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III, INTRODUCTION 

In the metal rolling industry, a good percentage of the tonnage 

produced is in the form of sheet products or metal strip. It is 

produced in quantities on multistand mills which may consist of from 

two to six reduction stands, Specialty lots are usually rolled on 

single stand mills. In both cases, strip in coiled form is fed into 

the mill from a powered uncoiler and rewound from the last stand on 

a powered recoiler, It is important that some amount of tension be 

held in the strip at all times to prevent the product from wandering 

across the roll face and also to wind a tight coil. There are numerous 

other reasons but they all substantiate the demand for some means of 

tension control, 

The mechanical systems considered here consist of an unwind device 

on which the coil of metal can be secured, This device, normally a 

collapsible mandrel, is powered through a suitable gear ratio by a DC 

motor, The metal strip is unwound into the roll bite of the first 

stand, The stands are also powered by DC motors, but normally the 

stand motors are much larger than those of the reels because in addi-

tion to pulling tension, the stands must also produce a reduction in 

the gage of the strip. If the mill has more than one stand, the strip 

is threaded through each one and is finally coiled on a rewind reel 

similar to the unwind reel. 

Tension in the strip can be approximately controlled by many 

methods, On single stand mills, the most common approach is to control 

the horsepower proportional' to strip speed by keeping reel motor 
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armature current constant and regulating shunt field strength propor• 

tional to coil buildup. This method, however, cannot correct for 

mechanical losses in the system, rate of change of speed losses due 

to system inertia, or eccentricities in the rolling gear which produce 

cyclic variation in strip velocity. If a true tension regulator is 

desired, a signal developed by the actual tension in the strip must be 

generated. This electrical signal is then used as a feedback path in 

a control system to hold set tension by varying the torque output of 

the DC motor, In this analysis, the force transducer used will be a 

strain gage load cell mounted beneath a roll over which the strip 

passes. The geometry of the strip and roll configuration will produce 

a force triangle which causes a deformation in the strain gage, This 

deformation unbalances an electrical bridge producing a signal which 

is then amplified to a usable power level, An electrical signal 

proportional to strip tension is thus available, 

In a single stand mill, tension is controlled by controlling the 

pull of the reels against the mill. On a multistand mill, however, 

each stand is normally speed regulated to hold a good steady state 

speed relationship, When strip tension regulation is employed, one 

stand is chosen as the pivot stand and its velocity is held constant, 

The stands on either side of this pivot control tension by essentially 

controlling the speed difference between the stands, Theoretically, 

any tension variation is regulated toward the reels on either side of 

the pivot stand, 
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A control system should be designed which will accomplish the 

tension control in the manner described above. One key factor in the 

control system block diagram is the equation, or block, describing 

tension in the strip. If the strip is considered to be a large spring 

held between two clamps, the tension will be proportional to the 

distance between the clamps. The force or tension between the two 

clamps is a linear function of the displacement provided the elastic 

limit is not exceeded, The tension block would, therefore, be a 

constant depending on the material and its cross sectional area. If 

the clamps were the roll bites of two stands with the strip between 

them, a change in velocity of one stand would produce a change in 

tension, The tension change would not be instantaneous, however, but 

would occur through a propagation time dependent upon the unstressed 

length and strip velocity. The gain of the tension loop would also 

change as a function of velocity because tension is proportional to a 

change in velocities, For constant tension, a constant difference in 

the velocities of each stand must be held. This change is, however, a 

smaller percentage of a higher speed than it is of a lower speed, The 

gain and time constant of the tension block is now a non-linear func-

tion of velocity. 

Now consider the action of the roll bite. As back tension 

increases, the effective roll separating force decreases and the 

neutral point of the roll moves toward the exit side of the mill; (l) 

This has the effect of reducing strip velocity going into the roll 

bite or lengthening the strip. This action of course reduces the 
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tension in the strip and has the appearance of negative feedback 

around the tension block. This tension relief effect or roll gap 

phenomenon is non-linear and the amount of relief is a function of 

roll separating force, tension in and out of the rolls, input and 

output gage, velocity, friction in the roll bite and other mechanical 

parameters. It is obvious that the problem facing the designer of a 

tension regulator becomes one of reducing the strip tension transfer 

function to a set of equations which can be manipulated analytically 

and with a minimum of effort. 

The calculation of the rolling force requirements and the influ-

ence of tensions and other p~rameters is well documented and linearized 

equations have been developed around the variables of interest. These 

include input and output gage and tensions. The coefficients of these 

equations can be calculat~d by analytical and graphical techniques or 

by measurement in the field. It is the purpose of this thesis to 

utilize these equations in developing the tension transfer function. 

It will be shown that the effect of the roll gap phenomenon can be 

reduced to a change in the dampi~g factor of a second order equation 

involving known physical parameters. This transfer function will then 

be used in the design of the closed loop tension regulator~ The 

results of the investigation will show that the mechanical system 

limits the response of the regulator to low values (less than one 

cycle per second). A non-linear compensator is developed to allow 

faster response regulators, and a .computer study' is done to ·compare 

:tension regulator response· .wit.h and without the c~mpensation. 
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IV. THE REVIEW OF LITERATURE 

There has been a great deal of analytical and empirical work done 

relating strip tension effects to roll force. Most of the investiga-

tions have been done under the auspices of the British Iron and Steel 

Research Association (BISRA) who pioneered the work in this field. 

The early studies were concerned primarily with the calculation of cold 

rolling loads excluding the effects of tension in the strip. The 

differential equations describing the roll pressure required to take 

a reduction in the strip thickness are basic and easily derived. The 

equations are non-linear,however, and the physical assumptions as well 

as mathematical approximations made to effect a solution mark the 

difference in the various conclusions. 

The early works of Nadai (Z) included the effects of strip tension 

and it was he who stressed the plastic flow effect of strip in the roll 

bite, He showed that the sum of the compressive stress in the rolls and 

the tensile stress in the strip equals the yield stress of the material, 

This suggests that roll force is decreased by an increase in tension 

difference between entry and exit tensions, On the other hand, if 

roll force increases, strip tension tends to decrease. The efforts 

of Bland and Ford (J) in 1948 proved very successful when compared with 

empirical data, Their work· continues today to be the most popular 

method of calculating roll force effects with tension. Their methods 

are most useful for two important reasons, One is that their works 

make use of the minimum number of assumptions and the other is the 

relatively small amount of time involved in the calculations, In the 
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second edition of his book, Mr. Larke (4) devotes an entire chapter 

to the developement of the Bland and Ford equations and spends a good 

deal of the chapter explaining the importance of the assumptions made. 

Larke, along with Mr. Cook, had previously used Orowan's equations 

for calculating roll force; and comparing the two methods, they found 

only a one percent error between the results for specific examples. 

When tensions were applied, however, the two methods disagreed by as 

much as 15 percent. The results using Bland and Ford equations com-

pared well with empirical data. The works of Orowan (S) and the more 

recent works of Jortner, Osterle and Zorowski (6) are by far the most 

advanced methods of determining rolling loads, but the only practical 

way to use the resulting equations is thrdugh the use of a computer. 

