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ABSTRACT There exists strong coupling and a complex multivariable relation among the strip gauge, looper
angle and strip tension in tandem hot rolling. To improve the gauge precision of the hot strip, the dynamic
relationship among these three variables must be determined. In this paper, a new coordinated optimal control
scheme based on discrete model predictive control (DMPC) theory was presented for an automatic gauge
control and looper control (AGC-LP) integrated system. First, a state-space model of the AGC-LP integrated
system was established based on a 1700 mm tandem hot strip mill. Then, to achieve the desired dynamic
performance with the AGC-LP integrated system, a performance index function and an optimal control
sequence were designed for the DMPC controller. The simulation results showed that the proposed DMPC
controller had better robustness and adaptability to modeling uncertainties and external disturbances than a
traditional proportional-integral (PI) controller.

INDEX TERMS Tandem hot rolling, AGC-LP integrated system, state-space model, discrete model

predictive control.

I. INTRODUCTION

The hot strip rolling process transforms cast steel slabs into
thin sheets [1]. Figure 1 shows the typical layout of a hot strip
mill facility, which consists of a reheating furnace, a roughing
mill, shears, a finishing mill, water coolant headers, and a
coiler [2], [3]. Bars with a diameter of approximately 250 mm
are heated to approximately 1200°C in the reheating furnace.
In the roughing mill, the reheated slabs are reduced to a thick-
ness of 25-50 mm. The resulting sheet is then transported
to the finishing mill, where it is further reduced to the final
thickness 0.8-20 mm.

Thickness precision is one of the most important quality
indexes in hot strip milling, and automatic gauge control
(AGC) systems, which adjust the gap to control thickness,
are the most effective method for ensuring the thickness
precision of hot-rolled strip products [4], [S]. The tension
variation in the steel strip is one of the main factors that causes
thickness fluctuations during hot strip rolling. The constant
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tension rolling process is usually maintained by a looper
control (LP) system, which adjusts the motor torque to control
tension [6]. However, the tension is extremely variable in the
actual hot rolling process, so a traditional LP system with
proportional-integral (PI) control not have sufficient stability
to ensure an invariable tension output. An increasing number
of electric rolling screw-down systems are being transformed
into hydraulic systems. Moreover, the response speed of AGC
systems is increasing rapidly. Hence, the interactions between
the AGC system and the LP system cannot be ignored [7], [8].

The cooperative optimization of AGC-LP integrated sys-
tems is a research hotspot in the field of hot strip rolling
control. Hearns and Grimble [9] studied a controller for an
AGC-LP integrated system that uses a multivariable Hoo con-
trol strategy to enhance system robustness. Okada et al. [10]
designed a controller with linear quadratic optimal control
for an AGC-LP integrated system, which gives the system
excellent control accuracy. A state-dependent Riccati equa-
tion technique for AGC-LP integrated systems was proposed
by Pittner and Simaan [11]. Their results showed that the pro-
posed technique can effectively deal with a highly complex
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FIGURE 1. Layout of a 1700 mm hot strip mill in a factory.
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nonlinear AGC-LP integrated system. Jiao et al. [12] devel-
oped an adaptive coordinated controller for an AGC-LP inte-
grated system, and the proposed controller was efficient in
a wide range of working situations. Qu et al. [13] designed
a feedback controller with disturbance rejection properties
and strong robustness for an AGC-LP integrated system and
researched the influence of a multitude of rolling param-
eters on thickness and tension. Cuzzola [14] developed a
multivariable and multiobjective approach for controlling hot
strip mills that can explicitly account for actuator limitations
and nonlinear dynamics. Hearns and Reeve [15]designed a
controller with state feedback and estimation to deal with
the unmodeled dynamics of an AGC-LP integrated system.
Although the control schemes described above exhibit good
performance, they were designed for a continuous model of
an AGC-LP system, which makes it difficult to practically
apply these control schemes with a programmable logic con-
troller (PLC).

Model predictive control (MPC) theory, which is well
known for its simplicity and practicality, has been success-
fully applied for looper control systems in hot strip finishing
mills. For instance, Yin et al. [16] introduced dynamic matrix
predictive control for hydraulic looper systems, wherein the
controller can ensure the system has excellent stability. Choi
et al. [17] presented a design method for robust MPC, where
in the designed controller can simultaneously give the looper
system fast response times and strong robustness. To date,
no studies have been reported that can verify the robustness
and disturbance rejection of the MPC theory for AGC-LP
integrated systems. The remaining sections of the paper are
organized as follows. In Section 2, a state-space model of
an AGC-LP integrated system is established by combining
the state equations of an AGC system and an LP system.
In Section 3, the proposed control scheme based on discrete
model predictive control (DMPC) theory is demonstrated.
In Section 4, the control performance of the DMPC con-
trol scheme is compared with that of a traditional PI con-
trol scheme. The conclusions of the study are presented in
Section 5.

