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　　A bst ract : Analyze the problem existing in the product quality of temper mill and propose a decoupling control strategy

based on pole assignment . The theoretic analysis , computer simulation and industrial experiment prove that the strategy can im2
plement decoupling control among the forward tension , the backward tension and the roller speed of temper mill , lower their

coupling degree , improve control performance and ultimately help promote product quality.
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　　摘要 : 分析了平整机产品质量存在的问题 ;提出了基于极点配置的解耦控制策略. 理论分析、计算机仿真和工

业实验都表明该控制方法能实现对平整机前张力、后张力和工作辊速度的解耦控制 ,降低了它们之间的相互耦合

程度 ,改善了系统的控制效果 ,有利于提高带材产品的质量 .
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1 　I nt rod uction

　Temper mill is one of significant facilities which pro2
duce sheet-strip steel such as car sheet , tin-plating

sheet , color sheet and so on. The key to guaranteeing

sheet-strip steel product quality of temper mill is to

strictly keep the forward tension and the backward ten2
sion acting on workpiece and the roller speed constant .

Otherwise the light and shade streaks will appear on the

surface of strip steel . Because of the failure to ensure the

product quality concerned , about 20 ,000 tons strip steel

is prohibited from leaving the large-scale steel factories

in China each year. Through testing and investigating

CM04 temper mill of Cold Rolling Factory , Baoshan

Steel Group , it is discovered that the tension is indirect2
ly controlled by keeping armature current in electric mo2
tors of winding reel and pay- off reel when temper mill

works normally , and roller speed is regulated by the 2-

closed- loop tuning speed system [1 ,2 ] . But the winding

reel subsystem , the stand subsystem and the pay- off reel

subsystem are designed individually , so that the coupling

relation among the three subsystems is not involved con2
sidered at all when the strip steel joins them together. In

fact , the forward tension , the backward tension and the

roller speed are mutually coupled and affected [3 ,4 ] .

Sometimes the forward tension and the backward tension

vibrate intensely as a result of coupling action , and bring

about inferior or useless products (see also Fig. 1) .

　Beginning with rolling model of tension-speed control

system , the paper will explore an output-feedback de2
coupling controller based on pole assignment to remove

the coupling relations among the forward tension , the

backward tension and the roller speed , then to tune the 3

controlled parameters according to their technological re2
quirement [5 ] .
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2 　Physical a n d mat he matical models of

t e nsion-sp ee d sys t e m

2. 1 　Physical model

　The simplified rolling model of temper mill is shown

as Fig. 2. It consists of the winding reel subsystem , the

stand subsystem and the pay- off reel subsystem. When

temper mill works normally , the strip steel joins the 3

subsystems together into a complicated electromechanical

coupling system.

　The notations and parameters in Fig. 2 are explained

as follows :

　p —mark below parameter , indicates the parameter

belonging to pay- off reel subsystem ;

　s —mark below parameter , indicates the parameter

belonging to stand subsystem ;

　w —mark below parameter , indicates the parameter

belonging to winding reel subsystem ;

　 up , us , uw —armature voltage , V ;

　Lp , L s , Lw —armature inductance , H;

　 Rp , Rs , Rw —armatures resistance , Ω;

　 vp , vw —line speed of reel , m/ min ;

　 vi —entry speed of strip steel , m/ min ;

　 vo —exit speed of strip steel , m/ min ;

　 tf —forward tension , N ;

　 tb —backward tension , N.

　Note that the drive ratios are all equal to 1 in the

whole system.

2. 2 　M at he matical model

　Referring to physical model , according to the balance

principle of armature voltage and dynamics and defining

the armature current and the rotatory speed of motor as

independent state variables , the voltage and dynamic

balance equations of the 3 subsystems can be written as

expressions (1) , (2) and (3) .