The equations of Bland and Ford can be manipulated manually with sat~ 

isfactory results. One other important work should be mentioned here 

and that is the contributions of Hessenberg and Sims ( 7). Their 

analytical treatment of the rolling loads is not rigorous; however, 

the experimentally derived data they obtained is the most comprehensive 
. 

available regarding the extent to which tensions affect the rolling 

load. It is normally their data which is used .for comparison with 

analytical results. 

A knowledge of the rolling process was not normally required of 

a control designer. It became important, when it was desired, that 

strip thickness be controlled. The development' of non-contacting 

gage sensors;- along with high gain, fast response control hardware. 

could allow a control system to be built which would adequately 
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regulate gage. The process thus became a block in the regulating 

loop. Phillips (B) (9) derived the equations for the strip transfer 

function in terms of tension and velocity difference between stands. 

He showed the difference in the equations with and without reduction 

in the strip. With no reduction being taken, the stand tensions are 

affected only by preceding stands. When the effect of the roll bite 

was included, the interstand tension varied as a function of tensions 

on both preceding and succeeding stands. To show the roll gap 

phenomenon, Phillips derived a set of equations which he linearized 

by taking small perturbations about given initial conditions. The 

constant coefficients in these equations are then determined by use 

of the Bland and Ford technique. 

Phillips further reduced his equations to show that the effect 

of the roll gap is merely a negative feedback around the tension trans-

fer function. He named this constant the "modulus of plasticity" (lO) 

and compared its effect with the modulus of elasticity which does not 

reduce gage permanently unless the yield point is exceeded. This 

plasticity constant can be calculated with Bland and Ford equations plus 

a great deal of manipulation. To yerify this constant, Jones and 

Sills (ll) actually ran a series of frequency response tests on an 

existing mill which had a gage control system. The resulting value 

of the constant agreed, within an order of magn~tude, with that cal-

culated by Phillips. In his paper, Sills also includes a simpler 

method of measuring the plasticity constant by actually varying mill 

parameters from a setup condition. 
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Most of the literature available regards tension as a variable 

to be dealt with in determining the effect on gage. The author is 

familiar with some informal studies made which do apply these mill 

equations to systems in which strip tension is the controlled variable. 

In general, however, an analytical approach is scrapped in favor of an 

analog computer study of the system. 
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V. THE INVESTIGATION 

A. Object of Investigation 

The purpose of this thesis is to reduce the mill and strip tension 

transfer functions, which are non linear in nature, to a set of 

linearized equations. The results of the investigation will allow the 

control engineer to design a strip tension regulating system by use 

of linear analysis techniques only, This will eliminate the need for 

an analog simulation of the system which is the present method ·used 

for regulator design. In addition, a non linear compensation techni-

que is developed which will permit the design of a tension regulator 

with a response which is faster than that presently realized. !tis 

also meant to assist the designer in developing a better understanding 

of the mechanical parameters involved in the rolling __ of metals. 

B, DescriEtion of Egui.Ement 

The work done in this thesis is primarily by use of analytical 

techniques. However, to verify the non linear compensation method 

stabilizing, an analog computer study was done and the 

equipment was used: 

Analog Computer - Electronic Associates Incorpor·ated 

• Transistorized Model TR - 48 

. XY Recorder - Electronic Associates Incorporated 

Variplotter Model 1110 

following 

of 
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C. Description of the System 

Figure 1 shows the block diagram of the system under investigation. 

It consists of the error amplifier Gl, the power amplifier G2, the DC 

motor which powers either the reel or the stand, and the mechanical 

strip-mill transfer function. The output of the motor block is strip 

velocity so it includes the gear ratio and coil or roll diameter. The 

input to the motor block is the armature voltage V, and the torque 

effect of the tension plus rolling load. The strip transfer function 

assumes tension out in pounds per square inch (PSI) of strip cross 

sectional area for a velocity difference input. The velocity differ-

ence is that existing between the reel (V) and mill (v ), or between r m 

two mill stands (vrnl and vm2). The reference to the system is PSI and 

unity feedback will be used for analysis since· it is assumed that no 

frequency sensitive elements exist in the feedback path. This is a 

reasonable assumption because the force sensor and its amplifier have 

a fast response compared to the system under study. 

V MOTOR 
+ 

GEAR 

V 
m 

STRIP 
+ 

MILL 

Figure 1 Tension Regulator Block Diagram 

PSI 
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A physical description 0£ the strip and mill are necessary to 

establish the parameters used in developing the transfer function. 

Figure 2 shows a mill consisting of a reduction stand and the uncoiler 

and recoiler, Some reduction is taken in the mill, so the stand output 

velocity is higher than the input velocity, Since the strip is con-

sidered a big spring, tension is maintained constant by holding the 

difference between strip end velocities constant, 

V u 

Uncoiler Mill Coiler 
Figure 2 A Single Stand Mill with Reels 

If no reduction were taken in the stand of Figure 2, v 1 and v 0 

would be the same and the rolling effect on strip tension would be 

negligible, This is, of course, an impractical situation but one which 

must be considered in developing the tension equations. To appreciate 

the effect of the stand when reduction is taken in the strip, a closer 

look at the actual roll gap is required, Figure 3 is an exaggerated 

view of the area between the work rolls of the stand, 
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vl_ N 

-~ V 0 

--~..1.-.-::::::::::.. ___ __,hl'.----.oo 
0 

Figure 3 View of the Roll Gap 

F = Roll separating force - LB 

N = Friction force at point of F - LB 
R = Undeformed radius of the roll - IN. 
(/) = Angle between vertical and neutral point for.ce line - radians 

-0-= Arc of total contact between the undeformed roll and the strip - radians 
h = strip gage - IN. 
v = strip velocity - FT./ SEC. 

2 o-.= strip tension - LB./IN. 
1 denotes input or entry section 
0 denotes output or exit section 
n denotes neutral point 



-16-

The plane in the roll throat defined as the neutral plane is that 

point at which the velocity of the strip and the peripheral velocity 

of the roll are equal. Now the entry velocity is less than the exit 

velocity if reduction is taken and the velocity of the neutral point 

must be between the two. The forces acting along the arc of contact 

are obviously not constant as can be shown by a simple description. 

At the plane of entry, the strip moves at a slower speed than the rolls 

and this speed gradually increases until the difference in speeds at the 

neutral point becomes zero. This indicates that the roll surface is 

attempting to drag the strip into the roll bite. The friction force 

along this path acts as a tensile pull which is increasing as the neu-

tral plane is approached. In moving from the neutral plane toward the 

plane of exit, the strip velocity increases and consequently the roll 

surface has a tendency to pull the strip back into the roll bite. The 

friction force here decreases as the exit plane is approached and acts 

as a compressive force. There is a point of tension relief at either 

end of the arc of contact. A compressive stress relief in the strip 

exists just at the plane of entry and a tensile stress relief occurs 

at the plane of exit. The tensile stress relief is called an extru-

sion effect. Therefore, both tension and compression stresses occur 

on either side of the roll. 

