | S 9%
Force Torque Slip

‘topns' tom-in -

inch inch

80+ 16}

40t 8t .o4

20'- 6r o02

) 0 0 . . ‘ ‘ B o
.03 .05 .07 .09 .11 .13 .15

Coefficient of Friction

Fig} 5.6 Roll Force, Torque and Slip for Stand 3, with and
without the Effects of the Elastic Zones Included,
as a Function of the Coefficient of Friction.
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probable That the theory used (6) is giving an excessive
value for the torque due to the exit elastic zone.

The torque required at stand 4 is shown in Table C.Z2
to decrease rapldly with increasing roll gap friction.
An analysis of the elastic zone loads indicated that
this was due to the increase in exit elastic zone roll
force giving an increase in negative torque. |

In all cases calculated the exit elastic zoné roll
force was from twenty five to upwards of two hundred
times larger than the entry elastic zone roll force.

Tables C.1 and C.2 indicate that for a givean u
the roll force is greater and the rolling torque and slip
smaller for the case including the elastic zones. The
roll fofce increases due 1o the added effect of the elastic
zones., The roll torque decreases due to the negative
torque cof the exit elastic zone as discussed above.  The
slip (equation 4.20) is reduced due to a reduction in
R' - the circular arc of conbact - and a relatively larger
reduction in ¢n - the neutral angle - which being squared
in the equation has the overriding effect in reducing
the slip.

5.3.2. Control Eqguation Coefficients

The effect of varying u on the control equation

coefficients is shown in Figs. 5.7 to 5.10 for stand 3.
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The cowplete set of coefficients for the cuse including
the elastic zones is in Appendix C. That the coefficiegts
do vary with u is apparent; as is the fact that the
variations are non-linear in nature.

The signs of the coefficients would appear to be
correct as: 1) The D, 304 8,. coefficients indicate
that the roll force and roll tordgue increase with
increasing incoming gouge. 2) The Doy 8nd g, values
indicate that the roll force and roll torque decrease
for incressing outgoingvsﬁand gauge. 3) The P, and 82
indicate that the roll force decreases and roll torgue
increases for increasing strip back tension. 4) The
Pyp and &,y Vvalues indicate that the roll force and roll
torque decrease for increasing strip front ténsidn. The
sign of the slip coefficients is not so apparent but caﬁ
be traced through the changes in ﬁn. 5) An incréase
in inconming gauge would increase the roll gap angle ¢i’
and hence Qn, and an increase in outgoing gauge would |
decrease the roll gap angle and ¢n. This would lead %o

a positive wvalue of f and a negative value of f2r as

1r
shown. '~ 6) If the strip back tension is increased the
neutral point is shifted towards the exit side of the
roll gap, thus giving a decrease of ¢n, sand hence, a

negative velue of f}r 45 shown. The reverse process
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causes an increase in front tension té give a positive
value of far as indicated in the Tables of Appendix C.
The tables show soze deviations frou the above for the
slip coefficients and these are discussed below.

The coxputations were carried out for a range of
‘u values from 001 to 0.15. However the results for u
equal OM and O0L2 were discarded; as in several
coefficient calculations ﬁn was negative, which is an
iwpossible physical condition; The neutral angle can
becowe zero when ths strip is not passing through mbving
rolls; +that is the rolls are woving faster than the
strip throughout the roll gap, but a negative value would
be meanipgless. The intermediate results from the digital
computer indicated that the scheduled tensions 4id not
result,for these cases,in a neutral angle of sufficient
wagnitude to handle the incremental changes in the variables
required to calculate the coefficients. In a physical
situation this would probably méan that the tension schedule
would be unsatisfactory for high speeds where such
coefficients of friction would be encountered. Lquation
A.13 indicated that as u decreases there is an increasing
tendency for Jn to go negative which would result in
ﬁn becowing negative - egquation A.14. Froum equation

A.13 it is apparent that Jn will tend to remain positive
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if the-front Gension, o4 is increased or if the back
tension o5 is decreased. Thus it &ppears that for
the high specds associated with the low values of u
to be achieved the interstand tension sebtings uust be
properly selected. An interstand tension schedule
could be chécked by eguation A.13.

Experisentally derived coefficients (9, 10) for
the eguations of Appendix C agree generally with the
cpefficients obtained in this study for these equations
(Tables C,7 and C.8). However the assumption made in
reference (9, 10) ﬁhat Pyp is approximately equal to
Pap in deterwining the ‘a' coefficients frow experimental
data would lead bo some discrepancy as this assumuption
is not¥ suppbrted by the results obteined in this study
with the digital computer. Further for a compariéon to
be made for the 'b' coefficients, the coefficients must

be adjusted according to the motor droops existing or

assumed for each analysis.
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6. LLECTRONIC ANALCGUE COMPUTERS

6.1. INTRODUCTION

The electronic analogue computer, often referred
to as an analogue compubter, is a means of representing
the variables of a problem by voltages or shaft rotations.
The voltages or shaft rotations are called machine
variables. References (46, 47, 48) describe analogue
coamputers.

Using analogue coumputing elements, the wmachine
variables are forced to obey wathematical relations
analogous to'ﬁhose of the original problem., . Records of

these voltages and shaft rotations constitute solutions

of the original problem.

6.1.1. Standard Components

The basic component is the very high gain feedback
amplifier. VWhen used in conjunction with resistors,
capacitors and inductors the operatiens of sddition,
subtraction, multiplication, integration, and differenti-
ation uway be performed. Norwally due to electrical noise
problems differentiation is not used. Multiplication
by a constant less than one is carried out with a
potentiometer. By using diodes, resistors and amplifiers

a function of a variable may be generated.
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6.1.2. The General Purrose Analogue Computer

To facilitate efficient use of analogue computing
equipment, the general purpose analogue coumpubter has
come into being. The various coaputing elements
are mounted in readily accessible racks and all the
connections are brought to a central terminal board
at which the interconnections of components are made
with ﬁlugs or plug-in wires. These boards are
removable to allow ‘patching' to be done while the
computer is being used with another patched board.

On medium and large size analogue computers there
is usually a digital voltmeter on which the output
voltage of any component may be displayed in numerals
through the use of a push-button address system.

The accuracy of an installation of any significant
size is about 0.1% or less, with 0.01% capable of
being attained with cxpensive equipment. This refers
to the accuracy of an individual computing couponent.
The overall accuracy of a problem solution will be
correspondingly less depending on the size of the
programme, although thc decreuse is miniwised by the
effects of the feedback loops inherent in any programme.

Given satisfactory amplifiers the accuracy is
deterained mainly by the awatching of the compubing

resistors and capacitors, in this case better tham 0.1%.
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Fig. 6.1. shows the sywbol for a high gain d.c.

amplifier in which the gain is represented by .
When drawing the block diagram the earths are usually
ouitted as' shown. The amplifier always reverses the
. sign of %he input signal in order to provide negative
feedback.

The amplifier is usually used in conjunction with
an input impedance, Zq; and a feedback impedance, Zf.
According to the type of impedance inserted, various
operations may be performed. In this form the whole
is referred to as an ’qperational"amplifier.

The important characteristics of the d.c. amplifier
are'listed below; values of these parameters for the
Imperiel College, Mechanical Engineering Department's
analogue couwputer are given. |

1) Very high gain; 3 x 107,

2) Low grid curfent: Leas than 5 x 10~ amps.

B)F Low drift: As an integrator with unity time

consbant 25 microvolts/sec. or
0.1% error in over an hour. As a
summer with unity gain 0.001%.

4) Low noise level: 2 millivolts r.m.s.

5) Large bandwith: 20 kc

6) Low output impedance: 0.1 ohnms.

High input impedance assured by 2).



Fig. 6}1 High Gain Amplifief and its Equivalent Symbol.

(5 | Feedback Impédance

Input
Impadance

e o— %

Z/;o Amplifier Grid

/éZrtual Earth

Fig. 6.2 General Operational Amplifier Configuration.

v = B
Fig. 6.5 A Potentiometer.
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Ge2e1. General Transfer Function

Fig. €.2 shows the general operational amplifier

configuration.

Applying Kichoff's current law to point G:

i1 = if + i

From characteristic 2, the grid current is small

therefore:
i, = i
and
e, - @ e - e
A g _s_z__g
Z, 2

Using the auplification relationship gives:
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e,
R it ol e
7, " & :  Zp

From characteristic 1; o« is very large znd we

get:
e Z
92 . - Z£ 6.1
€1 1

quation 6.1 is the transfer function of the

circuit of Fig. 6.2. For wultiple inputs the eguation

would become:

Zg Zg
ey = - 2; e, + 25»324_. . .] 6.2

The need for characteristics 1 and 2 is indicateq
in the preceding derivation. Characteristic 3 refers to
the error in the amplifier output .voltage that tends to
accumulate with tiame. Low drift means that the amplifier
will not require nuwlling for intervals of several days, ‘
and that during this time the drift will not be large
enough to effect computation accuracy. Number 4 implies
that there will be little electrical noise on the machine
voltage signals. Rumber 5 detéfmines the upper limits

of the signal frequencies that can be handled by the

agplifiers without amplitude attenuation or phase shift.

Number 6 is a characteristic necessary to ensure that
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circuits in cascade do not effect or 'load’ éach other.
When the conditions of 6 are satisfied the auwplifier
effectively isolates the compqter couponents by acting
as bufférs and ensures thait each cowputer component
enforces the proper relationship.

6.3, DHE SUMMING AMPLIFIER

Recalling that the voltage drop across a resistor
is; e = Ri1, the impedunce is then the resistance R.
By chénging,the impedances in eguations 6.1 and 6.2 to

resistances a suaming asplifier is obtained.

Rf )
eo = R_,{ e,, 6.5.
For multiple inputs:
R R
- <L £ |
eo = - [R1 e,l + ﬁe— 62 + . . - o] GOI;.

The inputs can be merely suammed, or summed and
wultiplied by & constant depending on the values of
the resistances used. Pig. 6.3 shows a swuming

auplifier with three inputs.

6.4, THE INTEGRATING AMPLIFIER

By replacing the feedback impedance by a capacitor
and the input impedance by a resistor, an integrator is

obtained. The voltuge drop across a capacitor is:
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e = % =3 Jias
= %bx i; in operational forn.
Thus the iampedance isg 1 - )
Cp

+

. The transfer function of an integrator is then:

€ 1 6.5
e1 = ﬁ"cp e e
For multiple inputs:
1 4

An intepgrating aamplifier with three inputs is
shown in Fig. 6.4.

From equation 6.6 it can be seenvthat each of the
input wsachine variables is inteprated as well as wultiplied
by the constant factor 1/RC. Measuring the resistance R,
in wegohms (i) and the capacitance in microfarads (UF)

results in 'real' time units as:
1/RC = 1/MAF = seconds™ |

The values of R and C are selected to give the desired

multiplying factor or 'gain' consistent with the time

scale desired - section 6.7.1. — which in this study was
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real time, that is the computer solutions occurred
in the same time as they would have taken on the
actual rolling mill.

If initial conditions are present they can be
introduced into the output of the integrator before
| computation starts. In a general purpose analogue
computer there is switching equipment - integratoi
resetter - that allows the capacitor in the'feedback to
be charged to a value equivalent to the initial condition
and then switches the capacitor back to its norual
-computing’connections when computation is to begin.

6.5, POLLNTIOMELEKS

Potentiometers multiply a voltage by a constant
k; where, 02k <1.0.

Referring to Fig. 6.5 we have:

i1 = ig; as iw is negligible
®1 "% _ %
ﬁi -r T

Which gives:

o

5, = k; the potentiometer setting 6.7

bﬁﬂl =

The potentiometer transfer functiom, equation 6.7,
holds when it is not 'loaded' by the following circuit.

This is partly énsured by having a high resistance
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followlng the potentiometer, uhich prevents a- significant  :5€
current from flowing in the wiper. The following '
resistance 1is usually the input resistance of an
operationel amplifier. _ Since this resistance cahnot
have an infinite impedance there is always some loading
effect.

| To overcome the loading effect potentiometers
are not set by their dials, but by applying a8 referehca
- 100 volts to their inputs with the succeeding eqnipnent
connected to gifélthe loading effect. The potentiometer
'is then adgusted while monitoring the wiper voltage
on the voltmeter untll-it’indicates the correct value;z7 “i;51
that is the desired k times 100 volts. _ | A ‘

Thé potentiometers associated with the cbmputersiﬁéed. !é

haeve a resistance of 50 ka; a 1inearity of .éﬁ%_(éeﬁiétioﬁ:f;
‘from straight line relationship), and a:resaiﬁtiohfof
+ 0. 5% (steps due to the movement of the W1per over the

wire element).



Machine

Operations Couwputing sSleacnts Block Diagram Symbols Equations
Summation, multiplicat- Suwuning €1 — e,
ions by Constant Amplifier €5 |1
coefficients 83, 10
(with sign change) R e, =
™ W
1 o -

A e

eB*—;\AM-J
Summation, multiplica- Sunming €4 —m~N o
tion by constant Integrator ] o
coefficients (with sign 92 i ‘ 8y © , :
change) and integration - 3 -
with respect to machine OR : -ﬁe1+02r1095)dt
time from initial o ™ TuF
value e ] ‘1rANMﬁW—————JF——1- =

%lo M a .
85 W AW %% |~ %(eﬁ+e2+1033)
0.1M
3 MWL
4

Multiplication by Potentiometer

constant coefficients

eoake,l

02k=1

L6

Fig. 6.6

Computing Elements and Symbols
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6,6 BLRVOMULTIPLIERS

A gservomultiplier capable of multiplying one
variable by three others-to form three products is shown
in Fig. 6.7. The servo drive and feedback potentio-
metér form a position control system which is governed
by the relations described in Chapter 3. A signal at
e, causes the motor to position the shaft and feedback -
potentiometer wiper so that e, = —€g.

Consider a fixed value of e, which positions the
feedback potentiomer wiper, and hence the other potentio-
meter wipers which are fixed to the same shaft, to a
value of k. At this point the shaft will stop rotating;
as e, + ef,which equals the voltage to the servo,will

be zero, This gives:

~€, = -100k
and k = e
1/100 6.8
A : = = ‘ 7
lso e5 k?z e1e2/1oo

e, = ke, = g0

*6 3 1°3/1400 : 6.9

67 = ke4 = 8194/100 . . J

For a continuously varying signal the shaft follows



. , ]
Servo Motor and Mechanical Through Potentiometer

drive Shaft Wiper
Servo Drive ' Input Input
Signal ~-100 Volts e, e
X ég/ ég/, §§/§
e
1 : .
O"""_._—\ ” \\ NG
__/
e, : \
= = | Output T |Output
‘ : e e ) e e2
/ 100 100

Feedback _/
Potentiometer

50k Potentiometers

F*Multiplying potentiometers -

Fig. 6.7 Computing Servo Multiplier with 3 Ganged Multiplyiné
Potentiometers
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the input €45 and yields continuously the desired

produéts of equation 6.9.

6.7 PROGRAIMMING PROCEDURE

An outline of the steps taken in dbtaining a solution
of a pfoblem on an analogue computer is given in the
following section. This procedure is applied, in Chapter
7, to'the equations of Chapter 4.,

6.7:.1. Scaling

Having obtained the mathematical model'(equations of
original system) of the problem, the next step in an
analogue computer solution is to transform the model into
equations in which the variables are represented by‘the
machine voltages.

The analogue representation_may thus be considered
a type of scale model, but with the scalé factor varying
for different parts of the analogue. This need for
differing scale factqrs is due to the ipherent limitation
of the analogue cowputer voltages which,as mentioned,are
usually limited to the range of + 100 volts.

The problem wust be auwplitdue scaled and may also
be tiame scaled. That is, the time scale of the computer
a8y be speeded up or élowed down relative to the ‘real
time' of the original problem. The ability to éhange the

time scale is very useful in studying rapidly varying

phenomena.
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The first step in amplitude scaling is to estimate,
by approximate calculations, the maximum value of the
problem variables.

‘Cbﬁsider the equation:
- 4 : : - _
._b?a =.§;(60.76V2 + 2476H2 - 174634 -.866Vd) : | 6.10

Thié:is.the physical'equétion for the tension

between stands'onéfahd two of the rolling mill. The
71 coefficiénts arezfromlTableﬁ7.ﬂ.

‘ -fo appréxiﬁaﬁe calculations znd previous work
the maximuw values for the equation 6.10 were estimated.»
They are shown in Table 6.2. The scale factor is then
obtained by dividing this maximum expected value of the
variable into 100 volts. This -ensures that 100 volts
will not,ﬁe exceeded dﬁring computation.  The émplitude

.scale factor can then be defined as:

‘k _ analogue computer voltage

original system value 6.1

X 1o

. Where:

'k is the scale factor.
~x is the value of the physicallsystem‘variable..

€ isvﬁhe cortesponding Analogue voltage.
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For ease of handling the scale factors are usually j
rounded off to one significant digit.

The scale factors ére now used bto obtain the
machine eguation by substitution into the physical

equation, the relations:

‘e /k

60, = o’ "o
6H2 = 82/k2

GHa = e3/k3

v
6V1 = eq/kq

This gives the equation:
o 1 (60.7 €4 . 47 €5 _ 174.5 e5 _ EE e )
20 T P\ 50 10 10
6.12
o

1, o en ‘ _
e 3(5( 18.56 e, + 9B.B e, - 349 ez - 172 ¢, )

isquation 6.12 is the machine equation.(Appendix D.1).:

6;7.2. Analogue Coaputer-Bloék Diagram

Using the sywbols of Fig. 6.6, ‘equation 6.12 may
be represented as in Fig. 6.8, which also shows the values

of the components required. The more convenient form of
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Physical Maximun Scale Machine
Variable | Value Factor Variable -
o) 5 tons/in2 k. =20 volts/ton/in2 e =k b

1 ' (o] o o "o o
5V, 4 in/sec k; = 25 volts/in/sec e, = k 0V,
5H,, ' 2 thou k, = 50 volts/thou e, = k,bH,

L] = = ’ ]
5H{ |10 thou kz = 10 volts/?hou ey = kzOH)
6V1 10 in/sec ky = 10 volts/in/sec e, = kAbVl

Table 6.1 Scale Factors for Equation 6.8.

1M

0.1

. -
5 o L o.M

.17
ey

|‘0.0l uF

. 4856 V- |

ey = 1M |
.98 —— e A ——

. 92 r—g—m—;_ N ———&——o -8

o]

Fig. 6.8 Analogue Block Diagram of Equation 6.10.

€3
€o
€3

10)
,.____... 100
_@_1000
ey ,__.._ 1000

’

Fig. 6.9 Convenient Representation of Equation 6.10.
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representation is shown in Fig. 6.9. Here the nnmbere
in the circles represent the potentlometer settings and
those in the integrator symbpl represent the gains
required (secfion 6.1.12) that is; the 1/RC terus.

The outlined procedure is carried out for each |
~ equation in the orlginal systgm. To aid this operation “
each equation should be manipuléted‘into a form similar
to thatkof equation 6.10. | That is, with one variable
on the left hand side of the equation - the output -
which is equal to the eipression of the right hand side,
}which in turn must be formed.byvberforming the indicated
operations on the variables - fhe inputs - contained in
the expression. When this is’completed each input |
variable required will be available as the output of
another block.} This holds except for the forcing functions
or ihputs to the.system as a whole; such as the incoming
thickness to stand 1 of the rolling mill. Aside from
these system inputs the analogue block diagram will be
conposed cowpletely of closed loops as in Fig. 7.2
Chapter 7.

In the above discussion the symbol e has been used
to denote a machine variable ug it aids the discussion.
However, in an actual prograwxe the szae symbols may
be used ror the machine variablcs as for the physical

vuriablas, his systew 1s used in Shapter 7 ze the
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machine equutions and block diagrams become nore

meeningful.

6.215. - Prograaming the Analogue Couputer

The majority of the prograuwuing is done by making
thé«connections on tﬁe patch board as indicated on the
block diagram of the problea. The patch Board is
then placed on the coumputer forming the desired
connections within the coamputer. The'potentiometers
"are then set and any special functions set up.

The programming being couwpleted, a useful check
is to cowpare the steady-state analogue computer |
solution for a step input. against a solution obtained
‘manually or by trying the solution in the equations.
This gives a steady-state check only but indicztes
whether the patching, scaling, potentiometer settings
and computer operation are satisfactory.

6.8. CONTROL STATES

The general purpose analogue couputer has a number
of control states, selected by push buttons from a
qentralvcohtrol panel, to allow.for the necessary
operations during set-up and cowputation. These

 control states are listed and described below.

1) - Balance State

In the balance state all inputs to the sumuers
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' and integrators are disconnected, allowing the amplifier
outputs to be easily Qorrected for any drift. Cbnnec¥

. tions,or adjustments betweén cémpbnents are-usually made
in this state as there is less danger of overloading the
aaplifiers.

