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Decentralized overlapping control for speed and
tension in reversing cold-strip mill

LIU Li-xin, FANG Yi-ming, LI Jian-xiong, LI Dong-sheng
(Key Lab of Industrial Computer Control Engineering of Hebei Province, College of Electric Engineering, Yanshan University,

Qinhuangdao Hebei 066004, China)

Abstract: To tackle the coupling between the speed and tension and to coordinate their control, we propose a decentral-

ized overlapping control strategy for a reversing cold-strip rolling mill. The original state space is expanded into multiple

decoupled overlapped subsystems based on the principles of inclusion and overlapping decomposition. The control law

for each subsystem is developed by applying the linear quadratic(LQ) optimization and the sequential control method. By

contracting the designed control laws to the original state space, we obtain the desired controller for the original system. A

simulation is carried out on the speed and tension control system of 1422 mm reversing cold-strip mill. Results show that

the proposed strategy reduces the coupling between the speed and tension, realizes the coordinated control for main rolling,

the left and right coilers, improves the dynamic performance of the tension control system and raises the precision of the

tension during acceleration and deceleration.

Key words: decentralized overlapping control; reversing cold-strip mill; speed and tension system; linear quadratic

optimal control
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Fig. 1 The components of reversing cold-strip mill and

the structure of typical tension control

, ,

:

S1:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ḟ1 = Kt1 ((1 − s1) υ2 − υ1 − s1θ1υ20f1) ,

υ̇1 =
Km1R1η1

J1

i1 − R2
1η1

J1
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J1

υ1,

i̇1 =
1
l1

u1 − Kb1

l1

η1

R1

υ1 − r1

l1
i1,

(1)

S2:⎧⎪⎨
⎪⎩

υ̇2 =
Km2R2η2

J2

i2 − R2
2η2

J2

(f3 − f1) − μ2

J2

υ2,

i̇2 =
1
l2
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l2

η2
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υ2 − r2

l2
i2,
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S3:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ḟ3 = Kt3 (υ3 − (1 + s3) υ2 − s3θ3υ20f3) ,

υ̇3 =
Km3R3η3

J3

i3 − R2
3η3

J3

f3 − μ3

J3

υ3,

i̇3 =
1
l3

u3 − Kb3

l3

η3

R3

υ3 − r3

l3
i3,

(3)

: ij ; uj ; lj
; rj ; Jj ;

Kmj ; Kbj

; ηj ; υj ; Ktj

; j = 1, 2, 3
; f1, f3 ;

R1, R3 ; R2

; s1, s3 ;

θ1, θ3 ; υ20

,

(1)∼(3), f1, f3

υ2 ,

S :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ẋ =

⎡
⎢⎣A11 A12 0

0 A22 0
0 A32 A33

⎤
⎥⎦ x + Bu,

y = Cx,

(4)

:

A11=

⎡
⎢⎢⎢⎣
−Kt1s1θ1υ20 −Kt1 0

−R2
1

η1

J1

−μ1

J1

Km1R1η1

J1

0 −Kb1η

Rl1
−r1

l1

⎤
⎥⎥⎥⎦ ,

A22=

⎡
⎢⎣ −μ2

J2

Km2R2η2

J2

−Kb2η

Rl2
−r2

l2

⎤
⎥⎦ ,

A33=

⎡
⎢⎢⎢⎢⎣
−Kt3s3θ3υ20 Kt3 0

−R2
3η3

J3

−μ3

J3

Km3R3η3

J3

0 −Kb3η

Rl3
−r3

l3

⎤
⎥⎥⎥⎥⎦ ,

A12=

⎡
⎢⎣Kt1(1−s1) 0

0 0
0 0

⎤
⎥⎦ , A32=

⎡
⎢⎣−Kt3(1+s3) 0

0 0
0 0

⎤
⎥⎦ ,

uT = [u1 u2 u3], C = diag{C11,C22,C33},
C11 = C33 = [1 0 0], C22 = [0 1 0],

xT =[xT
1 xT

2 xT
3 ], xT

1 =[f1 υ1 i1], xT
2 =[υ2 i2],

xT
3 = [f3 υ3 i3], B = diag{B11,B22,B33},

Bjj =[0 0
kj

lj
]T, j = 1, 2, 3.

