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There are many intermediate web guides in cold rolling mills process such as CRM (cold
rolling mill), CGL (continuous galvanizing line), EGL (electrical galvanizing line) and so on.
The main functions of the web guides are to adjust the center line of the web (strip) to the center
line of the steel process. So they are called CPC (center position control). Rapid process speed
cause large deviation between the center position of the strip and the process line. Too much
deviation is not desirable. So the difference between the center position of the strip and the
process line should be compensated. In general, the center position control of the web is
obtained by the hydraulic driver and electrical controller. In this paper, we propose modelling
and several controller designs for web-guide systems. We model the web and guide by using
geometrical relations of the guide ignored the mass and stiffness of the web. To control the
systems, we propose PID controllers with their gains tuned by the Ziegler-Nichols method, the
H.,, controller model-matching method, and the coefficient diagram method (CDM). CDM is
modified for high order systems. The results are verified by computer simulations.
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1. Introduction

A continuous process system (Tahk and Shin,
2002) manufactures the web which is a flexible
long strip such as steel, paper, printed textiles,
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and plastic products. Productivity in this process
is related to the length and the speed of process.
Increasing productivity causes a problem with
the lateral movement and large camber of the web
so that a device for compensating web position
should be installed in the middle of the process.
In particular, a wide web cannot be guided by
means of flange and pulley because of undesirable
distortion or damage of the edge.

In the steel industry, Markey (1957) researched
the edge position control of webs. Feiertag (1967)
studied steering and displacement type web gui-
des in the rolling process. Guo et al (1999) imple-



Web Guide Process in Cold Rolling Mill : Modeling and PID Controller

mented center position control (CPC) in a cold
mill with twin rolls by using two separated PID
controllers. Shelton et al.(1971) had derived the
first order and the second order model through
geometrical relations taking into account the elas-
ticity of webs, and represented dynamic behavior
by regarding web as Euler beam. Using modified
initial conditions, Young (1993) represented trans-
fer function based on the second order model.
System identification was used to control the web
position by Besteman (1998). Campbell (1958)
gave the responses of web position at a fixed
roller for previous roller errors, which was the
most simple web guide. Pivot steering-type web
guide was analyzed by Sorsen (1966).

In spite of developing modern control theories,
control loop has been constructed with a PID
controller in various fields because of its simple
structure, stable response to widespread processes,
relatively efficient performance, and convenience
for the operator. Up to now, much research of
techniques to tune PID gains has been undertaken
(1997), Ziegler and Nichols (1942). However in
order to obtain further improvements in perfor-
mance and stability against disturbances and
parameter uncertainties, research of a synthetic
tuning skills of gains is required. The coefficient
diagram method (CDM) is one of gain-tuning
techniques (Battacharyya et al, 1995; Manabe,
1998) .

In this paper, the center position control of
intermediate web guide will be performed by a
PID controller, which is tuned to match up to the
Hs controller. Furthermore, it is modified to be
more robust for sinusoidal wave disturbances
through a coefficient diagram and Lipatov lemma
where the coefficient diagram reflects the stability,
time responses, and robustness of a closed loop
system; and the Lipatov lemma provides the
objective polynomial fitted on a design spec-
ification (Lipatov and Sokolov, 1979). Coeffi-
cients of a controller are represented in coefficient
space and the controller has to be satisfied with
linear inequality conditions. The norm is used for
superior performance index.

Web and web-guide models are given in sec. 2.
In sec. 3, a PID gain-tuning technique is dis-
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cussed. Section 4 presents the simulation results
of control with disturbances and parameter un-
certainties. Finally, the discussion and main con-
clusions are given in sec. 5.

2. Process Modeling

2.1 Modeling of moving webs and web guides

in the cold rolling mill {Shin and Hong, 1998),
it is difficult to derive a lateral dynamic equation
of webs since it is affected by friction, tension,
unknown physical properties of webs, and surface
conditions of the contacting roller. Generally, a
web entering onto any roller inclines to perpen-
dicularly align to the roller. The curved web
between nonparallel rollers is laterally vibrated
because of the mass and stiffness of the web. So
webs should be guided before rewinding through
intermediate guides, which is accomplished by the
shifting and swiveling of the rollers. Disregarding
the mass and stiffness, a dynamic model of the
web may be simply derived based on geometrical
relations (Shelton and Reid, 1971). Under that
assumption, the lateral velocity of web edge is
proportional to the angle difference & between
nonparallel rollers and to the web longitudinal
velocity V of the web. When the roller is moving
laterally as z, the overall lateral velocity of web
edge is represented by