' 2) Reset State

When the couputer is switched to the reset state
all iﬁfegrator amplifier grids are disconnected from
thejinpuﬁ networké. Voltages corresponding_to the
initiai values desired are simultaneously éppliedracross
-‘the‘feedback capaéitors‘of all integrators; then when
.the-computer is put in fhe operate state the initial
céndition will exist ét the output and normal integration
can proceed. | |
o ~Therdesired value of initial condition is'obtained
by paésingfan accurate 100-volt.reference voltage through
a potentiometer and setting the poteﬁtiomefer while
moniﬁoring the voltage'output on -the voltmeter. .
3) Hold State N

If the computer is switched to the hold state

during computation, the voltages existing in the compﬁter
will‘be 'frozen' at the values existing at that instant.
A11 variablés may thus be inspected at any btime duriﬁg

a.problemlsolutidn.
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The hold svate is accomplished by discomnecting
the'inputs to the integrsvors so that their output
cannot vary. The computer may be kept in this wode ..
until capacitor leakage results in inaccuracies.

4) - Operate State

During_oPerate all the connections shown on the
coupleted block diagram are enforced. Thus the wmachine
variabies are forced to obey the mathematical relations
of the original probleu.

The operate state is the only one in which the
inputs to the integraltors are connected.

6.9, [MODIFIED SIZVOMULTIPLIER TO OBTAIN VARIABLE

CCLIFICILTS

In the description of the servoumultiplier given
in section 6.5 it was shown that each of €55 83’ gnd
e, are zultiplied by the sawe factor k. However,
to carry out the study of the rolling mill acceleration
and deceleration phases it is necessary to multiply
the will variables by varying coefficients all having
differing values. To do this it isrnecessary to
multiply the variable applied ﬁo each servomultiplier
potentiometer by a continuously varying factor which
differs for each potenticmeter.

To achieve this a scheme was developed whereby
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resistors were placed in series (padding) with cach
multiplying potentiometer to give the continuously
varying value of k, the multiplying factor, . desired
for all positions of each potehtiometer. Fig. 6.10
illustrates the scheme. The feedback potentioameter
is not padded as it is desirable to utilise the full
range of analogue computer voltage to achieve maximum
ACCUracy . To pad the aultiplying potentiometers to
the values of k désired, a fixed resistor and a
computing potentiometer is used on each sjde of a
multiplying potentlometer.

The limits of the feedback potentlometer multiplying
factor, when set up as shown, are 0 £ k = 1,0. However,
with the padding resistors inserted, the multiplying
factors for the other potentioweters have the new

limits:

Koy, € K5 2 Koy

Also when k1 = k1H = 1,0 we have:

kg £ Ko £ kaH Ak



Fig. 6.10 Servo multiplier Modified to Give a Variable
’ Potentiometer

601

Coefficiecnt at Each
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and when kd = k1L =0 we_have:
kyp # kop, # Byp # K,

which is the situation desired.

It now remains to determine the values of the
padding resistors to give the desired k values. If
linéar interpolation is used - thé& scheme is not
limited to this case however —.then it is required to
find the values of the wmultiplying coefficients when
k, = 0 and k, = 1.0.

From the chain in Fig. 6.10 with input e, and

the wiper current i assumed to be negligible, we have:

;or 8, _ © . e
= E1jﬁﬁ Ry + E1§§
Solving for the ratio es/ea; which is k,, the

multiplying factor of the padded potentiometer in

question yields:

' e R
2
k- 2 - g

+ k1Rp

1+ By + Ry

6.13

Knowing the values of ka desired when k1 = 0 and

k, = 1.0 the resulting equations may be solved for
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'Rﬂ and Ese However the effects of the loading
resistancé (the input resistance of the following
amplifier) cannot be ignored. It may be accounted
‘for analytically or expérimehtally. The latter
method was-convenient to use when prograﬁming the
circuits of Chapter 7 as the tolerances of the padding
reszstors could be taken into account directly.

- Having calculated the approximate values of the
resistances required? the.circuit was patched onto the
computer and the padding potentiometers adjusted until
‘the correct coefficient values are obtained at the
servohultiplier outputs with reference input signals
of zero volts and 100 volts applied to each servo-
multlplier input. In Fig. 6.10, input e, is shown
multlplied by a factor which decreases as the others
increase.. _ |

Nith the procedure described above completed,
;vmultiplying coeff101ents cf the correct value proportional
to a signal at e, (Fig. 6.10) are achleved. By waking
3 thé signal éqrcorre3pond to mill speed, coefficients

ptoyortional to mill speed are obtained.
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6.10. A TPURE TIME DELAY UTILISING ANALOGUE

COMBUTER EQUIPMENT

kFig. 6.11 illustrates the sample and hold
technique used to obtain a delay of the analbgue

voltages corresponding to the strip thicknesses emerging:
from the individual stands of the mill. The resetters
and integrators shown are standard computing elements.
- The oscillator and drive units are designed specificaliy
for this purpose and are housed in.the computer'
framework. |

. The integrator resetters are normally used to
switch in initial conditions to the integrator outputs,
applied at the termlnals marked I.C., ‘at the start
of a problem solution, and to switch the 1n1tia1
condition out when the integrator capacitors have stored
the initial conditiqn and computation begins. The_ :
initial condition voltages are imposed when the
resetter relay is closed by a voltage pulse,

This aspect of resetter operation is made use of

to build the time(delay shown in Fig. 6.11. Here the
resetters are driven by syndhronised voltége pulses
from the drive units. When a resetter is cloSed for
the duration of a pulse (3 millisecohds) the voltage

currently at the relevant I.C. terminal is stored on



Terminals indlcated are those on computer patch board
IC - initial condition terminalS‘

Fig. 6.11 Time Delay Circuit Utillsing Analog

Computer Components
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the integrator capacitor in the normal manner.
When the pulse passes and the resetter relay is open
the voltage 1s held on the capacitor until the next
pulse closes the resetter relays causing the new
existing voltage at I.C. to be stored on”the capacitor.
The use of the device to delay a ramp signal-is
shown in Fig. 6.12 using three delay sections. Here
pulse 1.1 to IR1 (integrétor resetter 1) yields voltage

-V the voltage existing at I.C1 at the moment, but

13
of reversed sign. At an intervsl of time A later the
_next puise 1.2 gives = V2 at OP1 and at another
interval 4,pulse 1.3 gives - V5 at OP1. This process
is confinuous with the train of pulses. The result
is the Step approximation of the ramp signal delayed
in time as shown. This describes the output of one
section of the délay. However at given times the
other resetter units are being puised as indicated.
Thus pulse 2.1 applies voltage V1 to OH2 and
pulse 3.1 applies V1 to OP3. Similarly with V2 and
so forth. The pulse trains are synchronised so that
the lagging edge of the pulse to IRn+1 triggers the
leading edge of the pulse to IRn. ‘That is when
pulse.5.1 has passed the relay of IR5 having caused

- V, to appear at OP3 it triggers pulse 2.2 which
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immediately'causes V2 to appear at OP2. This in
turnjoriggérs 1;3 which gives - V3 at .OP1. The
proceés'appears t0 be viewed in reverse but'due to

the continuous pulsing the sampled voltages are passed
through the ciJ:;'cuit and give a step approxiwmation to

, @ ramp delayed in tiae. For n delay sections the-
:relatlonship of the signal to be delayed £, (t) and

the delayed signal t (t) is:

£ (8) = (=P, (b - 1—1-1-52—11 a) 6,14
~ From equation &6.14 1£ can be seen that the time
e_signal;is,delayed is proportional to the number of
'sections'n'and the pulse frequency 1/4. For a given
‘delay time the best response is obtained by using
‘ the gaximum number of sections so that the maximum

'-pulse'frequency can be used.

- 6.10:1. A Continuously Variable _Tiwe Delay
The'pulse frequency, and hence the time a signal

' ie deleyed, can be'#aried by a potentiometer as indicated

in Fig. 6}11. . This potentiometer is ungrounded as it

is a current control device, Wthh controls the

'705cillator frequency that determlnes the rate at which
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pulses emanate from the drive units.

For a simulation of the'rolling mill acceleration
phase, the delay time representing the time the strip
takes to travel from stand to stand must be varied
in accordance with the wmill speed. That is,the
resistance represented by the potentiometer must be
varied during the simulation.

The method used is illustrated in Fig. 6.13. The
principle is as discussed in section 6.9; a servo-
multiplier potentiometer, whose resistunce can be varied
by a signal corresponding to mill speed is inserted in
series with the potentiometer controlling the oscillator
frequency.

The delay time is not a linear function of the
resistance between the terwinals P20 and N20 if one padding
resistor is added in parallel as required for current
control. To overcoume this the resistance is subdivided

in increments acréss the taps of thé sServo-
multiplier potentiometeg_aé shown. _

Fig. 6.14 shows the values measured from the biume
delays used in the simulation of Chapter 7 for a mill
output speed varying from 975 FPM to 1950 FPM using
this scheme. Other methods of achieving a pure time

delay are discussed in references (48, 50, 51).
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6,10,2. Response of the Time Delays

A figure of merit for the time delay units is

their frequency response; which in this case is the
ratio of the awplitude of the sine wave received at
the output, to the originsl sine wave imposed at the
input of a delay unit. The phase angle is not
important as it is equivalent to delay time which is
desired here. By varying the frequency of the sine
wave the point at which attenuation begins, and its
effect, can be deteruined. Figures 6.15 and 6.16
show the response for the delays used. For the high
sPeed'case, attenuation commences at about 25 radians/
second and for the low speed case, with the longer
delay times, the abtenuation starts at close to 10
radians/second, with 90% of the amplitude or better
‘being achieved at 30 radians/second. Due to the
sampling method of achieving the delays the'signal
deteriorates at frequencies over 70 radians/second for
the high speed case and at over 40 radians/second for
the low speed case ~ with the exception of delay
number 5 for which the figure is 60 radians/second.
This range of frequencies is sufficient to allow the
majority of signals encountered in a cold rolling mill

control study to be passed.
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6.11. IMPERIAL COLLEGE MECH. ENG. DEPT.
ANALOGUE COMPUTER

This chapter described the major components of

the Imperial College Mechanical Engineering Department's
analogue computer, the specification and.eqﬁipment
complgment of which was determined by the author to
enable a multistand cold rolling mill to be simulated.
However, it also serves as a general purpose analogue
computer allowing a broad range of problems to be
handled. The component complement is thus such as
would normally be found in a general purpose analogue
computer but with the special purpose time delay and
servomultiplier equipment required for the rolling
mill simulation.

6.11.1. Recording Equipment

An x-y plotter with a static accuracy of 0.075%
and a dynamic accuracy of 0.2% was used to record the

results of Chapters 8 and 9.
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. 7 ANALOGUE SIMULATIONS OF THE 4-STAND TANDEM

ROLLING MILL |
7.1. CONTROL EQUATIONS FOR A SELECTED OPERATING

A nill outputb strip velocity of 1950 FFPM was.
chosen as this is in accdrdance with Table 2.1. From
the Tables C.3 to C.6 the coefficients for equations
4.4, 4.11 and 4.16 can be selected. The wvalues
selected, which are listed in Table 7.1, are a comprise
between satiafying the experimental roll force values,
the accuracy of which is not certain, and meeting the
envelope of expected u values versus speed (Fig. 7.1).

Thfs figure shows a plot of u versus.strip velocity
for a paim 0il and water mixture; however since the
rolling lubricant used in the schedule of Table 2.1
contained many additives this éurve.is only represent-
ative of the nature of the relationship. '

Using the data of Fig. 2.1, Table 2.1 and Table
7.1 the consténts in a set of control equations
representing the rolling mill at the speed mentioned
were obtatned. These equations were transformed into
rachine equations in aécordance with section 6;7. The
scale factors of Table 7.2 were used. The resulting

set of machine equations are listed in Appednix D.1.
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Physical Data For Siwulation of Fig. 7.2.

Stand

Quantity Units

: 1 2 3 4
V. inches/sec 158 262 334 390
v, feet/win 790 1310 16770 1950
V;_1 inches/sec 132.5 158 262 234
W, radians/sec 15.25 25.5. 32.9 3849
Ty seconds .989 .595 . 168 -
Tg seconds .228 - - .123
D, rad/sec/ton-in |-.00472 | -.00682}-.01065 | -.0126
up - <11 .05 .04 .03
Ppn tons - 935 750 712
Pr/ tons 823 1050 980 754
Gr ton-inches -39.4 340.5 300 170.5
Fr - .03609 02678 |.017%5 .003523
Pap tons/thou 34,61 10.67 |21.31 47.21
Pop tons/thou -51.33 | =27.46 [=32.75 |=55.21
Pz tons/ton/in> - ~29.12 |-23.65 |-18.12
Py tons/ton/in” -18.72 |-11.30 |-9.018 -
81p ton-in/thou 18.46 15.18 |20.92 24.73
8op ton-in/thou -22.33 |=21.95 |-22.99 |-=23.06
Bxp ton-in/ton/in® - 25.38 [18.32 |16.63
Byp ton-in/ton/in®  |-32.66 |-24.23 |=17.72 -
f1r -/thou 00143 -.00021 |.00015 00059
f2r -/thou -.00171 -.00045 |-.00076 | -.00093
£ -/ton/in® - -.00393 [-.00259 |-.00119
for ~/ton/in? .00252 |.00309 |.00220 -
R(1+Fr) | inches 10.361 10.268 |[10.174 |10.039
er rad-inch/sec 152.5 255 229 289
Vé_q/Vi - . 606 « 746 .878 -
V§_1/Hr inch/sec/thou 2.873 6.390 [9.278 -
V;_1/H;_1 inch/sec/thou =2.026 -4.,764 |=-8.146 -
Table 7.1
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Scale Factor

-Variable Maxiwmum Value
63;5 20 thousandths 5 volts/thou.
bﬂq, 63& 10 " 10 volts/thou.
0H,, )5} 2 " 50 volts/thou.
8H;, 8H3, OH, | 2 " 50 volts/thou.
s0,, 80, 5 tons/in® 20 volts/ton/in®
603 10 tons/in2 10 volts/ton/in2
G, 200 ton~inches 0.5 volts/ton-in.
8G,, 6&'}5 100 " 1 volt/ton-in.
L 50 " 2 volt/ton-in.
&v,, OV% 10 inchgs/second 10 volts/inch/secd
ové, 8V}, n " 25 " .
6V, 8V4 4 n 25 n

bV# 4 " 25 "

88, 10 thousandths 10 volts/thou.-
85,, 855, 65, |2 " 50 "

6IH 200 tons 0.5 volts/ton
8P,, 8Pz, 8P, | 400 " .25 "
oF, 0.02 5000 volts/unit
oF,, OF5, OF, |0.01 10000 "

6w, 1 radian/second 100 volts/rad/sec.
dwy, Bug, dw, 0.5 " 200 "

Table 7.2 Scale Factors for Simulation of Fig. 7.2.
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In Appendix D.1 the equations for the drive motors
(equation 4.17) are represented by first order lags
(Appendix B.2 ) with the time constants noted. This
representation is a generalisation rather than an |
assunption, as the motor responses are often such =~
as in recordings made by BISRA - although they may at

times be more complex.

The screw down motors (equation #.18) are represented
by a lag and integral term. The time constant is larger
than for the drive motors as the screw down motors .
have a slower response.

7.1.1. The X-Ray Gauge

An x-ray gauge (Fig. 7.3) utilises a radioisotope
to ionise the gases in the chawber, The steel strip,‘
acting as an absorber of energy, causes the energy
entering the chamber to vary with strip thickness. The
current flow is proportional to the energy entering the
chamber. A voltage, inversely proportional to the
strip thickness can thus be obtained by passing the
current through a resistor. This voltage is then -
amplified and used to actuate the recorder from which an
error signal proportional to the strip gauge error may
be obtained. The transfer function of the x-ray gauge

is given (9) in analogue form as:
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output voltage _ 1 | 2.1
input voltage 1 + 0C.2p

2.1.2. The Tensiowmeter

To measure interstand tension a syséem of rollers
is fitted between the mill stands through which the
strip passes. Fig. 7.4 shows the s&stem;~ the variations
in tension of the strip acting in accordance with the
required equilibrium of forces cause the spring mounted
roll to move in a vertical plane. A calibrated induction
transducer produces an electrical signal proportional to
the change in tension. The transfer function of this
tension measuring system has been estimated (9) in

analogue form as: -

output voltage _ 1 7.2
~ input voltage 1 + 0.1p

7¢1+3. Analogue Simulation

From the set of equations in Appendix D.1 the
analogue siﬁulation circuit of Fig. 7.2 was drawn. The
symbols defined in Table 6.6 are used. The lag circuit
of Fig. B.1 was used to represent the motors, X-ray
gauges and tensiometers.

In Fig. 7.2 the layout follows.the mill layout,
that is, steand 1 is to the left and stand 4 to the right

as may be noted from the variable subscripts, The
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connections wade with the dashed lines represent control
system nuuber 5 which is later described in Chapter 9.
Five time delays are used, three for the interstand
spacing and two for the time the strip takes to reach
the X—ray Bauges.

The wind and unwind reels are shown although they
have no effect on the actual simulation as their |
respective strip tensions have been assumed zero, which
they are usually assumed to be in practice. The circuit
illustrates the method of ircluding their effects if
it is desired.

- The interaction of the mill variables is apparent
from Fig. 7.2. This 6V2 is fed back to the integratof
yielding 601,and6v3 is fed back to effect 602. The
teras 8o0,, b0, and 605 are fed forward to effect the
force,torque and slip at the succeeding stands. Sipce
equation 4.9 is used to determine the interstand tensions,
the integratorsyielding 601, 602 and 605 have four
inputs. The circuit illustrates the point that
perturbations in any variable eventually effect all
other variables to soue degree.

The ancillary circuits of Appendix B.3 were used

to facilitate the use of the analogue computer.
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. 7.2. ANALOGUE SIMULATION FOR A SELECTED
SCHEDULE AND SPEED RANGE

Section 7.1 described the siwulation of the
rolling:milllat a selected operating speed. Below
is described a method of simulation which holds over
a selected spéed range peruwitting acceleration tests
on the analogue computer (in the following discussion
reference will be made;to acceleration tests only,
however, deceleration is also implied).

To awplify the discussion in preceding chapters
leading to the conclusion that this is possible the
original schedule (Table 2.1) will first be considered.
The results from the digital computer computations
(Tables C.1 and C.2) of the roll forces and torques
indicaté~ that it is necessary to adjust the mill roll
forces, torques andvspeeds (will settings) during
acceleration to accéunt for the changes due to the
varying roll gap friction. The interstand tensions
may also be varied (27) although for this schedule
they are held constant. The means of controlling a
rolling mill are through the drive motor speeds, which
enables interstand tensions to be controlled; the
‘drive motor torque, snd the screw down motors which

control the roll gap setting or roll force. A schedule

is maintained through control of these wotors. At



the present time work is progressing in aﬂply1ng
digitel computers to mill scheduling (41) in place
of a manual operator.

As adjustements are made in the mill settings
to maintain the gauge schedule, the coefficients in
the control equations change (Tables C.3 to C. 6), the
calculation of which is based on & known schedule.
There is no restriction as to’the type of'schedule.

(except for practical restrictions) but it should be

predetermined and able to maintain the gauges desired

at the output of the stands over the éxpecteduoperaﬁingj
speed rangé. ‘ . |
There are two aspects to the problem of maintaining o
the gauge schedule when acceleration is tuking place. |
One is the'maintenance of the gaﬁge in the face.bf |
changing roll gap friction and roll neck bearing oii'.
film thickness change and the other is éhé_control’of

; the effects of}variations in the character of the

incoming strip. The former regquires adjustments in
mill settings which must be wmade even,wiﬁh the-entering
strip maintaining‘a constant charaéter.

Changes in the incoming Strip gauge, hardness etc
require adjustments of mill settings to correct the

perturbations they cause. These can occur during
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,accelération; and will setting changes to corrcct

for them wusv be superimposed on those being mnade for
the adherence to the original sche@ule. They may be
considered as swall changes about'the nominal schedule
values existing whenlthey occur., This is the same
assuumption as has been made to obtain the control
equations at a selected operating point and holds at
any will velocity. Using the wmethod described in
section 6.9 the correct control equﬁtion coefficients
can be obtained in the analogle si&ulation~of the mill
acceleration phases. That is, using servomulﬁipliers
with padded potentiometers whiéh respond to signals
representing mill speed and position the potentiometers
to give the correct coefficients. If the servomultipliér
were to position the potentidmeters to repreéent any
‘will speed, the correct cbefficientS»would exist and a
séries of simulations of the type described in Fig. 7.2
-:epresenting any desired operating point speed would bé
available. Since the servomultiplier can reSpond to

a ccnfinuously varying signal, representing mill speed,
acceleration may be siwulated. Such siﬁulationé would
hold féf the cases in which the schedule is being
waintained. However deviations from the schedule can

be introduced. These deviations from the scheduled



134,

or desired nominal values of the mill variébles éan |

be vreated exactly as those that would exist when a

Variation in incoming strip causesvperturbatiohs.