3 (Decentra-

lized overlapping control of the speed and

tension system)
3.1 (Overlapping

decomposition of the speed and tension system)
,
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2

Fig. 2 Overlapping decomposition
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,

– (U , V ) –

(Q,R), .

[9], –

PA MA:

V = diag{I3×3, [I2×2 I2×2]T, I3×3},
U = diag{I3×3, 0.5[I2×2 I2×2], I3×3},

PA = diag{
[

0 I3×3

I2×2 0

]
, I2×2, I3×3},

MA = 0.5

⎡
⎢⎢⎢⎣
0 A12 −A12 0
0 A22 −A22 0
0 −A22 A22 0
0 −A32 A32 0

⎤
⎥⎥⎥⎦

– (Q,R) MB

PB, P−1
B .

{
Ã = P−1

A (UAV + MA) PA,

B̃ = P−1
B (RBQ + MB) PB,

(5)

S , S̃:

S̃ : ˙̃
ξ = Ãξ̃ + B̃ζ̃, (6)

:

ξ̃ = [ξ̃T
1 ξ̃T

2 ]T, ξ̃1 = [υ2 i2 f1 υ1 i1]T,

ξ̃2 = [υ2 i2 f3 υ3 i3]T, ζ̃ = [ζ̃T
1 ζ̃T

2 ]T,

ζ̃2 = [u2 u3]T, ζ̃1 = [u2 u1]T,

Ã = diag{Ã1, Ã2}, B̃ = diag{B̃1, B̃2},

Ã1 =

[
A22 0
A12 A11

]
, Ã2 =

[
A22 0
A32 A33

]
,

B̃1 = diag{B22, B11}, B̃2 = diag{B22,B33}.
S̃ :

S̃1 : ˙̃
ξ1 = Ã1ξ̃1 + B̃1ζ̃1, (7)

S̃2 : ˙̃
ξ2 = Ã2ξ̃2 + B̃2ζ̃2. (8)

S̃1, S̃2

, (Ã1, B̃1) (Ã2, B̃2) .

3.2 (Design of de-

centralized control law of the expanded system)
(6)

, ,

S̃ .

S̃1 . (7),

S̃1 :

S̃1,1 : ˙̃
ξ1
1 = A22ξ̃

1
1 + B22ζ̃

1
1 , (9)

S̃1,2 : ˙̃
ξ2
1 = A11ξ̃

2
1 + A12ξ̃

1
1 + B11ζ̃

2
1 , (10)

: ξ̃1
1 = [υ2 i2]T, ξ̃2

1 = [f1 υ1 i1]T, ζ̃1
1 = u2,

ζ̃2
1 = u1.

[7,10] ,

LQ , S̃1,1, S̃1,2

. S̃1,1

J̃1,1 =
� ∞

t0
((ξ̃1

1 − ξ̃1
1r)

TQ̃1,1(ξ̃1
1 − ξ̃1

1r) +

(ζ̃1
1)

T
R̃1,1ζ̃

1
1)dt, (11)

: ξ̃1
1r = [υ2r i2r]T ξ̃1

1

, Q̃1,1 � 0, R̃1,1 > 0.

J̃1,1 ,

⎧⎪⎨
⎪⎩

ζ̃1
1 = −K̃1,1ξ̃

1
1 − [M̃1,1 0]ξ̃1

1r,

K̃1,1 = R̃−1
1,1B

T
22P̃1,1,

M̃1,1 =[C22(A22−B22K̃1,1)−1B22]−1.

(12)

: K̃1,1 S̃1,1 ; M̃1,1

S̃1,1 ; P̃1,1 Riccati :

P̃1,1A22+AT
22P̃1,1−P̃1,1B22R̃

−1
1,1B

T
22P̃1,1+Q̃1,1 =0.