3.’[.=Z‘“V67 (1)

where yp is the lateral displacement of web edge
relative to the ground. Shelton (1971), Gere and
Timoshenko (1993) derived the shape of the web
by regarding the web as an Euler beam without
mass, as follows:

dy T &y_

i ET a0 @

where T is the total web tension and E is the
modulus of elasticity (Young’s modulus), and J
is the lateral moment of inertia of the web.
There are two types of intermediate web gui-
des: steering-type and displacement-type. In
Fig. 1, the errors of web position can be reduced
by steering the upstream roller which moves
translationally and rotationally. Reflecting the
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(b) Side view
Fig. 1 Stcering type web guide

{a) Upside view

rotation of the roller on the web model, the
lateral velocity is obtained as

Y=z V< L (3)
where L, is the length of the entering span at
the steering guide. Transfer function (with time
constant T;=L./V, i=1, 2, 3) from z to y. is
written as

Yils)  Tis+Li/x

Z(s) | Tis+l @)

Displacement type guide, as shown in Fig 2,
has two parallel upstream rollers. Through the
lateral motion of the second upstream roller z,
the first roller is laterally moved with velocity
(1—Li/x1) 2. The lateral velocity of each roller
is described as

e(-Be-v(3)
P T

Through the above relations, the transfer function
of displacement type guide can be derived.

Yi(s) _ T L/ L) s*+ T(1+ L/ Ly)s+L/xm

Z(S) B Tsz(Ll/La) SZ+T3(1+L1/L3)S+1 (7)

In industrial application, the displacement of
webs is measured in the middle of two parallel
rollers due to the difficulty of installing sensors. If
the exiting roller is assumed to be fixed as shown
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(d) Back side view
Fig. 2 Displacement type web guide

(c) Front view
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Fig. 3 Lateral displacement at a point between two

parallel roller

in Fig. 3 and the web has a straight trajectory, the
response y» is to be found at a sample point

Ya(s) — To(1—x2/ L) s +1
Yo(s) Tes+1

(8)

where x; is the distance from the entering roller
to downstream.

22 Modeling of hydraulic driver

Hydraulic drivers are widely used to operate
the guides in the steel industry. Figure 4 shows
a hydraulic servo system which has many non-
linear characteristics. Biased~load causes a veloc-
ity difference between going and returning. In this
paper, the difference is regarded as disturbance
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Servo Valve

Cylinder

Fig. 4 Servo valve and cylinder

(Watton, 1989), servo valve is symmetric, sup-
plied-pressure and falling-pressure at the valve
orifice are constant, returned-pressure is zero,
and there is no loss of friction at the pipe. Since
applied current u stirs the spool in spite of the
hysteresis of the torque motor, the servo valve is
modeled as static represented by

xu=stu (9)

Flow rate of the servo valve can be linearized at
the operating point as

Qr=kux,— kP, (10)

where the coefficients are defined as follows

kldede/ %(PS_PLO)

aCaoXvo

k —_— S aevveset
A/ (P—Pup

where C; is the flow rate coefficient of orifice

(1

of the valve spool, wy is the valve port gradient,
© is hydraulic oil density, Ps is supplied-pres-
sure, P is load-pressure. Disregarding leakage
and compression of oil, cylinder flow rate is
obtained as

Qr=Anip (12)

where An is the average area of the piston. The
dynamic equation of the piston for external force
F is described as

mbc‘p+cxp+kxp+FL=F

(13)
F=AP—AB

Therefore, the second order hydraulic driver is
represented by

Ae%xu(s) —F.(s)
Xp(S) = (14)
msz+< c+AT“iL”)s+k

where A. is equivalent of the piston area, F, is
equivalent the external force, and K; is the total
pressure coefficient.

3. PID Controller of Web Guide

For a long time, most systems have adopted a
PID controller because of its simplicity and intui-
tive gain tuning. There are many tuning techni-
ques such as the Ziegle-Nichols method, the
Kappa-Tau method, pole placement, and so on
(Levine, 1996) . In this paper, PID gains are tuned
by a model matching the H. controller and the
coefficient diagram method (CDM).

3.1 Model matching method

It is well known that H. control offers analy-
tic and numerically stable solutions. However,
the technique proposed by Doyle et al.(1989)
cannot be applied to systems with invariant zeros
on the infinite real axis or the imaginary axis
and does not have an explicit relationship among
free parameter, controller, and closed-loop char-
acteristic equation. Owing to the high order of a
controller, controller reduction is also needed to
implement it. For alternative plan of these limi-
tations, Gahinet (1994 ; 1996) presented H.. con-
trol based on bounded real lemma. Constraint
equation is described by linear matrix inequality
(LMI) including a reduced order controller.