Lp
d ip

d t
+ Rp ip + Kep np = up ,

GD2
p

375

d np

d t
+ fp np - rp tb = Kmp ip ,

(1)

L s
d i s

d t
+ Rs i s + Kes ns = us ,

GD2
s

375
d ns

d t
+ f s ns + rs tb - rs tf = Kms i s ,

(2)

Lw
d iw

d t
+ Rw iw + Kew nw = uw ,

GD2
w

375
d nw

d t
+ fw nw + rw tf = Kmw iw ,

(3)

where

　 ip , i s , iw —armature current , A ;

　 np , ns , nw —rotatory speed of motor , r/ min ;

　 GD2
p , GD2

s , GD2
w —total rotatory inertia in axis of

motor , N·m2 ;

　 fp , f s , fw —friction coefficient , N·min/ r ;

　 rp , rs , rw —radius of reel or roller , m ;

　 Kep , Kes , Kew —electric potential coefficient , V·min/ r ;

　 Kmp , Kms , Kmw —torque coefficient of motor ,

N·m/ A.

　Here , the marks below parameters p ,s and w are ex2
plained as above .

　According to rolling theory , if there exists speed dif 2
ference in length direction of rolled workpiece to result

in relative displacement of different2position metal , ten2
sion happens in rolled workpiece . Thus , the deviations of

the forward tension and the backward tension of the

rolled strip steel in temper mill can be expressed as

Eq. (4) :

d tf

d t
=

Af E

L f
( vw - vo) ,

d tb

d t
=

Ab E

L b
( vi - vp) ,

(4)
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where

　Ab —the crosscut area of input steel strip , m2 ;

　Af —the crosscut area of output steel strip , m2 ;

　L b —the length of steel strip between the pay- off

reel and stand , m ;

　Lf —the length of steel strip between the stand and

the winding reel ,m ;

　 E —elastic modulus of steel strip , N/ m2 .

　Let the independent state variables np , ns and nw subti2
tute for vp , vo , vi and vw , the Eq. (4) can be rewritten as

follows :

d tf

d t
=

Af Erj

Lf
nw -

Af Ers (1 + Sf)

L f
ns ,

d tb

d t
=

Ab Ers (1 - S b)

L b
ns -

Ab Erp

L b
np ,

(5)

where

　Sf —the forward sliding coefficient of rolled steel

strip in the stand ;

　S b —the backward sliding coefficient .

　To sum up the above statement , the expressions (1) ,

(2) , (3) and (5) have 8 equations and 8 independent

state variables . They describe quantitatively the dynamic

and static performance of the tension2speed system of

temper mill . They are just the mathematical model that

should be constructed. It is known from the model that

the forward tension tf and the backward tension tb pene2
trate through the 3 subsystems and join them together to

form a complicated electromechanical coupling system.

Especially , expressions (2) and (5) indicate clearly that

tf , tb and the roller speed ns are directly coupled. If their

coupling influences are neglected and settled individually

respectively , the poor control effect will arise .

3 　Decoup li ng cont rol s t ra t egy

　The tension-speed system may be approximately re2
garded as 3- input and 3- output multivariable and mini2
mum-phase linear system , Let

U ( k) = [ us ( k) 　uw ( k) 　up ( k) ]T ,

Y ( k) = [ ns ( k) 　tf ( k) 　tb ( k) ]T ,

and discretify the mathematical model discussed above ,

the ARMA model of the controlled plant is shown as fol2
lows :

A ( z - 1) Y ( k) = B ( z - 1) U ( k) . (6)

Thus , the transfer function is

G( z - 1) = A - 1 ( z - 1) B ( z - 1) , (7)

where A ( z - 1) and B ( z - 1) are polynomial matrix ascer2
tained by structural parameters of system. They are de2
scribed as follows :

A ( z - 1) = 1 + A1 z - 1 + A2 z - 2 + ⋯+ A n z - n ,

B ( z - 1) = B1 z - 1 + B2 z - 2 + ⋯+ Bm z - m ,

(8)

where A1 , A2 , ⋯, A n and B1 , B2 , ⋯, Bm are real con2
stant matrix , and m ≤ n.

　The design target of decoupling control strategy is to

select practicable output feedback matrix F( z - 1) and

prepositional compensation matrix P( z - 1) shown as

Fig. 3 to make closed- loop transfer function T ( z - 1) be a

diagonal matrix or a diagonal- dominant matrixex , then

design single- loop control matrix C( z - 1) , i . e . ,

C ( z - 1) is also diagonal .