Il. PROBLEM STATEMENT AND PROCESS MIODEL

Figure 2 shows the traditional control system used in hot strip
mills, which is mainly composed of an AGC system and an
LP system. The LP system is a double closed-loop control
system, in which the PI controller and proportional-integral-
derivative (PID) controller are designed for the closed-loop
control of strip tension and the closed-loop control of the
looper angle, respectively. The PI controller adjusts the speed
of the downstream stand to control the strip tension, whereas
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FIGURE 2. Structure of the traditional control system in hot strip mills.

the PID controller adjusts the output torque of the looper
motor to control the looper angle. The AGC system contains
another PI controller, which adjusts the roll gap to control
the strip thickness. The LP system and AGC system run
independently in the traditional control system [18].

According to the real characteristics of an AGC system, the
high-frequency action of the AGC in the downstream stand is
the main disturbance source for the closed-loop control of the
strip tension in the LP system. Thus, there is strong coupling
among the strip thickness, strip tension and looper angle.
In the traditional control system, the above variables can only
be controlled in the external system, so the coupling problem
cannot be solved. In this paper, the hot rolling process was
studied through state-space analysis, and to design a multi-
variable coordinated controller, an increment equation and a
state-space expression for an AGC-LP integrated system were
established based on hot rolling theory [19].

A. DYNAMIC DEFORMATION RESISTANCE MODEL

For hot rolling processes, the deformation resistance is an
important parameter for establishing a dynamic thickness
model and a dynamic tension model. In this paper, the defor-
mation resistance is calculated by the Misaka model [20] as

follows:
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By assuming that the carbon content of the strip p¢ is constant
and the deformation resistance ks is related to the entry
thickness H, exit thickness 4, the roll rotation speed w and the
rolled workpiece temperature 7, the deformation resistance
increment model at the ith stand can be obtained as follows:

Aks i = yiiAT; + y2iAw; + y3iAH; + yaiAh; (6)

where

Ok okr ; okr ; ok ;
V2i = , V3= ahin,i Y4 = 3hout,i

=T i
As shown in Egs. (1)-(5), the phase transition temperature
is used as the cutoff point, and the different mathematical
models were established above and below the phase transition
temperature in the Misaka model. Thus, a temperature predic-
tion model for the hot rolling process must be established to
calculate the deformation resistance. The temperature predic-
tion model can be divided into two parts: (1) a model for heat
dissipation of adjacent stands, which contains an air cooling
model and a water cooling model, and (2) a model for heat
transfer in the deformation zone, which contains a model of
deformation heat, a model of heat conduction, and a model
of frictional heat. Figure 3 shows the heat flows during hot
rolling [21], [22].

1) AIR COOLING

The heat transferred between the metal and the air is mainly
in the form of radiation, but some heat is also transferred
to the air by convection cooling. However, convection only
accounts for 5-7% of the overall temperature drop caused by
air cooling, which is approximately 1000°C. Hence, only the
radiation is considered when establishing the model of air
cooling, and the other factors are contained in the thermal
emittance &g, which can be calculated based on the measured
data. The air cooling model is established as follows:

6esosl (11 1\
AT, = |(T+273) 3+ —5 [ — 4+ =
¢ [( +27) +,0Ca)R W T how

—(T+273) ()
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2) WATER COOLING
The temperature drop caused by water cooling contains the
high-pressure water descaling and interstand cooling, and
these two parts are established based on the same mathemat-
ical model as follows [20]:

T—-Tw)-fs-p

ATw =kt - el (3

3) DEFORMATION HEAT
The plastic deformation of the workpiece results in work
hardening, and the accumulated mechanical energy in work-
hardened structures will be released in the form of heat, which
increases the strip temperature. The deformation heat model
is expressed as follows:

penH

ATy = In— 9
= WiepC T h ©)

4) FRICTIONAL HEAT

Frictional heat comes from the relative sliding between the
interface of the roll and the scale layer, and the frictional
heat is absorbed by the strip, which increases the temperature
of the strip. The frictional heat model can be expressed as
follows:

(10)

where k4 is the coefficient of friction.