The profile of the force required to do work on the strip is a 

maximum at the neutral plane. The addition of friction forces causes 

the roll face pressure to increase and as friction increases, the 

neutral point tends to move toward the exit plane. This shift in 

neutral point is slight, however. Now if strip tensions are increased, 
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both a reduction in roll force requirements and a major shift of the 

neutral point occur. The yield stress of _the material is the sum of 

the roll force and the strip tension. If one increases, the other need 

not be as great. This is in accordance with the plastic flow theory 

put forth by Nadai (2) Consider entry tension constant and let exit 

tension increase. As it increases, the required roll force becomes less 

and the neutral plane moves toward the plane of entry. If exit tension 

were constant and entry tension increased, the roll force required would 

still be reduced but the neutral plane would shift toward the exit plane. 

Now if both tensions were increased but their ratios remained the same, 

the neutral plane would not shift appreciably, yet the roll face pres-

sure requirements would be greatly reduced. A graphical profile of 

this· effect is shown in Figure 4. 

Roll Force 
Tons/Sq, In, 

20 

16 

12 

8 

4 

Coi1er Tension 
/. Tons/Sq. In. 

0 

Decoiler Tension 
Tons/Sq, In, 

0 

Exit 

,02 .04 ,06 .08 

Arc of Contact-Radians 
Entry 

Figure 4 Roll Force Profile with Tensions 
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The roll separating force required to alter the strip thickness 

is made up of friction forces, as discussed above, and also the force 

required to overcome the inherent resistance to deformation of the 

material. The resistance to deformation is a function of material, 

amount of red4ction taken, and the amount of work hardening involved 

previously. The friction component is not only affected by its 

point of occurrence but is greatly affected by changes in roll velo-

city. If the roll opening is constant during rolling, all of these 

factors mentioned will tend to alter not only one another but the 

incoming and outgoing gage as well. 

It becomes obvious that it would be impractical to measure all 

of these effects dynamically and compensate for them in the regulator 

design, yet their effects cannot be ignored, It remains then to 

determine just how important the variables are in the development of 

the tension transfer function. 
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D. Analysis of the System 

The analysis will be done in three parts. The first will cover 

the derivation of the tension equations assuming no deformation in the 

roll gap. The second will show the effect of plastic defor~ation in 

the roll gap. The third part will deal with the development of an 

actual tension regulating control system. In all cases, the analysis 

will be limited to a mill consisting of one stand with an unwind and 

rewind reel. This type mill is shown in Figure 2. 

1. Strip Tension with No Stand Reduction 

It will be assumed that stress in the strip is elastic and that 

tensions will not exceed the elastic limit. The stress and strain in 

the strip will have a linear relationship as expressed by Hooke's law. 

Therefore: 

T JI. E = A e 
2 where E =Modulus.of elasticity - LB,/IN. 

T = Strip tension - LB, 

A= Strip cross sectional area - IN. 2 

L = Stressed length of strip - FT, 

e = Strip elongation due to tension - FT, 

..(= Unstressed strip length - FT, 

From the defined parameters: 

e +..{ = L 

Dividing by) : 

(1) 

(2) 

(3) 
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For steel, Eis 30 million pounds per square inch and maximum 

rolling stress is about 60,000 pounds per square inch. From equation l·. 

6 X 104 
= --- = 0.002 

3 X 107 
(4) 

Substituting this number into equation (3) 

L l = 1 + 0.002 1 cs) 

This shows that very little error results in equating the stressed 

and unstressed length of strip. The stressed length, L, is also the 

distance between the mill and the reel as shown in Figure 2. From 

equations (1) and (5) 

e = TL 
AE 

(6) 

Elongation is the increase in length due to stress. It is also 

the length resulting from the strip ends having different velocities. 

The integral of this velocity difference being elongation: 

e = f vd dt 

Now if equations (6) and (7) are equated: 

The tension in the strip on either side of the mill can be 

expressed as: 

and o- = L f [v o L r 
0 

v ]dt 
u 

vJ dt 
0 

(7) 

(8) 

(9) 

(10) 
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While the strip is in the roll bite, it is thinner than when it 

entered, Since only elastic deformation is considered here, the strip 

thickness could recover on the rewind side. The amount of elastic 

deformation in the strip is a function of the tension difference on 

either side of the mill and any thickness reduction is due to this 

tension difference alone because no permanent reduction is taken in 

the mill. 

With no permanent deformation, the stand roll peripheral velocity 

must equal the velocity of the incoming strip. Therefore: 

V = V (11) 1 n 

A relationship must now be developed between input and output 

strip velocities. Assume one point of contact in the rolls and that 

no slippage occurs. This assumption justifies equation (11). Now 

across the point of contact a constant mass flow exists because the 

roll bite has no capacity to store strip. Constant mass flow is 

expressed as: 

(12) 

The density of the unstressed strip cannot be the same as the stressed 

density because the area cha~ges with applied tensions. The relation-

ship between stressed and unstressed areas and densities is expressed 

by the following set of equations. 
2 

Al = A [1 - y ;] (13) 

/01 
= '° [(1 :9i -y ;f] (14) 

+ 
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and for the rewind side: 

where: 

A = A 
0 

A= unstressed area 

y = Poisson's ratio 

[(1 + : 0) 

1 
( 1 _ y : 0/] 

- IN. 2 

3 f° = unstressed density - LB. /IN. 

er= strip tension - LB. /IN, 2 

(15) 

(16) 

subscripts 'l' and '0' refer to entry and exit sides of the roll. 

The justification of equations (13) through (16) is obvious if it 

is remembered that per unit elongation is f and Poisson's ratio 

relates per unit change in diameter (or thickness in this case) to per 

unit change in length due to stress. From equations (13) and (14): 

(17) 

From equations (15) and (16): 

(18) 

Substituting equations (17) and (18) into equation (12): 

V = V 
0 1 (19) 
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Consider the form of the denominator of equation (19). Expressed 

as a binomial expansion, this component would appear as: 

(20) 

Equation (4) showed f to be a maximum of about 0.002 so there 

is little sacrifice in accuracy if second and higher order terms in 

the series of equation (20) are discarded. This equation is approxi-

mated by: 

1 ..-..., ,,..._,. 1 - E 

Substituting this approximation into equation (19) gives: 

(21) 

(22) 

Equation (22), when expanded, will contain a product term. If 

the variable is assumed small with respect to unity·then the product 

must be negligible and equations (11) and (22) can be combined to 

produce: 

V = V o n (23) 

This equation states that if entry and exit tensions are equal, 

then there is no tension difference in the roll bite and the input 

and output velocities are the same. If exit tension increases, exit 

velocity also increases. This is logical since increased tension 

decreases gage causing velocity to increase by the constant mass flow 
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criteria. Since stand velocity is held constant, entry and exit 

velocities must change at the reels. 

Taking the Laplace transform of equations (9) and (10) with 

zero initial conditions will yield the tension transfer functions: 

(i" = 
0 

E 
L 

0 

(24) 

(25) 

To satisfy steady state conditions in equation (24), v must be u 

modified in the same form as shown in equation (23). When this is 

' done and the results of equations (11) and (23) are substituted into 

equations (24) and (25), the new tension transfer functions become: 

E c:r = o L s 
0 

(26) 

(27) 

Now both tensions and velocities are variables. Since products 

of variables are involved the equations must be linearized by taking 

incremental changes about an initial condition (l 2) 

°i = 

c:r = er + 6 CJ 
0 0 o· 

V = V +6v (28) 
u u u 

V = V +6v n n n 

V = v +6v r r r 
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A substitution of these values into equations (26) and (27) 

produce the following results: 

6 (J. = E 
)Lvn 

/:::,. V (1 +~ (29) 1 Ll u 
V +-u V u 

(30) 

E V & vr - L vn 

er 
0""10 6 . a' = 

0 
+ _£ -+v 1:::,.-

0 L E E n E 
V + _£ 

n V n 

Recalling that compared to unity the strains are negligible, 

equations (29) and (30) reduce to the following: ,,.,. 