If PID gains are tuned to match up with a He
controller, it is both robust and simple. Model
matching is accomplished by comparing the H.
controller with loop transfer functions including
a PID controller in the frequency domain. Gen-
erally a PID controller with kp, %; and kg is
written as
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ki

Kr (S) =kp+ S

+kas (15)

The loop transfer function of a H. controller
is Lu(s)=G(s)Kp(s). Lu(jw), G w), and
Kr(jw) are the frequency responses of Lg(s),
G (s), and K»(s), and can be described as

Gjw)=Gr(w) +7Gi(w)
La(ja)) =Lu{w) 7L s (16)
KP (](1)) =KPr((l)> +jKPi<a))

where KPr ((0) zkp, KPi(CU) =kdw—k,-/a). Error
equation is defined as follows

E(jw)=Ly(jw) —G(jw) Kr (jw) (17)

By applying errors E (jw;) for w:S [ Wmn Wmax)
(i=1, 2, -, N), where wmax is a little larger than
cut-off frequency (Gahinet and Apkarian, 1994),
cost function J is obtained as

T=2) E(jw)?|
z]—vl (18)
=§l Ly (ja)i> —G(/'coi) Kr (]'w,-) 12

Separating real and imaginary parts, E (o) is
described as

kp
Er(w)|_[Lar(w)]_ .
[Ei(w)]_[Lm(w)] plall (9
where @ (w) is given by
[Gr(a)) G,-(a))% —Gi(w)w
O(w) = 1 (20)
Gi(d)) _Gr<w)c_l) Gr(o)w

From eq. (19), eq (18) is developed as

f=:21[Er(wi)2+Ei(wi) 7]
=(8—Aa)"(B—ANa)

(21)

where matrices /1, @, and 8 are defined as follows
A=[0(w) O(w) - O(wn)]

B=[Lu-(w) Lui(w) - Lur(wn) Lu(wy)] (22)
a= [:kp kz‘ kd] T

PID gains to minimize J are calculated by the

least mean square (pseudo-inverse) method
(Gilbert Strang, 1986) as

a=(A"A)"ATB (23)

3.2 Coefficient diagram method (CDM)

Modern control theories provide robustness
and optimality but have difficulties in selecting
weight functions. CDM designs a simple control-
ler based on pole placement for a characteristic
equation whose coefficients are represented by
stability index y; and equivalent time constant
. This method can be applied to single-input/
single-output systems and corresponds with spec-
ifications in time domain (Manabe, 1998). In a
coefficient plot as semi-log diagram, convexity,
slop, and shape, the plot are related to stability,
response speed, and robustness. If the charac-
teristic equation cannot be determined to fit the
given constraint and fundamental specification,
the structure of the controller should be modifi-
ed. Figure 5 shows the standard block diagram
for CDM where characteristic equation is re-
presented by

P(s)=A(s)D(s)+B(s)N(s)

24
=ans"+an1s" ot aista (24)

In (Manabe, 1998), stability index ¥;, stability
limit 7/, and equivalent time constant 7 are
defined as follows

2
_ ai P _
=l (i=1, n—1) (25)
rt=——t—L (y=y=c0) (26)
Yi+1 Vi1
—ai
= (27)
Controlier
d __Plant
4 1, L M9
Y @ 57 g
Bs) rl‘

Fig. 5 CDM standard block diagram
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Then, characteristic equation and each coeffi-
cient is obtained as stability index and equivalent
time constant, as follows
n gi-1 )
P(s) =aoH Z<H }:) (r-s)? } +(r-s)+ 1] (28)
i=2\j=1d

i—2,,i—1

a=aot' /e - vy (29)

In order to design a controller by CDM, the equi-
valent time constant 7 should be selected firstly
to be 2.5~4 times of settling time. Manabe (1998)
recommended the stability indexes as yo=n=

a, .
Y
2 2
T
1 1
1 10
T=35 5
¥ 2 2| 7 2 25
2
0.2
1 0.9
0.1 = == N 1
- 75 -~
0.5 0.5 0.5
0.2
5 4 3 2 [+}

i
Fig. 6 Coefficient diagram for the fifth order system
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y2=2, v3=2.5 and y:>1.5yf (for i=4, 5, -,
n—1). Substituting 7 and y; to Eq. (29), coeffi-
cients of the characteristic equation can be cal-
culated. For the fifth order system with 7=5, the
coefficient diagram is as shown in Fig. 6, and the
characteristic equation is written as

P(s) =025s"+s*+2s°+25°+s+02  (30)