In an analogue siamulation the deviations from the

desired schedule are able ;to‘be programmed into the

simulation by introducing signals representing any

' quaﬁtity of roli force, torque of.tension change, again

bj weans of the ser#omultiplier potentiomers. If the

schedule is maintained these signals would be of

zero value. Figure 7.5 shows in skeleton form the

simulation of stand 1 as depicted in Fig. 7.2 with

the added circuitry reqﬁired to introduce siénals for

siuwulating schedule changes and deviations. Taking

vthe low speed case'és the base, at which the servo

drive éignal is zero, the voltage signals coming froam

the servomultipliet vary as the servomultiplief drive

signal is varied. ’
Beveral possible-situation§ are:

1) That %he schedule is meintained with acceleratién

by adjusting the roll forces,tbrques and speeds.

2) Thaﬁ the schedule is waintained by the adjustaents

of (1) and oI the'interstand'tensions. | |

3) That it is attewpted to adjust the schedule as

in (2) but it is not perfectly waintained. In each

of these cases the effects of the roll neck bearing oil
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 £11m thicknesa changes, a8 or? ‘can exist and for this dis-

ussion are considered aeparate rrom the ~schedule deviations,

'ijn later sectlons, reference to a maintained schedule impliet
 ‘the mill has been addusted to counter the 011 film errects.‘k

In case (1), Fige 7. would show a connection
only to AS 4 input (other than the tiume delay control
shown).as indicated, The dotted and dashed lines
coﬁld be omitﬁed“Sihce,as ﬁhe schédule is maintained,'
AG,_,', , BBy and Ao, sre zero. In case (2) the dotted
COnnectioﬂ to Ag, would have to be added to bring the

'iﬁterstand tension to the desired~value'as is discussed
| iatéf. ~ For the third case the dashed connections to
’AG and AP 1/p - would have to’ be added and would transmit
signals from the servomultlpller potontlometers
‘:corresponding to the dev1at10ns from the scheduled values.‘

‘By changing the voltages applied to the multiplying

potentiometers, or by inserting other signals of any '

"'desired form at any time it is possible to represent
any schedule deviation.

To maintain the schedule of Table 2.1 durlng
acceleration adjustments must;be made in roll force and
toique. If these‘are-made correctly and at all standa>

in unzson then there will be no steady-state change in

the gauge or tension schedule- each stand will just

be tequ1red to rollow the changing equllibrium p01nt.

However this cannot be said if adgustments are made in



the tensidn schedule as roll fdrce‘and tofque have
been expréssed as functions of tensionaf(bndﬁgaﬁéés)T(:'
a8 in equations 4.5 and a.u,hencé their édjustment.
for scheduled changes affects roll force and torgue.‘
Por this reason changes in the ...tensipn achedule must
be expressed in the simulation:and'cénnot be.assumqﬂ‘
as eliminated siamply because the schedule has been
perfectly maintained during acceleration. |

To obtain the scheduled tension, which in Fig. 7.5
is shown accomplished by controlling stand 1 motor
gpeed, the desired change in interstand tension from
base level (low speed case) is compared with the tension.

existing and a signal representing the difference is

fed to the stand drive motor speed comtrol which tends -

to bring the existing interstand tension to the desired |
value. It should be noted that this is not an actual 7
tension control loop with controlieré such as is |
discussed later in Chapter 9 but is a loop inserted

in the simulation to cause it to adhere to the schedule
for the mill tensions during acceleratlon.'f Tension

~ control loops used to correct for gauge errors would

be inserted in addition to loop to maintein é&ﬁeduled
tension. | | |

The above discussion can be further sumuarised by = -
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the following extension of equation 4.8.
E (] ) vy
I g(ovr - 8V )dt + Ao (aV,, AVL) 7.4

Here the scheduled change in tension is represented
by 4ag, which is shown &8s a function;of the variables
that can be varied by the motdr settings to yield it.

It is possible to express deviations from the roll
force and torque schedule by includlng the teras AP
and AGr, representing the deviabions, in the equations

4.11 and 4.8 respectively,

1 f
OH, = LS (PqpSBp_q + Mp08,, + MBS, + p300, 4

AP

+ By - B2, 7.2

Gy, = 51 rPHp q * Bpp0H, + B3,.80, 4 + Bypdoy - MG, 7.3

For a schedule maintained with speed the térms(ﬂP} anﬁ
AGr are zero. However as previously discusaéd-the
Aor term in equation 7.1 must be included to represent
changes in interstand tensionslif such changes are

scheduled.



7+3. ANALOGUE -SIMULATION FOR A MILL _OUTPUT
SPEED RAHGE OF 975 FPM TO 1950 FrM

. This simulation enébles acceleration and

deceleration phases 6f the mill operation between the
output velocity range of 975 FPM and 1950 FFM to be
repfesented-on the analogue computer. This range

is selected due to limitations of the delay times
obtainable at the low speed end{and by some evidence
that the schedule of tensions givén in Table 2.1 wouid
have to be revised for speedé much in excess of 1950
FPM (section 5.3) which in any case is the expected’
maximum operating speed for this schedule. Inspection
ofAthe coefficients in Tables C.2 to C.6 and Figures’
5.6 to 5.10 shgw that over the speed range cbnsidered,
for each stand the coefficients are close to linear.
Hencé coefficient values were selected for each end

of the sbeed range andrintermediate,values obtained
by interpolation using the servomultiplier technique
described. _Tab;es 7.5 and 7.4 gave the values for
the extreme speed cases. From the resulting sets

of equations, the machine eqﬁations given in Appendix
D.2.1 and D.2.2 were obtained using the scale factors
of Table 7.5 and the scaling technique of section 6.7.
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Stand

o an§§ity Units 1 > 3 '4-
| inches/sec 158 262 334 . |390
: téet/uin 790 1310 670 1950
'1 : _inches/sec 1}2.5‘ | 158 262.,“- 334
: radians/sec. 15.24 25.51 32.8% | %8.85
| seconds - 989 « 595 468 -'fﬁ{f
seconds .228 - | - 23 |
rad/sec/ton-in. [-.00472 |-.00682 [-.01065 |=-.01260
L an .08 .05 04 .03
| tons - 1935 0 |72
‘tons s |oso pso 754
ton-inch -31.5  |340.5  [p0O 170.5
SR L03579 1.02678 [ 01735 |.00393
| ton/thou k7.31  ho.e7 P1.31  [a7.21
. | ton/thou ~41.96 | =27.46 132,75 [=55.27"|
| ton/ton/in? - (-29.12 }-23.65 [-18.12
| ton/ton/in? F15.96  |=11.3  [9.02 |-9.0
| ton-in/thou 6.64  |15.18 [20,92  |24.73 |
| ton-in/thou F20.10  |-21.95 [22.99 |-23.06 .|
‘ton-in/ton/in® | - [23.38 fn8.32  |16.63
|tom-in/ton/in®  |34.1a  |-24.22 p17.72 |-15.0 |
~/thou $00107 o - . |00013 |.00059 |
-/thou 00128 {-.00045 |-.00076 |-.00093 |-
-ton/ln "= |-.00393 }-.00259 {~.00119 |
e |-tonsin® L00344  1,00309 [.00220 |.002 |
~ [R(1+Er) - | inches 10.37 [10.27 ho.17  [10.08 |
~ JwR |rad-inch/sec 152.4  [255.1  [B28.3 - [388.5 |
] I./ e - 16031 - |78as L8564 -
. [¥/Bp,q |inch/sec/thou = PJBP3 [6.390 p.278 .
V;/Hr inch/sec/thou ,"2'026 : -4.764 -8.146 -

= Table 705 Physical Data for blmulation of Fig. 7 7

(1950 feet per minute case)




v '1a2;ﬁa¥*

: Stand ) o
Quantity ‘Units p > N s
V. inches/sec 79 131 167 195
v, feet/min 395 655 . 835 975
Vi1 inches/sec 66.3% 79 131 _167
Wy, radians/sec 7.625 12.52 [16.10 19.25
Ty seconds 1.98 1.19 .936 -
Tg seconds « 456 - - «246
Dr rad/sec/ton-in -.00944 | -,01264 -302130' -.02520
- - ey .09 .08 .07
PEr tons .- - - -
P, tons 823 1370 |1365  |1045
Gr ton-inches -39,.4 588 1321 | 1135 R
F. - .03609 |.04595 |.03719 |.01431 | .
) 2 ton/thou 14 .61 18.99 |38.21 77.83 _
) ton/thou ~51.33 |=49,15 |[-68.36 |-101.20}
Py ton/ton/in® - |-%6.25 |-31.79 |-23.20 |
Pur ton/ton/in° -18.72 |-19.90 |-19.22 [=19.0
8ar ton-in/thou 18.46 20.28 [28.67 | 35.31 :
Bop ton-in/thou -22.33 |=30.09 [|=33.75 |=34.17 |
B3p ton—in/ton/in2 - 21.07 |16,76 16.69
Byp ton-in/ton/in® |-32.66 |-23.34 |~16.33 |-14.0 |
f 1 -/thou 00143 .00087 |.00172 .00284
£, ~/thou ~.00171 |=.00178 |~.00275 |-.00346
£ ~/ton/in® - -.00284 |~.00185 | =-.00092 |
£, -/ton/in® .00252 |.00226 |.00159 |.0015
R(1+Fr) | inches 10.361 10.46 (10,37 10.14
W R rad-inch/sec 76.25 [125.2 [161.0 [192.3
VYV - 6031 |.7844 [.8564 | -
V_,;,/Hr+1 inch/sec/thou [1.436 3,195 |4.639 -
Vi/H), inch/sec/thou  }1.013 [-2.382 [-4.073 -

" Table 7.4 Physical Data for Simulation of Fig. 7.7

(975 feet per minute case
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Variable Maximum Value Scale Factors
636‘ 20 thousandths 5 volts/thou

8H, ,6H} , 8, 0H} [10 " 10 "

oH,,0H} , 08, 5 v 20 "

661 200 tons 0.5 voits/ton-in
6G2 ’ 100~ " 1 o

663, oG, 50 n 2 "

ov,, GV% 10 inch/sec 10 volts/inch/sec
. Y' ,GVé,GVB,OVi 5 " 20 "

av@, vy 5 " 2

88,, 85, 10 thou 10 volts/thou
|85, o8, 5 thou 20 "

6801, 8545 10 thou b10 volts/thou
ASOB’ ASO# 5 thou 20 "

oF,, .02 5000 volts/unit
0F,, 0Fs, 0F, .01 10000 "

Ow, ) 1 rad/sec | 100 volts/rad/sec
0w, bw3, ow, |5 " 200 "
601,602,605,604 5 tons/in2 ‘20 vblts/ton/in2

Table 7.5 ©Scale Factors for Simulaticn of Fig. 7.7.
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Figure 7.7 is the resultiﬁg analogue circuit.

It is basically similar to Figure 7.2 but for the
addition of foub servomultipliers each with ten
potentiometers %o generate thé-varying,coefficients
and signals corresponding to schedule deviations.
The top of the poténtiometers gives the 1950 feet
per minute values, the bcttbm gives the 975 feet per
minute values and any other point corresponds to an.
intermediate amill spegd.

To simﬁlate the acceleration of the mill, a voltage
signal representing mill speed is iumposed on each servo-
multiplier drive (voltage e, in Fig. 6.10). At zero
volts the servomultiplier positions the poténtiometers
at values corresponding to 975 feet per minute and
100 volts represents the 1950 feet per‘minute values.
For example a ramp signal starting at iero volts and
r¥sing to 100 volts in 5 seconds would repreéent_a
constant acceleration of appfoximately 200 feet per
minute per second.

The results in Tables C.1 to C.6 were for a
constant tension sche@ule hence scheduled tension
changes do not appear in Fig. 7.7. The roll neck
bearing oil film thickness changes 48 ., are included

as shown. In Chapter 8 resuits are also given for
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deviations from the scheduled values of roll speed’
and roll force. The roll force deviations can be
included with the Asor changes as they are similar

in effect.

- From Fig. 7.7 it is apparent that not all the
varying coefficients could not be inclﬁdéd due To the
limited quantity of servomultiplier equipment available.

Z7+3.1. Motor Dynsmics |

The motor dynamics were first represented,as in
the simulation of Pig. 7.2,by first order lags. The
equations of Appendix D.2.1 and D.2.2 give the relation
for the wiﬁd reel motor. Followlng this the drive
motor torque-speed relatioﬁ was represented by & second

order transfer function. In this case eguation 4.17

becomes:
v - bwDr _ DrbGr o3
T } : °
(1 + 0.25p) 1 2 23
' : —= p- + —p + 1
w "

where the denominator of the 6Gr term is the,transfer
function of a second'order relationship between bGr
and &w,. The term wj, is‘thé natural frequency and $
is the damping ratio. Figs 7.7 and 7.8 show the
response obtained for a step input of torque amd the

analogue circuit used to achieve the relationship.
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8. RESULTS FROM THE ANAIOGUE SIMULATIONS OF
THE ROLLING MILL PROCESS

The following discussion is or‘infonmaﬁion
obtained from a series of experimenfs on the analogue
simulations of the 4 stand tandem mill discussed in
Chapter Y. It is infefred that the rolling mill
itself would behave in a similar wmanner given the
limitations of the simulations as discussed in previous
chapters. Where possible comparison is made with
published data logged directly from rollingvmills.

The experiments in this chapter are open loop
tests on thé'éimulated will without any form of gauge
control being exerted. The purpose is to study the
nature of the mill behaviour and to evaluate the,
eircult permitting simulation of the acceleratlonrand '

deceleration phases of operation.

8.1. ACCURACY OF THE ANAIOGUE SIMULATIONS

Table D.1. gives an indlcation of the accuracy
with which the equations of Appendix D.2 were slmnlated.
| The columns 1 and 4 are lists of the steady-atate‘valuea
of the variables read from the analogue coumputer for
a value of 6H  equal to a 40 volt step (0.008 inches).
The columnsjE and 5 are the calculabed values¥5f these

variables arrived at by solution of the equationsvdf
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Appendix D.2 through substitution of the values of

the independent variebles in each equation. Each
equations must be checked and found satisfactory.
Columns 3 and 6 show the deviations to be small. For
a small value of a variable the percentage error can
be significant, as in the case of bG4 at 1950 feet
per minute.

However, when the variable achieves a significant
value the percentage error is greatly reduced, as for
8G, in the 975 feet per minute case, as the voltage
error remains in the same order. Thus any variable
trace cannot be said to have a given percentage error
(considering the analogue compubtation errors alone)
but rather a voltage error which becomes less significant
the larger the voltage. This is shown by the errors
(columns 3 and 6) for 664.

The integrators were checked by swumming their
imputs; which should equal zero in thé'steady-staté.-
Dhis is shown in Table 8.1 for the interstand tensions
which are the outputs of integrators. - The sums of
their inputs is small.

The columns 1 to 6 thus indichte that & reasonably
accuract solution of the equations of Appendix D.2 has

been obtained for this case. This wmeans that the
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simulation has been correctly prograumwed with the
proper donnections, amplifier gain settings and
potentiometer settings. |
| Coluuns 7 and 8 show a couparison between the
steady-~state solution for the simulations of Fig. 7.2
and 7.7 for 6H, equal 20 volts (0.004 inches). The
values should not be equal as different coefficients
are used in each simulation. The results do éhow,'
however, that there is still close correspondence between
the gauges and tensions for these differing schedules.
The results in coluuns 7 were oﬁtainéd using the analogue
computer of the International Research and quelopment
Cowpany and those for coluun 8”ﬁsing the analogue computer
of the Mechanical Engineering Department at Imperial
College.

8.2. IEXPERIMINTS AT THE LIMITS OF THE SPEED

RATGE
These eXperiménts were conducted mainly on the
siwulation of Fige Te7e The servomultiplier potentio=-
meters were set to give the 1950 feet per.minute mill
output speed coefficients and then the 975 feet per
minute values. |
Schedule deviations or oil film effects are not

included as the experiments are at a specific operating
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point speed. In effect the siwulation of Fig. 7.7
is being used to give two cases of a simulation of
the type of Fig. 7.2.

The test signal used was a step in incoming gauge
error 8H,. The response of the variables to a step
signal gives their transient behaviour. The response
to a sine wave inpuﬁ is also shown for 6ne case.

8.2.1. With otrip oubpubl speed 1950 feet per

winute

Experiment (1) - With Slip Included

With the csefficienhs at tﬁe required value and
' the wind Teel circuit included as shouwn in Fig. 7.7
the simulation was subjected to a 0.004 inch step
(20 volts) in 8H, ; the deviation in incouing gauge.
(In the.following discussion the word deviation or
change ete, to aécount for the & prefix in the variables,
denoting changes about ~ the nominal value of a variable,
is used only where it may be umisleading not to do sa)
In a nuaber of these tests the diode across the
integrator (Fig. 7.7) which yields 80, is used %o
prevent this tension from going negative.

Fiéure 8.1(a) to‘8.1(c) show the responses to the
0.004 step in GHO. The gauge out of the first stand

" increases iumwediately, and after the delay of 2 seconds
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it takes the error in gauge to reach the last stand
the gauge,but 6f the last stand increases significantly.
However, thé error ip géuge is :educed by the inherent
attenuation of the'mill stands even with the decrease
in tensions whiéh tend to increase the gauge efror.

Up to 0.99 seconds the torque &G, is increased |
by eight ton—inéhes (4 volts) and substitution of the
values at this time in the G, equation of Appendix D.2.1

shows that the major effects are from the thickness

changes, with the tension contributing little due to
its small change in this period. Checking the value
of 6F,, which is 4.3 volts, for this period in the

equationAfor16F1;aléo.confirms its ﬁalue. There is

~ also little change in the velocities as the torque and

slip changes have been small. Thus for the time

interval it takes the strip gauge error to reach the
second stand there is a substant1a1 change in bH only.'

_Uhen the step error in gauge reaches the second stand ,

it affects the variables associated with stand 2. The
stand 2 slip, 6F2, is increased which increaseS'the

_output velocity OVQ, and the increased strip thickness

into stand 2 results in 674 being reduced. The rolling
torque,NGGQ, required is decreased and this tends to -

'_1ncrease the strip velocity from the stand,.
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| although its effects are élightly delayed due’to the
wovor dynanics. The velocity and thickness changes
acting in accordance with the continuity and interstand
tension equation (equation 4.9) reduce the tensidn
.6301- This decrease in back tension and the'iﬁerease
in outgoing gauge of stand 2 offset the effects of .
the increase in incoaming gauge to reduce the stand 2
rolling torque required. The reduction in 651 effects
the stand 1 variables - Fig. 7.7 shows the tension
being fed back to stand 1. The rolling torgue 691-
required is increased and the roll force required is
changed, hence there'ié a new equilibrium point
(Fig. 2.4) due to the stand spring action;which is
indicated by the slight increase in 6H, at a time
greater than 0.99 seconds. | |

During the pexriod the strip gauge error lakes
to travel frow stand 2 to stand 3, (0.99 to 1.58 seconds)
‘therelis a small reduction in 80,, due to the increase
in 8V,, which reduces #he rolling torque 6G3 reqﬁired
at stand 3. The reduction in :equiréd 6G5 and»the
change in slips increase &V, which causes a reduction
in boa'as shown, and so 8G, is reduced slightly; which

as in the case of stand 3 results in an incréase in

the strip velocity issuing from stand 4.



- The step in gauge reaches stand 3;1.58 seconds
after its application to stand 1. This results in
another major change in many of the variables. The
effects at stand ¥ are similar to those which occurred
at stand 2 when the stdp passed it. There is an
increase in 6F3, a decrease in 602 and 665.' Here
however,the chenge in torque is not so great‘as the
effects of the incoming gauge is greater as indicated
by the coefficient for this variable in the 6G5
equation of Appendix D.2.1. As before the efrects'
of the step arriving at stand 3 are fed back down the
mill to the preceding stands and ahead to the following
stands, A decrease of bo, increases the torque
"required at stand 2, rcduces the slip and reéults in
a nev force equilibrium which yields a slight increase
in the gauge from stand 2. A small increase in

60, has also occurred which reduces slightly the gauge

1
from stand 1 and the torque required at stand 1.

At stand 4 the decrease in tension 603 has resulted
in a swall increase in the gauge issuing from stand
" o

At time 2.0 seconds after'apjlication of the step
at stand 1 the stcp reaches the‘fourth stand. | The

output gauge GH4 incresses and the back tension 6q5
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decreases as a result_of a_decrease in OVé in
accordance with the equation 4.9. The reduction in
605 results in an increése in the rolling torque 665
and a reduction in 8G,.

Prow the traces for rolling torque it is evid__ént
that each time the step reaches a stand there is a
large increase in the torque required at the preceding
gstand. Except for stand 3 torque (663) there is not
such a noticeable effect_on the precedihg stands. It
is also evident that it is theAmajor change in the
back tensioﬁs which occurs when the step reaches a
siand which is responsible for these torque changes,
and the rewmaining variable changes which occur at the
preceding sfands. In each case the arrival of the
step at a stand has much less effect on the front
tension of that stand and so the changes in the gauges
and torques at the following standé are sumaller than
those for the preceding stands.