　It is known from Fig. 3 that if C ( z - 1) is temporarily

neglected , the decoupling control law U ( k) may be ex2
pressed as follows :

U ( k) = P( z - 1) R ( k) - F( z - 1) Y ( k) , (9)

where

F( z - 1) = F0 + F1 z - 1 + F2 z - 2 + ⋯+ Fnf
z - n

f ,

P( z - 1) = P0 + P1 z - 1 + P2 z - 2 + ⋯+ Pn
p
z - n

p ,

(10)

where F0 , F1 , ⋯, f n
f
, P0 , P1 , ⋯, Pn

p
are real constant

matrixes , R ( k) = [ r1 ( k) 　r2 ( k) 　r3 ( k) ]T is refer2
ence input vector.

　Put expression (9) into expression (6) , the closed-

loop transfer function T ( z - 1) of the control system is

shown as follows :

T ( z - 1) =

[ A ( z - 1) + B ( z - 1) F( z - 1) ] - 1 B ( z - 1) P( z - 1) . (11)

　Assume that , after pole assignment , the expected

closed- loop transfer function Te ( z - 1) is described as fol2
lows :

Te ( z - 1) = A - 1
e ( z - 1) B e ( z - 1) , (12)

where
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Ae ( z - 1) = I + Ae1 z - 1 + Ae2 z - 2 + ⋯+ Ae n z - n
e ,

B e ( z - 1) = B e1 z - 1 + B e2 z - 2 + ⋯+ B e m z - m
e ,

(13)

and Ae1 , Ae2 , ⋯, Ae n , B e1 , B e2 , ⋯, B e n are real constant

diagonal matrix.

　If the stable and practicable P( z - 1) and F( z - 1) can

be designed , and make the equation T ( z - 1) = Te ( z - 1)

be tenable , the control system shown by Fig. 3 is thor2
oughly decoupled. Thus , let the following equations be

tenable :

Ae ( z - 1) = A ( z - 1) + B ( z - 1) F( z - 1) ,

B e ( z - 1) = B ( z - 1) P( z - 1) .
(14)

So , P( z - 1) and F( z - 1) can be ascertained by expres2
sion (14) . However , it is very difficult to find limited-

order solutions of P( z - 1) and F( z - 1) from expression

(14) as a result of involving polynomial division opera2
tion. Therefore , a stable filter 1/ f ( z - 1) needs to be in2
troduced to C ( z - 1) . Now , U ( k) is expressed as fol2
lows :

U ( k) = [ P( z - 1) R ( k) - F( z - 1) Y ( k) ]/ f ( z - 1) ,

(15)

where , f ( z - 1) = f 0 + f 1 z - 1 + f 2 z - 2 + ⋯and f 0 ≠0.

If B ( z - 1) is nonsingular matrix , F( z - 1) and P( z - 1)

may be expressed as follows :

F( z - 1) = B - 1 ( z - 1) [ Ae ( z - 1) - A ( z - 1) ] f ( z - 1) ,

P( z - 1) = B - 1 ( z - 1) B e ( z - 1) f ( z - 1) .

(16)

In which , B - 1 ( z - 1) can be expressed as follows :

B - 1 ( z - 1) = adj ( B ( z - 1) ) / det ( B ( z - 1) ) =

adj ( B ( z - 1) ) / [ z - d ( b0 + b1 z - 1 + b2 z - 2 + ⋯) ] ,

(17)

where b0 ≠0. It is known from the expression (16) and

(17) that ,if let f ( z - 1) = b0 + b1 z - 1 + b2 z - 2 + ⋯, the

final expressions of P( z - 1) and F( z - 1) are :

F( z - 1) = zd [adj B ( z - 1) ][ Ae ( z - 1) - A ( z - 1) ] ,

P( z - 1) = zd [adj B ( z - 1) ] B e ( z - 1) .

(18)

　Obviously , P( z - 1) and F( z - 1) are limited- order

polynomial. They can decouple the control system

shown by Fig. 3 , and the poles of the system can be as2
signed in expected position.