S̃1,2 J̃1,2

J̃1,2 =
� ∞

t0
(ξ̃1−ξ̃1r)TQ̃1,2(ξ̃1−ξ̃1r)+(ζ̃2

1)
TR̃1,2ζ̃

2
1dt,

(13)

: ξ̃T
1r = (υ2r, i2r, f1r, υ1r, i1r) ξ̃1

, Q̃1,2 � 0, R̃1,2 > 0,

Q̃1,2 :

Q̃1,2 =

[
Q̃11

1,2 Q̃12
1,2

Q̃21
1,2 Q̃22

1,2

]
, (14)

:

Q̃11
1,2 = diag{p1, p2},

Q̃21
1,2 = (Q̃12

1,2)
T =

[
0 − p1 0
0 0 − p2

]T

,

Q̃22
1,2 = diag{q33, q44 + p1, q55 + p2},

: q33, q44, q55 S̃1,2 f1, υ1,

i1 ; p1, p2 S̃1,1 υ2, i2
S̃1,2 υ1, i1 . (14)

(13), J̃1,2

J̃1,2 =
� ∞

t0
(q33(f1 − f1r)2 + q44(υ1 − υ1r)2 +

q55(i1−i1r)2+p1(υ2 − υ1)2+

p2(i2 − i1)2+(ζ̃2
1)

TR̃1,2ζ̃
2
1)dt. (15)

J̃1,2 ,

S̃1,2 ζ̃2
1

[10]:
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ζ̃2
1 = −K̃1,2ξ̃1 − [M̃1,21 0 M̃1,2 0 0 ]ξ̃1r,

K̃1,2 = R̃−1
1,2B

T
11[P̃1,21 P̃1,2 ],

M̃1,2 = B−1
11 (A11−B11R̃

−1
1,2B11P̃1,2)C−1

11 ,

M̃1,21 = R̃−1
1,2B

T
11F̃

−T
1,2 P̃1,21B22M̃1,1,

(16)

: K̃1,2 S̃1,2 , M̃1,2

S̃1,2 , M̃1,21

S̃1,1 S̃1,2 , P̃1,2 Riccati

P̃1,2F̃1,2+F̃ T
1,2P̃1,2+Q̃22

1,2−P̃1,2B11R̃
−1
1,2B

T
11P̃1,2 =0

, P̃1,21 Lyapunov

P̃1,21F̃1,1 + F̃ T
1,2P̃1,21 = −Q̃21

1,2 − P̃1,2A12

, M̃1,21,

F̃1,1=A22−B22K̃1,1,

F̃1,2=A11−B11R
−1
1,2B

T
11P̃1,2.

(12)(16) (7), S̃1

˙̃
ξ1 = (Ã1 − B̃1K̃1)ξ̃1 − B̃1M̃1ξ̃1r, (17)

:

K̃1 =

[
K̃1

1,1 K̃2
1,1 0 0 0

K̃1
1,2 K̃2

1,2 K̃3
1,2 K̃4

1,2 K̃5
1,2

]

S̃1 ,

M̃1 =

[
M̃1,1 0 0 0 0
M̃1,21 0 M̃1,2 0 0

]

S̃1 , K̃i
1,1 (i = 1, 2) K̃1,1

i , K̃j
1,2 (j = 1, · · · , 5) K̃1,2 j .

K̃1, M̃1 (LBT) , S̃1

, S̃1 .

, S̃2

˙̃
ξ2 = (Ã2 − B̃2K̃2)ξ̃2 − B̃2M̃2ξ̃2r, (18)

: ξ̃T
2r = [υ2r i2r f3r υ3r i3r] ξ̃2 ;

S̃2

K̃2 =

[
K̃1

2,1 K̃2
2,1 0 0 0

K̃1
2,2 K̃2

2,2 K̃3
2,2 K̃4

2,2 K̃5
2,2

]
,

M̃2 =

[
M̃2,1 0 0 0 0
M̃2,21 0 M̃2,2 0 0

]
,

K̃i
2,1 (i = 1, 2) K̃2,1 i , K̃j

2,2(j =
1, · · · , 5) K̃2,2 j .