Figure 7 shows the effects of y; and 7 in the
coefficient diagram. The larger y; and r are, the
higher diagrams are, where stability is the coun-
terpart of response speed. Therefore, a convex
diagram guarantees stability and robustness.
The fixed values y; are normally used by But-
terworth and ITAE prototypes (Battacharyya et
al,, 1995), although r and 7; can be arbitrarily
set up by the designer. For systems having uncer-
tainties, stability is assured by using the Khari-
tonov theorem and Lipatov theorem (Lipatov
and Sokolov, 1979), where the robustness index

7E* with a.€[aP™, a?™](i=1, -, n—1) are
defined as follows

(@™ (2™ ) .
z"‘*_—_ -n{ A ]’ 2=1, ey —1 31
itmin | g g ) =0 B

Then, the characteristic equation is Hurwitz sta-
ble (Battacharyya et al., 1995) if y* (i=1, -,
n—1) are satisfied with

10 10 10
\ager] 7, more sidble hmtm
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(b) Stability

o] 4 Z .0
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Fig. 7 Design procedure by using coefficient diagram



1080

JyEiyF*t >1.4656 (32)

where the value is induced by Manabe Standard
type (Manabe, 1998).

The linear constraint equation (Young and
Reid, 1993) should be satisfied since the charac-
teristic equation is represented as a linear func-
tion for the given controller coefficient.

0F<8:4X, P,) <67 (33)

where X is the coefficient space of the controller
and P, is the maximum and minimum value of
each coefficient. When the controller is selected
in X, the system is stable and accords with the
given specifications. In addition, robustness is
improved by increasing /% stability margin that
Keel (1999) introduced for analysis of the clos-
ed-loop stability for variation of controller coeffi-
cients. Coefficient sets which satisfy the linear
constraint conditions have to be divided with a
proper interval owing to nonlinearity of / stabil-
ity margin.

3.3 PID controller by CDM

Manabe criterion cannot be applied to the
fourth or larger order systems. Therefore, this
paper modifies the PID controller based on CDM
for the center position control of intermediate
web guide. If the CDM standard block diagram
in Fig. 5 is defined as follows,

A(S) =leZ+ Ls+ b
B(s) =K:s*+Kis+ K (34)
F(s) =mes®+mus+ mo

then the coefficients of PID controller are re-
presented as

me=Ke=Ky
M1:[<1=Kﬁ

(35)
mo=Ko=K;,

L=10=0, and L=1

However, the parameter % should be assigned
to small value 7, for the purpose of increasing
response speed. Manabe determined 7,=0.05,
whereas this paper determined 7,=0.01 by trial
and error method. Figure 8(a) shows the results
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'] D(x)
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Fig. 8 Modified PID Controller by CDM

of a modified PID controller. Hence, the PID
controller is converted to the I-PD controller.
Moreover, PID gains maximizing the X stability
margin are selected to improve robustness. For
the system parameter vector P, and its nominal
vector PP, the characteristic equation is written
as

8(s, P)=68(P)+6:(P)s+&(P)s*+-- (36)

If §(s, P°) is stable for the intriguing stable
region S, perturbation of the parameter is given
by

4aP=p—P*

=[A—F, PP, - 37

-, P—P!]

Using the parametric norm, the open-ball with
radius o is defined as follows

Blo, P)={P | P-F'l<p} (38)

A polynomial group concerning B{p, P° is
obtained as

dol(s)={8(s, P+4P)|| dP|<p} (39

When the largest radius nearby P° is defined
as o*(P°), the stability margin is written by
PeB{p*(P%, P in the coefficient space. That
is, this margin guarantees perturbation range.
An arbitrary point s*&aS to be the solution of
8(s, P+ 4P) satisfies the following equations,

8(s*, PO 4ai(s*) AP+ +a,(s*) AP,=0 (40)

where @i is the coefficient of the n-th order of
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a:(s). The real and imaginary parts of the above
equation are represented by

Alsy) T(s,)=b (Sr>

AP,

lar(sr) - a:i(ss)] @y

= 60(31’)
AP

A(Sc) T(&:) zb(sc)

a,,<sc>] Ah _[——82(&)] (42)
AP[ “ai(Sc)

[alr(Sc)

ali(Sc) dli(Sc)

where sy is a real number and sc is a complex
number. The /, stability margin is obtained as

*=min {|| £*(se) |2, I£* (sr) I} (43)

t* (so) =AT(sc) [Alsc) AT(s0) 1 'b(sc)  (44)
t*(sr) =AT(sr) [A(s)) AT(s:)] "0 (s,)  (45)
=AR[AAR] bn (46)

When the rank of A(s.) is equal to zero, the
radius p{se) of open-ball diverges to infinity.
If Rank[A (sc) ]=1, the rank of [A(sc), b(sc)]
should be 1 in order to converge ; otherwise the
radius diverges too. The coefficients of the con-
troller are selected when the J stability margin
is maximized for each coefficient partition satis-
fying the linear constraint.