In Fig. 8.1(a) the traces of oﬁf and 6HT, the
gauge messurements wade by the x-ray gauges, are shown.
The GH: and’bﬂz are the strip characteristics. The
gauge slgnal read and pfbduced.by the x-ray gauge is
also shown. The swoothing effect of the gauge dynamics

is evident.
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Experiment (2) - With Slip Not Included

With the simulation set for the 1950 feet per
minute case and the slips removed;fbom the simulation
experiment (1) was repeasted. The effects of slip.
may be removed from the siwulation siumply by rewoving
the output lead frou the amplifiera which have slip
as their outputs (Fig. 7.7). *

| Figures 8.2(a) and 8.2(b) are traces of the results
obtained. Coaparing these to Figures 8.1(a) to |
8.1(c) obtained from experiment (1) indicates little
difference in the steady-state values of the variables.
- The gauge 6H, has increased slightly (0.0001 inches)
and 8G, has decreased slightly as have the tensions
( 0.1 tons/inch?). However with the slips removed
it is evident that the stand rolling torque transients
are larger and more varied than for the case with
slip included which indicates that the slip tends to have
a smoothing effect on thé rolling torque requirements.

The Experiuments (1) and (2) were repeated with
the wind reel circuit omitted frowm the simulation.
This case corresponds to 604 becouning zero and since
" this is the value to which it was held in the prévious
experiments by the diode limiter preventing 604 from
going negative there should be negligible change in
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in the results. There was a.small increase of 5%
in Oo3aand of;z%‘in-6H4“dué to the fact that 8o,
had not been perfectly limited and did have a small
 negative value in the experiment with the reel
included as shown in Fig. 8.1(a)
Experiment (3) With & Second Order lMotor Torque -

| | ‘Speed Relationship and Witk Slip

- : Included

With the cbefficient sebttings still at the 1950

feet per minute cese the motor torque-speed dynamics
were}changed to second order relations for each stand
(Fig. 7.8).
| ‘_The results'with’élip included are ghown in
Figﬁres 8.3(a) to 8.3(c). The steady-state values
.', for a 0.004 inch step (20 volts)}in bﬂo are.identiéai
to those for Experiment (1) which is a check on the
simﬁlaﬁi@ﬁ. The wmos?¥ nbticeéble effect is the more
oscillatory nature of the variable transients. This
is expected as thé second order relation allows

overshoot which the first order lag or exponeﬁtial

relation used previously does not.
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Experiment (4) = With a,Second‘Order Moﬁor Torque

| Speed Relationship and With Slip

Kot Included | '
Rewmoving tﬁelslip as a vériable in the simulation
of experiment (3) and imposing é 0.004 inch (20 volt)
- step in GBO resulted in the traces of Figures 8.4(a)
and 8.4(b). Here all the variables are noticeably
more oscillatory than for experiment (3) with slip
included; and even mofe s0 than the tests with the
first order lag.* Comparing the results with those
for experimeht!(B) it is‘obvious that slip has a
smoothing effect on all variables, thus its elimination
from a rolling mill simulation‘wouid}result in the
simulation yielding more»oscillatory’résults than
would actually be obtained from the rolling mill in
whiéh the slip is an inherent feature. , '
As cen be seen from Fig. 7.7 the slip acts through

the strip velocities which‘detefmine the nature of
the interstand tensions. - For the present case without
slip the strip velocity traces are much more oscillatory
than for the case with’slip incluged. The nature of
- the slip dhanges are such that they tend fo,dancelA
‘the roll speed fluétuations, which‘rééults in * smoother
velcecity tranéients and hence less varied transients

for the tensions and other variables.
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‘That many of the tests use firsﬁ order lags rafher
than the second order relations for the'ﬁorque speed
relation which gives a more oscillétory trangient is,
as discucssed in section 7.7, a genefalisation, as
| often the response of the motors in practice is-a lag.:
The exﬁeriments with the second order relationship
indicate the effects as the motor responses becowe

more couplex.

Experiment (5) Response to & Sinusoidal Gauge Variation

Fig. 8.5 shows the responsge of the simulation of
Fig. 7.2 to a sinuscidal incoming gauge error of 0.008
inch peak to peak magnitude and a frequency of 0.1 cycles
per second. The traces show thé mill variables following |
the sinusoid and the gauge error being attenuated as )

in the case for the step responses.

8.2.2. With 3trip Output Speed 975_Feet per lMinute
The experiament numbers are continued froa the

previous section.

Experiment (6) - With Slip Included

The coefficients in the simulation of Fig. 7.7
were set for the 975 feet per minute output speed case .
by bringing the servomultiplier potentiometers to the

bottom. The results of testing this siwulation with a

0.004 inch (20 volt) step in 8H_ are shoun in Fig. 8.6(a)
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to 8.6(d). There is a noticeable change in the
trapsients and in the steady-state values of‘the
variables coumpared withﬁfhose of experiment (1), the
1950 feet per minute case. The steady-state values
for a 40 volt step can be compared in Table 8.1.

‘The major reason for the change in the steady—"
state values is the change in the coefficients of the
interstand tension équations and the uotor droops as
indicated by comparison of the relevanf equations in
Appendix D.2. Referring to equation 4.9 it can be
seen that the coefficients forvthe gauge deviation
termé are direct functions of the nomihal strip speed.
Since the nominal strip speed has been halved, the
tension‘tfansiénts are correspondingly reduced. It
is inﬁeresting to note that the resulting éﬁa is also
halved due to thisg smaller decrease in the interstand
tensions and due to 604 having a pogitive value in
this experiment. ' |

.Fig;re 8.6(3) shows overshoots in the géugeS‘from
. stands 2,.3 and 4, that is, they assume a négative
value‘before rising to their steady-state positive
| vaiues. This is due to‘the interstand ténsion
transients (Fig. 8.6(a)) which are SGenrto be positive

for some tiwe before becoming negative which results in



172,

i5thinherﬂ§trip issuihg from the stands; This effect
reéﬁlté-in_part from the‘increase in4the'ﬁotor droops
‘\7fof the lower speed»caSe whiéh give vel§city’trénsients_
Aof ailérger maghitnde. This results in a tendency for
ﬁhg tensions}to increase while the step 1s'tr§velling
between stands. Since the temsion changes due to the
f.stép arrivingiat a stand, which tend to make the
v'tenéibns'negatiye, are smailer than for the 1950 feet
per.minute cése a positive value for some interstand
tensions Tesults during the transient period.
Another factor operating to provide the overshoot

in'gauge values is that once the gauge has overshot'
| ét stané‘2_asnshown it cauées an increase in tensions'
at the folloﬁing standé, in the same way that it -
.was previously shown in Experiment (1) that an increase
| iﬁigauge 6perateé to reduce the tension. The | |

‘increase in ﬁensions reduces the gauge from the stahds"
f:concerned. | |
._"‘The smaller reduction of tensions gives a smaller
, increase in the rdliing torque required at stand 1 |
 and an increase in that required at stand 4 over the
 values for Experiment (1). The rolling torqﬁesvoGz'
.aﬁd,OGj have glso‘inc:éésgd over the values for.

'-Experiﬁent 1).
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Gomparing the gauges issuing from the stands

‘°t;to those for Experiment (1), the values for stand 1

| Qfare close,as the tension 601 has not changed greatly

itj?fand the tension coefflcient is small in the relevant i

"”'f[sause equation (APPendix n 2) compared to the

'7”1coefficient for the incoming thickness at stand 1°_g

”jg_At the other stands ‘the stand output gauga deviations

5_Jfbecome progressively smaller for the present case.v,;

As 1n the 1950 feet per minute case little change

'7}§was noticed for traces made of the prlmary variables

 f7with the reel circuit removed except for a small

2

| 1} {1ncrease in 605 ot 0. oa tons/inch end in OH, of o

-f~~yo 0001 1nches. ff' 7°

This eXperiment was repeated with the reel circuit;w

. :omitted with onl:y slight changes noted in ‘bhe variablgsv _

‘3ylasaociated with the last. stand.-

lfg;periment (7) - With Slip Hot Included

As 1n Experiment (2) the slips were removed from

"nﬁ;jthe etmulation with all coefficients still set for

LVifgythe 975 feet per mlnute case. f Fig. 8 7 shows some fi”

H‘fffof the results. ; Kere the time scale ie 2 seconds

’“izi;per 1nch.{~ Comparing the results to those for the f'ﬁf

aw?*lfcase with slip: Experimanx (6)’ there is a noticeable

i ”}fiichange 1n the tension and rollins torque transients."ﬁF?
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As‘in the 1950'feet per ninute experiment. the élip‘
has a noticeablé'smoofhing effect which is even more
pronounced for the present 975 feet per minute case.
There islaﬁsmall change in fhe_steady—staté #élues
of the variables with the slip remdire_d, oH, is slightly
decreased ana 634 is increased slightly over the valges.‘
for Experiment (6). | | ' o
v To conduct this experiment it was necessary to
reduce to reel circuit gain from 0.1277 to 0018 in -
order to prevent bo4 from oscillating. ‘This was nob'
' required when the.slip_was included. |
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8.3, LXPERIMEHTS WITH VARIABLE MILL VELOGITI
For the following experiments the 31mu1atlon ot

Fig. 7.7 was used.
§,§ . Acceleration and . Deceleration 1n the Range

222 to 1950 feeteper minute Outggt-SQeed

The - experiment nubers are continued from the

previous section.

ggperiment §82 Acceleration and Deceleration‘With
Bearing Roll Neck 011 Film and a Roll FPorce Schedule

‘Deviation o,

Table 8.2 lists the values of the bearlng roll
neck oil film thickness change (AS ) and the deviation‘e
from the roll force schedule (AP ) used 1n this | |
‘expepzment.- The AS . values are of the same order as
would be éxﬁeeiencéd in practice (11, 22, 30, 37). for |
:the S§eed range*coneidered.>: The deviations from the
f‘roll force schedule (AP ) are arbitrary values corree-.e_.
| ponding to the case in which the stand roll gaps have
not been sufficiently increased during aoceleration ‘
or decreased during deceleration to maintain the schednle.
1D1vmding the roll force deviations by the stand sprmng
‘ constants yields the eguivalent screw movement causing
| AP This may be summed to the oil film. efreot, |
’allowing both signals to be introduced into the simulation

from one servomultiplier potentiometer as shown Fig. 7.7.
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Table 8.2 Schedule Deviations ror Experiment (8)

: R “»Stand o
' Quantity |

Units

2

las..

oz,

S L 3 o
AP '

- thou
. tons

thou

_thou

. =67,6

-60 76

 -;6503
~6.53

-

-82.7

"'13 L] 2?

7 | =15545
~-8.27 |

-15.55|
-20.55 |

ABO+APE/H

Table .8.2(a) 0il Films for Experiment 8(a)

. |Quantity

- Units

1.

2

3 B

|88op

thou

-4

-l

B Table 8.2(b) Schedula Dev1ations for Experiment 8(b)

[ Quantity

Units

1

2

3.

4

:-'489r
AP

-. AP&/H |

| &8, +Ari/n B
| Rad/sec |

- thou
| toms -

‘thou
“thou

-4 :
f6706s"
-6.76 |
~10.76

-4
'-65 3
=6, 53

- =10.53

e

-5

}ff82‘7;':
- -8.27

-13.27

5 |
-155.5

| =15.55 |

-20. 55
25.
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- To obtaln the change in roll gap from the Screw
'lﬁfmcvements, the screw movements must be operated on
. by a factor~(eometimes called the stand transfer

function) ae indicated by the gauge equations in '

':Appendlx D. 2. 1. _
The values in Table 8.2 are the total varlatzone

.eiover the epeed range considering the 975 feet per minute
,“case as baee when the values of these parameters would
| Te? be zero.’ The traces . shnwn in Figs. 8 8(a) to 8 B(r)
ain; are variatione from the values exlsting at 975 feet
.jper minute. In theee figures the traces of the variables f
i77ror acceleration and deceleratzon are shown side by smde..fV
. The servomnltiplier drive elgnal or mill velocity
. ;ceprefile, 18 shown in Flg. 8 8(&) Acceleration is |
:‘f%?constant at approximately 200 feet per minute per second,
»  ':?rae is the deceleration. For this test the drive motcr )
5 f;idynamica are represented by first order lags. ' |
= The effect cf the acceleration and deceleration on

e f;;the gaugee 1esu1ng from the etende is shown in Fige. B.B(b)

| ‘ifend.s;s(c) . -As expected during acceleration the geugee
ﬁ”_rwla;;decreaee.end during deceleratien they increase ever the

"U'Ti“jjevalues existing at high apeed . _ - |

L The tracesrin Figs. a.a(b) to 8 B(r) show the changes L

‘?fhthat cccur in the mill variablee.;' To assess the changes,



the steady-state changes at each stand maj-bé_considergd
in turn. In Table D.2, of Apﬁendix D, the steady;étété
values of the variables for a =0.010 inch movement

in screw position, 88 r at each stand in turn are listed._fr
The screw doin motion is shown to ‘be most effective |
at changing the gauges.when applied at stand.1vand"

least effective when applied at stand'A. bThis is ig'
agreement with practical eiperience; It is also noted

- that when the stand 2, 3 or 4 are closed the gauge out

of the preced;ng stand increases. ‘ This is because of
the large decrease_ih badk tension. Ehig does’ not

apply at stand 1 where the back fension is taken ﬁs.‘

- constant. Thls large decrease in back tenslons results ‘

in a much larger roll torque requlred at the precedlng

| ~stand as shown in Table D. 2  The results in Table'

D.2 (and'D.B)vwere obtained with the ‘mill set-at the-w
‘high and low speéd céses:in}turn as 1n,thé-experimenté

of Section 8.2. - Lot i
| The change in the varlables as noted in the‘

Flgs. 8.8(b) to 8. 8(r) durlng acceleration and deceleration
| can now be shown to be in agreement with the results of )
Table D.2. That this is so indicates that the

slmlation of Fig. 7 7o does represent the acceleratian
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énd deceleration phases of mill operation for thé

'Asor and AP, selectéd as the Figures were recorded
during simulated -acceleration and deceleration.

Thé gauge oﬁt of each stand decreases during accelération
and increases during deceleration (Figs. B.S(h) and
8.8(c)). Dﬁring‘acéeleration the large reductions in
the stand back tensions noted in the Table leads to

a net reduction of all interstand tensions (Figs. 8.8(4a)
,to‘8.8(f)). The large decrease in 603 overcomes the
effects of the smaller décrease in 604 to reduce the |
rolling tofque required at stand 44(?13;'8.8(1))..' The
rolling torgques at the'remainihg stands have ingreased
(Figs. 8.8(3) to S.S(h)) primarily due to the decrease
tiﬁ,frdnt tensions at‘these stands being‘largei_than
'the‘decrease in back tensiéns; the‘difrerence in strip
eross sectional areas‘being accbunted_for. Since the
to:ques ré@uired hav¢ incréaéed aﬁistandé‘1; 2 and 3,
leading to reduction in roll speed; and the slips have
- decréaSed, eice§t~for thé-émallkfhéreésé at stéﬁd’1
(Fi88- 8'8(é) andxé.S(k)); there/is'atredﬁctioﬁ‘ih'the-"
,strlp velocities from the stands. ThlS is a small .

| decrease over the existing nominal strip velocitiee out ’
»the stands. The changes 1nvtorques, roll speeds and 4'

Velocltlee are again supported by the results in Table D.2.
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In reference (22) an'actual mill, aecelerated to
%00 meters per minute showed a net decrease in strlp
output thickness and an increase in roll force with a
simultaneous ‘reduction in interstand ten31ens. When
accelerating the reverse eccurred. This is in agreement
with the simulation results described. The mill results
(22) were more complex; as a moTe non-linear relation-
ship between roll speed and 011 fllm thlckness was noted.
Also a lower speed range and different schedule was used.

Fig. 8.8(s) from‘Reference_(BO)vshows4roll force
changes lagged directly while varying the mill speed
as shown.in the lower curee. As\soted the roll force .
increases durlng acceleration and decreases durlng
deceleration. - The equivalent roll neck 0il film thickness
change canslng this. is ‘noted M = 12 tons/thou) and
'agrees with the values used for the speed range studied
l]in the present simulation. ‘

The progressively longer time it takes the gauge from
.each following stand to reach the steady state when :
“acceleratlon or deceleration has ‘terminated (Fig. 8.8(b)
and 8. 8(c)) is due to the delay cimes. The time taken':;°:
‘et reach the steady state is longer when decelerating, f

‘close to 9 seconds although deceleratlon is complete 1nA i:

5 seconds, The remaining 4 seconds is the time it takes‘

' for perturbations at the 1st stand to reach the 1ast
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stand éﬁ low speed.  The effect;of'the increasing
time delays and droops during deceleration also tends
to make the gaﬁges traces less linear than for the
acceleration casé; " o _

- In Figs..é 8(a) to 8. B(f),.the interstand tension
traces, there is s tendency for the tensxons to over-
shoot. In this experiment the tension o, was not
reStrained-from going negative. The overshcot in
tensioné is due to the velocities continuing to vary
when acceleration or deceleration is complete, due to 
the time delays. = The miil velocity'profile used |
'(Fig, 8;8(35) brings the mill simulation sharply to a
- constant speéd which seems to-contribute to larger .
overshédts;'as latér experiménts using-a'mill velbcity
profile with a less severe cornef'do'not show such large'
’ overshoqta. ~ That thé motor droops are larger for '
the iow speed case ponﬁ:ibutes to the overshoots being
larger when cﬁmp;etinggdeceleratidn than when completiﬁg
acceleration. | o D o

" In the Figs. 8.8(b) to 8. S(c) the dashed line traces

- are for the case with slip removed from the 91mulation. -

kAs discussed in Section 8 2, 8lip efrects the strip

‘velocitxes, and hence the tensiona. The tenslon changes S

| noted cause small: changes in the 6H1 and 632 traces.
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H.N. Cox (Ref. 30)



fhe teneion 00{ has become more negeﬁive; hence‘bH1
tends to become less negetive.-  At stend 2 the increase
in dco, is offset by‘the deereaae in 80, to give a slightly'-'
less negative value for 5H,. The tension changes ahd -.
gauge chanses lead to changes in the torques and other |
a variables. ~Again the 1nclusion of s8lip in 8 simulation -
appears necessary.

Thls experiment with slip included, was repeated
with the mill being accelerated over the speed range of

ﬁv'Fig‘ 8. 8(a) in 10 seconds rather than 5 seconds. ‘The .

traces were similar to those discussed except for the

~longer tlme taken to reach steady-state in view of the -

longer acceleration time.

o E_x_geriment B(a) ‘Acceleration With Bearing Roll Neck O0il
Film v ‘ ’
This experiment is identical to Experiment (8)
except that only the 0il film effects are included as shown
in Table 8. 2(a) The steady—state values reached are '
- shown on Figs. 8. 8(b) to 8.8(r) by the solid lines. 7
The form of the trace was identical to that for Experiment .
(8). Due to the much smaller screw movements involved,
the variable changee are smaller. Ihe stand 3 slip
change, éFj, hes‘taken a slightly positive value cOmpered'

with its former negative change.
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gggeriment 8§b2 Acceleration and Deceleratlon With
- Bearing Roll Neck Oil Film and a Roll

A Force énd Speed Schedule Deviation

; The Table 8.2(b) shows the signals introduced
into the simnlation of Fis. 7.7 at 1950 feet per minute,
‘Figs. 8.8(1) to 8.8(r).show the steady-state values of
the m111 variables reached. . The changes in gauges,
tensions, torques and sllps have been small and are not
‘.noted, -This is dué~to the nature of the speed schedule ,
deviation chosen. From Table D.3 the values may
'or.new steady;state values calcdlatéd fordépeed schedule
,deviatipns.,

A A speed deviatlon has been used as it is convenient
‘and 1is related to a torque schedule deviation}which would
manifest itself as a speed change. |

The speed- deviation is included to indicate its
effects as roll;speeddis used in chapter (9) to control
‘strip tensions and gauges. o ‘ |

8.3.2. Continuous Acceleration and Deceleration In-

the Raﬁge 975 to 1950 feet per minute Output
SEeed '

The experiment numbers are contlnued from the

Ead

previcus sectlon.
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’ﬁﬁ Exper1ment La) Continuous Acceleration and Deceleration

with Bearlng Roll Neck Oil Film and a
Roll Force Schedule Deviation o

Fig. 8 9(a) shows the Velocity profile used in this

"57gexper1lent. The 011 film and roll force deviatlon of

"Table 8.2 are used. - ‘The traces recorded in Flgs. 8. 9(b)'*'

"cf;to 8.9(3) inﬂlcate a behaviour similar to those for

"*77Experiment (8) except that the traces are now continuous.