Based on the models established above, the temperature
change in the strip AT when the strip travels from the ith
stand to the i+-1th stand can be predicted as follows:

AT = ATy + ATy — AT, — ATy, (11)

B. DYNAMIC THICKNESS MODEL

In the hot rolling process, the exit thickness of the strip can be
calculated from the predicted rolling force, which is estimated
with the Sims rolling force model. The rolling force per unit
width that is exerted on the rolls by the deforming metal sheet
is obtained as follows:

F = Qp/R'(H — h) (1.15kf — myoy —mpop)  (12)
16(1 — vz)F:| 13)

R=R|1+ ———
[+nE(H—h)

Note that Qp, is a geometrical factor developed by Ford and
Alexander [23], which is expressed as follows:

_ J1—¢  /RhH —h)
Op = 0.786 + N D] A (14)
where ¢ = HT_h

By assuming that the initial roll radius is constant,
the rolling force increment model at the ith stand AF; can
be obtained as follows:

AF; = a1;AH; + axi Ah; + a3 Aot + asi Aoy i +asi Aky ;
(15)
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where
dF; oF; oF;
al; = 8_H,~’ 052i=8—hi7 a3i=%,
oF; oF;
04 = gb’i, o5 = sz

The exit strip thickness can be calculated by the roll gap
without load and the rolling mill spring deformation under the
rolling force, which is called the spring formula. This formula
is expressed as follows:

F —Fy
m

The increment in the spring formula at the ith stand can be
obtained as follows:

h =S+ (16)

AF;
Ah; = AS; + YA a7

m,i
Therefore, according to Eq. (6), Eq. (15) and Eq. (17),
the dynamic thickness increment model can be expressed as
follows:

Ah; = ag i AS; + ap; Ah; + ag; Aot
+ao—b,iAO'b’i + aT,iATi + aw,,-Aa)l- (18)

where
4 M, 4 oy + asiysi
S = s Ay = ,
Muy; — oz —asiya; ™ Mmj — o — o5y
W a3
Oini — s
M My — o — a5 vai
4 _ o Y asiyii
Oout,i ~— ’ T,i = ’
M My — oo — o5y My — azi — o5;vai
asiy2i
Ag,i =

M — agi — asiya;

C. DYNAMIC STRIP TENSION AND LOOPER ANGLE
MODELS

1) DYNAMIC STRIP TENSION MODEL

In the actual rolling process, the length of the strip between
stands is always longer than the actual length of the strip,
and the interstand strip tension o (¢) can be calculated by the
Young’s modulus and elongation of the strip according to the
following equation:

E[L () — (L +5 @)]
o) =
L+6,(1)
where §, (¢) is the mass flow difference in the strip between
stands, which can be evaluated as follows:

(19)

t
A8, (1) = /0 [Avinis (1) — Avous O] dr - (20)

In the actual product, the working roller speed is not equal to
the strip speed because forward slip or backward slip occurs
between the strip surface and the working roller surface. The
forward slip at the ith stand f; and the backward slip at the ith
stand b; can be defined as follows:

ﬁ:

Youti = Vi 100% 1)

i
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Vi — Vin,i
Vi
Based on the mass flow balancing principle, Eqs. (21) and

(22) can be rewritten as follows:

Hi(1 = bj) = hi(1 + f) (23)

b; = x 100% 22)

h;
b; 1 - 171(1 +£) 24)

According to Eq. (21), Eq. (22) and Eq. (24), the increment
models of vout i, Vin,i+1 and b; can be expressed as follows:

Avour,i = AVi(1 + 1) + AfiVi (25)
Avigiv1 = AVip1(1 = biy1) — Abip1Vig (26)
hout. i 1 ; 1 Mout. i
Ab; = —2LIAf — + Ahom,,-ju—( +Jz) S LIN
hin.i hin.i in,i
(27)

The slip is a difference between the working roller circum-
ferential speed and the strip speed, which is evaluated by the
forward slip equation derived by Sims in this study [24].

R/
f=;¢,% (28)
" ht 1 ¢ & +711 (1 )
n = ./ —tan | —arctan —In (1 —
VR RTTT = T S ?
» h+1 h of — op (29)
VR "2VR ks

According to Eq. (28) and Eq. (29), the forward slip incre-

ment model at the ith stand can be obtained as follows:

Afi = BiAH; + BoiAh; + B3i Aot + BaiAoy; + BsiAkp i

(30)

where
_ ofi _ 9fi _ Ofi _ ofi _ ofi
ﬂ]l - aHi"BZZ - ahivﬂ?’l - ao_f’ivﬁﬁtl - aO'b,i"BSZ - akfyl‘

Based on Eq. (19), the interstand tension increment model
between the ith stand and the i+1th stand can be obtained as
follows:

. E .
About,i = Z [AL(G) + (Avinit1 — AVout,i)] (31)

By substituting Eq. (25), Eq. (26), Eq. (27) and Eq. (30) into
Eq. (31), the dynamic model of strip tension can be expressed
as follows:

Abouri = §(bf’in,iAUinwi + Doy i1 DOout,i+1 + oy ; AOout,i
+br,ATi + b, ATi1 + bay, AHit
+ by, ; AH; + bs, AS; + bs,, | ASit
+boiy Awit1 + by Aw; + by, Awy ;) (32)

i+1
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FIGURE 4. A schematic drawing of the looper system.

