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ABSTRACT

A non-interacting tension control algorithm is proposed to reject the disturbance due
to the interaction between neighboring processing sections. An 'auxiliary dynamic model'
is derived. And an ‘auxiliary controller' is designed with the concept of feedback and
feedforward control using the auxiliary dynamic model such that it can reject disturbances
from the upstream as well as down stream web span. The performance of this condroller is
compared with that of an existing controlier. When the proposed controller is used, the
tension in each span is success{ully regulated even in a highly interacting multi-span
system with less control effort than that of an existing control method.

NOMENCLATURE

A Cross-sectional area of web

Bgy Rotary friction constant of bearing

E Modulus of elasticity

In Polar moment of inertia of roll or roller

Ly Length of web span

R, Radius of roll or roller

tho Sieady-state value of web lension

Ly Web tension =t 4+ T

Ty Change in web tension from a steady-state operating value
Thref Reference tension

Ug Inpat value in steady state to a driven motor

u, Input to a driven moior =u g + Up

U, Change in input to a driven motor from a steady-state operating value
) Steady-state operating value of web velocity
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Vu Web velocity = v 4+ V,

Va Change in web velocity from a steady-state operating value
Subscripts:

0 Sleady-state operaling condition

n 1,234 ...

INTRODUCTION

A web may have to pass Uwough several conseculive processing sections {e.g.,
cleaning, coating, drying, eic.) in the manufacture of an intermediate or final product.
Difierent web processing sections may require different conditions, e.g., different tension
levels. A typical control problemm in a multi-span web transport system is maintaining
the required longitudinal tension level in each processing section, and at the same time
stabilizing the overall web transport system. Mathematical models for a web transport
system(1-3.8) and web tension control strategys(6-10) were suggesied. Two primary
techniques used in the web processing industries for the distributed conirol of tension are
open-loop "draw control™() and "progressive set-point coordination” control (open-loop
and closed-loop).

In open-loop draw control, tension in a web span is controlied by using the velocities
of rollers at the ends of a web span. Control of web tension using draw conirol requires
extremely accurate control of the roiler velocities, a requirement which may be very
difficult or expensive to achieve. Also, when open-loop draw control is used, a
disturbance from an adjacent web span cannot be rejected no matter how accurately the
web velocity is controlled. In progressive set-point coordinalion conirol, once an input is
provided to an upstream driven roller, an input of the same magnitude is autematically
provided to each of the downstream driven rollers. It is not a desirable technique for
normal operation of a multi-span web transport system. This technique forces the
tensions in the downstream web spans to be automatically changed when the tension in
an upsiream web span is changed. That is, unwanted disturbances are automatically
introduced to downstream web spans when there is an input (0 an upsiream processing
section. Moreover, the interactions among adjacent web spans and rollers make it much
more difficult 1o maintain e required Iongitudinal tension level independently in each
processing section.

In this paper, a tension control algorithm for a multi-span system is suggested in
order to overcome the deficiencics of the open-loop draw controt and the progressive set-
point coordination control, A non-interacting lension control algorithm is proposed to
reject the disturbances due to the interaction between nieiphboring processing sections
caused by the tension transfer phenomena. An auxiliary dynamic model is derived by
considering the difference of velocity variations as a state variable. And an auxiliary
controller is designed will the concept of feedback and feedforward control using the
auxiliary dynamic model such that it can reject disturbances from the upsiream as well a8
downstream web span, The performance of this controller is compared with that of an
exisling controller through computer simulation. When the proposed controller is used,
the tension in each span is successfully regulated even in a highly interacting multi-span
system with less conirol effort than that of an existing control method.

MATHEMATICAL MODEL OF A MULTI-SPAN SYSTEM

Multi-span weh transport systems generally can be simplified as shown in Fig. 1.
Tsually, motors are used to change the tangential velocities of the rollers in order to
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control the web tension in each processing section. U, denotes the change in the input to
the n-th driven motor, V, denoles the change in e tangential velocity of the n-1h driven
roller, and T, denotes the change in the longitudinal tension in the n-th span.

The system shown in the Fig. 1 can be considered as a set of interconnected
subsystems. Each subsystem consists of a web span and a driven roller at the right end of
the web span. The n-th subsysiem will be called as s

A linearized mathematical model for the n-th subsystem, sn, can be written as (9);

Ay o Yoo 1,y ¥m0,, +AE(y, v, (1)
df. Lu Ln LI]

d—v—n- - - -]-3-&1" Vn + & (Tn+l - Tn) + R—“Kn Un. (2)
d Iy T In

The problem is to design controls U, , n= 1,...,N, such that these controls together

guarantee precise control of tension in each subsystem and the stability of the overall
system. N is the total number of subsystems.

