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We describe a looper controller design for a hot strip finishing mill in steel plants. The main 

function of the looper system is to balance the mass flow of the strip by accumulating material 

in the middle of the stands. Another function is to control the strip tension which influences the 

width of the strip. To ensure strip quality, it is very important to control the tension of the hot 

strip finishing mill. However, because there is a mutual interaction between the looper angle and 

the strip tension, it is difficult to control the looper system. Previous researches examined only 

the operation of a single stand. But it is not sufficient to examine the operation and effect of 

whole stands because the operation is wholly interdependent. In this paper, we present a full 

model of the hot strip finishing mill in order to more effectively control strip tension. We 

propose several control methods for the full-stand hot strip finishing mill, denoted as conven- 

tional PI, PI with cross gain, and coefficient diagram method (CDM) PID control. In the real 

plants, there are some problems by using higher order controllers such as LQ, LQG and H=. 

By comparison, the PID controller is very simple and easy to apply to all real plants. To that 

end, we present our findings on PID controls and their potential use in the hot strip finishing 

mill. 

Key Words: Hot Strip Finishing Mill, Tension, Looper System, Conventional PI, Cross 

Control, CDM 

1. Introduction 

In the hot strip finishing mill process, width- 
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control is extremely important in satisfying cus- 

tomer demand. Uniform width of the strip is 

regarded highly desired because it reduces strip 

trimming and improves efficiency of the strip. The 

final strip width is determined by the finishing 

mill which consists of several processing stands. 

When the speed of the strip between adjacent 

stands varies, excessive or poor tension occurs in 

the strip and, consequently, irregular strip-width 

appears along the strip length. Thus appropriate 
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tension must be maintained by using the looper 

system to prevent excessive or poor tension in the 

hot strip finishing mill. The main function of the 

looper system is to regulate the mass flow of the 

strip by accumulating as well as releasing the 

strip between the stands. Another function of 

the system is to control the strip tension which 

influences the width of the strip. However it is 

difficult to control the tension independently be- 

cause there is interaction between the tension and 

the angle of the looper. Other problems caused by 

the rolling process include temperature, stiffness, 

deformation, etc., all or any of which may effect 

negatively on the system. 

To solve these problems, most research on ten- 

sion control for the looper system has investigated 

the means of non-interacting control. This single 

stand research has led to many advances in mill- 

ing. And the adoptions of PID, Cross control 

with PID, LQ and H,~ have been announced (Lee, 

2001; Hesketh et al., 1998). Nonetheless, such 

studies are limited because they deal only with a 

single stand system (i.e., one looper system be- 

tween adjacent two stands) (Hearns and Grimble, 

1997; Masanoti Shioya et al., 1995; Myungjun, 

1998). In reality, however, almost all hot strip 

finishing mill process is composed of seven stands 

and 6 loopers placed between the adjacent stands, 

as shown in Fig. 1. Moreover, all the looper sys- 

tems interact with the adjacent stands. So, because 

of the interactions, the analysis of a single stand 

cannot adequately describe the full process. Thus, 

to determine the totality of the interactions, a full 

stand model needs to be studied. 

In this paper, the interaction of all the stands of 

the finishing mill are analyzed and the controller, 
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Fig. 1 Hot finishing mill process 

which is obtained from each single stand, is ex- 

panded to incorporate the operation of all 7 

stands. We will show simulation results of the 

Conventional PI control for full stands and Cross 

control with appropriate tuning methods for full 

stands. Furthermore, we will take advantage of 

another PID controller known as the CDM, 

announced by S. Manabe (1997, 1998) and apply 

it to the system by Young-Chol Kim (2001). 