"71f2 due to the continuous nature of the velocity. The |

ajvelocity profile is equivalent to accelerating the mlll

"tfqin 10 aeconds from 1ow speed to high speed holdlng

'ijcanstant speed for 10 seconds then. deceleratin in 10

  seconds._] It is a clipped sine wave."

It is noticeable that the slopes: of the traces for

YW;   5°§ and 604 (Fig. 8. 9(d)) and ror 6G5 and OG (Fig.

8. 9(:)) are different for the acceleration and deceleration '
;cases‘ The nature of the droop and delay time changes  »
?vould be re8ponsib1e for this. '

*gggerinent §102 Continuous Acceleration and Deceleration 
With Bearing Roll Neck Oil Film, Roll :

RS Force ‘Schedule Deviation and with a Step'
: S  _in Gauge Introduced.; -
Thls is a ?epeat of Experinent (9) but with a
} -0 004 inch stap in gauge error 1nzroduced at the
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mid-point of # constant speed plateau.- Figures
'8-10ta)ﬂand 8.10(b) show the traces for the gauges and
«’-tehaiéﬁs. The aegative step in gange causes the stand
'output gaugee to be decreased and the 1nterstand tensions
to be increased which comcurrs with_the results
achieved in the experiments of Bection 8.2.

. Due'to.the greater time scale of thé recording,
fhe_x—y,plotter has probably oversho}f_in attempting
to follow ‘'such a rapidly changing trace. However the
vtr#nsiénts'due to the step cowpare with those obtained
in thé»experiménts of Section 8.2; and its duration
is of the same order of time. |

'As discussed in Chapter 7 any schedule deviation
or gauge'errdr may be introduced into the simulatioﬁ.
The expériﬁénts of this Section 8.3 indicate the
- procedure. Knowing‘the fﬁncﬁion of a desired input
 signal, in terms of time or velocity, allows it to be

'introduced in the manner and at the'timé desiréd.

_Eg_neriment 11 Continuous Acceleration and Deceleration

With a Constant Gauge Error
This experiment shows the changes that occur'in
the variables when the mill is accelerated and.

decelarated wzth the schedule being maintained but
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with.a steady error of 0;004 inches existing on the
incoming strip. The mill velocity profile used is
that of Fig. 8.9(a). The changes that occur in the
variables with changing speed are now entirely due to
the changing coefficients in the simulation (Figs.
8.11(a) and 8.11(b)).

The variations in'the traces are quantitatively
in agreement with the steady-state values noted for
the experiménts at constant mill.speed of 975 and
1950 feet per minute (Section 8.2).

There are only small changes in the steady—state
values due to slightly less than the full speed range
being utilised in the present experiment. |



-'ﬂQO’f71950 i?eet/minnte S
0 1 - 1 (P
20 40 Segonds
651 S
0.002 |- _
’ 1. 1 1 '|; 1 "
0] . ‘ -
kInches 20 . 40
0.001 |_ ~_  an. o
E S8y S
: L { 1 : ! -
0 20 40 Seconds

Fig. 8.11(a) Responses to the a Step Input_of 0.004
' Igchestwhin Subjected E? the Velocity

. ) aracter b . 3

- Agxperggentsf%%)g Oje ( gf Sectiog 8.3



Pig. 8.11(b) Continuation of Fig. 8.11(a)

oL e = . 40 Beconds
' RN j LF : IA' — -
. / ‘\'_bo' |
o ' . - . 50"
A ; Ton-inches ' | )
o %y [——
A 1 1 ’ ¢ Lo
© 20 40
‘Ton—inches
o 20 20 -
: ATon—inches<
5'___/ ' s
L 1 1 1 Lo
. ° 20 Y
“Dimensionless
ol 20 g0 |
ADimensionless | )
0.001}
0 | l 20 ' e L
“Dimensionless
05004:—__——“’//////,., ﬁ\\*~gfﬁ\\‘~;__—»
| — T~ Seconds .
© I ‘s\_~__*__ayg—4*~
' 20 40



222,

9 AUTOHA‘I‘IC GAUGE CONTROL | EXPERIMENTS

Ulth a model of the rolling mill developed
: and aiﬂnlated on the analogue computer 1t is possible .
:_to ailulate and impose automatic gauge control

y ,Bystens on the ‘process (9, 10, 19).

The testing and comparison of the gauge control

.'Nsystens_was done mainly with step, and sine_wave errors

| on_tge;inconing strip and with a number of mill N
4>veioc1tj profiles. In‘practico the actual variations'

. in the incoming gauge are of many types (Seotion 1.2)
7othe welded strip joints, whichcenstitute a atep, being

' :~the'most severs. A profile of incoming gauge is

31ven in reference 9.

- 7_.Severa1~types of gauge'control sYstems.wore tested
| using the simnlationa_ofAFiga.-7.2‘and 7.7.  Some of

these systeﬁa are similor to those used in-proctice.'r

kThe‘hofeicomple: ones are‘similar to those tested in

‘rorerence,(é. 10) with-sohe modifications.: Control :
'system number 6 (Fig. 9.21) is 8 new system. Apart
from ﬁbeso*baaio>syétens variaﬁions of them were
tried. Those discussed in the roliowing sections

‘ _profod'the‘moot satisfactory.  They are shown in

. Figs. 9.2, 9.7, 9411, 9415, 9:17 and 9.21.
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The diagrams show the transfer function in

the box representing the pa;tidular component of
the system. The crossed circles represent comparators,
an operation that can be performed with a summing
amplifier. In these diagrams the rolling mill itself
is represented by the symbolic_:olls, strip and reels.
The §omparators compére‘the measured mill variables
(stripfgéhges and tensions) with the desired values
of theaé controlled variables. However, since the
simulations of the rolling mill (Eigs. 7.2 and 7.7)
are expressed in terms of small deviations from nominal
values, the control systems must conform to this
wmethod and must be viewed as attempting to bring the
strip gauges and tensions bgck to their scheduled
values in the presence of perturbations in»theipfocess.
Therefore the‘deéired value of these small‘deviatidns
in the variables 1is zero. The errbr signal then
becomes the measured values of the deviations in the
variables being controlled but of opposite sign to
give the negative feedback reguired in control‘pystems,

. The effects of the controller gain settings were
noted'and-in most cases adjusted to give the $eat
response; which in this'case is assuméd to be a

- dead-beat response (9). A dea@ beat response 1s
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'one.invwhich the transient response, or response to
a step 1nput, of the controlled variable is without
overshoot. This is not the optimum response dbut this
adjnstment is considered consistent with the large

massez of the equipment being controlled.
A controller gain in the simulation is the ratio

of the voltage applied to 4 motor to the voltage into
the controller. The voltage gains are converted to
the physical gains using the scale factors in Tables
7.2 and 7.5. |

When an integral controller is used,the}gain,
contains the unit seconds™! which cancels with the units
of the integral term (seconds). : |
) " The evaluation of each control system is based on
the criteri;n noted in Section 3.2; that is, mihimum;
'steady state error, minimum overhsoot and fast response
‘with no oscillation.

A complete analogue block diagram of the process
and control ~system number 5 (Pig. 9.15) is shown in
'  Fig. 7.2 for the 1950 feet per minute constant output
- speed. caae. ' '
| Fig. 9.1 showse three velocity profiles used to
‘drive the servomultipliers in the control systenm

‘experiments. At the point denoted by 'A' step errors

in incoming gauge of 0.004 inches were introduced.
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9.1. CONTROL SYbTEﬂ NUHBER 1
Control system 1 (Fig. 9.2) shows the output

strip gauge error,or deviation beins monitored by the
x-ray gauge (Section 7.1. 1 ) then operated on by an
integral controller (section 3.4) and fed into the
stand 1 drive motor. If the gauge is too thick the
orror.signal will cause the motors to reduce speed.and'
so increase the interstand.tension oetween stands f
and 2. Thiéroction will decrease the strip gauge
until the gauge issuing frou stand 4 is at the desired
value, at which point,8H, ‘will be szero.

9. 1s1e Reagonaes Ueing the Simuletion of Fig. 72

Applying control system number 1, and a step of

0. 004 inches, to the simulation of Fig. 7. 2 caused '

@ damped oscillation of the prooess with a controller

‘ gain, K1 equal to 2 r. p m./thou-second, and a dead-beat
‘response with a gain'qf 0.5 r.p .m./thou—second asABhown
in Fig. 9.3;_' Vith~ﬁﬁe Iattér}gain‘the peak Overshooﬁ '
in 8H, is +0.00084 inches with the gauge errofrreduoed -
to 0.0005 inches in 10 seconds and to 0.001 inches in
15 seconds. The‘steady-atate value of the cOhtrollins _‘
variable, 601, is increased to cause the reduction in |

atrip gauge error. In the initial few seconds the
601 reoponse parallels the response for the system
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without eny control. When, 2 secondl after application
of the step, a signal is received by the x-ray gauge
which operates on the stand 1.drive motor, 001'i8
broﬁght to a value which gives the required output
gauge. : ,
The response of the process, with this type of
control to a 0.1 ¢/s, 0.008 inch peak to peak sine wave
imposed on the incoming strip is shown in Fig. 9.4.
~ The experiment was performed with and without slip.
.wifhout slip the fluctuations ere larger which is
in agreement with the open-loop results discussed in
'chapter 8.  With slip the 6o, peak is 0.9 tons/inch2

and the 8H peak is 0.00084 inches. The large tension

4 |
and gauge changes indicate that the system can be

improved upon.

9.1.2. eaponses Usigg the Simulation of Fig, 7. Z

The control system number 1 was applied to the
'mill simulation of Fig. 7.7. With no oil film
effects or sehedule deviations, drive signal number 1
(Fig. 9;1)'was applied to the servomultipliers.
At point 'A' a step of 0.004 inches in 6H° ﬁase;produeed‘
and the resbenses shown in Fig. 9.5 were obtained.
They are similar in nature to those of Fig._9.3 except
that the varying coefficiente during acceieration and
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'f'deceleration cause changes in the variables. mhs
;‘demanded stand 1 roll speed 6wn4, as shown by ita
'tracﬁ, nttempts to correct these variatlons in bﬂﬁ
~Por this and the next oxperlment the controller gain
’ was 1.6 r.p.m./thou—second. ' B '
o Hith the eane set—up the servomultipliers were
driven by drive[aignal nnnber 2 (Fig. 9. 1), but with
no step in 63 applied at point A, The oil tiln and
.lfrcll force schedule deviations of Table 8.2 were o
lf”introdueed as mill acceleration was Binulated..
AT The traces of ?ig..9 6 show that 6H4 was brought
to 0.0005 1nchas 1n 8 aeconds and to 0.0001 inchea in

'1T10 aeconds.‘ waever, there were large tension chanses.

"f{{with the reel circuit omitted,bc, was -5.3 tons/inch.

2

~ Such a large change would almost bring the interatand

 ‘.tension 05 to zero as its scheduled value is S5.77

;tona/inchz (Table 2 1). ; Each 1nterstand tensian is

B reduced more than ror the same case without control

vlaction (Saction 8. Experiment (8)).~ This-ia understandw

.Aabla as this type of control uses the tensions for gauge
control.;1 Bince the gauge tends to be too thin due to
. the roll gap having been insufficiently increasad during
'lacceleration a decrease in the tensions is required to

1ncrease;the gauge 1saq1ng from the stands. With the
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reel circu:l_.t'included,bc3 was only -4.3 tons/incha,
as, 80, décrgased.to assist in increasing the output
gauée. For the reel-in case, the steady-state value
of dwp, was 9.9 r.p.m. and with the reel out dwp, was
11.5 T.pP.m. : .

This gxpefiment ﬁas repeated with the mill being
accelerated in 10 seconds instead of 5 seconds with no
change in the nature of the traces.notéd.

The scheduled deviations were inserted in this
experiment to indicate the capabilities of the mill
simulation of Fig.‘7.7. Any type of deviation mﬁy be
insefted in a Eimilar manner._ In the iemaining'control'
system exﬁeriments it is assumed that the schedule is
maintained, The evaluation of the control systems is
thus based on their ability fovcontrol incoming gauge
errors with the effects of the varjingvcoefficients
included when the simulation. of Fig. 7.7 is ﬁaed.
This allows a comparison of the control systems to be
made without an arbitrary schedule deviation. Future
studies ueing schedule deviations actually determined‘
from & rolling mill would be useful. ‘
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2 . CQHTROL SYSTEM NUMBER. 2
Aa shown in Pig. 9.7 the output gauge error is

: used to Operate the stand 1 screw down motors so as to
adjust the Toll gap to eliminate the error. A |
proportional type controller is used here, as the

screw down motor transfer function contains an integral
term. -In the tests the control loop was applied to
the screw down motor of each stand in turn.

9.2,1. Responses Using the Simulation of Fig. 7.2

Applying this tyﬁo of oontrol, and & step input
in 8H, of 0.004 inches, to the simulation of Fig. 7.2
with'a‘éain k, of 10 thou/thou, caused the process to
oscillate as shown in Fig. 9.8. Reducing the gain to
1 thou/thou produced the desired dead beat response
which reduced 8H, to 0.0005 inches in 15 seconds; and
to 0,0001 inches in 30 seconds. The response is
someuhat slower'than that for control system 1.

- The strip input error must travel through the mill
.and be neaaured by the x-ray gauge which produces the
error. Thia is then acted om by the controller berore
operating the acrew down notor. The corrected gauge is
noted by the x-ray gauge after a rnfthef 2 seconds. |
' These delays combined Qith the time required to réduco
the strip érror'results in the peak overshoot in 634'

ocecurring at about 7 seconds. The'tension, 601, has
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- increased in the staady:state dué to the screw down
action. Sﬁ¢h an 1ncreése'ia confirmed by Table D.2
‘which shows the tensions increaaihg under screw down
~action. This action overcomes the'etfects of the :
step whieh tenﬂ to make interstand temsions decraase.
The net change in &0, 18 +0.11 tons/inch?, the negative
peak being-0.75 tons/i.ncha. which is the same as for
control system 1. These peaks are equsl as thay occdr; .
before control action commences.
2&2__. Responses Us the Simulation of Fig.

COntrol system nunber 2 was appliad to the sinulation
of Fig.\7.7 and the servomultipliera driven with drive |
signal number 1 (Pig. 9. 1). A step in 8H, of 0.004
inches was applied when the drive signal reached
voltase correaponding to mid apeed~(point A). As with
contrel system number 4 the:regponaest(ﬁig. 9.9) show
that control action is éxerted,to‘rednce 8H, in the |
.preeencg of the #érying coefficients'in the simnlation.
This system does not hold OH, as close to'ierb as does
numbexr 1,88 the stand 1 screw down control is slower o
than the tenszon or drive motor control. o | o

The traces of Fig. 9.10 are ‘the result of applying
drive signal number 2 with the screw down;control

exerted on stands‘1,-2, 3 and 4 in succesaion. Lﬁatep
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in OHO of 0.004 inches was introduced in each case when
the drive signal reached point A corresponding to

mid speed. Thé traces show that when the control is
on other than stand 1, large tension changes are
obtained. In each case it is the back tension of the
stand being controlled which exhibits a large decrease,
This agrees with the results of screw down aétion
discussed in Section 8.3. In some instances the final
valﬁes of the tensions are not shown as overloading of
the computer amplifiers occurred and it was not considered
worthwhile rescaling to obtain the value. It could be
calculated from Table D.2.

With-control on stand 1, the screw down motor time
constant was changed to 0;06 seconds ffom 0.6 seconds.
This would correspond to a hydfaulic type screw down
mechanism, and as the trace for 6H4 indicates, the
requiredAoutput gauge is reached more rapidly with
this type of control.

In this and the subsequent experiments the reel
' ciicuit has been omitted as it cohtributes little
and its omission facilitatesrcomparison of results

from the two simulations.
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9.%. CONTROL SYSTEM NUMBER 3

The system of Fig. 9.11 utilises screw down control

on the first stand and speed control of the stand 4
drive motors to control the strip output gauge. The
drive motor loop contains an integral term that will
remove steady-state errors. The control of the stand
4 motors will tend to remove the more rapidly occurring
strip errors as the drive motors have a smaller time
constant (0.25 sec.) than the screw down motors

(0.60 sec.). The drive motor control can be considered
a fine control of strip gauge as opposed to the coarse
control of the screw down motﬁrs.

9.3.1. Responses Using the Simulation of Fig. 7.2.

With this control system applied to the simulation
of Fig. 7.2 and a step input of gauge error of 0.004
inches the responses of Fig. 9.12 were obtained. The
gain k, was 1.0 thou/thou and k, was 7.32 r.p.m./thou-
second. The value of éﬂh was reduced to 0.0005 inches
in 1.5 secondé and to 0.0001 inches in 18 seconds,
which is an improvement over the previous two systems.

The tension 603 increased by 1 ton/inch2 to provide
a reduction in gauge. A 1 ton/inch2 change in 605

is not as severe for the strip as a similar change in

tension between the preceding stands as the strip has
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been work hardened. At the output of stand 1 the
yield stress is 33.8 tons/inch2 while at the oﬁtput
of stand 3 the yield stress is 47.3 tons/inchz.
Because of this control of gauge by tension,the
correction made by the stend 1 screws is less than that
for the previous control system. This cén be seen by
comparing the values of 6H1 in Figs. 9.8 and 9.12.
The value of the peak overshoot in 634 is the same as
for system number 2 as it occurs before control action
comumences.

Fig. 9.13 shows responses to a 0.50/9, 0.008 inch
peak to peak sine wave for OHO. The amplitude of
634 is of the same order as for the similar case of
control system number 1, indicating that the control
action is still not sufficient to remove this type
of error on the incoming strip. The traces of Fig.
9.15 have been corrected for attenuation in the pen
recorder.

9.%.2. Responses Using the Simulation of Fig. 7.7

With the siwulation of Fig. 7.7, drive signal
number 2 (Fig. 9.1) and a step in 0H, of 0.004 inches
introduced at point A of the drive signal the traces
of Fige. 9.14 were obtained. The controller gains
were k1 equal 1.4 thou/thou and K, equal 10 r.p.m./thou-

gsecond. The transients are slightly more varied than -
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those for Fig. 9.12 due to the acceleration, but
with the larger gains 654 is brought to zero more
rapldly. The control action traces show 681
decreasing to reduce the gauge and bwnq_increasing to
increase the tension 603 causing further gauge

reduction as discussed.

9.4. CONTROL OSYSTEM NUMBER 4

Control system number 4 (Fig. 9.15) consists of
controls centered about the first two stands. The
output gauge of the first stand is monitored by an
x-ray gauge and the error signal used to operate the
stand 1 screw down motors. The tension between stands
1 and 2 is wonitored by a tensiometer (Section 7.1.2)
and its signal applied to the stand 2 drive motor to

keep the tension, 045 to the scheduled value.

9.4,1. Resgponses Using the Simulation of Fig,_z.é.

This system was tested in conjunction with the
simulation of Fig. 7.2 to indicate the unsatisfactory
response of’control centered solely about the first two
stands. Fig. 9.16 shows the results of applying a
0.004 inch step in bﬂo. The 6H4 trace shows that the
output gauge has been overcompensated by 0.00064 inches,
although 6H, and 6o, are brought to their scheduled

values. With this system 6H1 is brought to zero in
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about 5 seconds due to the x-ray gauge being after
the first stand.

Overcompensation results from the increase in
602 and 605 which reduce the gauge from the latter
stands. The step into stand 1 reduces its output
velocity initially, thereby increasing 601. When the
tension control loop acts to_bring 601 to zero by
decreasing stand 2 roll speed, the tension 6o, is
increased. An increase in 602 results in an increase
in rolling torque required at stand 3; as it is not
supplied, the stand roll speed decreases resulting in
an incfease of 005. |

9.5. CONTROL SYSTEM NUMBER 5

Fig. 9.17 illustrates the fifth type of control
system tested to keep the strip on gauge. The three
interstand tensions are controlled and the output
gauges of stands 1 and 4 are measured and controlled.

The control of the stand 1 front tension and
gauge is intended to remove long term and large errors.
The stand 1 and 4 gauge control loops contaih dead
zones (Appendix B) to prevent the screw down motors from
operating continuously, thus eliminating overheating
of the motors and excessive wear of the screws. The

dead zomnes were set at + 0.001 inches for the stand 1

loop and at + 0.0005 inches for the stand 4 loop.
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The tension control loops contain proportional
plus integral type controllers. The integral action
being used to remove steady state errors. Controlling
the tensions also helps to prevent strip breakage and
-cobbles.