4 　Si m ula tion a n d i n d us t rial exp e ri me nt

4. 1 　Comp ut e r sim ulation

　Let real values substitute the parameters in the mathe2
matical model ,ascertain sample period T = 0. 02 s , dis2
cretify the model by calling function c2d ( ) in Matlab ,

then simplify the discreted model with Padémethod , so

A ( z - 1) and B ( z - 1) in the model expression (6) of the

controlled plant are ascertained.

　The expected poles of closed- loop system should be

assigned as close as possible to the point (0 , 0) of Z-

plane so that the control system has better performance .

In addition , when the reference inputs vary from 0 to

10 V , the roller speed and the tensions vary correspond2
ingly from 0 to 984 r/ min and from 0 to 100 kN ,

Ae ( z - 1) and B e ( z - 1) in the expression (12) are ascer2

tained as follows :

Ae ( z - 1) =

1 - 0. 1 z - 1 0 0

0 1 - 0. 2 z - 1 0

0 0 1 - 0. 3 z - 1

,

B e ( z - 1) =

0. 9 z - 1 0 0

0 0. 8 z - 1 0

0 0 0. 7 z - 1

.

　On the basis of the expressions ( 17 ) and ( 18 ) ,

f ( z - 1) , F( z - 1) and P( z - 1) can be ascertained.

　Assume the reference input r1 ( k) = 5. 93 V , r2 ( k)

= 8. 44 V and r3 ( k) = 6. 35 V , i . e . , the set values of

the roller speed , the forward tension and the backward

tension are respectively equal to 584 r/ min , 84. 4 kN

and 63. 5 kN. Let sample period T = 0. 02 s , the result

is drawn in Fig. 4 after the closed- loop system shown in

Fig. 3 runs 5 s .

　It is known from Fig. 4 that the 3 controlled parame2
ters trace precisely their own goals after less than 1 sec2
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ond , the quickness and static error meet the technologi2
cal requirement , and the coupling relations among the 3

parameters are removed thoroughly.

4. 2 　I n d ust rial exp e rime nt

　In order to make a comparison with the coupling con2
trol effect Fig. 1 , the same operating mode is adopted in

the decoupling control experiment . Here , the rolled strip

material is carbon steel , the width of the strip steel is

1000 mm , the gauge of strip steel is 1mm , the diameter

of the stand roller is 625 mm , the surface crudeness of

the stand roller is 80 μ- inch , and the flow ratio of lu2
bricant is 80 %.

　The set values of the roller speed , the forward tension

and the backward tension are respectively 584 r/ min ,

84. 4 kN and 63. 5 kN. Their corresponding reference

inputs are respectively 5. 93 V , 8. 44 V and 6. 35 V.

After the erection of the initial tension , the output sig2
nals U ( k) of the decoupling controller are respectively

sent to the reference input terminals of the speed regula2
tor ( PI) of the stand subsystem , the current regulator

( PI) of the winding reel subsystem and the current regu2
lator ( PI) of the pay - off reel subsystem. After the sys2
tem is started , the testing result is drawn as shown in

Fig. 5.

　Compared with Fig. 1 , the vibrating amplitude of the

tension is weakened , the coupling degree is lowered ,

and the control effect is obviously improved. However ,

compared with the simulating result Fig. 4 , the coupling

influence among the controlled parameter still exists , and

the coupling vibration is not thoroughly removed.

Thefundamental causes lie in the precision of the model ,

the some uncertainties of the actual plant , the rounding

error of the controller design , and so on.

5 　Concl usions

　The decoupling controller designed through the out2
puts of the plant can weaken or remove the coupling re2
lations among the 3 subsystems , and assign the poles of

closed- loop systems in the desired positions so that the

control system has better the dynamic and static perfor2
mances . The theoretic analysis , the computer simulation

and the industrial experiment have proved that the decou2
pling control strategy can implement decoupling control

of the forward tension , the backward tension and the

roller speed of temper mill and lower their coupling de2
gree , improve control performance so that the quality of

the strip steel will be promoted.
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