Another reason to adopt the PID structured con- 

troller is that in the real plants, problems are 

typically encountered when using higher order 

controllers such as LQ, LQG and Hoo. However, 

the PID controller is very simple and readily 

applicable to all practical plants ; in particular, it 

can transcend the regulation limitations of higher 

order controller such as LQ, LQG and H=. In 

order to realize this potential, we will discuss 

some PID controllers for the finishing mill plant 

and their properties. Our findings can be applied 

to a hot strip finishing mill plant simulator which 

uses a full stand model. 

2. Modeling of Hot Strip 
Finishing Mill  

2.1 Modeling of single stand 
Figure 1 shows that the hot strip finishing mill 

consists of seven stands and six loopers which 

maintain the uniform tension among the set of 

work rolls. In the finishing mill, the main motor 

drives the work rolls, so the strip flow is produced 

and controlled by the main motor. The looper 

motor drives the looper system and maintains the 

torque, so that the strip tension can be regulated. 

First, appropriate modeling is needed to con- 

trol the finishing mill. In order to produce a 

modeling of the seven stands of the hot strip 

finishing mill process, we simulated a total system 

by extrapolating from the modeling of a single 

stand. Figure 2 represents the single stand model. 

The non-linear dynamic equation is obtained by 

the equations of the geometric structure shown in 

Fig. 2. For a more detailed derivation and the 

meaning of each term, it is useful to Ref. (Hearns 

and Grimble, 1997). The results are as follows. 
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and the notations are 

Strip tension 
Young's modulus of the strip 
Length between stands 
Looper angle 
Gear ratio of the looper motor 
Looper motor velocity 
Inertia (acting to the looper motor) 
Damping coefficient 
Looper motor torque 
Reference looper motor torque 
Looper motor time constant 
Main motor time constant 
Main motor speed 
Reference main motor speed 
Looper arm length 
Gravity acceleration 
Strip density 
Strip width 
Strip thickness 
Looper roll radius 
Height from looper motor shaft to stand 
shaft 
Work roll speed 
Length from i-th stand to looper shaft 
Length from ( i+ 1)-th to looper shaft 
Total mass of looper 
Length to looper weight center 
Interval angle of weight center. 
Torque produced by looper arm and roll 

And from the above results, the block diagram of 
the looer system is shown in Fig. 3. The linear 
dynamic equations, Eq. (1), for the i-th stand are 

F( i )  g ( i + | )  
p f 

,,,,: ~~TI, _ L ; 

i 

i k 

I 

, 0 
I a b 

F i g .  2 I-th looper geometry 

boope~ MOtO£ ~nve system 

Fig. 3 Block diagram of the looper system for i-th 

stand 
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obtained by linearization of the above results, 

near the operating point of the system• 

2 = A x + B u  
(1) 

y = C x  

where 

[ t l ]  [ tension of strip ] 

/ 0 / [ angle of looper / 

=/ velocity of looper / 
] r  ] ]torque of looper motor] 
[ VrJ [velocity of main motorJ 

u : [ V r r e s ] = [ r o l l s p e e d  reference] 
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We can know that the single stand system is a 

MIMO (Multi Input Multi Output) system from 

Eq. (1). 

2.2  F i n i s h i n g  m i l l  s e t  up ( F S U )  
Now we will explain the finishing mill set up 

process. In brief, FSU means setting the operation 

conditions such as strip thicknesses, roll speed, 

roll gap, slip ratios, looper angles, and so on, to 

produce proper strip width. To understand FSU, 
we need to explain the rolling phenomenon. 

Figure 4 shows that the strip tension between 

stands is influenced by the difference of the speed 

between the i-th and ( i + l ) - t h  stand (Shin and 

Hong, 1998)• In addition, the strip speed is dif- 

ferent from the work roll speed due to the tension 

of the i-th stand, i.e. a slip between the roll and 

strip occurrs. So, the strip speed at the exit of the 

i-th stand is represented as v i =  (1 + f i )  V/~, where 

fi  is defined as the forward slip ratio for the i-th 

stand• Similarly, the strip speed at the entrance 

of the i +  l - th  stand is represented as V~+I = ( 1 -  

~i+1) V,~ +a, where the Oi is defined as the back- 

ward slip ratio for the i - th stand. Further, the 

equation Hi+iV~+l=hi+lvi+l is called the mass- 

flow constant law. So, the difference of the speed 

in the i-th stand (re = vi--  V/+a) is represented as 

follows, 

I hi+l l / - i +  1 n VR i 
V e :  (1 + f i )  - -  H~+lz+l (1 +fi+,) ~ - J  V,~ (2) 