6<5j_ 
E 

[ t::,.v - t::,.vJ (31) = 

vu~ 
Ll n • u 

+-
V u 

6 
E 

[6 vr -6 +v 6 ;1J (32) (j = V 
0 

v ~+Lo 
n n 

n V n 
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These equations show the tension changes resulting from an 

incremental velocity ·change about an initial operating velocity. For 

a step change of velocity downward at the unwind reel, for instance, 

back tension will increase through a time constant equal to the strip 

propagation time, This change in tension will also appear on the 

rewind side, If the rewind reel velocity changes, tension is affected 

on the rewind.side only. It appears then that tension variations 

travel forward but not backwards. This is reasonable to expect since, 

with no reduction in the mill, the tension relief is always on the 

exit side of the rolls. TFie propagation time is a direct function of 

length and an inverse function of velocity. It is simply a measure 

of the time it takes a stressed section to completely traverse the 

distance between reel and rolls. 

The desired tension transfer functions are now completed for the 

case where no reduction is taken. To complete the transfer functions, 

the effects of reduction in the roll gap must be considered. 
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2. Strip Tension with Reduction in the Roll Gap 

The effects on the rolling force caused by varying gage, tensions 

and velocities in the strip were adequately covered under Description 

of the System in Section C, It should suffice to repeat that the 

equations relating the above mentioned parameters are non-linear. In 

order to make use of these equations, some form of linearizing techni-

que must be employed. The most. common method, and the one used in this 

paper, is to consider small perturbations about some given initial 

conditions.. Equations can then be set up relating the desired vari-

ables to one another and letting the coefficierits of the variables be 

f • f h • • • 1 d • • ( 12) Th • f f 1 • i • unctions o t e initia con itions . is orm o inear zing 

has been used by Phillips (l 3) and the resulting equations are as 

shown below: 

where 

/SF 6h 6h 1 0 6tT1 + K3 6cr'0 = Kl h + K2 +K4 h F 
0 1 

6-r 6h 6h 1 0 = K5 h + K6 6°i + K7 6~ +Ka T 
'ir 0 1 

6h n 
h n 

F = total roll. separating force - LB, X 10· 6 

~=rolling torque - LB, FT. 
h = gage under tension - IN. 
er= strip tension - LB./IN. 2 X 10· 6 

M 

s 

= spring constant of the mill stand - LB./IN. X 10· 6 

= opening between rolls 

(33) 

(34) 

(35) 

(36) 



-28-

( )1 = entry side of the rolls 
( )n = neutral plane of the roll bite 
( )0 = exit side of the rolls 

Equation (36) assumes the mill housing to be a large spring and 

the separating force is the spring coefficient of force multiplied by 

the distance the spring is stretched. The distance is, of course, the 

output gage of the strip plus any incremental change in the roll open-

ing. The rolling torque equa~ion (34) can be discarded because the 

load on the stand motors has no effect on the load of the reels except 

through changes in tension, The load on the reels is only the strip 

tension plus losses, The stand, however, has both rolling and differ-

ential tension loads. 

The coefficients K1 through K12 are calculated from the equations 

of B~and and Ford (3) in the following manner. The roll .force, torque, 

and neutral point thickness are calculated for given initial conditions. 

The variables, tension and gage, are then varied slightly one at a time 

and new values of F, r, and h are calculated, The difference between n 

the two sets of equations will produce the coefficients of the altered 

variable since all other terms are held constant and will cancel.· 

To simplify the equations substitute equation (36) into (33) and 

solve for exit gage. 

M 6h - J\10,S 
0 

F 
(37) 
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This equation simplifies to: 

6h 
0 

h (38) 
0 

where (39) 

Substitute equation (38) into (35), collect terms and the result is: 

6h n 
h n 

Considering again the mass flow relationship that exists in the roll 

gap: , I 

PAV =PAV =PAV ' 1 1 1 / n n n / o o o (41) 

If a reduction is taken in the roll gap the strip is permanently 

reduced in gage. This is the effect of the plastic flow of the metal 

. as opposed to the elastic effect where no permanent deformation takes 

place. Accor?ing to plastic flow theory, the density of the strip is 

not altered in the reduction process. The width of the material is 

also constant because only unidirectional or plane strain is considered, 

Since by definition, strip has a width which is at least ten times'the 

units of gage, strain is considered to_be only in the direction of 

rolling. Therefore, with density and width held constant, equation (41) 

reduces to: 

= h V 
0 0 

(42) 

This equation can be broken into two parts which will relate the 

entry and neutral plane quantities and the exit and neutral plane 

quantities. 
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= h V n n (43) 

h V = h V o o n n (44) 

Letting each of these variables be considered as initial values plus 

some incremental ·change, the altered equations become: 

h 6.v + v t,,h n n n n (45) 

h t,,v + v t,,h = h t,,v + v 6.h ·o o o o n n n. n (46) 

To get them in per unit form, equations (45) and (46) are divided 

by equa'tfons (43) and (44). The result is: 

(47) 

t,,v 6h 6.v 6.h 
---9. + ---9. = --1! + n 

V h V h (48) 
o o n n 

Two sets of equations now exist with gage variations existing in 

each. To relate velocity changes to tension, which is the immediate 

goal, equations (38) and (40) must be substituted into equations (47) 

and (48). This substitution.plus some collecting of terms will yield 

the following: 

t,,a-
0 

(49) 
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L.v L,.v 
0 = __£ + 

V V o n 

L.S 

These equations describe the relationship that exists between 

entry and exit strip velocities and the peripheral velocity of the 

(50) 

rolls when plastic flow exists in the roll bite. To complete the task, 
I 

these equations must be substituted into the tension equations contain-

ing the reel and strip velocities that were derived in Section Dl and 

are repeated here. 

er = o L s 
0 

(51) 

(52) 

Before a substitution is made, these two equations should be in 

per unit form for convenience. This is done by considering small 

changes about an operating point and then dividing by the initial con-

ditions. This results in the. following: 

l:c,_(j 
0 

Ev rL.v 6v j o r o =-- -----L s V V o r o 

(53) 

(54) 

Equations (49) and (50) can now be .substituted directly into (53) 

and (54). This will eliminate input and output velocity effects and 

'leave tension variations as a function of actual reel and roll peripheral 

velocities. The results will be manipulated into the same form as 

equations (31 and (32) which describe tension effects with no strip 
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reduction. The new equations are given below: 

lKK y6h (KM)] + _±_2_ + K -1 _l + - 9- 6S K 12 h 1 KF 

It would be of interest to evaluate the constants to determine 

the relative effect of each parameter on tension. In his paper,· 

Phillips (l 3) tabulates some typical values for these constants and 

one set is reproduced below in Table 1. 