4. Simulation Results

The robustness against disturbance and para-
meter uncertainties at the center position systems
is verified here by computer simulation. The
systems are controlled by the PID controller dif-
ferently tuned by the Ziegler-Nichols method,
H.. model-match method, and coefficient diagram
method. Model uncertainties exist in the web
speed VE([I, 5]m/s and load pressure P.€ [20,
200]kgf/cm?, where the nominal values are Vo=
3m/s and Pip=60 kgf/cm® Then the transfer
functions of the steer type and the displacement
type guides are represented by

Bs25%+ Bs1s+ Bso
= 47
GS(S> S4+ d5333+d32$2+ds18+aso ( )
Gu(s) — BD3Sa+BDZSZ+BDIS+BD0 (48)

$°+ apas® + apas® + anes? + ams+ apo

where the coefficients of steering type are fs&
[4.2, 21], Bs1E(3, 16], B <[0.5, 2.6], asa=[3,
8], as:€(1, 2.5], @s1€[0.05, 0.15], and ex=[0,
0]; and the coefficients of displacement type are
Bos€ (4.5, 24], B2 15, 29], Bn€[0.9, 5], Boo<
[0.05,03], anE[49], amsE[4,9], 2207, 2],
an€[0.03, 0.08], and ane&[0, 0]. In the cold
rolling mill, lateral disturbance is a sinusoidal
wave with 120 mm amplitude and 2rad/s fre-
quency when the speed and the width of web are
5m/s and 1000 mm.

Figure 9 shows the coefficient diagrams for the

Coetficient Diagram

7i'stability index
71stability limit
index

Order of P(s)
(a) Steering type web guide

Coetficient Diagram

71stability index
»
Y1'stability limit
index

7 6 5 4 3 2 1 0
Order of P (s)

(b) Displacement type web guide
Fig. 9 Coefficient diagrams of each web guide
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steering-type and the displacement-type web-
guide systems where the stability indexes and
stability limits are obtained as

ysi=1[4.36, 18.6, 2, 2, 2]

(49)
y%=[0.05, 0.73, 0.55, 1, 0.5]

ypi=[3.74, 6.65, 12.07, 2, 2, 2]
yhi=[0.15,0.35, 0.65, 0.58, 1, 0.5]

Because these indexes and limits fit the stability
conditions, the PID controller is appropriately
tuned by CDM.

Figures 10-12 show the results for the steering
type web guide. As shown in Fig. 10, the PID
controller by CDM has the best sensitivity per-
formance at low frequencies and has good regu-
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-+ - Hw model matching
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b T
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-
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(b) Responses for disturbance

Fig. 10 Response of the steering type for the dis-
turbance
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Fig. 12 Responses of the steering type for the load

pressure variation
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Fig. 15 Responses of the displacement type for the
load pressure variation

lation performance for sinusoidal disturbance.
Actually the variation of web speed affects the
amplitude of the sinusoidal disturbance, i.e. the
speed-up of web enlarges the disturbance ampli-
tude. Figure 11 shows the regulation responses of
each controller for the variation of web speed,
where the CDM is the most robust. Moreover, the
initial undershoot is of no importance in a web-
guide system because there is just a small part as
opposed to a long strip being removed. For vari-
ation of load pressure, Fig. 12 shows the response
by the model-match and the CDM. In spite of
initial undershoot, CDM is more robust also.
The displacement type shows similar results in
Fig. 13-15 Therefore CDM is apt for the web
guide system because the controllers via CDM
have higher control-gains than others under the
same design specification.

5. Conclusion

This paper dealt with intermediate web guides
in a cold rolling mill. To locate the web on the
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center position of roller, a PID controller was
used. The web and guides were modeled as the
second-order system for the steering type and the
displacement type by using geometrical relations
ignoring the mass and stiffness of the web. The
hydraulic driver as the actuator laterally moving
the roller was modeled simply here. A PID con-
troller for the center position control was tuned
by the Ziegler-Nichols method, the H. control-
ler model-matching method, and coefficient dia-
gram method (CDM). For CDM, the basic PID
controller was modified and % norm was used
to improve robustness. For sinusoidal disturbance
at the roller and load pressure variation at the
hydraulic driver, controllers were verified by
computer simulation, where the CDM proved to
be the most robust against disturbance and para-
meter variation.
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