2) DYNAMIC LOOPER ANGLE MODEL
Figure 4 shows a simplified schematic drawing of the looper

system.
The looper angle 6 is determined as follows:
do
— =w, 60)=80 33
i 0) = 6o (33)

where w is the looper angular velocity, which is derived from
Newton’s second law of motion. This velocity term can be
described as follows:

dw 1

- = 7(M—ML—Mg—cfw) (34)
My, = Frls (35)
M, = (Wgg + 0.5Wsg)L3 cos 0 (36)

where Fr is the tangential force act on the looper roll. This
tangential force can be expressed as follows:

F1 = Fir + Fofer + Fsefr + Fs it + Fitt (37

where Fyr, Fuoer, Fscr, Fsitr, and Fyjer are the interstand
tension, strip bending force and weight, strip centrifugal
force, strip inertia force and looper roll inertia force, respec-
tively. These terms can be expressed as follows:

Fer = o Wh[sin(0 + 62) — sin(0 — 6)] (38)
h
Fofer = [16E W (L3sin® — Ly +r) - (Z)3

Fiirr = WR - L3 x ] 42)

By substituting Eqgs. (38)-(42) into Eq. (34), the dynamic
looper angle model can be obtained as follows:

According to Eq. (43), as shown at the bottom of this page,
the dynamic looper angle increment model at the ith stand can
be expressed as follows:
Wivi p gy Wini

AOi+—-AM;+

aflp i
i Ag
20, M, Tout,i +

Aéi =
000ut,i dwp i

D. STATE-SPACE MODEL

In the AGC-LP integrated system, the automatic speed reg-
ulator (ASR), the automatic torque regulator (ATR) and the
hydraulic gap control (HGC) system of stand i are all modeled
as a first-order system as follows [24]:

Sref,i (t) - Si (t)

Si(t) = B S; (0) = So (45)
Vi) = L (= Vi) (?V__ i) voy=ve @6
Wy (1) = et (24__ MO moy=m @

where Spef(?), Vrer(t) and Mir(t) are the control input refer-
ences of S(¢) in the HGC system, v(¢) in the ASR and M (¢)
in the ATR, respectively; and tg, 7y and 7y are the time
constants of the HGC system, ASR and ATR, respectively.

There is a certain amount of delay in the thickness change
as the strip transfers between stands, and this delay can be
calculated as follows:

L
Tdii+l = — Q7 = (48)
o wriR; (1 +fi)
The transport delay for the strip thickness can be expressed
as first-order lag:
1
AHipg = ——Ah; (49)
1+ td,iit18
The temperature is not constant throughout the same strip: the
temperature along the length direction of the strip increases
due to the change in strain rate induced by increases in the
rolling speed. The variation rate for the temperature delay can
be calculated as follows:

ATy = (AT; + Y1iAw; + ¥2iATo;)  (50)

I+ tqit18

1
+§Ws-g+ WR~g:| cos 6 (39)
Fseir = —(01 +62)- W -h-p - - cosf (40)
Fgirr = 0.25WsLsf[cos(d — 61)]°
+0.25WsL38[cos(8 + 62)]> 41)
6 =fip(M.6,0)

M = Lywho[sin(6 + 6) — sin(® — 01)] — Lz cos [ 16E - w - (L3 sin6 — Ly + 1) - (})* + S Ws - g + W - g

0.25L5Ws {[cos(® — 0112 + [cos(® + )12} +J + Wr(L3)?

(01+92)-w-h-,o-a)2-L300$9+Cfa)L

(43)

0.25L2Ws {[cos(6 — )% + [cos(6 + 62)12} +J + Wr(L3)?
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where
daT; aT;
le = 30),‘1 WZI = aTO,i
Based on the increment models of strip thickness, strip
tension and looper angle established above, the state-space
model focusing on the ith stand and i+1th stand can be

expressed as follows:
x; =Aix; + Biuj + Din id;
Yi =Cixi+ Dou,id;

where x; is the state vector for the ith stand, u; is the control
vector for the ith stand, d; is the disturbance vector for the ith
stand, and y; is the output vector for the ith stand.

x; = [Aoou,i A Awr,;i ATin i1 Aw; Awity

AM; AS; ASi]”
uj = [Awreti Awreriv1 AMiefi ASrefi ASrefiv1]”
di=[Ah;  Ahip AT 1"
yi = [Aoou,i Ab;

The coefficient matrix satisfies the following form: A;, as
shown at the bottom of the next page,

To validate the established state-space model of the AGC-
LP integrated system, the 6th stand, the 7th stand and the 6th
looper of a 1700 mm hot finishing mill are used as control
objects. For this validation process, the specification of the
rolling strip is 1265 mmx2.5 mm, the required data collected
from an actual seven-stand hot mill were input into the model,
and the mill exit temperature, exit gauge, looper angle and
roll gap were calculated in MATLAB. Figure 5 shows that
the predicted exit temperature and looper angle were con-
sistent with the trends of the actual measured data, and the
corresponding error was very small. Although the error in the
looper angle and roll gap reached 10% and 15%, respectively,
the looper angle and roll gap had strong correlations with the
actual measured data and the error was within the allowable
tolerable range. Therefore, the comparison verified the estab-
lished state-space model is valid and reasonable.