The difference of the speed in the i- th stand 

can be obtained by the forward slip ratio only, 

because the strip thickness and the roll speed are 

established at the set-up process. But in the actual 

process, the forward slip ratio and backward slip 

ratio are functions of the diameter of the work 

roll, the reduction ratio of the thickness, yield 

stress, friction coefficient, temperature, and so on. 

They are nonlinear and complex. So in this paper, 

¢i 
R 
g ~  

. . . .  " '  \S__L;  

I h,+, 

L) L) 
• i t~ stand Forward Slip 
• i t~ stand Backward Slip 
• work roll radius 
: i th work roll linear velocity (=Rw~) 

Hi+~: ( i+ 1) t~ stand entranec strip thickness 
hi+l : ( i+ l )  th stand exit strip thickness 
V,.+x : ( i + l )  th stand strip speed 
vi+~ : ( i+ l )  th stand strip speed 

Fig. 4 The rolling phenmenon of work rolls 
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the experimental setting values, obtained in the 

actual process, will be used. 

To describe the finishing mill process fully, it 

is necessary to set the thickness of the strip, 

tension, rolling pressure, looper angle, strip spee- 

d, roll speed and so on, for each stand. We call 

this procedure the Finishing mill Set Up (FSU). 

To realize the rolling process, we will use the 

value adopted in a real plant. 

To complete the full model, the speed of the 

work roll at the ( i + l ) t h  stand needs to have 

feedback to the i-th stand. The full model is 

obtained by putting FSU values of Table 1 to the 

dynamic equation. Each controller with a good 

performance for each stand is designed by each 

state equation. The model of the full stand hot 

strip finishing mill in Fig. 5 is obtained by com- 

bining the model of each stand. 

Table 1 The values of parameters of i-th stand 

H, 
[mm] 

hi 
[mm} 

tb 
[N/mm 2] 

# 
[Nlmm 2] 

Looper 
angle 

[degree] 

v~ 
[mm/sec] 

Fl F2 F3 F4 F5 F6 F7 

32.8 16.3 9.35 5.96 4.2 3.13 2.53 

16.3 9.35 5.96 4.2 3.13 2.53 2.27 

0 4 4.9 6.1 7.1 8.6 10 

4 4.9 6.1 7.1 8.6 10 0 

20 19 18 18 18 17 

5500 6000 , 7000 7500 8072 I00000 

8 3 3 8 8 8 

Fig. 5 

..... , 4 '  2 
- , "  

Block diagram of the hot strip finishing mill 

3. Controller Design 

In today's steel plant, problems may be enco- 

untered using higher order controllers such as 

LQ, LQG and H=. These problems can be over- 

come by using the PID controller whose design 

is simple and easily adaptable to existing plant. 

Therefore, we will discuss the properties of some 

PID controls and their advantages for use in the 

finishing mill. 

3.1 Convent ional  PI control  

Most finishing mills use PI controllers, so we 

will review the properties of PI controllers. The 

appropriate PI controller gain is selected after 

substituting variables of each stand linearized 
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(b) Looper  angle 

Fig. 6 Simulation result of PI control 
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from the non linear block diagram, as in Fig. 3. 