9.5.1. Responses Using the Simulation of Fig. 7.2.
With the control system applied to the simulation of

Fig. 7.2 each sub~loop gain was set in turn to the
required value.by testing with a step input of 0.004
inches. Figs. 9.1%(a) and 9.13(d) were recorded

with the following gain settings. .
k, = 0.2 rpm/‘bon/inch2 c, =8 rpm/ton/incha/sec
ky = 0.1 rpm/ton/inch2 Cy = 5 rpm/ton/inchg/sec
k3 = 0.05 rpm/ton/inchg Cz = 1 rpm/ton/incha/sec

k, = 0.75 thou/thou
= 0.1 thou/thou
kg = 10 thou/thou

Without the dead-zones in the gauge ¢ontrol
loops the peak value of 554 for the 0.004 inch step
input is under 0.0001 inches, which is an order of.
magnitude better than for the previous gauge control
systems discussed. The maximum tension change
associated with the step input is; o, équal to

0.15 tons/incha.
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With the dead zones included the performance of
the controlbsystem is reduced, as would be expected
since there is no gauge control signal for errors that
do not exceed the limits of the dead zones. The peak
value of the tension changes is 601 equal to ~-0.24
tons/inch2 and +0.22 tons/inche. The output gauge

deviation, 8H,, is reduced to 0.0001 inches in 8

.
seconds,.

Both with and without the dead zones, 631 reaches
a peak of 0.0031 inches, but is then reduced to the
scheduled value with little overshoot. The tensions,
after several overshoots, commence decreasing to their
scheduled values when 8H, has been reduced to near
zero (8.5 seconds), as would be expected since there
is little gauge error to travel down the mill to
cause further fluctuations. This control system acts
to keep the tensions and gauges at scheduled vélues.

The application of a 0.50/3, 0.008 inch peak to
pesk sine wave fof OHO produced the response shown in

Fig. 9.19 with the dead zones included in the control

loops. The amplitude'of &H, is held to + 0.0013 inches.

This system although more complex than the
previous system results in more strip being rolled to
gauge and a reduction in the amplitude of the gauge

errors.
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«5.2. Responses Using the Siwmulation of Fig. 7.7

Using the simulation of Fig. 7.7 and drive signal
nuamber 3, a sine wave of 0.5 radians/second and 0.002
inches peak to pesk fo: OHO was applied. The values
of k,, ky, and k5 were reduced to zero to indicate
the effects of such a decrease. Recordings (Fig. 9.20)
showed 6H1 held to limits.of +0.0014 inches and 634
to +0.00017 inches. During acceleration and deceleration
there is a change in the period of OHQ due to the
changing delay times. The change in gains has caused
the system performsnce to be reduced. |

9.6+ CONTROL SYSTEM NUMBER 6

Control system nuuber 6 (Fig. 9.21) includes
tension control on stands 1, 2 and 3 to maintain
constant Gqs Op and 03. As in number 5, the gauges
out of stands 1 and 4 are monitored by x-ray gauges and
the signals used to operate the stand 1 screw down
motors after passing through dead zones. Here the‘
measurement of the output gauge deviation, 6H4, is also
used to operate the stand 4 drive motors to provide
rapid control of the gauge from stand 4 by
tension between stands 3 and 4. The dead zones were
set at +0.001 inches for the stand 1 loop and at

+0.00025 inches for the stand 4 loop.
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9,6.1. Responses Using the Simulation of Fig. 7.7
Control system number 6 was applied to the
simulation of Fig. 7.7 and the loop gains adjusted to

the following values with the reel circuit elininated

k, = 0 Cq = 5 rpm/ton/inchg-sec.
ky = 0 cr =5 rpm/ton/inch?—sec.
k4 = 0,18 thou/thou

k5 = 0.5 thou/thou

kg = 3 rpo/thou-second
k7 = 10 thou/thou

The values of k3 and 03 uére set equal to zero,
in effect removing the loop tending to hold Oz constant
as it proved unsatisfactory. This was expected as the
stand 4 drive motor is being used to vary oz to control
the strip gauge.

The traces of Fig. 9.22 show the results of applying
drive signal number 2 with a step of 0.004 inches
in 6Ho.at point A. Although 684 exhibits some over-
shooting it is held to a range of +0.00055 inches and
brought to 0.0001 inches in 8.5 seconds. The
responses are similar to those for a step.input with

control system number 5 although a direct couwparison:

cannot be made due to mill acceleration being simulated
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here. . By more refined adjustment of the gain
settings the response could probably be improved.

The trace for 605 shows it iﬁcreasing when 0H, inecreases
and decreasing when OH, goes negative which it should
do to assist in maintainiﬁg the deéired gauge.
There is, however, some phase difference between the two
signals due to the delay taken for.the strip to reach
the x-ray gaﬁge. The'traces of the control signals
to the stands 1 and 4 drive motors show that the |
demanded stand 1 roll speed has increased while that for
stand 4 merely varies about its nominal value to yield
tension changes that éontroi the strip gauge at the last
stand.

The results of applying a 0.5 radians per second,
0.002 inch peak to peak Sinel wave for 8H  are shown
in Fig. 9.23. Here 6H4 is shown held between limits
better than +0.00005 inches. This is better than for
the similar test with control system numﬁer 5 and shows
the advantage of using the fast acting tension control
at:the latter stands. To provide this fine control,

2

603 varied between limits of +0.6 tons/inéh and -0.1

tons/incha. This unbalance is due to OBq not being

sysmetrical, as shown by the trace. This would appear

to be due to their being a bias on the sine wave input.
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The. trace of 6w1 would support this as it has a
negative bias which means the stand 1 rolls have been
‘slowed thereby increasing the average value of Oy
The variation of 6w1 about this average value would
tend to remove the input error.

A 0.0004 inch per second ramp was applied for S&H
with drive signal number 3 (Fig. 9:1) applied to the
servomultibliers. The control system held 634 to
within 0.00005 inches. A similasr test with control
system number 5 showed 6H4 rising steadily at 0.00004
inched per second. It was found that 603 rose in
number 6 to eliminate this error whereas control system
5 held 605 constaht. Again tensioﬁ control of gauge
on the last stand appears beneficial. Repeating the
test with control system 3 showed the tension 603

able to control 634 but within much wider linits than

control system number 6.
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10. CONCLUSIONS

1) For any given schedule and range of mill speed,

the cold rolling mill control equation coefficients

- including a forward slip equation - can be calculated
using the digital computer and equations for the rolling
‘mechanics which include the effects of the elastic '
zones. ,

2) Utilising variable time delays, modified servo-
multipliers and'a'general purpose analogue computér

an analogue simulation of a multistand rolling mill
enabling the acceleration and deceleration phases of
operation to be representgd is possible.

3) With the aid of this simulation the effects of
schedule deviations during acceleration and deceleration
may be evaluated, as well as the effects of variations
‘in the character of the incoaing strip.

4) The mill simulation shows forward slip to have a
smoothing effect on the transient response of the mill
variables which becomes more apparent as the. drive
motor dynamics become more complex. The forward

slip operates through the strip velocities wﬁich
determine the nature of the gtrip tension variations.

5) The analogue simulation of the mill further shows
that the bearing roll neck oil films cause the gauges

and interstand tensions to be reduced during acceleration
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and increased during deceleration for the schedule

used.
6) The simulation may be used to evaluate forms
of automatic gauge control during acceleration and

deceleration as well as at & constant mill speed

gsetting.
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41. SUGGESTIONS FOR FURTHER STUDY

1) The effects of the elastic recovery zone on the
strip thickness in the stand spring equation. It

now assumes that the stand output gauge is equal

to the strip thickness at tﬁe # equal zero plane.

2) A mill simulation based on a schedule in which

the interstand tensions are reduced with mill speed
with attention to the tendency for the neutraliangle
to approach zero for low roll gap coefficients of
friction. A limitation may be the range of scheduled
tension change over which the control equation
coefficients remain accurate.

3) The effects of various representative drive motor
transfer functions and various motor droops.

4) Extension of the speed range of the mill simﬁlation;
particularly the low speed end. Capacitor-ring type
time delays (Ref. 48) would allow this or those used
(Section 6.10) with a sacrifice in frequency response.
5) Extension of sérvomultiplier equipment to handle
all varying coefficien;s.

6) Utilise a strip input error signal recorded from
actual strip (Ref. 9, 10).

7) Compare analogue simulation tests to results of

identical tests on an actual mill.
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8) Attempt to deternine a simpler analogue circuit
which approximates that used (Fig. 7.7).

9) Determine and evaluate other types of will controls
for rescheduling and gauge control such as screw

down controlen every stand (Ref. 11).

10) An extensive but useful study would be to link

the analogue simulation of the mill to digital computer
equipment. The best means of rescheduling the mill
during acceleration and deceleration and digital
1control t0 compensate for incowming strip variations

could be studied.
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APPENDIX A |
A,1 EQUATIONS FOR THE PLASTIC ZOHE

' Geometrical relations:

H=H +2R'(1 -cos @)= B + R'g° | A.1

6 = H-H, =R = x°/ge | A2

i ol A.B
By

X = R'¢ = VR'S . , | A4

Horizontal equilibrium of forces in Fig. A.1 yiélds:
(p + 8p)(H + 8H) - pH = 2SR's@¥sn@ + 2usR'd@cospd

~

Which is:

e . 26R' (8 + u) ‘ o s
Condition of plasticity:

q = k+0p | a A.G
Substituting A.6 in A.S wi%h 8 = q and fearranging:
(A - 1)) - 2R's@ ru) A.6

Since k = £(#), we get:

(B - DapEo) + Befy(f) = 2eR'@ruw) A7



IICentfe 6f Deformed ' .
-‘fCircular~Arc ; ‘ us.\\\\i{

Centre of Roll e )
| - B#dH | piap P IB
| A O U

Porces on Element
Neutral Point ' '
_ SR'dgsingd
// Tangential Forces o in?
/// W : SR'8@cosd S
B A SR'6P
— o -
BT 7 o .
o — ) _ .
i | - Foree Diagrams

1 ¢

x , | | "-
\\\\\\:::?:fq-cosg)ch. ' uSR'8gcosd - §¢
‘ Element | uSR'6@cosp

Fig., A.1 Roll Gap Geometry
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from the digital computer
results - equation A.19

Curve from (Ref. 8)

1 i 1 1 -~

2 o .6
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The first term on the L.H.5. is negligible as
1) is swmall and Hk is épproximately constant.
The equation becomes:

A gosy

'-Iﬂéihg A.1_and inteérating gives:

'f‘s = cgre | AB
) N on entry side of neutral point.
" ,\'—  on_exit side of neutral point.
  c_'is'a'constant of integration. e

“j:.rJi-E\I—Arctan(ﬂ\[—) | 4.9

i zif'eIit g =0, therefbre JV--O and 8y = kg — 0y

'b;fAt enxry ﬁ - ¢‘,therefore:

-2\/_ Arctan(ﬁ\/——) ‘4.10

g*°‘1 - Ki’-" °1

';. 5Tharefore rrom ¢ =0 to ¢ g

et - ?(1 A'-'-‘Eg)»eﬂ.‘"'; . “: | N

o To’
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 And from @ = § to § = B,

kH o; (. . - -
- iy u(@y - J)

' At the neutral point:

(¢
I 1 ni(" - E:‘)
Jn = = -‘ Ziln H; oi A5
(1-5)
1
H | H' J o .
g, = \/R-‘.’- tan (| g =) - Al1a

Hitchcocks formula was used (3) to give the radius of
the arc of contact under load. It is based on an ‘

elliptical diétribution of load and is widely used.

R' = R(1+8E) £.15

c = 1. 67 x 1074 ina/ton for steel rolls -
The roll force may now be evaluated from the expressionx

P =‘f . stR'dg + ’& s R'dg | A.16

o n
The roll torgue equation may be expressed by an

equation similar to A.15, ﬁowever this would involve the
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subtraction of two numbers of coupuarable size. An

alternate form was developed (3) and is noted below,

i -
G:RR'(J‘ BW‘*""‘_EET"""") A.17
0

For the first approximation in the solution for P,

the roll force, the following formula was used.
P = arclength x 1.2KE = { R'6 1.2K A.18

K = the mean yield stress in plastic zone

The formula for yield stress, as a function of

reduction, discussed in section 2.1.1, is:

k = A(B + r)° | A.19

Where A, B, © are constants to be evaluated with
the digital computer. From section 2.1.2.
A = 55,2982
B = 0.00202317 '
@ = 0.271503
Slip is used to relate roll speed to strip velocity.
It is defined as shown by equation 4.10 as:

V. - wR _
O . _
F = wR )




leq

leo

]
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lei o »
, leo

'~ Length of entry elastic zone.

-~ Length of exit or récovery elastic zone.

~ Input thickness with tension o; applied.

Output thickness with tension o applied.

Fig. A.Q; The Elastic Zones.
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Using equations A.1 and 4.6 it is easily shouwn
that |

F = %—'-ﬂaf : A.20

A.2 ELASTIC ZONE EQUATIONS

With the axes in the direction of the principal
stresses, that 1s, x in the direction of strip flow;
¥ in the vertical direction; and z in the transverse

horizontal, Hookes Law may be written:
ex = VE(og = ¥(9 + 95)) ]

.ey = 1/E (oy = ¥(oy + 93)) | A.21

e5 = Vg (0= Y(og + o5)) |
~ For the plane-strain condition ¢, = O, and the

equations become:

"ex = 1[3( Oy = Ya(ax + cy) - vu&)
ey = 1/3( oy - va(ox + oy) - qu) -,

A.2.1, Exit Zone BEquations

At the exit of the elastic zone oy = 0, therefore
from A, 22:

(1 + Y)o,
e S ——
y E
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At any point x in the elastic zone the total

strain will be: |
; é' QTT(1 + T)o, N 15, - X | . 2,25
A E  REH

»Négleéting shear gives:
9= 9% )
 Frow A.22 and A.2%:
E Yio

% P | |

1=y

_ ‘Bubstituting A.23 in A.25:

o ' 2 2 ,
o, = - E"( lea . ) A.26

A RE]
 Frou the yield criterion:
a, -0, =k | A.27

X y

 At the plastic-elastic junction a compressive stress

approiimatély equél to ?“Pec. is applied to the plastic o
 gzome, Therefore at x = O:
s 2uP |
““eo . -
Ox f er = GO'— -B;—-; | | . ‘ A,28
.

The force exerted on the rolls due to this elastic

_zg;gkis Pgo+ Using A.26
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2 S
3 B
(1 - ¥)R'H! -

eo

N ‘ . 1 2 . N .
P = sdx = - A.29
w = [ e e
Substituting A.26, A.27 and A.28 in A.29 and

assuming Ho o Hé we arrive at:

Peo = %(ko - OeO)\l R.FO("" ; 72)( o ™ %o) A'BO,

The torque due to the recovery elastic zone aids

the motor torque and is therefore considered‘negative.

, Geo = -uRPéo Per roll A.31

A.2.2. Entry Zone Equations

By & siailar analysis to that used in the exit zone
derivations, the following equations may be developed for

the entry zone. : ‘
Fei = _T;E‘ﬁn1 g H (K - 9%) A.32
Gey = +uRPyy . A.33

Gy = Oy -By A
i

A.2.%. Roll Force and Torque for the Three Zoneé""‘:f]"f'a;

The total roll force becomes:
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P = Pb,+ Peo + Poy ‘ A.35

'The total roll torgue becomes:
G = Gp + G, + Gy A.36

A.,3 MODIFIED ARC RADIUS

. By considering the effeck of the strip defleétions
in the elastic zones it is shown that (6) & in equation

A.16 must be replaced by the expresslon:

(Vo +a,,+ot + Vo,)7

Where:

6 = H; - H,

. .

beo * ‘Tﬁ By (Ey = 95) 4.37
1 + '

By = ILT‘I)' (%oHo = o1F;) ]

The expression for the modified R' becomes:

- 2¢cP
= BRI+ (o s oo + O +\/oeo)2 A.38




A.4. MILL DRIVE MOTOR DROOP EQUATION

. : 00
¥$u11 10ad = max(" %“'5'}'10 )

Full load torque in ton-inches is:
G = B 5. 33000 x 12
or X W X 224

- Weax = Yra11 1oced
Gor

r

A.5. WIND REEL EQUATION

For 1% droop; D =-0.0173 rad/sec-Ton-in.

Change in strip speed at reel (GYR) can be
approximated by:

8V, = BZA 4PR0%
R, = coil radius (10.5 ins. to 36 ins.)

o

= 20 ins. average value say.

Therefore; OVR<=A -11.5 604

Assumed dynamic equatioh

OVbR 1.5 604

M (1 +0.20p) (1 + 0.30p)

289.

A.39
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A.5.1. Btrip Tension between Stand 4 and Reel

g A
80, = ¢ .(8Vp - 6V,)dt

£ - 111.67 tons/inchZ

JF, 4Gy

Coefficients |
40, 49,

as in Tables 7.3 and 7.4.

and

s F

4
d 04

are estimated




APPENDIX B

' B.1. THE LAPLACE TRANSFORMATION

~ The direct Laplace transform of a function of

time is defined by the equation (39, 40, 81, 42):
R o :

L) = ) t(s)ePlas - F(p)

R ~ o .

The symboidg(f(t)) is a shortand notation for
the Laplace integral. Evaluation of the integral’
results in a function F(p) which has p as the variable.
The variable p is a complex quantity of the form
c + Jw. The lower limit of bhe iﬁtegral is zero
| as we.are not concerned with the value of f£(t) for
‘negativé'time.

B.1.1. Transforms of Basic'Functions Used

'1) A step function is fixed chénge occurring
instantly slthough it canmot mm be put into a
systeh aé it taggs a definite length of time to make
the change in 1Aput; Providing the systew is
satisfactory the output must eventually reach a comnstant
value. | The Laplace transform of a step‘r(t) is:

. | - © : -pt -

L) = [ z(t)e Pl < - Ze

0 4]

.z
P

[



2) Sinusoid; £(t) = sin wt:

i t) = u
£ (sin wt) TR ’

3) Integration with initial conditions = O:

L(free) - Eﬁn)..

P

4) Differentiation:
f(_ﬂﬂ = pF(p)

5) A constant £(t) = A:
Z(a) =4

6) Exponential; £(t) = e~8%

L(e™3%) = 1 . Ep)

8 + D

B.2. TRARSFER FUNCTION OF A SIMPLE ILAG

The first order or simple lag is represented by

the first order differential equation.

de »
agg + bc = T

Where r is the input and ¢ is the output and b is a

constant. In Laplace notation the transfer function
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becomes:

1 i k_ .
B vm g T e o0

Where in control system analysis k is termed the gain,
v the time constant and G(p) the transfer function in

-

general form.

. To solve the differential equation for a specified
input when the equation is in the transformed. state, the
input function is Laplace transformed then the resulting
expression for the output is transformed back to the

time domain. Thus for a step input r(t) we get:

o) = Hp ok

Using partial fraction techniques the equation becomes:

clp) = X _éﬂl pT = Tor + 1)

Using transforms (1) and (6) in~%ection B.1.1 to

revert to the time domain results in:

c(t) = kr(t) (1 - e"t/r>-

This is the expression for a first order lag; an

exponentially rising function with time.
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"B.2.1. Analogue Simulation of a Lag

The first order lag may be represented by the
analogue circuit of Fig. B.1. By applying an analysis
similar to that in section 6.2 it can be shown that

the transfer function is approximately:

0
S0 _ _ B.1
e, k, By 4 +,k-5-<;p
¢}
k. R

Eljﬁ- is the d.c. gain
o 1 ' v

E—G is the time constant.
0

Both factors are variable with the potentiometer
settings which facilitates set-up of the desired transfer

function.
B.%. ANCILLARY CIRCUITS USED IN -ANAIOGUE

SIMULATION
B.%.1. Analogue Simulation of a Dead Zone

Fig. B.2 shows an analogue circuit which simulates
a dead zone (Ref.47). Its characteristic is given in
Fig. B.3. Diode 1 conducts when e;> E; and then holds
e; at voltage E; giving e = -k(E1 - e;). Diode 2
conducts when ei<1f > and then holds e; at voltage -E2
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Fig. B.1 Analogue of a First Order lag.

Fig. B.2 Analogue of a Dead Zone.

; / TR
-E,

e = k‘,Ea + el)

Fig. B.3 Dead Zone Characteristic.
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I

l For Tests inm Chaptars
| 9 and 10
I

|

a8 = 98 volts

slope = 1 b = 2 volts

+a +b e .

Fig. B.4 Characteristic of Limiter Circuit of
Fig. B.5

M gl

‘
M

(b_ - ei)
ir e; b»

Fig. B.5 Limiter Circuit
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giving ‘e, = -k(-E2 - ei)' Heither diode conducts
in the range =B, £ e; < E;; which gives e, = 0.

B.3.2. Limiter Circuit

The characteristic of the limiter is shown in
Fig. B.4. A voltage signal ei is liuwited to the range
-2 volts to -98 volts. It is usedvto prevent the-'
servo drive signal frou causing the potentiometer
wipers from the overshooting which‘would occur if the
full range of O to =100 volts was used. A negatiﬁe
drive voltage is uséd as thé gservomultiplier feedback
is positive.