(S

AGin,i
AH; 1T

AGOU[,i+1

Ill. DMPC CONTROLLER DESIGN
A. DMPC DESIGN THEORY

The traditional MPC control theory is only designed for
continuous model. However, most of the hot strip mill lines
are controlled by PLC, so the discrete model predictive con-
troller designed for discrete model can meet the require-
ments of practical applications, and the adoption of high-
performance PLC makes the DMPC easy to be realized in
the system [25]-[27].

In this section, the AGC-LP integrated continuous model is
discretized with an actual sampling period. Since the model
given in Eq. (50) is not suitable for controller design, a dis-
crete state-space model of the AGC-LP integrated system at
stand i was established through state reduction as follows:

{:‘cmk + 1) = A%i(k) + Bidti(k) + Did (k)

_ 52
yitk) = Cix;(k) 62
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FIGURE 5. Comparison of actual and simulated results: (a) exit
temperature, (b) exit gauge, (c) looper angle, and (d) roll gap.

where
A;=AT
(_:i eC,—T
B,‘ = < eA’Tdt> B;
0
_ T
D; = < eA[Tdt> D;
0
_ T
%i(k) = [A6 Awri Aopui Awi AM; ASiyy ],
_ T
(k) = [Awri  AMri  ASyip1|ip
3 T
di(k) = [ Ahin; AT AT ],

¥i(K) = [ Ad;(1) Ahour, i1 (Olir

Eq. (52) is converted to an incremental formulation as fol-
lows:

Aaout,i(t)

Axi(k + 1) = A;Axi(k) + BiAmtj(k) + D;Ad (k) (53)
where

Axi(k+1) = xi(k+1)—xi(k), Axi(k)=%(k)—%i(k — 1),
Aiii(k) = i;i(k)—ii(k—1), Adi(k)=d;(k)—d;(k —1).

The system output can then be rewritten as follows:

Ay(k + 1) = Ay;(k + 1) — Ay;(k)
= Cixi(k +1) — C:%i(k)
= C;Axi(k + 1)
= CiA;Axi(k) + C;B;Aui;(k) + C;D;Ad (k)
(54)
Jitk + 1) = CiA;Axi(k) + CiB;Au(k)
+CiDiAd (k) + y,(k) (55)
The new state variable is built as x;(k) = [A)"ci(k)y(k)]T, and
the AGC-LP integrated system based on the augmented state-
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space model can be written as follows: Eq. (56) can be rewritten in a compact form as follows:
Axitk +1) | _ Agxg Oc6x3 | | Axi(k)
yik+1 égw[xgw I343 y;(k) xi(k + 1) = Axi(k) + Biui(k) + Did i(k) (57)
B, D _ yi(k) = Cix;(k)
| L 0S| Amo+| LS | aditk) (56)
3x676x3 L ™ 3367763 Attime k = k;, the AGC-LP integrated system starts to move
(k) = [03X6 I3x3] Axi(k) with an initial state x;(k,), and the sequences of the control
l y;(k)
_Eb i 0 Eb i EbT~ Eb i Eb i 0 EbS- EbS- ]
12 Oout,i 2 W[, i L i+1 L wj L Wi+1 S L i+1
0 0 1 0 0 0 0 0 0
es; ()] €4 0 0 0 el 0 0
1
0 0 0 - 0 0 0 0 0
Td,i,i+1 !
0 0 0 0 - 0 0 0 0
v
Al — V.,i |
0 0 0 0 0 — 0 0 0
TV, i+1
0 0 0 0 0 0 - 0 0
™,i )
0 0 0 0 0 0 0 R 0
T8.i :
0 0 0 0 0 0 0 0 —
L TS, i+1
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
1
— 0 0 0 0
TV,i |
B, = 0 0 0 0
TV, it+1 |
0 0 —_ 0 0
™,i |
0 0 0 — 0
TS,i
0 0 0 0
L TSs,i+1
0 0 O 0 0 00 0
C; = 1 0 0 O 0 0 00 0
_adout,,' 0 0 0 aw,,- O 0 as,,‘ 0
[ bhini  bhinit1  boini boowit1 T |
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
Dini = 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
| 0 0 0 0 0 |
0 0 0 0 0
Doy i = 0 0 0 0 0
| ahin; O aoin; O aT;
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signal AU, in the predictive horizon N, can be expressed as
follows:

Aui(ky)
Aui(k, + 1)

AU; = (58)

Aui(ky + Ne — 1)

In an actual AGC-LP integrated system, the saturation in
the controller input and the increment limits in the actuator
should be considered. Hence, the incremental constraints for
the control variables are designed as follows:

AuMM < Awi(k) < Au> (59)

In the predictive horizon N, Eq. (59) can be expressed as
follows:

Au?‘%n Au; (k) Aul™

Au™ Au;(k, + 1) Au™
< . < (60)

Agmin Au; (k, + N, — 1) Aulrx
AUMM < AU; < AU (61)

The state variable and output variable of the AGC-LP inte-
grated system can be written as follows:

[ xi(ky + 11kn) ] [ yi(kn + 1ky) ]
x;(kn + 2|ky) yi(kn + 2lky,)
X = : . Yi= : 62
P xih + mlkn) P il mllen) | 2
_xi(kn+Np|kn)_ _yi(kn +Np|kn)_

where x;(k, + m|k;,)are the predicted state variables at time
ky, +m and y,(k, + m|k,) are the predicted output variables at
time &, + m.

There is an iterative relationship between the predicted
state variables and output variables, which can be expressed
as follows:

xi(kn + 1|kn) = Aixi(kn) +Didi(kn) + BiAui(kn)
Xi(kn + 2lkn) = A7xi(ky) + D}d(ky) + AiBiAui(ky)
+ BiAu;(k, + 1)

Xi(kn + Nelkn) = ANexi(ky) + DNedi(ky) + AN "' B; Aui(ky)
+---A;BiAui(k, + N, — 2)
+BiAui(ky, + No — 1)

. N, N, Ny,—1
xi(kn + Np|kn) = A,‘ pxi(kn) + D,‘ pdi(kn) +Ai g B;iAu(ky,)
N B Auithy + Ne —2)
BiAuij(k, + N, — 1)

+..A
L q NN

i
Then, the output sequences of the AGC-LP integrated system
can be obtained as follows:

Y; =Fx;(k,) +Gidi(k,) + ;AU (63)
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where
[ CiA; ] T DA;
CiAiz DiAl'2
Fi=| v |. Gi=|, o],
1 CiAi'VC 14 DiAi'V( 2
L cal | | DM |
[ CB; 0 0 0 i
Cl'A[Bl' C,’Bi 0 O
: ) . 0
Vi=| cal ' CiAB; CiB;
_CiAévp_lBi CiAgvp—NL-HBi CiA?/p—NuBi_

The related constraints are also required for the output of the
AGC-LP integrated system, which is designed as follows:

ymin <y, < ymax (64)
According to Eq. (63), Eq. (64) can be rewritten as follows:
Y™ — Fix; (kn) — Gid i(kn)
< ¥,AU; < Y™ — Fix; (k,) — Gidi(k,)  (65)

The performance index function for the DMPC controller is
defined as follows:

Ji= (R - Yi)T 0, (R} —Y)+ AUTR,AU  (66)

where R; is the set value of the output trajectory and Q, and

R; are the weight matrices.
By substituting Eq. (63) into Eq. (66), the performance
index function can be rewritten as follows:

Ji = [R} — Fixi(ky) — Giditky)]"
x Q; [R} — Fixi(ky) — Gidi(ky)]
—2AUTY]0: [R; — Fixi(ke) — Gidi(ky)]
+AUT (WO + Ri) AU, 67)
The optimal control sequences can be obtained by the sequen-
tial quadratic programming method as follows:

min J; = %niTEm,- +97G; (68)
s.t. AUMD < AU; < AU™™ (69)
st Y <Y <Y (70)
where
ni =AU, E=v[0¥,+R;

Gi = ~29]0: [R} ~ Fixi (k)]

Then, the optimal control sequences can be calculated as
follows:

AUF= (VIO 4R) W10, (R~ Foxih) — Gadith)]
@)
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k p(k
x, (k) )()

FIGURE 6. Structure diagram of the DMPC scheme based on the
augmented minimal state-space.