The linearized model is previously represented 

by the Eq. (1). The control system was designed 

for a linear system but non linear system simu- 

lations were performed to simulate more real 

conditions. Figure 6 shows the simulation result 

for the non-l inear  model in Fig. 5, for the full 

stand finishing mill system. In Fig. 6, we could see 

that the overshoots of both tension and angle 

have increased to that of the linear model at all 

the stands. The result of the nonlinear system is 

represented here. That of the linear model is less 

meaningful. This fact may be caused by the 

ignored dynamics in the linearization. 

Irregular width may occur in the strip through 

excessive tension. For regular strip width, the 

overshoots must be decreased at the initial inter- 

val of time. In examining the above results, we 

discovered the interaction between the tension 

and the looper angle, i.e. the tension fluctuates 

through the looper angle, and vice versa. 

3.2 Cross PI control 

To reduce the overshoots, cross gain can be 

utilized. Furthermore, this method can reduce the 

interactions between the tension and the looper. 

Figure 7 is the block diagram for the cross con- 

trol scheme. Now we describe the method to 

determine the cross control gains. The transfer 

function matrix is obtained from Eq. (3) and the 

block diagram, in Fig. 7. 

G,. I 
LC~l C~J [Tre/J (3) 

Fig. 7 Block diagram of the Cross control of i-th 
stand 

And Eq. (3) can be expressed as Eq. (4) by 

substituting Vrel = Cr  VLnc + C3" TcRcc and 

Tre/= Cz. VLnc + C4" TcRco 

c~j L TcRcc J 
(4) 

where Ci are cross gains in Fig. 7, L H C  (Looper 

Height Controller) controls Looper angle and 

CRCC (Current Reference Calculation Control- 

ler) controls the looper motor torque. The VzHc is 

the main motor speed control input through the 

L H C  and TcRcc is the looper motor torque con- 

trol input through the CRCC. 
Cross control solves the problem of selecting 

gains C ~ ( i =  1 - 4 )  with the minimizing of inter- 

action through two control inputs. There are 

many combinations of coefficients to select them. 

To simplify the problem, let C1 and C4 be 1. This 

is applicable to the real plant systems because C1 

and (]4 can be implemented in the L H C  and 

CRCC. 

1 VLHC ] [~]=IGllG12][c2C131[TcRcc G221 (5) 

Then, Eq. (5) can be expressed Eq. (6). 

[~]=[Gxl+G12Cz GuC3+Gaz 1 VLnc] 
LC~I+C-2zC2 C~lC3+C~2J [ TcRccJ (6) 

In the Eq. (6), GllC3+G12 and G21+G2zC2 

should be approximately zero in order to prevent 

interaction between each output, tension and 

looper angle. So, if we can make C3=-G12/Gll 
and C2= C~1/G22, we can decouple tension and 

looper angle in the linear model. However com- 

plete decoupling may be impossible because our 

system is non-linear. 

Remember that C2 and C3 are functions of the 
frequency as shown in the above results. But to 

apply the controller to an actual plant, we should 

find them as constant coefficients and each gain 

can be obtained by the final value theorem. In 

another expression, we can obtain the gains by 

lim C i ( t ) = l i m  sCi(s) under the condition that 
t~oo  840 
sCi(s) is analytic in the right s-plane of the 

including the imaginary axis. The looper system 
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satisfies the above condition, so we can obtain the 

gains easily. 

When we selected these constant values through 

this method, we assumed that the results would 

not be efficacious because the gains are not fre- 

quency dependent. But in Fig. 8, we can see that 

the results are more effective than anticipated. 

The simulation results in Fig. 8 are those of 

cross control decoupling interactions between the 

tension and looper angle. It is efficacious in 

reducing the overshoot and to decouple them for 

each stand, as in Fig. 8. All the overshoots are, 

compared to conventional PI control, reduced in 

tension. In general, the strip width defect occurred 

in front of the strip and tension overshoot is 

one of the main problems. So the decreasing of 

overshoot is desirable. Compared to convention 

20 

18 

16 

14 

E 

8 

22 i 

0 5 lrJ 

18 

16  

10: 

8 

~,m~sec] 

(a) Tension 

25 3O 

tI" 
; ;#3 

"nmqsecl 

(b) Looper angle 

Simulation result of Cross control Fig. 8 

PI control, overshoots of the tension were de- 

creased, at the same time, overshoots of the angle 

were properly maintained. This is the result of a 

reduced interaction between the tension and the 

looper angle by using cross gains. 