The mathematical model for the n-th subsystem given in equations (1) and (2) can be
rewritten in a more compact form as shown below :

)'(n = ApXs + An 1 Xo1 + Agnet X + BUy, (3
Yo=CiXy, {4)
where
T, 0
Xa=| "], Ba= » Cu=[1 0],
L Vy Rn K,
I
[ vw AE vo1o . AE .
An= L: La » An n-l 7% Ln La » Agnsl =
Ry _Ba 0 0 R
B i Re
L Jn Jn Jn

A, and B, are (he system matrix and the input vector, respectively. The matrix A
and A[] n+
all pairs (A, C, ) are observable in the above equations.

The problem is to design a set of controllers for the subsystems of distribuied sysiem
which is called as "local controller”. Each local controller inclodes feedback and
feedforward conirol. Feedforwari] control may be used (o reject some types of
disturbances(9). Each local controller has the form of:

n -1
; are called "interconnection matrices". All pairs (AD. B,) are controllable, and

Un=‘Fan‘Gan+1!
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where n=1,..., N.

E and G are the gains for the feedback and the feedforward control respectively.

The pole assignment technigue is quite commonly used for controiler design. This
technique may be used in the dexign of a local controller for each subsystem in a multi-
span web transport sysiem. It must be assumed that all the states are accessible by either
measuremenl or estimation. Only siates and inputs of the corresponding subsystem and
adjacent subsystems arc used in designing local controllers.

DERIVATION OF AN AUXILIARY DYNAMIC MODEL

Coupling in the equations (1) and (2}, which describe the longitudinal dynamics of
the web in a multi-span system, complicates the design of a distributed control system. In
this section, the equations will be modified such that they are decoupled. The set of
modified equations will be called as an "auxiliary dynamic model”.

Using equations (1) and (2). the mathematical models for the subsysiems s _; and S,

can be written as:

dla: _ _ vnao Tot + 28T, o 4 AE——(V::-[ - Vaa) - (3)

at 151 Lt L
]

DV - Bros Vo1 + Ray {Tn-Tr)+ Ro K1 Upei - ©)
dt Ju-]_ Jn-l Jn—l

dho Yor, Y10, 4 Ay, v, o
dt Ln }_,n Ln

2

g!!'1-='E§1-Vn"'&(Tm-l'Tn)'|'-R—HK11.[-]-I|' )

dt ]n Jn Iﬂ

Observing the mathematical model in equation (7) reveals that the velocity difference
(V- V1) between the ends of the n-th span can be used as a control variable, instead of

the individua! velocities. An auxiliary dynamic model may be derived from the
mathematical model of the system by introducing a new state variable (V, | = V-

Vo).
n-1
The auxiliary dynamic model can be derived as follows.

Let
Vn n1=Vp -V )]
where n =1,....N.

Using equation (9) in eguation (7) yields:

&: - YLﬂ_Tn + MTH-I + AEVnn-l

a L, L Lo (10)



The tension in the n-th span depends only on the velocity difference (V n.p) Instead of
the absolute variations of each tangential velocity (V_ and V_ ) of the rol!ers in the n-th
subsystem. Substituting equation (9} into equation (8) yields:

W 'B‘rl"(vn 1+ Vagl) + I (Tm-l -Ty) + 1 L Kuln . (11}
1 8

Subtracting equation (6) from (1) gives:

Vour - Bay, - Ba Bt yy
d .Tn Jn -rn-l

2 2 2 3
+1 Ry n+i - (Bﬂ + Rat Tyt R’n-—lTn-l]

q n -1 nl

+ Rag, Uy - Reigy, Uy (12)

n n-l

In equation (12}, let the input difference (Un n_1) between the n-th and (n-1)-th
subsystem as:

Unn 1= Kn Un RM Kn 1 Un— . (13)

B n-l

Substituting equation (13} in equation (12) gives:

Clvnn-l Bfnv (Bi_ Bt )V 1

dt Ja Jn Jl'l—l
2 2 2 ]
w Ry, - Bo oy Bayr Rugy (14)
In n n-l In~1 )

FEaquations (10) and (14) constitute the auxiliary dynamic model for the n-th subsystem.
The input difference U 4 in equation (13} is defined as the "auxiliary control”.

DESIGN OF LOCAL CONTROLLERS USING AUXILIARY DYNAMIC
MODEL

In this section, a procedure Yor designing each local controller in the distributed
control system is developed. The advantage of using the auxiliary dynamic model in the
design of the distributed control system will be illusirated using a numerical example in
the next section.