According to the principle of moving horizon estimation,
the first element of AU;can be treated as the control incre-
ment for time k,;:

Ne

0 0

Nutky) = [ (view+k)

x W70, [Riritka) = Fixiks) — Gidi(k) |
= Kyri(kn) — Kqdi(k,) — Kmpcxi(kn) (72)

_ -\ —1 R
where K, is the first element in (%?Qilﬁi + R,-) 1ﬁiTQiR‘;,
_ -\ —1 -
K ; is the first element in (%?ini +Ri> dfiTQ,-Gi, and

- N | _
Kipc is the first element in (W?Qlﬂ/li + R,'> W?QIF,:
According to Eq. (57) and Eq. (72), the state equation of
the DMPC controller can be obtained as follows:

xi(k +1)= (Ai - BiKmpc) xi(k) + BiKri(k) + DK 4d (k)
(73)

As a special structure of matrices A; and C;, the last column
of F; is equal to R}, and the last element of K, is same
as the last element of K. The state variables x(k) =
[Axm(k) y(k)]T, and the gain vector of state feedback
matrix K. can be expressed as follows:

Kupe = [K: K] (74)

where K, is the state feedback gain vector for y(k) and K,
is the state feedback gain vector for Ax,,(k)’. The DMPC
scheme based on the augmented minimal state-space can be
described as shown in Figure 6:

B. DESIGN OF THE DMPC CONTROLLER FOR THE AGC-LP
INTERGRATED SYSTEM

According to the DMPC design theory presented above,
Eq. (52) is discretized at the sample time ¢ = 0.005 s.
The related parameters are selected according to the litera-
ture [24], and the discrete state-space model of the AGC-LP
integrated system can be obtained as follows:

{fcxk + 1) = AiEik) + Biiag(k) + Didi(k) as)

k) = Cixi(k)
where, f_l,-, as shown at the bottom of the next page,
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The improved minimal state-space of the AGC-LP inte-
grated system corresponding with Eq. (56) can be established
as follows:

xi(k + 1) = Ax;(k) + Biui(k) + Did (k)
yi(k) = Cixi(k)

Based on the dynamic characteristics of the AGC-LP inte-

grated system, the number of prediction steps N, and control

steps N, are set to 5 and 3, respectively, and the weighting
matrices are designed as follows:

(76)

Q,; 0 0 Ri; 0 0
=0 . 0 Ri=| o - 0
0 0 Quilay,an, 0 0 Rilsyav,
where
) 30 0 0] 01 0 0
Q.= 0 300 0| Ri=|0 01 o0
0 0 3 0 0 0.1

The related constraints added to the increments of the control
input and system output are designed as follows:
|Aupg| < 0.1rad/s  [Auapy| < 5000 kNm
|Aups] < 0.05mm |Af] < 0.02 rad
|[Ac| < 1 MPa |Ahjt1] <0.03 mm

According to information presented above, all the gain vec-
tors of the state feedback control can be calculated as follows:

K, =[38.8572 232354 1.2358 —0.0505 0.0772
2.8325 14.5236 7.8421]

K, = [10.5236]

Kope = [38.8572 23.2354
0.0772 2.8325

1.2358 —0.0505

14.5236 7.8421 10.5236]
IV. SIMULATION EXPERIMENTS AND DISUSSION

To verify the good performance of the designed DMPC con-
troller, the control systems for the 6th-stand and 7th-stand
were established based on the PI control scheme and DMPC
control scheme. Then, simulation analyses for the response
performance, disturbance rejection performance and robust-
ness of both control schemes were performed by MAT-
LAB/Simulink.

A. RESPONSE PERFORMANCE COMPARISON
During the hot strip rolling process, the control accuracy of
the LP system and AGC system directly affects the tension
stability and dimensional precision of the strip. To study the
control accuracy of the PI controller and DMPC controller,
a step testing signal was added to the initial value of the
strip gauge, looper angle and strip tension, and the dynamic
characteristic parameters of the DMPC controller and PI
controller were compared.

1) A step testing signal with an amplitude of 0.03 mm was
added to the initial value of the strip gauge at ¢ = 3 s, and the
simulation results are shown in Figure 7.
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FIGURE 7. System outputs in response to a step disturbance in the strip
gauge: (a) gauge, (b) angle, and (c) tension.

2) A step testing signal with an amplitude of 0.02 rad was
added to the initial value of the looper angle at t=2 s, and the
simulation results are shown in Figure 8.

3) A step testing signal with an amplitude of 1.0 MPa was
added to the initial value of the strip tension at t = 1 s, and
the simulation results are shown in Figure 9.

The dynamic characteristic parameters of the PI controller
and DMPC controller were again calculated, and the results
are shown in Table 1.

As shown in the Table 1, for the PI controller, the rising
time of the gauge reaches 472.5 ms, the rising time of the
angle reaches 732.5 ms, and the overshoot of the tension
reaches 18.23%. These dynamic characteristic parameters are

0.030

s s
8 &

Angle/rad
=]

Time/s

00015 01
(b) © nk
00010 00 I§
£
£ =
01t
g oo E
E %
© 5
&
0.0000 | 02
— i —FP
,,,,,, DMPC DMPC
0.0005 03 :
[ 304 5 6 71 8 12 3 4 5 6 1 8
Time /s Time /s

FIGURE 8. System outputs in response to a step disturbance in the looper
angle: (a) angle, (b) gauge, and (c) tension.

unacceptable for a hot strip mill control system. However,
for the DMPC controller, the rising time of the strip gauge,
looper angle and strip tension are only 16.5 ms, 64.5 ms
and 24.5 ms, respectively, which are acceptable for a hot
strip mill control system. Furthermore, the gauge, angle and
tension are coordinate-controlled in the DMPC controller.
When inputting a step signal, the fluctuations in the other
parameters are much smaller than those in the PI controller.