CONSTANT UNITS VALUE 

hl inches 0.039 
h inches 0.023 

0 

in. 2/lb. 10- 6 °i X 0.015 
Cf' in. 2/lb. X 10-6 0.015 

0 
lb. X 10- 6 F 2.735 

h inches 0.025 
n 

Kl - -1. 204 

K2 in. 2/lb. X 10- 6 -11.390 
. 2/ 10- 6 

K3 1.n. lb. X -5.361 

K4 - 0.643 

K9 - 0.909 

KlO in. 2/lb. X 10- 6 -1.121 

Kll in. 2/lb. X 10- 6 0.882 

Kl2 - 0.048 

Table 1 Typical Mill Parameters 

(55) 

(56) 
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For this particular example the mill spring constant, M1 , is 

about 40 million pounds per inch and the Modulus of Elasticity is 

about 30 million pounds per square inch for cold steel. When the 

above values are inserted into equations (39), (55), and (56), the 

following results are obtained: 

t:.h1 ] 2.27 6~ - 0.572 hl + 8.6 6S 

-

(57) 

(58) 

These equations, when compared with (31) and (32), indicate that 

the roll bite acts to relieve the stress in the strip. This relief is 

greater, by about a factor of six, on the unwind side than on the 

rewind side. It appears then that the reduction in the roll gap acts 

as a degenerative feedback around the strip with a greater magnitude 

on the unwind side, This result tends to agree with the theory that 

~he tension on the unwind side has more affect on the reduction process 

than does rewind tension. The roll opening, 6S, is ten times more 

effective on the unwind compared wtth the rewind. As the rolls open, 

the reduction decreases and this action decreases the stress relief 

causing tensions to increase. As discussed earlier, this effect should 

be greater on the unwind reel. The equations also indicate that a 

change in exit tension has more effect on the entry side than entry 

tension has on exit tension. These results point up the f.act that 
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although tension effects move toward the exit side of the mill, they 

also have a tendency to move from exit to entry. This is unlike the 

results obtained with the plastic flow effect ignored. 

In the design of a tension regulator using the above ~quations, 

only those variables that directly affect gain and stability should 

be included. All other variables contribute open loop disturbances 

only and can be ignored. With this in mind, equations (55) and (56) 

can be reduced to the following: 

2'0j_ 
[ 

Pl ][v f:N] 
= 1 s v: - v: 

(59) 

.L'.:,(r t +~~~:} Jr-6:: J 0 
(60) 

where pl 
.-K LB. /IN. 2 X 10 - 6 = = 

K2K9 + KKlO 
(61) 

and ,p K LB./IN. 2 X 10- 6 = 
K3 (Kg - 1) + KK11 

= 
0 

(62) 

These equations are of the same form as those derived for the case 

of no deformation in the roll bite. These equations are repeated here 

for convenience. 

t;cr 
0 

•[ vu{l+ ~J tvn - 6vu] 

f n(lE+ lvr - 6vn] 

(63) 

(64). 
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The obvious difference between equation (59) and (63) is the 

factor j which appears as a feedback element in equation (59). A 
1 

comparison can be made if a block diagram is drawn and resolved. 

Assume the system to be as shown in Figure 5. 

t::,,.v 
E/v u 

u + 

V u 

Figure 5 Strip Tension with Mill Feedback 

Resolving the block diagram, the following equation results. 

Now if L )) 1, then this equation could be reduced to: 

r P lp l ] rv t::,,.v ] l .cl::)· (- v: 

t::,.c:r 
0 

Equation (64) can be manipulated in the same manner to get: 

(65) 

(66) 

(67) 

These two equations are the same as equations (59) and (60) and 

show that the mill effect can be treated as a degeneration of the 
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tension block. From equations (57) and (58), P1 is 0.127 and P0 is 

0.83. Since Eis 30, the GH of the tension loop is 235 for the unwind 

side and 36 for the rewind side. These magnitudes make the assumptions 

in equations (66) and (67) valid. 

It is an interesting fact that when several sets of mill constants 

(similar to those in Table 1) were inserted into equations (55) and 

(56), the resulting values did not vary appreciably from the values 

of P 1 and P0 mentioned above. It appears that the range of P can be 

considered between 0.1 and 1.0 million pounds per square inch. In all 

cases the effect on unwind tension was much greater than on the rewind 

side. The use of this constant P, which Phillips has named the 

"modulus of plasticity" (lO), reduces the tension transfer function to 

a first order lag with gain and .time constant modified by velocity. 

With this transfer function ~vailable, a tension regulator can now be 

designed around it. 
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3. Development of Tension Control Svstem 

Since tension control will be done through the reel motors, a 

short description of reel operation may be helpful. Under steady state 

conditions with no losses in the sy8tem and with fixed motor field, 

armature current is directly proport·ional to tension in the strip. As 

strip velocity changes, the reel velocity will change proportionally 

by changing motor voltage. Therefor_e, to keep constant tension, motor 

power (current times voltage) must be kept proportional to strip 

velocity, The coil of strip, however, is constantly being unwound and 

wound again. This change in diameter alters the torque arm of the 

reel-motor combination causing a tension change, As the coil is 

rewound, for example, the diameter increases creating a longer torque 

arm. If current and strip velocity are to be held constant, voltage 

must decrease and this combination reduces the horsepower -of the motor 

thereby reducing_ strip tension. To hold constant horsepower with an 

increasing torque arm, the torque output of the motor must be increased 

proportionally. Stnce current is held constant, this can only be done 

by changing shunt field strength. Therefore, shunt field strength 

must be maintained proportional to coil diameter. There are several 

methods of regulating fiel~ strength proportional to coil diameter, 

but these regulators are of no interest here. It is important to note, 

however that these regulators are inherently slow in response because , 

there is no need for a fast regulator since coil diameter changes 

slowly. For this study, then, field strength will be assumed constant 

for a constant coil radius. The tension regulator can be developed 

around a motor with fixed shunt field. 
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The standard DC motor equations are listed below for the rewind 

motor, 

V = E + I (R + L s) c a a 

E = K ru 
C V r 

• v = rm 
r r 

where: v = motor electromotive force (terminal volts) 

E = .:iotor counter electromotive force (CD!F) 
C 

I= armature current - amps 

R = armature resistance - ohms 
a 

L = armature inductance - henries a 

J = total system inertia at the motor - lb. ft, 

CJ.) = motor velocity - radians/sec. r 
K = motor voltage constant - volts/rad./sec. 

