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Abstract

The paper deals with a self-tuning control design of a web tension control system.
Based on the overlapping decomposition of the controlled system that we have
proposed, we employ the generalized minimum variance control (GMVC) method
combined with the particle swarm optimization to estimate the system parameters.
The GMVC formulation of control input is then reduced to the PID structure to
conform to a practical use. The results show that the decentralized control system
works well under the uncertainties and variations of the system parameters and
noise contained in the tension signals, converging to an optimum control state in
terms of GMVC evaluation.
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1 P reface Leading section

A web is a long, wide and thin material such as paper, Torque
film or fabric etc. In the web processing, the web ma-
terial is delivered to the machines with many drive rolls
and guidance rolls to control the web tension and its
transfer speed. The web is elongated or broken if the Unwinder

tension is too high, while it has wrinkles or misguid- o

ance problems if the tension is too low. Since all the Fig. 1 Schematic diagram of the controlled system
drive rolls are controlled separately at the same time,
which is called decentralized control, significant mutual
interactions exist between the drive rolls. This problem
makes the web delivery and processing difficult. More-
over there exist uncertain dynamics caused by bearings
of the drive roll and the frictional contacts between a
web and rolls.

u,

2
Torque Tension sensor V4
Draw roll Winder

Tension sensor

—P(s)——>T,

1

We have studied the modeling techniques and control
methods about the web transfer system so far [1, 2, 3].
Due to the practical situation of setting up the web pro-
cess machine, decentralized control is preferable be- #,
cause it can lead to less number of the order of the
controlled system dynamics and shorter communica-
tion lines. If the centralized control structure is used,
the controller design needs to take account of a larger
number of dynamics of the controlled system, which is
not practically feasible. If the overlapping decentral-
ized control [3] is employed, then each subsystem can
be regarded as an isolated SISO system so that the mu-
tual interactions can become disturbances that have tou,
be suppressed. Besides, in the web transfer systems the
system parameters can change because of dealing with
various web materials and mechanical bearings prop-
erty uncertainties, and can have sensor noise resulting
from drive systems. In this paper, we propose construct-
ing a self-tuning decentralized PID control system com-
prised of the particle swarm optimization (PSO) and the
generalized minimum variance control (GMVC), being %
based on the overlapping decentralized control method-

ology. The results show a robust performance even  Fig. 2 Block diagram of the controlled object
in the presence of system parameter uncertainties and
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noise.

2 Controlled system 2.2 Overlapping decomposition of controlled sys-
tem

2.1 System description The tension forcd is established by the unwinder and

the leading section roll physically, and thus we regard

Fig.1 shows the schematic diagram of the controlleghis combination as one subsystem, which is actually
system, which has four drive rolls. The tension forcegagcriped by

T, andT; are controlled respectively at the unwinder

and the draw roll by using the corresponding drive P(s)

torquesu; andus, for which tension sensors are placed I - o

at lower places. The main web transfer speed is con-11 = 2 ! ) 3 (Jul + JU2> (1)
trolled at the leading section while winding speed is o4 P0) (Tl + 7’2) 1 2

controlled at the winder. Ly \Ji  J2

Fig.2 shows the block diagram. In the diagramyr, On the other hand, the transfer speed is expressed by
are the radius of each rolf;-J, the moment of inertia T

of each roll, and.;-L3 represent the web length of the v2 = EUQ (2)

corresponding section, wher&(s) = A(n, + G,/s),
A is the cross-sectional areg, the viscosity modulus, It is noticed that tensions forces are produced by two
andG,, the elastic modulus of web material. drive rolls, while speed is fundamentally determined by



one drive roll. These relations lead to the concept of Calculation of | Identification
overlapping decomposition, and we define the virtual PID gains »| by PSO il
control input for the first subsystem as 7

i

+
- 71 9 — —»’ PID Controller P—% Subsystem ‘

Ul = —uy + — Uy (3) \ yi

Fig. 4 Self-tuning control system

Finally we obtain the following relationship between
the real and the virtual control inputs.

u=N1u 4)

whereu = (ul,ug,ng,u4)T, U= (1[1, U~2, 1Z3,1[4)T

the overlapping decomposition. We here describe

Ty 1 the subsystem using the Controller Auto-Regressive
A 0 0 Moving-Average (CARMA) model:
0o 1 0 0 _ _ _ _
A I A(zy(k) = 2~ Bz""yulk) + C(z"1)&(k) ()
0 0 ‘63 ‘{4 z~1: backward shift operaton,(k): control inputy(k):

output,£(k): zero-mean white noise€[¢(k)] = 0, d:

: . . time dela
Thus, we obtain the overlapping decomposition that V]

makes it possible to regard each subsystem as an SI$Dour case, for each subsystem we can express the
system. By applying the matri% to the control in- model and the polynomials as

put u, we have Fig.3 that shows the block diagram for . .

decentralized controller design, in which mutual inter- ~ A(z"Dy(k) = z7“B(z"")u(k) + (k)

actions are all disturbances to be suppressed. A(z‘l) — 14d2 4 agr2 (6)
Virtual input Real input Output B(Zil) = i)o + [;1 2714 62272
u(s) u(s) ¥(s)
N > G > The cost function of the GMVC is given by

I J=E[h*(k+d)] (7)

i subsystem 1 y,=T where

— G(s) ——m» B y
b 2 l TdiSturbance h(k +d) == Pz )y(k + d) + Q(z™ " u(k)

tem “
ﬁzsu syste: yz:VZ *R(Z 1)T(k+d>

— Gl

where r(k) is the reference, and’(z71),Q(z71),

; subsystem 3 l Tdiswrba“ce b=T, R(z71) are the design polynomials given as
- ’ G~3(S) ‘ - '3
- subsystem 4 l Tdisturbance _ P(z_l) =1 +p1Z_1 +p2z_2
1/l4 ~ y4 - V4 .
— G T/ Q(z"YH = —-BlEYH+v (8)

—1 —1q/.—1 —1 Ar—1
Fig. 3 Block diagram of the overlapping decomposition R(z") R =P(T) - AA(T)
The GMVC solution is obtained as the following con-
trol input[4] with assuming that the estimated values of
system parameters are used.
3 Self-tuning decentralized control sys- . .

Fig.4 shows the decentralized controller block diagram A (BE + CQ)
which has a self-tuning function. The controller has a I ) )
form of PID determined from the generalized minimumwhere *"indicates the e_sltlmated values obtained by us-
variance control (GMVC), in which the gains are tunedng PSO, and\ =1 — 27",

based on the particle swarm optimization (PSO). On the other hand, a general form of PID controller is
3.1 GMVC design and its PID representation expressed as

We can design each decentralized controller for the cor- T A
responding subsystem transfer function obtained from (k) = (KP +tKiZ+ KdT> (r(k) —y(k)) (10)

©)



Substituting Eq.(9) into Eq.(10), we have the PID gains Tab. 1 Dimensions of controlled object
[6] as the GMVC control input:

p2+ a1+ as Web
Kp = ——— — Cross-sectionalarea A 1.0 x 107% (m?)
P14 po+1 Elastic modulus G, 9.802 x 107 (N/m?)
K = ——F— (11)  Viscosity modulus 7, 9.164 x 10% (N- m?)
iy Unwinder
Kqs = T Radius ry 2.6 x 1072 (m)

Moment of inertia ~ J;  2.740 x 10~* (N-m-s?)

- Span of the section L; 0.75 (m)
3.2 ldentification by PSO Leading section

Particle swarm optimization (PSO) is a method to find Radius ry 2.1x1072 (fl“)

an optimum solution so that the evaluation index is min- Moment of inertia ~ Jo  1.562 x 107 (N-m-s?)
imized. Each variable is called particle, and the groupSPan of the section L, 1.20 (m)

of particles defined in the problem space is called thePraw roll

swarm. We employ a particle composed of the subsysRadius r3 2.1 %1072 (m)
tem parameters : Moment of inertia Js 1.493 x 10~4 (NmS2)
Span of the section L3 1.25(m)
@ = (ay ag by by by)” 12) ~ Winder
(1 @2 bo b1 bo) 12 adius ra 2.6 % 1072 (m)

The particle velocity and its position are updated by the Moment of inertia ~~ J,  2.955 x 10~* (N-m-s?)
following equation.

k+1

G =W vfj + Cy - randy;; - (pbest;; — xf])

+Cs - rands;; - (gbest — xf”‘]) (13)

v Tab. 2 System parameters ignored at controller design

Unwinder

witt = af; ot (14)  Viscous coefficient ki 3.841 x 1073 (N-s)
oeEES —a.
wherei: partical numbern superscript: search num- Ililir;i(;tllg(rjlicutlsonal torque rfdl 2375 Tolg(m()N m)
berd rands;;0 rands;;: uniform random number dis- Leading section Wi

tributed over [0,1PDwOC, 0C,: constantspbest,;: the . o _3

best particle’s position at the instanthest: the best V'_SCO_USf <_:o_eff|C||ent ka  1.610 x 1072(N'S)

particle’s position in the swarih glrrg\a/\?(r:olrllcuona torque  faz  4.158 x 1077(N-m)