. To simplify the problem, il is assumed that J[1 =], R11 =R, B,=B,and X = 1 for.

n=1,..,N in equation (14). Then, the auxiliary dynamic model for the n-th subsystem s,
represented by equations (10) and (14), can be rewritten in a compact form as:
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Xu= AcXn + Ap0iXet + Anne1Xost + Babln, (15)

Yu'-:cnxn f (16)
where
T .
Xu=| } , Bn=[°|,cn=[1 0l
-Vnn-l 1
[ .o AE Yuid 0 0
Ay= Ln-, Ly s Aan = L'?, y Appa =
. Br R- 2
-2 O & 0 R 0
L J I J T

The block diagram for a closed-loop subsystem shown in Fig. 2 can be obtained using
equations (9), (10}, and (13) through (16). The block diagram shows the structures of a
closed-loop subsystem which us2 the auxiliary dynamic model in the design of local
controller. The purpose is to design local controls U, n=L.N, suck hat Y  , n=1,..,.N

can be controlled at the desired level within given performance specifications and such that
the overall system is stable,

Auxiliary controls U, . ;, n= 1,..,,N, which were defined in equation (13) may be
designed using the auxiliary dynamic model represented by equations (10) and (14) and the

specifications for euch subsysten1. The control for each subsystem is determined from
equation (13) as follows:

Up= 3 (U + Bl Ky Uy, 17

nlwn n-k

Feedforward control may be used in the design of a local controller to reject some types of
disturbances. Each local controller incorporates both feedback and feedforward control. Let
the auxiliary control be:

Unp1= Hn(Unc = FnXu - GHXFH-I): (18)

where U, .1 is the auxiliary control for the n-th subsystem
U, . is the reference input for n-th subsystem
Fn is the feedback gain vector for the n-th subsysiem
G, is the feedforward gain vector for (he n-th subsystem
Hn is the overall gain for the n_th local controller.

Substituting equation (18) into equation {15) gives:
)'(n = _A_an 4 An n-[Xn-l + K n+1xn+1 + BnHuUnc ¥ (19)
where

En =Ag- BuHF,,
Au n+l = Au n+1 = BaHwGa .
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A, .1 In equation (19) can be factored by B and H_ as:

Agns1 =Bg Hy Gy ) (20
By using equation (19), {3, can be selected such that

Aans1 =0 21)

H,, and F, can be selected by the pole placement technique such that the closed-loop local
subsyslem meets a desired performance specification.

EXAMPLES FOR THE DESIGN OF LOCAL CONTROLLERS

To illustrate advantages of using the auxiliary dynamic model and the auxiliary
control, simple numerical examples for the design of a distributed control system were
solved for a three-span web transport system, The object of the control is to regulate the
tension in each web span in the initial operating value even with disturbances from
neighboring spans of the system. Two cases are considered.

Case 1: Using the auxiliary dynamic model.
Case 2: Using the original mathematical model.
Consider the three-span system as shown in Fig. 3. The control U | is considered as the

master speed control.
Assume that desired closed-loop transfer functions for subsystems Sy n=2,3.4, were

given as:

Yn=——————1—0—0————— Unc N fDl'Il=2, 3,4 . (22')
52+ 14 s+ 100

And UZc = laref = 0.0, and U3c = TSrer’ =00, and U4c = dpef = 0.0

Case 1: Using the auxiliary dynamic model and control,
The auxiliary dynamic model for the three-span system shown in Figure 3 is:

}.{n = ApXn + AnniXnel + Anne1Xne1 + Ballnga (23)
Yo=CpnXn,n=2,34, (24)
where

T 0
Xo=| " } Bu=[ ] Co={1 o]l

L Vnn-l 1

[ v AE Veld 0
An= Ln—, La ’ Appr= Lng yAppl =

oRT B R g R
L I I 70

[ ]
—
[sts ]



andn=2,3,4.

The operating conditions and parameter values used for the design are given in Table 1.
When X ; and X, are assumed zero, the closed-loop transfer function for the n-th

subsystem can be obtained using equations (19) through (21} as:

Yu= “;—L——ch; n=23,4, (25)
S“+a185+do

where

h 2
ap =0 (B 1) + AEQ R e,
Ln J Lll I

m=¥0 By and Fo=[6 £].
1

Equating equations (22) and (25) allows us to select H and F . And then, by using
equation (21}, Gn can be selected as:

anL[Eio],mz. 3,4 (26)
HalJ
The gains for auxiliary conirols iire:

Hy= 002381 ,n=2,3,4. (27)

Fa=[ .10661 5178406 +n=234. (28)
With H , F and Gy, from equations (26), (27} and (28), the auxiliary control can be
obtained by using equation (18) as :

U gy = HolUpe - FoXy - GoXee1d.n=2,3, 4.

With the aunxiliary control 1] the local control can be obtained as follows using

equation (17).

nn-i°

Unz'lﬁ‘(Unn-l +RH Up1), 8=2,3,4.