V 

Kt = motor torque constant - lb. ft./amp. 

v = peripheral velocity of coil - ft./sec. r 

2 sec, 

(68) 

(69) 

(70) 

(71) 

r = apparent radius of the coil - ft. (coil radius divided by 

gear ratio between reel and motor) 
2 A = cross-sectional area of the strip - in, 

er= strip tension - lb./in. 2 

s = Laplace operator 

A block diagram of the complete ~egulator can now be set up using 

Figure 1 and equations (67) through (71). This block diagram is shown 

in Figure 6. For analysis by analytical techniques, the block diagram 

must be reduced to a single loop, so a transfer function from terminal 
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volts to tension must be developed, 6.v is assumed to be zero and the n 

above equations are solved for 6.V, 6.I, and 6,cr. From equation (67): 

6,v r 

Substituting equations (71) and (72) into (70) and using incre-

mental quantities, 6,cr- can be found in terms of 6.I, The result is: 

To complete the total transfer function, 6.I must be found in 

terms ~f 6..V, Substituting equations (69) and _(71) into (68): 
K 

6.V = _:J.. 6..v + (R + L s) 6..I . r r a a 

(72) 

(73) 

(74) 

6,.o-is eliminated by substituting equations (71) and (72) into (70), 

The solution is: 

6,.V r (75) 

Equation (75) can be used to eliminate 6.vr in equation (74). If 

the resulting equation is solved for 6.I in terms of 6.V, the total 

( TT T T ) ( 7 6) + 1 am 3 
T + T s 1 m . 
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L 
where T =...!!=armature time constant a R 

T = m 

a 
JR a = motor mechanical time constant 
KtKv 

T • i; • tension propagation time constant 
n 

Jv 
T = __E._ = strip damping time constant 

l PAr2 

(77) 

(78) 

(80) 

The block diagram for the single loop system can be drawn with 

the use of equations (73) and (76) and is shown in Figure 7. A study 

of the solid line portion of this Figure indicates that the tension 

regulasor will be a fourth order system consisting of the third order 

in the motor and load block and the generator field time constant in 

the G2 block.· 

An examination of equation (73) reveals that the transfer function 

from armature current to tension has a constant gain term for a· given 

cross-sectional area of the strip. The torque constant and apparent 

reel radius must remain proportional to one another as explained 

earlier, The motor becomes a torque device only with horsepower 

changes excluded, The natural frequency of the second order equation 

is a function of the mechanical parameters of the system. A change in 

armature current causes a· change : in motor torque through Kt, 

To affect tension in the strip, the motor must change position and. 

this change.is slowed down by the system inertia, J, which is a second 

order effect in displacement, The torque is applied through the 

torque- arm, r, and the tension change becomes a function of the strain 
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Figure 7 Single Loop Tension Regulator 
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caused by the displacement. It is interesting to note that the 

natural frequency is a function of the product of the propagation 

time and the strip damping effect from the mill feedback. From 

equations (73), (79), and (80): 

The damping coefficient of equation (73) is: 

r-= 
Substituting for T and T1: 

(81) 

(82) .. 

(83) 

This expression seems reasonable. Consider the system unchanging 

except for velocity and the plasticity constant, P. That is, let the 
J time considered be short enough so that 2 does not change by an 
r . 

appreciable amount. It is seen, then, that the system becomes more 

damped as velocity increases. This increased velocity decreases the 

propagation time and allows the tension change to take place faster. 

A decrease in P has ,the same effect as an increase in strip velocity. 

If the change in tension is fast with respect to the error which 

caused the change, the system is said to be more damped. A decrease 

in strip propagation time compared to a fixed inertia time, which put 

the torque cha~ge at the reel, satisfies this definition of damping, 
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Equation (76), which relates a terminal volts change to a current 

change, contains not only the system mechanical parameters but the 

motor variables as well, The motor mechanical time constant, T , 
m 

contains K and K which vary as a function of shunt field strength. t V 

These parameters will change as the coil diameter changes. ·This 

equation is not as easy to diagnose as equation (73) because, depending 

on the system, the various time constants do not have a close or pre-

dictable relationship to one another. It appears that equation (76) 

can be studied only for specific examples and not in a general fashion, 

At least two paths of design can be considered now. The first is 

to treat the system as a single loop as shown by the solid line of 

Figure 7. The appearance of the 6V to 6i.,-transfer function would 

indicate that either a great amount of compensation would be required 

in the system, 01: the_ regulator could be made so slow in response thc;it" 

the three roots of the equation are beyond system crossover frequency. 

The second method of attack would be to consider an armature 

current regulator as indicated by the dashed line of Figure 7, Equa-

qon (76) has a second order lead and a third order lag,; and at 'high 

frequencies the system approximates a system with a first order~lag to 

infinity, If the current regulator could be designed such that its 

response frequency is beyond the roots of the equation, then the 

current regulator would have the effect of eliminating these roots as 

far as the tension loop is concerned. The tension loop would now be 

a third order system with the control poles being the roots of equa-

tion (73), whic,h are predictable. 
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This second method will be the one studied here. To do so, a 

specific system will be considered. Appendix I lists data for a 

SO horsepower reel on a small steel mill. This data along with the 

use of equations (77) through (80) will be sufficient to evaluate 

equation (76) for a few selected cases.· Table 2 lists the four cases 

to be considered. They represent a variety: of variables which should 

be sufficient to determine the range of the roots of equation (76). 

Case 

1 
2 
3 
4 

r v· A p T T T n a m 
0.030 0.40 1.0 106 0.07 0.171 o. 700 
0.083 1. 77 1.0 105 0.07 0.023 0.016 
0.030 0.40 1.0 105 0.07 0.171 0.070 
0.083 1. 77 o.s 106 0.07 0.023 0.160 

Table 2 Typical Values of the Parameters 

in the~~ T~ansfer Function 

Tl 

0.011 
0.067 
0.114 
0.013 

Minimum and maximum coil diameters are considered as well as the 

outside limits of Pas discussed previously. Only two velocity points 

are used and gage is limited to a two to one range, Substituting the 

values from Table 2 into equation (76) will produce the following 

equations. 

6I 13.9 (1 + 0.011 s + 0.0077 s2) Case 1 - - = .,;,;,.;;;,..;;..;;.._,.,;._..;._ _________ ....;... __ _ 

.0.V + 0.093 ~(1 + 0.026 s + 0.0056 s 2), 
(84) 

Case 2 
3.8 (1 + 0.067 s + 0,0011 s2 ) 

Q + 0.02 s) 0 + o_.028 s + 0.001 s2) 
(85) 
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8 . 9 1 + 0. 114 2 
Case 3 _ 61 = s + 0.0077 s 2 

6.V ( 1 + 0. 056 s) (1 + 0.084 s + 0,0061 s2) 
(86) 

9.5 (1 + 0.013 2 
Case 4 - 6.I = s + 0. 0021 s ) 

6.V (1 + 0,033 s) (1 + 0.078 s + 0,0029 s2) 
(87) 

The most straightforward method of comparing these equations is 

to plot a frequency-attenuation curve of each. This is done in 

Figure 8 where the approximate Bode technique is used. It should be 

remembered that a second· order equation with underdamped roots is 

approximated by assuming the equation to have .a damping coefficient 

of unity. As was expected, these curves have different profiles for 

low frequencies but at high frequencies,' they are the same. 