Fig. B.5 gives the circuit used to obtain the
above action. The output of amplifier 1 is (a - ei),
~and of amplifier 2 it is (b - e;). When e;>a diode 1
conducts, when ei<<b diode 2 conducts. The'reméining
diodes give feedback when these relations are not

satigfied and do not conduct when the relations are

satisfied.  Thus for amplifier 3:

When ey<a and ei>h we have; e, = =&

When e;>a; e, = —(ei + a - ei) = =2

When e;<b; e, = -(ei + b - ei) = -b

This yields the characteristic of Fig. B.4.
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B.3.3. Servomultiplier and Plotter Drive

When a computation on the analogue coaputer is
started it is necessary to comaence the reeordins of
results simultaneously with the start of the experiment.
The circuit in Fig. B.6 does this by supplying the
time signal to drive the X-Y plotter as it supplies
the servomultiplier drive signal for the acceleration
or deceleration tests. »

When switch 1 is opened the relay is thrown
a sigﬁal of 1 volt is supplied to the integrater which
supplies a raup of 1 volt per second to drive the plotter
aru. Switch 2 is previously set for an acceleration
or deceleration run as is potentiometer 4. The settings
of potentiometers 5 and & deternine the slope of the
servo drive signal and hence the acceleration or
v-deceleration rate, and potentiometer /4 sets the requiredv
initial conﬂition. As shown there would be a -2 volt
initial conditien and the negative voltage from
potentiometer 5 woﬁld be integrated to add to this.

The liamiter circuit is placed in series to limit the

servo drive signal to the range of -2 volts to -98 volts.



=100 volts

—e

410 volts

1M 2~ | |
- To X~Y plotter
arm drive (time)
( : ) 0-100 volts
= Q9

Relay
20L<>1_<::>___0+ 100 volts
Linmiter
: TukF (Fig. B.S) . ]
‘ '_/_ To- servomultipl ier
drive

IC

=2 volts (acceleration) or,

- e
. =160 volta ° . -
: " =98 volts (deceleration)

*662

Fig. B.6 GServomultiplier and X-Y Plotter Drive
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APPENDIX C

C.1 CONTROL EQUATIOR COEFFICIENTS

The rbll force, torque and slip for a range of u
values are given in Tables C.1 and C.2. |

The coefficients for the 6ontrol equations of
‘chapter 4 are listed in Tebles C.5 to C.6 for a range
of u.

The contents of tﬁese tables is discussed in
“chapter 5. | | o

C.2 BISRA CONTHOL _EQUATIONS

The control equations used by BISHA are listed

below.
0H, . = a, 0T + aarOTf_ 85,08, + a, OH, , C.1c

The 'a' and 'b' partiasl differential coefficients
-may be expressed in terms of the 'p' and 'g' coefficients

used in this report ( 8 ). The coefficients are given

in terms of the full strip width and including the effeéts

of both rolls in the case of equation C.2.

- p4r inches/ton
K; Per
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1 Pzy.
a 2 - : inches/ton
I | | inches/inch
83p fowary o nches/ine
a .- __;Eizﬁ- .v inches/inch
4x Pop = Hp - _ o L
A N B o
by = D, Z4r + g, 24r REH/ton
) . Ir . a
bor = Dp xf"_—,; * B2r %or REM/ ton
br - Doprfyy RPMY/inch
'b4h = D, 8yp + Bop 845 'BPn/ingh

" The values of these coerfiéients are given in

Tables C.? and c. 8 for a range of u. In the tables

' thousandths are used rather than full inchea.

 Cu3. DIGITAL COMPUTER FROGRAMME
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JOB

LSC44EL1, DARLINGTON RUM I MAY 6 64
COMPUTI NG 5ooooM1FSTRUFTIOHS

OUTRUT -

o LIHE PRINTER 11oo LIMES

STORE 15 BLOGIS

COMPILER gMA

[ GNORE QUERIES

TI TLE :
%?%E ROLL TANDEH HILL COEFF WITH ELASTIC ZOMES
E .
ReF . D&RLId TON MECH ENG 1C Uzz73/9

CHAPTER 1

A=z0
B40
C=30
D730
. E?30
F=30
G330
H=30
U=1io00

3) JUMP4, J o1
Bro=A6+2A6A10B8/B67
4)B11=YSQRT(B6/B10)?
B12=YSQRT(B10o/A3)

Br3=yYARCTAM(I,BriB1z2)
Brz=2B12B1g3

Br4=1—A4/B3
Bis=1-4& /B4
Bi6=xp2/A3

Br7=yL0G(B16B15/B14)



Br7=.5B13~.5B17/A7 2

519=WSQRT(A3/810)
Bz o=y TAN: «5B19B17)
Bao=B19B20 ?

Baiz.16667820
Bza=B11-Bao
.Bzz=o083332832

u—O(I)G

CV—nBZI

DK=B12CK
DK=YARCTAN( 1, DK)

DK=2B12DK
DK=YEXP(A7DK)
EK=A3+B10CKCK

FK:wLoq(Ai9+I—EK/AI)
FK=WEXH A20FK)
F”“AISFK

EK=EKFKB15DK/A3
GK=EKCK :
REPEAT .

K=n( 1)18
=K—6

=Bz o+LB2

Dh—BIZCn

—VARCTAN\I DK )

DK=25B12DK
K=YEXP(A7B13-A7DK)
EK=A3+B10CKCK -

Fk—VLOC(A19+1 Ek/AI)
Fh—VEXP(AooFK}
-AIUFK

EK=FKEKB14DK/ A2
GK=EKCK

303, -



REPEAT

st=.33332821

B26=.33332B22

Bzy=Eo+ 4E1+2E 2+ 4E3+2E 4+ 4E5+E6
Bzg=B25B27

328=E6+4E7+2E8+4E9+zEIo+4E11+2E12+4E13+2E14
Bu8=B28+4E15+2E16+4E19+E18

B28=B26B28
B3o=BroB2g+B1oB28 ?

Bé=B3o0
ACROSS 7/ 0
PSA

WARC TAN

W TAM
USQRT
WEXP -

CLOSE
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CHAPTERz
VAR ABLES1

I )H6=—2A7A6Hs
Hro=z3A7A6HI 0

B32=EoCo+4E1C1+2E2C2+4E3C03+2E4C4+4E5C5+E6C6
B32=B25B3z2

B33=E6C6+4E7C7+2E8C8+4E9Co+2E1I0Ct 0+ 451101 1+2F12C1 2
B33=B33+4E13C13+2E14C14+4E15C15+2FE16C16+4p17C19+E£18C18

B33=B26B33

B32=A6B1oB3a+ p6B1oB33
B33= A4 A2—AS A3
B33=.5B33A6
B33=B32+B33

B33=2B33

Hi7=B33+H6+HIO
Hi8=A6B20B20o/ A3
JUMHPIO, §>0
NEWLINE

CAPTION |
Iv PT PP PEO PE1 GT F R VI YN
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HEWLINE

P=o(1)8
SPACE

REPEAT
JUMHPII .

10)PRINT(AN') 1,5
11 JPRINT(H8) 1,5
PRINT(B30)1,5
PRINT(Hs5)1,5
PRINT(H9) 1,5
PRINT(Hi7)1,5
PRINT(HI8)1,5
PRINT(B1o)1,5
PRINT(BII)I,5
PRINT(B20)1,5
MEWLINE

JUMP30, Q=0

JUMPz o0, Q=1
JUMP21, Q=2
JUMP20, Q=3
JUHP21,Q=4
JUMP20, Q=35
JUMP21, Q=6
JUMP20, g=7
JUMP21, =8

20 )E=H8
F=Hiqp
G=H1s
Ar=X
JUMP3o0

zg)E‘=H8
F =Hiy

g '=Hi8
AN '=B
Ar=X

U=yp1 VIDE (E'~E,A~C)
U=46.25U



v=yD] VIDE(F '-F,A-C)
V=46-25V : .
W=yDIVIDE (G '~G,A-C)

S=8+1
us=u
S=8+1
us=v
S=S+1
us=W

JUMP6, Q=8
30)ACR0SS8/ 0

6)P=0(1)3
NEWLINE
REPEAT

Uso=U4g=Az3
Uzo=1/Uz20

Uzi==UzoUzo/Az2
Uzz=-UqUz20/Azt
Uz3=—=Az23Uz20
Uz 4=-U1ilzo0

U25=—A24UII/A22
Us6=—Az24U8/A21
Uzg=~Az4U5
Uz28==A24U2

Uzg=Uz35+U27U21
Ugzo=U26+Uz7U22
Uszi=U27U23

Uz2=U28+Uz7Uz24

NEWLINE
CAPTION

NIV DPT/DIV DGT/DIV
NEWLINE

PRINT(A2)1,5
PRINT{.c0o1Uz)1,5
PRINT(.0c01Uz2)1,5

DF/D1V

A

307, .



PRINT(.001U3)1,5
PRINT(1000U21 )1, 5
PRINT(U29)1,5

NEWLNE
PRINT(A3)1,5
PRINT(e00xU4)1,5
PRINT(+001U5)1,5
PRINT(e001U6)1,5
PRINT§I°°°U22)1,S
PRINT(U30) 1,5

NEWLINE
PRINT(A4)1,5
PRINT(U7)1,5
PRINT(U8) 1,5
PRINT(U9)1,5s
PRINT(U23)1,5
PRINT(.003U31)1,5

NEVLINE
PRINT(As) 1,5
PRINT(Uz0)I1,5
PRINT(UzI1)1,5
PRINT(U13) 1,5
PRINT(U24)3,5
PRINT(e001U32)1,5

ACROSS8/0

PSA
CLOSE
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CHAPTER o
VARI ABLESZ

READ(Q),

p=o(1)5
NEWLI NE
REPEAT

Rﬁo(x)g
N =1
S=o

1)Q=0(1)8
JUMP1§5,Q>1
K ‘'=0

P=o(z)7
NEWLI NE
REPEAT

1=1{(1)24
READ(AI)
PRINT(AI )o, 5

309.



1
¥

.'=K'+1'
JUNMPG, K =8
NEVWLIME
K§=o

6) REPEAT
NEWLINE
HEWLIME

JUMPI 6, p=0
15 JREAD( A)
JUHP12,0=1
JUMPI 3, Q=2
JUMP12,Q0=3
JUNPI 3, 0=4
JUMP1I 2, 9=3
JUMP1 3, =6
JUMP1I2, O=7
JUMPI 3, 0=8

29)JUMP16, R>0
JUMPI6, 11>
A=A1

A=Al

16)Bo=1~p2/ AL
JUHP30,Bo>0
Bo=o
30)B1=1-53/ AT
Bo=s4B0+.6B1

=3(1)5

=1-

=yLOG( axo+Bl ')

1
]
Bl
Bl =ygXP{ Az oBI)
Bl =a1881

310 .
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JUIP4,9>0
PRINT(BI )z, 4
4)REPEAT

B6=A2=Aj3
B7=YSQRT(AGB6)
B8=1.2B5B7+1+44B585A10A6 ?

J'=o(1)3
ACROSS 3/

7)JUMPIo,J ' >1
Hy=A4

Ho=As
JUMPzo,J '=0
10)A4=Hrg
As=Hzo

20)li=0(1)6

Hz=B4~Hz2

Hg=1-A1 4A1 4
Hs=wSQRT(A3B1oH4H3/A1s)
Hs=.6667H3Hs?
Ha=As5-2A7H5/A37?

REPEAT

22 )N=0(1)6

 H8=B3-H7

H4=1-AT1 4A1 4
Ho=WYSQRT(B10o/B6)
Ho=.25H4A2H9H8H8/ A15 2
Hy=A4=-2A7Hg/ A2?

REPEAT

23 JH8=Bgo+Hs+Ho
Hii=B4—-As5
Hrx=A3H4Hr1/Azs
Hro=A1 4+A1 4A14
Hi3=A3A5~A2A4
Hr2=Hrz2Hr3/A1s

Hr 4=WSQRT(B6+HI1+Hr1z2)
Hr 5=YSQRT(Hr1)
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H14=H14+HI1s
HI4=HI4HI 4
Hi6=2A10HE8A6/HI4.
Hi 6=A6+H1 6

Hig=A4
Hao=Aj5

A4=Hy
As=Ha2

Br1o=HI6
REPEAT

A4=Hig
As=Hzo

ACROSS 1/2
8 JREPEAT
REPEAT
REPEAT

END

F3A
WARCTAM
YTAN
YSORT
VEX |

CLOSE



Coefficient of Friction

.07

.08

03 | o4 | .05 | .06 09 | .10 | .11 A2 | .15
1Bgq | 12.45| 12.85| 13.28| 13.73| 14.20| 14.70| 15.23| 15.98 | 16.38| 17.02| 19.18
Pyp [ 18.90| 20.19| 21.50| 22.87| 24.34| 25.95| 27.73| 29.69 | 31.90| 17.02| au.s2
3 | 18.58| 20.10| 21.69| 25.43| 25.39| 27.62| 30.21 35.27 | 36.95| 34.39 | 64.37
Tpu | 15.44| 16.65| 17.95| 19.40| 21.05| 22.97| 25.25| 28.00 | 31.38| 35.68| 58.63
Goq | -110 | 227 | 350 | 479 | .613 | .754 | .902 | 41.088 | 1.222| 1.395| 1.975
Opa | 7.8 | 8.00 | 8.42 | 8.87 | 9.35 | 9.86 | 10.43 | 11.04 | 11.72| 12.47| 15.35
o3 | 701 | 7.5 | 7.82 | 8.21 | .64 | 9.13 | 9.68 |10.31 | 11.40| 11.91] 15.98 |
“pa | 2.67 | 4.79 | 4.95 | 5.08 | 5.24 | 5.45 | 5064 | 5.89 | 6.19 | 6.55 | a&.35 E
Foq | -03920 | ,04037 | .04108 | .04156 | .04190 | 04216 | .04237 | 04253 | .0u266 | .os277 | o302 |
Foa | 01150 | 102374 | .03329 | 04063 | 04636 | .05095 | .05470 | 05783 | .06048 | 06276 | .0s807 | -
Foz -01263 | .02329| .03132 | .03740 | .04212| 04589 | .04898 405157 | .05377 | .05569 | .06032 |
Fpy | +00770| 01254 .01603| .01861| .02059| .02215| .02343| .02449| .02539| .02617| .02804|

Table C,1. Roll Force, Roll Torque and Slip for the Plastic Zone.,

P

Y

- tons/inch; Gp - ton~inches/ingh;

Ep

- dinens;onleSS

ele



Coefficient of Friction

.04

G - tonsinches/inch;

F - dimensionless

.03 .05 .06 .07 .08 | .09 .10 11 12 15
P, | 13.26 |{13.92 | 14.20 | 14.71 | 15.26 | 15.84 | 16.45 | 17.11 | 17.80 18.55 | 21.13
Py | 19.83 |21.22 | 22.65 | 24.16 | 25.79 | 27.59 | 29.58 | 31.82 | 34.34 | 37.22 49.04
Py 19.53 | 21.17 | 22.91 | 24.84 | 27.03 | 29.55 | 32.50 | 36.03 | 40.33 | 45.%0 74..40
P, 16.30 |17.62 | 19.07 | 20.70 | 22.60 | 24.86 | 27.60 | 31.01 | 35.37 | 41.18 | 82.24
G, |~-0.392 }0.450 |-0.508 |~0.566 |-0.624 |-0.681 [=0.738 [-0.795 |-0.851 |-0.907 |-1.070
G, 6.96 7.15 7.35 7.57 7.81 8.08 8.38 8.71 9.11 9.56 11.479
Gy 6.40 6.48 6.57 6.67 6.80 6.94 7.13 | 7.36 | 7.65 8.06 10.59
G, 3.683 | 3.426 | 3.138 | 2.813 | 2.442 | 2,013 | 1.505 | 0.885 | 0.098 |-0.967 |~12.67
Fy ) 03328 | .03432 | .03494| .03533 | .03560| .03579| .03593| .0%603| .03609| .03614 .03620
P, -00782 | .01831 | .02678| .03334| .03849 | .04260( .04595| ,04878| .05107( .05309| .05786
Fy 00834 | .01735 | .02436| .02971 | .03387| .03719| .03%989| .04218| .04416 .04598 | .05191
F, -00393. | ,00771| .01055| .01268 | .01431| .01559| .01663| .01751| .01830| .01907 .02263
: . ; W
Table C.2. Roll Forces, Roll Torques and Slips Including Elastic Zones. 3--
P - tons/inch; °




Coefficient of Friction

.03

04

.05

.06

.07

.08

»09

«10

o1

012

.15.

28.28
-30064

’12-35

14.30
"17.22

-36.15

«00107
.00125

.00889

29.87
-32.60

‘45-04

14.72
-17-74

‘55.80

-,00023.

.00026

.00675

31.54
-34,69

-13.73

15.16
-18.28

"35¢42

.00028
.00035

.00544 |

33.%2
-36-93

-

~14..44

15,62
-18o85

-35,01

00063
-,00076

00456

35.24

‘39034

-

~15.18

16.11
-19.46

-54059

.00088
“000106

.00392

57.31

-41,96 |

A

-15.96

16.64

‘20.10

“5&014

+00107

“000128

00344

3954
~44 .81

~16.81

17,20
‘20.79

’33067

0001?2

-000q46

-

.00307

41.97
~47.92

-17.73

17.81
-21.53

”33'18

«00134
“00160

00276

44,61
~51.33

-18.72

18.46

~22.33

-32.66|

.00143
-~ 00171

w-—

00252

47 .89
'550Q8

‘49.81

19.15
*25.18

232.42|

00152

~.00181

.00231

57,95 |

-68.88

24;62 ;v
-26.19'|

“30‘30:'

000159.'
-.00202

.00185 | |

Table CePe Stand 1 Coefficients With Elastic Zone Effects Included.

Pyp and Pop = tons/thou;

‘%r

4§

and far

=/thou;

4r

Pz and P4y = tons/ton/inch
51 and Bop = ton~inch/thouy 35 and 543 - tonpinch/ﬁon/inoh?

i?irand 4

- -/ton./inch2

'gti

23,79 |



Cofficient of Frietion

.03 .ol .05 06 | .07 .08 <09 a0 ] ol 2 5 |
Pra | 6:78 | 8.82 | 10.67| 12.53| 14.48| 16.61| 18.99| 21.68| 24.79| 28.44| s4.51|
p32 -29005 -28,62| - 2901" “'300 19 —31 -75 "55.76 : "56.25 -390 30 “4-3-00 "47054 "'69.09
Pyo | ~6424 | -9.05 [ -11.30| =13.35| =15.39| ~17.54 =19.90| -22.57| ~25.68 | -29.36| ~46.41
8o | 1313 | 14.13| 15.18| 16.30| 17.50| 18.82| 20.28| 21.91| 23.74| 25.83 34,40
85 [18.88 | -20.36| -21.95|- 23.68| -25.58} =27.70| =30.09| =32.83] =35.99| ~39.70| ~56.31 |
£42 [-00079|-.00057 =+00021} .00013| ,o0042| ,00066| -00087| .00105| ;00120 .00434 00167
f22 | -00046} .00003-,00045|-.00088|-,00123.00153 =+00178(-,00200 |~,00218 |-+ 00235| -.00279 |

Table C.4. Stand 2 Coefficients with Elas't'i"c zone Effects Included. .
(Ref. Table C.3 for units) ' '

174



' Coefficient of Friction

03

.04

.05

.06

‘.’07_

.08

:. a09‘

10 |

.11

A2

15

17.81
~26.61
?23}40

1943

-20.99
18,53

"000058

“w00005
- 000240

- 6)54{5

“21. 51

~32,75|

+83.65
- 9.02

120,92
-22.99
18.32

-17.72

. 00013
~.00076
~-.00259
.00220

' 24.85
=39.47
—24.71
=11.35

22.54]

-25,18
18.05
-17.44

.00064
~.00142
~. 00245

.,00209

28.69|
“47029
~26.41|
-13.69

24,33

17.71
"'17-11

.00107

-.00195

33.07
'=56.70
528,74

- 26.35
-30.45
17,28
-16.74

.00143

-.00239
-.00224 |-
.00192

;00204
.00175

38,21

-31.79

. 28.67
“33 » 75

16.76.

.00172
"'000275 -

«00159

44,41
‘83318

-22.82

g 51 37|

-37.68
16,11

‘~ﬁ5.88"

52,07

8|~102.85
=35.76|

-40.,95

-27.38 |

-42,51
- 15.29

aoozfa

6| -4 00538
._“100456

(00133

34,58 |

-15.38 |

61.84

~47.85

"'53 v 35

38.50
“'48, 65

14,22 ]|

-14.87

.00237 |
- 00144‘.

.72
"165013

: "57 -29

~41.47

43.44]

-56.76
12277

00255

00182

156.22|
~432,10|
-120.48|
“97. 44|

72.16(
-112.32|

- 2.80]

-13.66|

.00315
-.00513
-.00127
.00078 |

~ Table. C.5.