If we assume the time delal= 1 and ignore the noise Viscous coefficient ks  3.899 x 1073(N-s)

term of Eq.(5), then we get the following relationship.  Kinetic frictional torque ~ fg45  2.030 x 10~2(N-m)

Winder
y(k) = bou(k — 1) + bru(k — 2) + bau(k — 3) Viscous coefficient ki 1.908 x 10-3(N-s)
—a1y(k — 1) — agy(k — 2) Kinetic frictional torque ~ fqs  3.990 x 10~(N-m)

Thus, the output with the estimated parameters using
PSO is expressed as

. . . 4 Calculated results

ypso(k‘) = bou(k — 1) + b1u(/€ — 2) + bgu(k‘ — 3) ) .
—any(k — 1) — aoy(k — 2) Tab. 1 shows the dimensions of the web transfer sys-
! 2 tem. In the simulations, we assumed static and dynamic

And we define the following evaluation index for thefriction forces and variable radius of the unwinder and

PSO [5] algorithm winder, although these factors were not included in the
' controller design. Instead, the system is expected to
-1 work satisfactorily with the self-tuning function.
fl@) = lylk—j+1)—ypsolk —j+1)| (15) some parameters in the controlled object were ignored
J=1 at the stage of controller design to see the robustness of

the self-tuning control system. The parameters shown

The particle swarm optimization is carried out with then Tab.2 are not considered in the design, but included
information obtained from each particle and its swarmin the simulations.

After all, the PID gains of the controllers are automat ;

ically tuned by using the parameters obtained throug‘l!;ab' 3 shows the controller design parameters.

the PSO optimization. We used the Gbest model asFg.5 and Fig.6 show respectively, the evaluation index
means to exchange information between particles, andgbest;) and the control output for the four subsys-
assumed that the number of swarmis 1. tems when being given the radius change of the un-



Tab. 3 Control system parameters

z 201 7
= H/
Controller <ol ]
Sampling period T 0.01(s) 5 ‘ T Rence |
parameter 1 o 5x1074(s) 0 2 4 6 8 10
parameter 2 v bo+by+by+2 time [sec]
Reference of tension 7,1  20(N) 0.6
Reference of speed vp2  0.5(m/s) A,
Reference of tension  T,3 20(N) 03 ]
Reference of speed v,y  0.5(M/s) ol T system output ]
PSO for identification 0 5 . . 0 0
Number of particle imaz 20 time [sec]
Velocity weight w  0.729
Weight of pbest C1 14955 25
Weight of gbest Cy 14955 Z ?(5) I
~ 1o | ]
5 T rence |
0 2 4 6 8 10
winder (1st drive roll) and the winder (4th drive roll). It time [sec]

was found that step-wise reference may require severe
demand for the self-tuning function. Thus, filters were
included in the reference signals to have a soft start.
The tension force and the speed references are 20N and
0.5m/s, respectively.

v, [m/s]
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Fig. 6 Controlled variable of each subsystem
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[ g Fig. 7 White noise contained in the tension signals
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time [sec]
the system works well.
0
3 ° Next, we consider the case of containing noise in the
£, tension signals. The noise is shown in Fig.7, which
=0 " ) . is a zero-mean white noise. Fig.8 and Fig.9 show the
10 AT - ‘ ] simulation results. The evaluation indexes of the ten-
0 2 4 6 8 10 sion control subsystems, the unwinder and draw roll

time [sec]

sections, don't decrease monotonously due to the pres-
ence of noise in the output signals. However, since the
GMVC methodology takes account of the white noise,
the self-tuning controller successfully works against the
sensor noise and parameter uncertainties.

Fig. 5 PSO evaluation index for each subsystem

The results show that the evaluation indexes decreasehiowever, since the control system parameters are up-
time on the whole to settle at a constant value in steadiated appropriately, the system behaviors are well con-
state, although the values are increased by the presenicdled even under changing parameters and mutual in-
of the radius changes. There is a small delay in theeractions as a result. All the tension forces and roll
unwinder tension from the reference, and a slight oveperipheral speeds are controlled without overshoots or
shoot on the tension of the draw roll section. Howevemscillations.
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Fig. 8 PSO evaluation index for each subsystem

5 Conclusions

We have proposed a self-tuning decentralized control[5]
design for the web tension control system, which is
characterized by the existence of significant mutual in-
teractions among subsystems. The system parame-
ters were estimated by the particle swarm optimization,[e]
while we employed the generalized minimum variance
control to improve the control performance against sen-
sor noise. In order to avoid the significant mutual inter-
actions, we used the overlapping decomposition. Com-
bined all those methodologies, we constructed a self-
tuning decentralized PID controller. The simulation re-
sults show that the proposed system works well against
the system parameter uncertainty and variations, and
the output signals contaminated with irregular noise.
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