3.3 CDM (Coefficient Diagram Method) 

CDM is one of the methods for a controller 

design using a polynomial approach. Basically, it 

is a technique to arrange the poles of the closed 

loop transfer function, in order to get desirable 

response in the time domain. The suitable pole 

arrangement can be obtained by using two design 

parameters, stability index and equivalent time 

constant. The coefficient diagram is a semi-log 

plot where the coefficients of the characteristic 

polynomial for closed loop transfer function are 

shown in the ordinate in logarithmic scale. And 

each order of characteristic polynomial is shown 

in the abscissa. The CDM can consider [he re- 

sponse of the time domain in controller design 

process ; furthermore, the process of the controller 

design is very systematic. Figure 9 is the block 

diagram for the CDM. From Fig. 9, the closed 

loop transfer function is defined as 

~ Y  = C ( s )  F ( s ) N ( s )  (7) 
y~ Pc(s) 

and the characteristic polynomial is 

P~(s) = A ( s ) D ( s )  + B ( s ) N ( s )  (8) 
= a . s "  + an-,sn-~ + .. . + a l s  + ao 

And the stability index (7i), the equivalent time 

constant (r) and the stability limit (7*) are 

defined as 

a~ 
7 , - -  (a~-la.-1) ' for i = l ,  "", n - - I  (9) 

al 
r = - -  (lO) 

ao 

Fig. 9 Block diagram of CDM 
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1 + ~  
7*= 7i+1 7i-1' 7 ° = 7 n = ° °  (111 

From the above equations, the following results 

are derived. 

a0 r i (12) 
a i -  ( r i - l ~ - z  '"  r~-2rt - ' )  

We can know that the coefficient of Eq. (8) is 

calculated by a choice of stability characteristic 

and equivalent time constant which are design 

parameters. When the controller using the CDM 

is designed to obtain the unique solution of Eq. 

(8), the controller degree must satisfy the next 

Eq. (13) in Fig. 9. 

deg(B) = d e g ( D ) - - l ,  deg(A)  2 d e g ( B )  (131 

Where, the deg( • ) means the degree of poly- 

nomial of  °.  That means that a high order 

controller is required for a high order system. 

Applying the CDM to the PID controller, the 

A ( s ) ,  B ( s ) ,  F(s) in Fig. 9 must be chosen in 

Fig. 10. To obtain the same structure as a general 

PID controller, each variable means proportion 

gain (Kp), integral gain (Ki) and differential 

gain (-Ka). In the calculation of the gains for the 

PID controller in Fig. 10, a problem may happen 

when choosing the gain depending on the order 

of the plant. The problem is that we cannot 

satisfy Eq. (13) because the equation must be 

d e g ( B ( s ) ) = 2  and d e g ( A ( s ) ) = l  in Fig. 9. It 

means that the unique solution for Eq. (8) cannot 

be calculated, although both the proper stability 

index and equivalent time constant are selected 

properly. A more detailed analysis of this prob- 

lem will be taken up later. For now, we will apply 

CDM to consider the interaction between chan- 

nels and to divide MIMO system into several 

Yr, 
• Kd s2 + Kps + K i 

Fig. 10 Block diagram for CDM applied to PID 
controller 

SISO systems. We can obtain the transfer func- 

tion matrix in Eq. (14) using the state equation of 

Eq. (1). 

I A 1B f o i l ( s )  G ( s ) = C ( s  - ) -  =[C~ , ( s )  C l d S )  C,,z2(s)I (141 

The block diagram which applies the CDM using 

Eq. (14) is Fig. 11. Figure 11 is the single stand 

block diagram for the PID controller using the 

CDM. The interaction function in each channel 

is defined as Eq. (15). 