(Ref. Table GC.3 for units)

Stand 3 Coefticients With Elastic Zone Effects Included.

elLg




Coefficient of Friction

.03 .04 .05 .06 .07 .08 .09 A0 | 1| a2 .15
qu 47.21| 53.66( 60.61| 68.52| 77.83| 89.07( 103.01| 120.73| 143.90 175.05| 310.99

oy | =55.21| =64.15| ~74.29| -86.36(=10%.20|=119.99 (~144,54 (-177.70| 224,37 [-293. 44| ~980.61
Pz, | =18.12| -18.42| -19.43| -21.01| -23.20| -26,14| =30.09| -35.46| -43.02| -54.11|-165.23
I - - - - - - - - - - -
81y | 24.73| 26.86| 29.26| 32.03| 35.31| 39.27| 44.22| 50.64| 59.43] 72.45| 355.79
Bpy | =23.05| =25.37| =27.93| ~30.83| -34.17| -38.10| -42.82| -48.65| -56.08| -65.88] -71.69
Bz, | 16.63| 16.65| 16.66| 16.67| 16.69 16.73| 16.81| 16.98] 17.33| 18.09| 56.44
yy B B - B B - B - - - -

£4, | -00059| .00137| .00199( .00246| .00284| .00315| .00341| .00365| .00387| .00411| .00521
£5y, |-+00093|~.00183| 4+00252| -. 00304 -, 00346| =, 00379 | #.00409| ~. 00436 -. 00463 | -.00495| -.00724|
€3, |-+00119|-.00123| ~.00114 | -.00103| ~.00092 ~,00083 | ~.00076| - . 00060| -, 00064 ~.00061} -. 00069 |
f - - - - - T . - - - - -

44,

Table C.6. Stand 4 Coefficients With Elastic Zone Effects Included.
(Ref. Table C.3 for units)

‘gls




Coefficient of Friction

.03 0% .05 .06 .09 .08 .09 .10 11 12 .15:
a,q | --0841 | ~.0848 ~.0851 | -.0852 | +.0852 |-.0851 |~.0850 |-.0848 |-.0846 |-.0843% |~-.08%6
8y, | =21963 | ~.1924| -.1897 | -.1876 | -.1859 |-.1844 |~.1830 |-.1817 |-.1805 |-.1792 |-.1745
8z 2461 | .2347| .2238 | .2131 | .2027 | .1924 | .1824 | .1726 | .1630 | .1537 | .1268
8,4 6960 | 7011 | L7058 | L7102 | (7142 | 7180 | 7214 | L7245 | 7273 | L7297 | 7347
a5 ~.0835 | =.1066| -.1186 | =.1254 | =.1293 | ~.1314 | ~.1323 | =.1325 |-.1321 | -.1312 |~-.1268
8y, | =.2740 | =.2375| ~.2153 | ~.1997 | ~.1878 | ~.1781 |-.1698 | -.1625 | -.1558 | ~.1497 |~.1330
855 L300 | .2995| .2670 | .2388 | .2135 | .1904 | 1691 | .1492 | .13%08 | .1137 | .0695
8,0 2307 L2642 .2849 | .2991 | .3092 | 3163 | .3210 | .323%6 | .3243 | .3232 | .3094
;35 | =.0913 | =.1111| =-.1209| -.1259| -.1284| ~.1292| -.1291| -.1282| -.1267| -.1248 - 1161
85z | =.2513 | =.2175| -.1964 | -.1813 | -.1695| ~.1596| -.1509| ~.1431| -.1357| -.1287 -.1072
333 2730 | .2339| .2021 | .1746 | .1499 | .1276 | .1073 | .0889 | .0721 | .0571 | .0226
2,3 48631 .4985] .5022 | .5009 | .4958 | 48797 | L4766 | L4627 | 4660 | 4266 | .3534
a,, | --0558 -.0669| -.0733 | -.0775 | -.0806 | -.0830 | -.0852 | -.0875 | -.0896 | -.0924 |-.1174
a5, | =464 | =.1309| -.1214 | =.1149 | -.1099 | -.1060 | -.1026 | ~.0996 | -.0967 | ~.0940 | -.0879
8z, 534 | .1319| .1186 | .1038 | .0899 | .0769 | .oes7 | .0553 | .0427| .0330 | .0101
2,0 72391 72371 7191 7111 | L6999 | .es52 | .6666 | .e432 | .6140| .5769 | .3139

Pable C.7.

BISRA 'a' Coefficients (Unigs as per Appendix
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Goeffidient of Friction

.05

.03 .04 .06 .07 .08 .09 10 A1 2] 15 |
byql 3855 3786|3745 JBes2| .3565| .3486( J3402| 33| L5222 3128 | L2792
b21 "04514 "04.503 “04495 *.‘4489 "'.MS“- ) “'oM?‘g . "OL“”'?5 ‘0“72 "'0%69 "'04467 ""04467
baql +T907) 187 L1844 .180B[ 774 L1744 L1707 L1673| .1638| .1603| .14
b41 -+ 1040 "61026 - 1014 "‘¢,1005 "00998 "‘00993 ""n0992 "009% ".0999 "'01009 -01070
byo| +5228] .4815) 4499 .4217| 343 .3666| .3377| .3071| .270| .2377| .1004
bos| 7689 = 7417 ~.7282| ~.7205| ~.7158| =.7131| =.7115| ~.7108| -.7108| =.7114 | =.7161
byoi <4178 L3965 .3809| 3675 .3550| .3429| ,3307| .3185| .3060| .2933| .2564|
byo| =+5707| -.5688| -.5801 -.5989 =+6237| -.6541 ~.6905| -,733%6 -€.7846v5-;8449 -1.4037
bz | .7653| .6882| .6238| .5621| .4987| .4308| .3554| 2697 .1694| .0483| -.5934
Doz +1.2753~1.8287|-1.2224 |~1.2154 |~1.2137 |=1.2157 |~1.2205 | -1,2278 |~1.2578 |-1,2510 [~1.3333|
P3| .5821| .5458| .5165| .4B97| .4635| 4372 .4105| .3834] .3561| .3290| .2579
b,z | ~.9358 | ~.9606 |~1.0047 |-1.0650 =1.1422 |=1.2394 |~1,3610|~1.5134|=1.7059 |-1.9517 |~3.2963
by, | -9455| .8565| .7677| .6709| .5600 2276|2634 .0503| ~.2433| -.6827|-8.2233
Doy 114565 [=1.4509.|~1.4601 |~1.4788 [~1.5058 |~1.5420 |~1.5900 | =1.6548| ~1. 7464 [~1.8865 |-4.3245
by, | .4243) ,4106) .3977) .3B40| .3688| .3517| .3325| .3114| .2872] .2605| .0868
byy | =0 9652(=1.0204|=1.1012 |-1.2129 |~1.3665 |~1.5795 |~1.8805| ~2.3210| ~2. 9991 | ~4.1339 |~39. 994

Table C.8. BISRA 'b' Coefficients "(gnéf):s as per Appendix | §
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APPENDIX D
D,1 MACHINE BQUATICNS FOR CONGTALT NOMINAL MILL

QUTPUT SKEED OF 1950 FiET PER MINUTE:

OH, = 1.4546H} + .162865, - O - .a525501
6H2 = 1.425635 + .267682 - 1.945601 - .755602

8G, = .9890HY - .9226H, + 3.326605 - O
6F2 = - .02156H% - .0916632 - 1.964601 + 1.55602
6F3 = .0246Hé - -1534633 - 1.299602 +,2.219605

= e H) - . - .
&F 11865ﬂ3 1866H4 1 205603 + 0

&

oV, = 1.0366W1 + .51906F1
3 = 1.2726W3 + .8356F3

oV, = 1.2558W, + .97806F,

&v

48.566V, + 98.88H, - 3496H) - 1728V,
51.366V3 + 2206H5 - 1646Hé - 68.86V2
+ 159.66H, - 1400H! -~ 34.46V3

pbo1

p602

4 4 3



Ow

6W2

6H3

681'

682

'653

68,

1 .

=

SWpy
(1 + .25p)

oW, L
(1+ .25p)

6UD5
(1 + .25p)

GWD4
(1 + .25p)

- 85y,
p(1 + .60p)

GSDE

p(1 + .60p)

p(1 + .60p)

‘6SD4 ,

;;EH + +60p)

0.9448G,,

1 + ;40p)

1. 360G >

(1 + -40p)

2.156(}3

(1 + .n0p)

1.266G4

(1 + .10p)

5220
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8Hi(t) = SH (t - .99)
SHY(S) = BH,(t - .595)
g - -
6&5(1:) 6H§(t 168)
6HZ(t) = OH,(t - .228)
£
5114(45) = OHa(t - .123)
D.2 UACHINE EWATIONS FOR VARYING HOMINAL MILL
SPELD
De2e1 AL an Output Speed of 1950 Feet per Minute
632 = .28486H% + .2181682 + Asog)- .5887601 - .1596602
— ] . - -
6H5 = .98616H2 + .1808583 + ASO5) 05552602 .2110605
= Li bt -
SH, .7120#5.35 + .1217534 + ASM) .2‘7’794505 - 15580,
6801 = .19; A5 , = 233 ASO3 = ,48; ASO4 = .50
8G, = 1.75564; - 1.0616H, + 0 - .83580,
6G2 = 1.5186H% - 2.1956H2 + 1.1115601 - 1.189602
= ' - o~ -
6F1 = 102506H5 - .7506H1 -0 + .745601
*y ] -
 {
F R ! - . i [}
oF, 2956H5 4656H4 55603 f _875604



ov
&V

g

oY

W

ov

4+

i

L]

= 1, OO9°W

pdo,

p502
péc3

pbc4

bw

6w2

Sw

Sw

ﬁVR

f]

1

]

1 . 0276{73

+

4

51.8068V, + 495.536H, ~ 348.08H!
67.386V5 + 518.920H, - 818.395H
73.576V, + 796.966H, - 699.778HS - 85.98V

1.037éw1 + .228‘761?1
1.057éw2 + .51026F2
.6566§F3
+ 77 7OOF

4

111.676YR - 111.676Y4

- 171.86V
- 85.986V2

‘6WD1 0o9446G1

(1 + .25p) (1 + .40p)
- 5WD2 1 [ 36466’2

(1 + .25p) (1 + .40p)
~‘°WD5 1.0656G3

(1 + .25p) (1 + .n0p)
, bwD4 1.266(}4

(1 + .25p) (1 + .40p)
(1 + .20p) (1 + .30p)

324,



685 =

684 =

bll,%(t)

aué(t)‘

5H%(t)

éH?(t)
_6HZ(t)

T,

. OSD1

325.

p(1 + .60p)

0555

p(1 + .60p)

: 6SD3

p(1 + «60p)

OSD4

p(1 + .60p)

= 6H1(t
= 6H2(t
= 6H3(t

= OH, (¢t

R

o8, (%

2. 2 ."‘Lt J’Ln

- .99)
- .595)
- .468)

- .228)
- .123)

Qutput Speed of 975 Feet per Minute

&d, =
6H2 =
6H, =
64

1.4460H, +
.521263% +
.98616H2 +

/712001 +

76508, + 85 )~ 0 - .153180,
.21816S, + A5 )= 306600, ~ .159660,

.180885, + ASO .4507602 - .2433605

3=

4)— .2086603 - .155604

3
.1217('684 + ASO



326.

ASO1 = 03 ASOZ = 0; ASO§ = 03 ASOQ = 0
6G1 = 1.7556Hé - 1.0616H1 + 0 - .855661
6G2 = 2.0286H% - 5.0090H, + 1.111560, - 1.18%900,

[0
(#9]
i

2.53101} - 3.1176il, + 1.66600, - 1.4560,

6F, = 1.250H] - .756H, - O + .74560, |
6F, = .870H) - 1.786H, - 1.69500c, + 1.34b0,
6F, = 1.720H8 — 1.5'756H5 - 1.110%0, + .950605

oF, = 1.426H% - 1.75634 - .55603 + .875604

o6V, = 1.0576w1 + '22876F1
=»1.C276w3 + .3¢26F5

oV, = 1.0096w4 + .58456F#

pdoy = 67.380V5 + 271.460H; - 409.198HY - 85.90V,
P8Oy = 73.578V, + 398.480H, - 519.890L) - 85.90V,
p&o4 = 111.6?6VR - 111‘675V4



6w1

6&-12

6w3

OUA

6V§

0S8

632

683

B8,

ow

10888061

(1 + .25p)

OUDZ

(1 + .40p)

2,72806G,

(1 + .25p)

OUD§

(1 + .40p)

2.13663

(1 + .25p)

oW

(1 + .40p)

2.52664

(1 + .25p)

GVbR

(1 + .40p)

604

(1 + .20p)

85p4

(1 + .60p)

OSDE

p(1 + .60p)

8Sp3

p(1 + .60p)

6SD4

_P(1 + .60p)

(1 + .30p)
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: bﬂa(t)
8HY (t)
3H3(t)

onﬁ(c)
oﬂg(t)

6H1(t

6H,(t

6H5(t

OH,‘(t

6H4(t

1.98)
1.19)
-936)

«456)
.246)

328.



329.

1950 Feet/minute |975 Feet/minute 1950 Feet/min.
Measured
HMeas~ |Calcu- Meas- Calcu- Physical Values
ured |lated | 2 |ured iated | A
1 2 3 4 5 6 7 8

OHO 40 40 40 10 4 4
6H1 62.56] 62.72.16 . 60.85 61.12; .73 3.179 3%.128
632 33.89| 34.10/.21 27.63 | 27.64| .01 1.732 1.695
535 50.67| 50.80(.13 32.49 32.50{ .01 1.2%6 1.267
534 41401 41.48|.04 21.90 21.92| .02 0.9964 1.036
bc, -31.9 | £0.06 - .20.63 £ .020] =~ -0.848 | -0.798
b0, | -24.1 | s 0.09| - -11.44 £ ,009| - -0.537 1 -0.603
605 -19.18{ 2 0.09] - -2.5| £ .026{ - -0.376 -0.479
661 +29.96| 3C.45/.49 | +22.5 | 22.56| .06 | 30.74 29.96
6G2 +13%.26] 13,7 l.44 +30.84 30.94) .10 3.49 6.63
665 +15.6 | =15.8 [.20 | +32.9¢ 32.97| .01 4,52 3.9
bGu ‘-—2.07 e f67 +19.73 19.54! .18 1.335 | =0.52
6F1 -20.69| -20.66{.03 -11.01 -11.00] .01 | 0.00048 0.00207
6F2 +5.38 6.0|.62 | +22.68 23.28| .60 | 0.00161 p0.00027
6F3 =6, 57 ~7.0{.43 | +13.08 13%.17!.15 |<0.0003%6 ~0.00018
6F4 +5.3 5.48..18 +19.? 19.43] .23 | 0.000454 +0.00053%
6V1 -34.58| -34.54,04 6.8 | ~16.77! .03 | =1.508 -1.729
6V2 -16.14| -16.18{.04 -80.88 —8091»0E .06 [ -0.03%3 ~0.404
6V5 -21.8 | -21.81{.01 -67.52 -67.671 .15 | -0.53 -0.545
GV4 +6.7% 6.75 (.00 42,58 J42.72! 14 0.082 0.168
o, -28.75| -28.3 .45 742.67 “N2.480 19 | =0.1456 | -0.1437
6w, -18.26| -18.08(.18 | -83.53| -81.13{ .60 | -0.02%8 | -0.0913
6w3 -17.03| =16.6 {43 | -69.97 =70.20{.235 | =0.0178 | -0.0851
bw4 +2.6 2.61{.01 ~-19.65 -49,69| ,04 | -0.0169 | +0.013

Physical units:

6H -~ thousandths
8ag -~ tons/inchZ

0G - ton-inches
6V - inches/sec
6w - radians/sec

Table D.1. Steady-State Values of Variables for Inputs:
of OHO shown.




|
Units 1950 Feet Per Minute 975 Feet per Minute
Stand .

1 2 3 4 1 2 3 4
6H1 Inches -0.00202 |+0.00052 |+0.00003 | +0.00001 =0.00205 [+0.000354|«0,000072( -=0.00002
0H, " -0.00141 |~0.00081 |+0.00026 | +0.00002 +0.00150 |-0.000169}|-0,00068 | -0.0001%
635 " ~0.00111 |-0.00053 |~0.00027 |+0.00051 -0.00125 |-0.000144|+0.000503| -0.000736
(':H.4 " .0.00092 |-0.00042 |-0.00002 |-0.00016 0.00104 [=0.000120|+0.000342| +0.000194
oo, Tona/inch2 +0.843 -1.695 +0.2 -0.005 p0.962 -1.160 -0.219 f0.059
oo, " +0. 584 +0.195 -2.15 -0.083 +0. 835 +0.994 -2.203 =0.323
605 " +0 . 468 +0,157 -0.429 -2:ﬂ8 +0.690 +0.83%2 +0.068 -2.179
bo, " 0,025 -0.0125 |-0.286 =0.54 0.046 0.048 =0.143 =0.242
661 Ton-inches ¥15.04 +44 ,66 =5.4 +0 #11.9 +30.58 +5.56 +0.84
OGE " f5.56 =-16.42 +43,78 +1.74 +5,52 +8.49 +23,58 +3.44
665 " =1.275 =5.6 -12.84 +23.79 +1. 84 +3.28 +1.83 +10.73
664 " #1.405 -0.612 -8.92 -1.05 +2. 4 +5.68 =2e51 -0.02
oF, - _#0.00554 [-0.00582 |+0 -0 #0.00595 =0.0040 |-0.00076 |=-0.00012
bFa - =0.,00059 (+0.0131 -0.00067 | -0.00023 +0.00008 [+0.0098 |=0,00662 | -0.00096
6F5 - +0.00026 |+0.00016 |+0.0067 |=0.0043 +0.00031 {+0.00044 |+0.00786 |-0.0052
bF4 - -0.00024 [+0.00011 |-0.0042 |+0.0018 {0.00064 |(-0.00076 |~C.00053 +0.00465 ;
6V1 Inches/sec 0.13%1 -2.91 +0.,00018 | -0,022 0.497 -3.463 «~0,650 -03114“
oV, " 0.27 =0, 74 -0.407 -0.10 ~0.693 -1.089 ~3.013 -0.452 |
bV5 " ;0.225 +0.458 +2.82 -4.05 -0, 35 -0.640 +0.,884 -3.179
oV, " +0.275 +0.038 +1.08 +2.05 0. 734 -1.080 +0.533 +0.91

Table D.2. Steady-State Responses to -0.01 inch Screw Motor at Each Stand

*0¢e



Units 1950 Feet per Minute ' 975 Feet per minute
tand 1 2 3 4 1 2 3 4

éw, | Rad./sec 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
8H, | Inches +0.000258 |-0.000135( © o) +0.000208| ~0.000101 =0,0000D| O |
oH, " 4+0.000893 |~0.000305| -0.000120| ~0.000020+0,000709| =0.000153 ~0,00018~0.0000%
0By " +0.00161 |+0.000010| -0.000268| =0.00010|+0.000739| +0.000090 ~0.00025%|~0,000184
8H, " +0.00137 |+0.,000055|-0.000125| -0.000244|+0.000700| +0.00012% +0,0001€5~0.0037
b0, | Tons/inch? 10,831  [+0.443  |-0.073 |40.0065 |-0.698 |+0.325 | 40,049 [+0.012
60, " ~C.513 -0.229 +0.462 +0.025 |~0.243 ~0.243 +0.450 |+0.079
do, n L0.105  |<0.174  |-0.24 +0.525 |-0.649 |-0.278 | -0.081 |+0.523
80, " ~0.,012 -0.01 -0,024 -0.025 |-0.013 -0.014 -0.025 |(~0.024
6G1 Ton-inches #22.82 -11 .64 +1.08 =0 +18.5 -8.52 ~1.14 -0.2
86, " -22.95 +19.89 ~9.37 0.5 -16.1 +15.4 -4 481 -0.86
b(}5 n =-2,06 -7.79 +15.64 ~5.875 =7.55 ~6.98 +12452 |=2.6 |
0G,, " 2. 56 -3.83 ~-7.54 +11.23  |~6.57 -5,55 =456 +10.61
oF, - 0.00295 [+0.0015 |-0.00012 |+0.000024|=0.00239 |+0.00111 | +0,00017 |+0,000044
BF , - +0.00108 |=0.00194 |+0.00142 |+0.00005|=0.00062 |~0.00156 | +0.00134 [+0.00023
OF 5 - -0.,00014 +0.00012 |-0.00129 |+0.00105 |=0.000642|=0.00051 | =0.00077 |+0.00125
bru - +0.00024 +0.000116 |+0.00016 |-0.00045 |+0.00048 |+0.000095 =0.000123~0,00030
pv Inches/sec R2.671 +0.762 -0.055 +0.017 [|+2.060 +0.967 +0.135 |{+0.027
oV, " 41,081 +2.24 1+0.443 +0.033 - |+2.059 +1.7N +0.615 [+0.1105
V5 n +0.189 +0.908 +1.448 +0.997 |+1.533 +1.438 +1.267 [+0.764
ov, " +0. 420 +0.538 +1.034 +2.423  |+1.755 +1.425 +1.130 [+1.298
‘Table D.3. Steady-State Responses ' Eg'

to 0.4 rad/sec. change in Roll Speed at Each Stand
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