H ]

It was assumed that K = 1.0, n= 2, 3, 4. The performance of the controller based on the
auxiliary dynamic model were determined for a step change in vy (ie, V(D) =0,
Vi(0") = 1.0 for this example).

Case 2: Using the original model.
The original mathematical inodel for the system shown in Fig. 3 is(9):

5{[& = ApXa + Anp1Xa1 + An a1 Xoe1 + Boln )]
YD':CIJXII’R:Z! 3:4; (30)
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where

T, 0
Xa=| |, Ba=| L, Cu=[7 01,
t Vi R
1)
-_Vrﬂ AE Voio _ AE
T T 0 0
Ay= Ly La s Appa = La La s Agpa =
R B 0 0 R
&0
T J 7

With original mathematical model represenied by equations (29) and (30), the control
for the n-th subsystem can be given as:

Un=Hu(Uge - FuXa- ann-:-l) . (31

The controller represented by equation (31) will be called "eriginal control”.
Following similar procedures as those of case 1,

GFHLH{R 0] .n=2734. (32)
And

Hy=04475,0=23,4, (33)

Fo=[ 0138 5178496 1, 0=23,4. (34)

The performance of the conwroller based on the original mathematical model was
determined for a step change in v (i.e, Vi(0) =0, V1(0") = 1.0 for this example).

The solutions for (he examples are piven in Fig. 4 -7. In Fig. 4, tension variations
Tp, T3, and T, due o a step change in velocity, v,, of the system shown in Fig, 3 are
compared for two cases (tension conirol with the anxiliary and the original control). When
the original control is used, tensions are not regulated property with big steady-state
errors, But, with the auxiliary control, the tensions are regulated properly since the
velocily variation in the upstream is reflected in the auxiliary control design as shown in
Fig. 5. 1tis shown in Fig. 6 and 7 that the total control efforis is less in the system
using the auxiliary dynamic model and control than that using original mathematical
model and control,

When the auxiliary dynamic model is used in the controller design, conuol signals
{U,, Uy) are generated such that they induce necessary velocity difference between rollers

just enough for the required tension variations in the web span.

CONCLUSIONS

An auxiliary dynamic model is derived by considering the difference of velocity
variation as a state variable. And a non-interacting tension controller is designed with the
concept of feedback and feedforward control using the auxiliary dynamic model such that it
can reject the disturbances from the upstream as well as down stream web span. The
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performance of this controller is compared with that of an existing controller through
computer simulation. When the proposed controller is used, the tension in each span is
successfully regulated even in a highly interacting multi-span system witht less contral
efffort than that of an existing control method.

One disadvanlage of using velocity difference as a control variable for tension control
is that the magnitude of velocity difference is very smali, and so measurement must be
very accuarite.
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Fig. 1 A Multi-Span Web Transport System
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Fig. 2 Block [Jiagram for a Closed-Loop Subsystem
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>
U, U, U, Uy

tn=tn0+Tn, un=unO+Uu’ Vn=Vn0+Vn

Fig. 3 A Three-Span Web Transport System
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Fig. 5 Velocity Variation; with Auxiliary and Original Conirol
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Table 1. Parameter Values for Simulation

parameter value
A 0.12  in?
E 350000 1bfin’
Tq 94 1bf in sec 2
Ly 120 in
Vi 1000 ft/min
By 0.025857
R 5 in
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Shin, K.H.; Reid, K.N.; Kwon, 5.0.
Non-Interacting Tension Control n a Multi-Span Web Transport System
6/20/25  Session4 1:10- 1:35 p.m.

Question - In the auxiliary model, is the difference of the speeds in the output of the
system? Is it a model of all neighboring system or the next one?

Answer - The system input is the input to the motor that drives the rofler. But, eventually
the speed difference can be used to control the tension as shown in the equation. The
purpose is to generate the control Uy to drive the roller. This part can be considered as a
controller as a whole. Its a little bit complicated but it gives you more and better way to
control some kind of disturbances and reduce the size of order as very important.

Question - You had a steady-state error if you use only the lower control without
auxiliary control. What is the reason for the steady-state error? Did you use an integrator
in your reference or what?

Answer - You might be able to reduce the steady-state error by using another approach.
But it may need to increase the order of the system to account the interaction which [
don't like. In the proposed method, the disturbance due to the change in the velocity of
the master speed drive can be rejected when the auxiliary controller was used without
increasing the order of the system.

Question - I don't think so because the coupling value are like disturbances. And if you
use state space control, you don't have a steady state error, if you measure velocity or
tension.

Answer - You may need more control effort to remove the steady-state error even though
you measure it.

Thank you.
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