G,2(s) G~, (s) 
r ( s )  = G,~(s) G~.,(s) (15) 

To examine the magnitude of the function, the 

bode diagram of 7(s) is represented in Fig. 12. 

We can see IIGu(s)G~,,(s)ll>llG,.,(s)C~l(s)ll, 
i.e. the 7(s) is relatively small, in all the fre- 

quency ranges as shown in Fig. 12. So, we can 

..~¢,e)_ ! ...... itl 
I 

1 
~" ! ~+~"'~ F - ' ~ "  ................. "-~-~i"°~r ...... ~ % ¢ ~ ) r - " J ] i  ........... i ~-', y~• 

. . . . . . . . . . . . . . . . . . . .  ' T  " . . . . . . . . . . . . .  J : . . . . . . . . . . . . .  " 

/ 

Fig. 11 The single stand's block diagram for the PID 
controller using the CDM 

I ,  
! 

= ,  

Fig. 12 Bode diagram of )'(s) 
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assume that the system can be regarded as the 

individual SISO system for Gn(s) and C~(s ) .  

Then we can obtain the PID gains by applying 

CDM to each SISO system. As the result, the 

MIMO system is decoupled by using PID gain 

and we can obtain the simulation results for the 

system in Fig. 11. 

Now we will describe the controller design pro- 

cedures for the system. First, the controller design 

for the Main Motor is presented. To describe the 
design method, we chose the 5 t~ stand. For  other 

stands, the design method is the same. We get the 

following Eq. (16) and (17) by substituting the 
actual values for the 5 th stand. 

N i s) = - 71.409s s -  2698.9s 2 
(16) 

-- 15479s--4986.9 

D ( s) = sS + 43.922s4 + 3010.7sa + 88465s 2 

+2.48 × 10Ss+655.15 
(17) 

The CD (coefficient diagram) for the D ( s ) ,  the 

characteristic equation for the open loop transfer 

function in Eq. (17), is shown in Fig, 13. The 

characteristic equation for the closed loop transfer 

function is expressed as follows. 

Pc(s) =sD(s) + (KdsZ+Kps+Ki)N(s) (18) 

The above equation can be expressed by Eq. (19). 

S* K=Co (19) 

Where, 

S= 

1 0 0 0 

& n s O  0 

& n2 m 0 

dz nl nz ns 

dl ?to n l  I"12 

do 0 no nx 

0 0 0 n o _  

[1 K = K s  
' Kp 

LK~.J 

z .6 r ~ z'4 r3 z~ I r 
Co= (7~nr~)l  ~ ' ( r l ~ r ~ ) ( r l ~ r ~ ) ( r ~ ) ( r l ) r ]  

d i :  the coefficient of i-order of the D(s )  

ni : the coefficient of i-order of the N(s )  

We can know that the problem is the controller 

order in Eq. (18), as referred previously. As the 

matrix S in Eq. (19) is not a square matrix, Eq. 

(19) can not have the unique solution. To solve 

it, we used the pseudo inverse method. And, we 

will apply the result of the Manabe standard 

type (Manabe, 1998) for CDM. First, the stability 

index (7i) called the Manabe standard type in 

Eq. (20) is used, and the equivalent constant time 

(r) is selected for proper value by trial and error 
method. 

r = [2.5 2 2 2 2] (20) 

Then the coefficients of the characteristic poly- 

nomial can be obtained by solving Eq. (19). And, 

the step response and the CD that are obtained 

CO ~t't~s) 
-10 6 

10  o 
§ 4 ~, 2 1 0 

~ l s r  

Fig. 13 The CD for D(s) 

i 

e 

Fig. 14 The CD of Pc (s) using the raanabe standard 
type (Main Motor) 
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by the process are shown in Fig. 14 and Fig. 15, 

respectively. 