Now consider the case where the motor is at zero velocity with 

no CEMF feedback. The transfer function of the motor from terminal 

volts to armature current becomes:• 

1 =------R ( 1 + T s) a a 
(88) 

Evaluating this equation for the motor considered here results in 

the following: 

Case 5 - 6.I 
6.V 

14.8 =-----1 + 0.07 s (89) 

Sketching an approximate frequency attenuation diagram of this 

equation in Figure 8 shows that this transfer function is the same as 

those four discussed above at high frequencies. It would appear that 

a curr~nt regulator with a frequency response in the region where all 

8 h ld t • 6.I f f the curves of Figure are ·t e same wou con ain a 6.V trans er unc-

tion apP.roximated by equation (88), This is a valid assumption since 
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a fast current regulator could force a change in current quicker than 

the load could alter the CEMF feedback. A block diagram for a simple 

current regulator is shown in Figure 9. 

G3 (l+T 4s) G4 t::,.V 1 !::,.I 

(l+T 4 s) R- (l+T s) a a 

Hl 

Figure 9 Motor Armature Current Regulator 

c4 is the gain and T4 is the time constant of the motor armature 

power supply. c3 is the gain of the error amplifier which contains a 

lead network to cancel the T4 time constant. The closed loop transfer 

function of Figure 9 is: 

61 G3G4 1 = 6Vr R (1 + T s) G3G4H1 a a 1 + R (1 +Ts) a a 

(90) 

61 G 
6V -~ + GH~(l 

T 
s) 

r a 
+ 1 + GH1 

(91) 

where G 
G3G4 

=-- R (92) 
a 

If the regulator crossover is denoted by,roc, the GH1 of the system 

is: 

GR = T ru 1 a C 
(93) 
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An ro of 100 should be sufficient. 
C For this motor·then, GH1 would 

be seven. Since GH1 is somewhat larger than unity, equation (91) 

reduces to the following transfer function . 

.6.I = __ ._I __ 
6.Vr· H1 ( 1 + Tes) 

where T 
C 

1 =-
(l) 

C 

(94) 

(95) 

This current regulator transfer function allows the block diagram 

of Figure 7 to be reduced to that of Figure 10. 

{>.E Gl (l+T s) .6.V 1 ti.I K/r .6.T 
C r 

s Hl (l+T s) l+T1s +TT1s2 
C 

Figure 10 Simplified Tension Regulator Block Diagram 

.6.a-The strip cross sectio~al area A has been eliminated in the .6.I 

transfer function to allow control of true tension, .6.T, in pounds. If 

.6,0"'is to be controlled, some gain compensation must be made in the 

system for this area A. 

The tension regulator without some compensation for the second 

order term will be relatively slow in response. The second order term 

has a natural frequency that changes continually with strip movement 

because the inertia and diameter of the coil change continually. The 
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area, A, changes from pass to pass. Also, this second order term has a 

damping coefficient much less than unit¼ giving rise to complex roots. 

To avoid this term, the system crossover frequency, wt, should be well 

below the natural frequency of equation (73), That is: 

(96) 

A minimum value of ro for the system considered here can be calcu-

lated using the data in Appendix I. 

Cl) = 
(30)(10 6) (0.01) (2.4) (10- 4) 
(6.5) {8.5) = 1.15 rad./sec. (97) 

To avoid this frequency, the tension regulator crossover, rot' 

should be in the order of 0.5 radian per second. The system has zero 

steady state error by use of an integrator- for the error amplifier but 

during transient surges the system responds quite slowly. 

To achieve faster: response in the system, some form of non-linear 

compensation is required to eliminate the second order term. The 

tension error amplifier transfer function should take the form as shown: 

6V r -- = 6€ 

2 G1(1 + Tl s + T T1 s) 
s ( 1 + T3 s) 

This can be resolved into the following: 

6V = 6€ r 

Substituting for T and T1 per equations (79) and (80): 

6V = b.e r 

1 

(98) 

(99) _ 

(100) 
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A computer diagram of equation (100) is shown in Figure 11. In 

this diagram Pis replaced by CE, Velocity can be represented by a 

tachometer output and a variable inertia signal can be generated by 

considering the following relationship: 

4 c1 r J 
2 r 

= 2 r 
(101) 

where c1 is merely a constant containing strip width, material density, 

and inertia constant for a cylinder. Since the area, A, can be consid-

ered constant during rolling, it can be represented by a coefficient 

potentiometer change. 

This compensation is very realistic in that it can be generated 

quite easily with present day operational amplifier hardware. If this 
6V 

form of compensation is used in place of the __E. in Figure 10 the 
6€ 

crossover frequency, rut' can be extended beyond the system frequency, ro. 

The response of the tension regulator would approximate that of a first 

order lag if rot were kept in the order of ten radians per second. The 

tension regulator design is thus reduced to a simple second order system, 

A test case will now be considered which will show the response of 

the tension regulator in both the compensated and uncompensated mode, 

Figure 12 is a block diagram of the complete tension regulator for the 

winding reel listed in Appendix 1. Figure 13 shows the actual computer 

diagram of the system, The mechanical parameters are chosen to repre-

sent actual rolling conditions. The area A of the strip is 0.5 in, 2 

which would correspond to a width of 25 inches and a 0.020 inch gage, 

Tension reference is set for 50 percent of rated motor torque which 
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corresponds to a 15,500 pounds per square inch stress in the strip. 

This is the stress which would normally be used for annealed strip with 

a 0.5 in. 2 cross sectional area, It will be assumed that the reel is 

operating at minimum coil diameter and that time is short enough so 

that no appreciable coil buildup occurs. Inertia and radius of the 

coil are constant under this condition. The only continually changing 

variable in the system will be mill velocity. The mechanical parameters 

chosen above cause the second order strip transfer function of equation 

(73) to have a natural frequency of about eight radians per second. To 

show the underdamped response of the uncompensated regulator.and still 

have a stable system, the crossover frequency of the regulator is 

chosen to be 10 radians per second and the crossover frequency of the 

current regulator is 100 radians per second at an open loop gain of 

zero db, 

The first computer run is with 50 percent tension on the reel 

which is running at 25 percent of maximum strip velocity. Figure 14 

shows the result of a 2.5 percent tension reference step for both the 

uncompensated and compensated system. The uncompensated response is 

highly underdamped due to the low velocity and also due to the fact 

that the natural frequency of the strip transfer function is almost at 

the crossover frequency of the regulator. The response of the compen-

sated regulator is the same as the response of a type 1, first-order 

system which is the expected result. Figure 16 is an expanded trace of 

the compensated regulator showing the exponential response with a 0.1 

second time constant. 
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The second computer run shows a 2,5 percent tension reference step 

with the strip running at 100 percent velocity. The uncompensated trace 

is more damped than that of Figure 14 because of the higher velocity, 

The compensated regulator response is identical to that at 25 percent 

velocity showing that the non linear lead compensation is as effective 

as was predicted. 

The final computer run shows a normal acceleration of the mill 

from 25 percent velocity to 100 percent. The acceleration ramp is the 

same as that actually encountered in the field except for one change, 

The sharp increase and decrease of velocity when acceleration begins 

and ends causes a tremendous shock in the system. In normal practice, 

the beginning and end of accei'eration would occur through an exponential 

softening circuit which rounds off the corners. This circuit was not 

used in order to show the tension spikes which occur at these transition 

points. Figure 17 shows the result of a ramp input of velocity, The 

response of the uncompensated system begins with a tremendous surge and 

never recovers to the steady state tension setting before the accelera-

tion ends, The compensated regulator responds much faster with no 

oscillations and recovers to less than one percent tension error during 

acceleration. The tension error is less than five percent at the end 

of acceleration. This ·is less than the error actually encountered in 

the field with the uncompensated system including acceleration corner 

rounding. 