S̃1, S̃2 (17)(18),

S̃
˙̃
ξ = (Ã − B̃K̃)ξ̃ − B̃M̃ ξ̃r, (19)

: ξ̃r = [ξ̃T
1r ξ̃T

2r]
T ξ̃

; K̃ = diag{K̃1, K̃2}, M̃ = diag{M̃1,M̃2}
S̃ .

3.3 (Contraction of

decentralized control law of expanded system)
, S̃

S , S ,

S.

, S K

M :

K =Q(PBK̃P
−1

B )V , M =Q(PBM̃P
−1

B )V . (20)

, S

ẋ = (A − BK)x − BMxr, (21)

xr = [xT
1r xT

2r xT
3r]

T xT

; :

M=

⎡
⎢⎢⎣

M̃1,2 0 0 M̃1,21 0 0 0 0

0 0 0
M̃1,1+M̃2,1

2
M̃1,1+M̃2,1

2
0 0 0

0 0 0 M̃2,21 0 M̃2,2 0 0

⎤
⎥⎥⎦ ,

K=

⎡
⎢⎢⎢⎣

K̃3
1,2 K̃4

1,2 K̃5
1,2 K̃1

1,2

0 0 0
K̃1

1,1+K̃1
2,1

2
0 0 0 K̃1

2,2

K̃2
1,2 0 0 0

K̃2
1,1+K̃2

2,1

2
0 0 0

K̃2
2,2 K̃3

2,2 K̃4
2,2 K̃5

2,2

⎤
⎥⎥⎥⎦ .

S

, , .

(K, M)
S2 S1, S3 .

4 (Simulation)

1422 mm

,

, .

1 , R1 =
0.255m, R3 = 0.89m, R2 =
0.20635m; L1 = L3 = 3 m; W = 1.250m;

E = 2.058 × 109 N/m2
. 4

: h1 = 2.060×10−3 m, h3 = 1.582×10−3 m;

f1r = 1.20 × 105 N,

f3r = 1.20 × 105 N; s3 = 0.065, s1 =
0.182; θ1 = 6.511×10−5, θ3 = 5.0×10−5.

: Q̃1,1 = Q̃2,1 = diag{300, 0.1},

R̃1,1 = R̃2,1 = 300, p1 = 100, p2 = 0.1, q33 = 0.005,

q44=0, q55=0, R̃1,2=R̃2,2=1. :
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K =

⎡
⎢⎣−0.0295 −7546.2 2.672 6154.8

0 0 0 0.0291
0 0 0 −20549

−0.0182 0 0 0
0.0083 0 0 0

−0.1595 0.0458 19221 2.307

⎤
⎥⎦ ,

M =

⎡
⎢⎣−0.0717 0 0 −0.6663 0 0 0 0

0 0 0 −16.5676 0 0 0 0
0 0 0 −1.7849 0 −0.0709 0 0

⎤
⎥⎦ .

1 1422 mm

Table 1 Motor parameters of certain 1422 mm mill

/

PN/ kW 1125 1800

J/(kg · m2 ) 480 1274.5

r/Ω 0.021 0.016

l/H 0.0148 0.013

UN/ V 800 1000

IN/ A 1502 1902

Km/(N·m · A−1) 23.6749 32.6089

Kb/(V ·(rad·s−1)−1) 2.4790 3.4145

μ/(N ·m·(rad·s−1)−1) 0.3014 0.8699

η 1.807 1

4 ,

: 1∼2.4 s

, 5∼10 s 3.5 m/s,

5 s , 16∼20 s 0,

.

3∼ 5 . 3

. ,

,

,

, .

(a)

(b)

3 3

Fig. 3 Comparison of the three tension control strategies

4 .

,

,

,

.

4

Fig. 4 Comparison of velocities on different points of mill

5 ,

. ,

,

.

5

Fig. 5 Comparison of tensions for left coil under different

velocities
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