In Fig. 14, the shape of CD is a very desirable 

convex form but the equivalent time constant 

has a limitation for selecting the proper solution 

(stable pole) of Eq. (18). The result shows a very 

slow response in Fig. 15. The PID gain which is 

obtained by the standard Manbe method is a 

small Kp relatively. For these reasons, the step 

response is slow. To obtain a more desirable 

response, a setting of the stability index will be 

performed. The value of Kp for the PID must be 

increased to get a faster response. So we tuned the 

stop Rul~me 

gain relatively large, and the step response result 

is shown in Fig. 16. As the PID gain is newly 

chosen, the coefficient of the polynomial Pc(s) is 

perfectly obtained, and the CD for the new 

polynomial Pc(s) is shown in Fig. 17. From the 

coefficient of the Pc(s) ,  we can get a new stability 

index (y) and stability limit index (y*). The 

results are as follows. 

y : [5 .0241 11.2382 2.6 3.2755 1.7692 0.6048] 

y*=[0.0896 0.4583 0.3819 0.3015 0.2923] 

Next, the PID controller for the looper motor 

was designed by the same method as the main 

motor. The result of the CD is shown in Fig. 18. 

1 , 4 ,  I I I I I I ' 

• , . ,  . . . .  . . . . .  :_ _ _ _ ' _ . _ ~  . . . .  j . . . .  j . . . .  j . . . .  -::-~--;!!!!!! 

'~ ~.8 . . . .  ~ -  ] . . . .  ] . . . .  

o : 1 : I ~ 1 1 I 1 ,.' 
0 1 2 3 4 5 7 8 9 10 ~ _ - -  : -- "z -'z -- ~ 'z : 2 -- -- -- -- ~: -- 2 - - : - -  z : : / : z  : 2 z 2 z  z c z z z z  : 2  z z z z z  ~ z  2 z :  

Fig. 15 The step response with the manabe standard I I i i ! 
o,1= 

type (Main Motor) Fig. 17 The CD after setting the stability index 

step ~ m  

1.4 ; ', ,, ,, 

: : ', 

1 -i i i i .... 
o., .... : .... : ........ , ..... : ......... 4 .... . .... . ..... 

° . '  . . . .  " . . . .  " . . . . . . . . . . . . . .  i . . . .  i . . . .  " . . . .  - . . . .  ~ . . . . .  

o., .... :~ .... : ............... : ..... i .... -,: ..... ! .... J ..... 
: , 

0 : ~ , ," ' 
1 2 5 S 10 

Tmdsecl 

Fig. 16 The step respones after setting the standard 
index (Main Motor) 

(Main Motor) 

I0  e Coemcierlt  ~ ag l~n  

0 . . . . . . .  . . . . . . . .  = . ,  

i ::::::::::::::::::::::::::::::::::::: ..... 1111::1: 10 ~ , , , L , ! 
io ~ -, ........ , ........ ~ ....... t ........ 

...... • .............. zz,_ZZZZZZz~ZZzZZZz~ZZZZZ:Z 

6 5 4 3 2 1 
O ~ e r  

Fig. 18 The CD of the looper motor using P|D 
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T h e  Response 
1o : , ,, ,, , : : , 

6 t----,~ . . . .  ,~ . . . .  +~ . . . .  ', . . . . .  ~ . . . .  : . . . .  ~, . . . .  +, . . . .  ~, . . . .  1 

eL--- ', ', ', ', : ', ', ', • 
O 1 2 3 4 5 6 7 8 9 10 

T~e[s~c] 

00 i 2 3 4 5 6 8 g 10 
The[see]  

Fig. 19 The step response of the 5 TM stand (linear 

model) 

33me Response of Nonlfrlear Mode~ 

" : . . . .  ~ . . . .  ! . . . . .  i . . . . .  i- . . . .  i . . . . .  i . . . . .  : . . . .  i . . . .  