It appears then that the computer traces verify the results expected 

by employing non linear lead compensation, The engineer is, therefore, 
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free to design a tension regulator using analytical techniques only. 

This would save the time ordinarily spent in designing the system by 

use of a computer. 
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VI. DISCUSSION OF RESULTS 

The basic tension regulator, as described by Figure 7 (solid lines), 

does not. appear to be in a form which can be easily manipulated by 

analytical techniques, The system is quite non-linear due to varying 

motor and load parameters. The motor is linearized through the use of 

a fast response armature current regulator which tends to cancel the 

effect of a changing shunt field strength, The tension regulator reduces 

to the system shown in Figure 10 which has non-linear control poles. As 

discussed previously, the regulator crossover frequency, (l), must be t 

less than the patural frequency, (l), of equation (73) to insure a stable 

and predictable response. 6T · The damping coefficient of the 6 I transfer 

function becomes quite small at low strip velocities. Any disturbance 

near (l) will create a highly underdamped response. In a rolling mill, 

the reel and mill rolls may have rolling eccentricities which set up 

small sinusoidal disturbances in strip tension. From Appendix I, the 

reel has a rotational frequency of about one radian per second at maxi-

mum coil diameter and maximum strip velocity, A one radian per second 

frequency response of the tension regulator cannot attenuate this dis-

turbance, and the underdamped second order portion may amplify it if (l) 

is near this frequency, The maximum reel rotational frequency is about 

2.7 radians per second at minimum diameter and this is- about the same as 

the minimum value of (l) which was calculated in equation (97), If the 

tension disturbances are large in magnitude, the system cannot hope to 

regulate them out. It is apparent then that some form of compensation 

is required to either eliminate the second order equation in the tension 
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loop or at least to dampen its response. If this is not done, the 

tension regulator response must be decreased to a point where it becomes 

simply a steady state tension monitor and not a regulator .. The non-

linear compensation developed in the analysis portion is an attempt to 

eliminate the second order term. If this were possible, the tension 

regulator would be reduced to an approximate first order type I system. 

This type of lead compensation is feasible with high gain and fast res-

• ponse amplifiers; but from a practical standpoint, there is a possibi-

lity that it could create more of a problem than it solves. If the 

frequency of the lead circuit were not exactly the same as ro, a beat 

frequency would develop in the system ~ausing an amplification of any 

disturbance near the beat frequency. If the damping coefficients were 

not equal, sinusoidal disturbances would occur at co radians per second. 

It is required, therefore, that the circuit be properly tuned and that 

the hardware used be reliable. A simple tuneup procedure would be to 

apply a sinusoidal disturbance at the reference and adjust the coeffi-

cient potentiometers until the tension oscillation is an undistorted 

sine wave. 

The system used as an example in this thesis is a small mill with 

slow strip velocity. This was used to illustrate what might be called 

the worst condition, On fas½ high-horsepower mills, strip velocity 

approaches 100 feet per second, At this velocity, the tension propaga-

tion time is negligible and equation (73) reduces to a first order lag. 

The compensation would not be as critical under these conditions but it 

would still be necessary because even a large mill must approach a low 

velocity at times. 
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The analytical approach developed in this thesis for designing a 

tension regulator appears to be reasonable and requires no special 

knowledge of controls. 
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VII. SUMMARY AND CONCLUSIONS 

The purpose of this thesis is to develop an analytical technique 

for the design of a strip tension regulator on a rolling mill. In order 

to accomplish this, the tension transfer function of the strip ·and mill 

must first be derived. This is done in two parts for comparison. 

First the equations for strip tension were derived assuming no 

reduction in the mill. Next, the effect of reduction in the mill is 

considered. The roll force is altered iri a non-linear manner by several 

parameters including tension, gage, and velocity. The affect of each 

paramete~ on the other is illustrated in the equations developed by 

Bland and Ford. Equations, linearized_by considering small perturbations 

about given initial conditions_, are set up to show the effect of gage and 

tension changes on roll force. Using the results, a transfer function is 

derived which shows that the effect of reduction in the roll gap can be 

represented as a degenerative feedback around the tension transfer func-

tion developed for no reduction. 

The tension regulator block diagram, when reduced to a single loop, 

indicates that the motor-strip transfer function is quite non-linear, 

Upon investigation, it becomes obvious that an armature current regulator 

will linearize the motor, leaving the strip transfer function as a non-

linear second order equation, The tension regulating loop then reduces 

to a type I,third order system. 

Due to the sinusoidal nature of the usual strip disturbances, the 

underdamped tension transfer function could amplify the error, To eli-

minate this underdamped non-linearity, a sec.and order lead compensation 
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circuit is developed which contains.the same non-linearities as the 

original equation. With this compensation, the tension regulatorcan 

be analyzed as a linear type I first order system. This is assuming 

that the regulator crossover frequency is in the order of 10 radians 

per second or less and there should be no need for a higher crossover 

than this in an actual system. The system developed is quite practical 

in approach and there are no un.realistic requirements in either the 

design or compensation. 
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XI. APPENDICES 

Appendix I - Mechanical and electricai data for a 50 horsepower reel 

on a small steel mill. 

Motor 

Rated terminal volts 

Rated armature current 

Rated speed 

Armature resistance 

Armature inductance 

Maximum strip velocity 

Gear ratio 

Coil diameter 

Strip thickness 

Strip width 

Length of strip from 
reel to mill 

Total inertia referred 
to the motor shaft 

.. 50 HP, DC 

240 V 

- 170 amps 

.. 400/12QO RPM 

- 0.0677 ol)ms 

- 0.0047 henries 

- 1. 77 ft./sec. 

- 44/1 (motor to reel) 

- 1.33 ft.·min. 
3.66 ft. max. 

0.001 in. min. 
0.125 •in. max. 

10 in. min, 
20 in. max. 

- 8.4 ft. 
2 .. 6.5 lb. ft. sec. 2 min. diam. 

. 6.5 lb. ft. sec. max. diam. 



TENSION REGULATION IN A METAL ROLLING MILL 

ABSTRACT 

This thesis investigates the design of a strip tension regulator 

by analytical techniques. The tension transfer function is non-linear 

and is derived for two conditions, first with only elastic deformation 

in the strip, and second with plastic flow in the strip resulting from 

reduction in the roll bite. The resulting transfer function consists 

of the one developed for elastic deformation with a degenerative feed~ 

back around it. This feedback is a result of xeduction in the roll 

gap. 

The block diagram of the tension system reduces to a form contain-

ing two non-linear expressions. One is a second order equation des-

cribing the load and the other is third order equation describing the 

motor and the load effect on it. The motor is linearized by the addi-

tion of a high response armature current regulator. The tension 

regulator then reduces to a type I third order system. 

To compensate for the second order non-linearity in the regulator, 

a non-linear second order lead circuit is developed .. This lead is 

modified continually as a function of strip velocity as well as coil 

radius and inertia. With the addition of this compensation, the ten-

sion regulator can be analyzed as a type I,first order system. 
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