+ q . . . .  ' , + - - - i  . . . . .  r . . . .  : . . . .  ,+ . . . . . . . .  i___-] 
o l i  i i i i i i i --1 

13 1 2 3 4 5 et 7 8 9 10 
Time[sec] 

. . . . .  +: . . . .  i . . . . .  i . . . .   i::j . . . .  i 

Time[see l 

Fig. 20 The step response of the 5 t" stand (non- 

linear model) 

The  overal l  results for C D M  are represented in 

Fig. 19. Figure 19 is the step response using the 

C D M  PID cont ro l le r  in the l inear  model  for the 

5 th stand. Figure  20 is the step response using the 

C D M  PID cont ro l le r  in the n o n - l i n e a r  model  for 

the 5 TM stand. The effects of  the ignored dynamics  

may happen  in each stand due to the difference 

between the n o n - l i n e a r  system and  the l inear  

system. Fa i r ly  good results can be ob ta ined  from 

the CDM.  The  stabil i ty index for the 5 TM stand 

can be appl ied to all  s tands to consider  parameter  

change as dis turbance.  This  may yield good data, 

demons t ra t ing  the robustness  of  CDM.  The  next 

s imula t ion  result  in Fig. 21 is that  of  the full s tand 

with the C D M  PID control ler .  We can  see better  

results compared  to tha t  of  C onven t i ona l  P1 or 

& 

Stand 2 

S'I~6 

~ n d  5 

5rand 4 

2 2 - -  

2 4 6 8 t0 12 14 16 18 20 
~n~[sec] 

(a) Tension 

20 

18 

16 

"~ 14 

0 , 

6 . . . . . . . .  

0 5 

Fig. 21 

" ,  S t a n d  1 

+" I - S l a n d  2 

')+ °k " t  - " - . . . . .  

" r lme~e¢)  

(b) Looper angle 

The simulation result of P ID-CDM 

PI -Cros s  control ler .  Fi rs t  of  all, the overshoots  in 

tension are decreased as are interact ions  between 

tension and  the looper. A t  a b o u t  20 seconds, there 

are slight changes in the looper  angle due to the 

coi l ing process. But they had  no direct effect on 

previous  s tand and  tension.  

4. Conclusion 

In hot  strip f in ishing mill,  a str ip width  cont ro l  

is very impor t an t  po in t  to de termine  str ip quality. 

The  strip width  depends on  the strip tension.  We 

know tha t  the  tens ion varies due to the difference 

of the work roll  speed and the looper  angle. 

Therefore,  we should  ma in t a in  the un i fo rm ten- 

sion th rough  cont ro l l ing  the looper  angle and the 

roll  speed. However,  it is difficult to indepen-  

dently cont ro l  them because of  in terac t ion  be- 

tween them. Thus,  hot  strip f inishing mil l  process 
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which reflects the character of each stand was 

simulated using the linear state equation of the 

single stand. We investigated simulation results 

for a non linear system with several results from 

the linear system. Furthermore, the simulation 

result for one stand cannot apply the full finishing 

mill process because the full process interacts with 

the other stands. So, we performed simulations for 

a non-linear full stand model applying several 

control methods with the real FSU values. In the 

simulations, actual stands have large overshoot 

because they have thin strip and high stiffness. 
As a result, we discovered that Conventional PI 

Control had large overshoot and interaction be- 

tween the tension and looper angle. However, we 

found that PI with Cross Control and CDM more 

decreased overshoot and interaction between the 

tension and looper angle. Moreover, a decreased 

overshoot reduce the strip width defect at the 

initial time and contribute to improvement of the 

strip quality. 

We well know that simulation results may be 
different from an actual finishing mill process, 

but these results for the full stand can be used as 

prediction programs for finishing mill plans and 

applied to other control systems. In addition, they 

can be used in a simulator and a performance- 

estimate program for hot strip finishing mills. 
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