B. DISTURBANCE REJECTION PERFORMANCE
COMPARISON

The incoming strip thickness fluctuation, incoming strip
temperature fluctuation, and roll eccentricity are the most

VOLUME 8, 2020
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FIGURE 9. System outputs in response to a step disturbance in the strip
tension: (a) tension, (b) gauge, and (c) angle.
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FIGURE 10. System outputs in response to a step disturbance in the
incoming strip thickness: (a) gauge, (b) angle, and (c) tension.
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FIGURE 11. System outputs in response to a sinusoidal disturbance in the
incoming strip temperature: (a) gauge, (b) angle, and (c) tension.

common disturbances during the hot strip rolling process.
To study the disturbance rejection performance of the PI con-
troller and DMPC controller, disturbance signals were added
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FIGURE 12. System outputs in response to a sinusoidal disturbance in the
roll eccentricity: (a) gauge, (b) angle, and (c) tension.

TABLE 1. Dynamic characteristic parameters of the PI controller and
DMPC controller.

Paramete
r Rti:;g Overshoot Fluctuation
Controller
PI 472.5 ms 1.32% 0.048 rad/1.36 MPa
Step- i :
DMPC 1.3e-6 rad/3.1e-3
gauge o
16.5 ms 2.76% MPa
PI 732.5 ms 13.52% 1.76 pm/0.277 MPa
Stepangle  prpey s 12.23% 0.34 um/0.135 MPa
PI 123.5 ms 18.23% 1.03 um/2.72e-3 rad
Step- : :
tension DMPC 245 ms 2.242% 0.33 pm/2.62¢-4 rad

to the incoming strip thickness, incoming strip temperature
and roll gap. Finally, the disturbance rejection performance
of the PI controller and DMPC controller were compared
based on the dynamic characteristic parameters obtained by
the simulation.

1) A step testing signal with an amplitude of 0.05 mm was
added to the initial value of the incoming strip gauge at = 3
s, and the simulation results are shown in Figure 10.

2) A sinusoidal testing signal with an amplitude of 10°
and a frequency of 0.2 Hz was added to the initial value of
the incoming strip temperature at t=2 s, and the simulation
results are shown in Figure 11.

3) A sinusoidal testing signal with an amplitude
of 0.025 mm and a frequency of 1.0 Hz was added to the
initial value of the 7th roll gap, and the simulation results are
shown in Figure 12.

The dynamic characteristic parameters of the PI controller
and DMPC controller were again calculated, and the results
are presented in Table 2.

As shown in Table 2, when the hot strip mill encounters
fluctuations in the incoming strip thickness, incoming strip
temperature and roll eccentricity, there is substantial coupling
among the strip gauge, looper angle and strip tension. The
gauge fluctuations given by the PI controller are 3.73e-3 mm,
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TABLE 2. Dynamic characteristic parameters of the PI controller and
DMPC controller.

Parameter
Gauge Angle Tension
Controller fluctuation  fluctuation fluctuation
PI 3.73e-3 1.13e-2 1.353 MPa
Strip gauge mm rad
fluctuation DMPC 1.24e-3 2.87e-3 8.57e-1 MPa
mm rad
PI 1.26e-3 4.06e-2 8.23e-1 MPa
Strip temperature mm rad
fluctuation DMPC 1.16e-4 4.47e-3 1.71e-1 MPa
mm rad
PI 1.04e-2 3.98e-2 4.71e-1 MPa
Roller mm rad
eccentricity DMPC 2.94e-3 2.0le-2 1.14e-1 MPa
mm rad

TABLE 3. Dynamic characteristic parameters of the Pl controller and
DMPC controller.

§=1448 mm’

§=2230 mm’ §=4952mm’ §=7825mm’
Controller
P DMPC P DMPC PI DMPC PI DMPC
Rising time/ms 4783 172 4732 174 469.4 17.0 467.1 16.4
Gauge overshoot/% 1.24 2.64 1.26 2.58 1.34 237 1.32 2.66
Tension fluctuation/MPa 1.98 3.1e3 1.72 3.1e3 1.28 3.0e-3 1.17 2.9¢-3
Angle fluctuation/rad 0.044 126 0.034 13e-6  0.021 13e-6 0013 1.4e-6

1.26e-3 mm and 1.04e-2 mm. The angle fluctuations given
by the PI controller are 1.31e-2 rad, 4.06e-2 rad and 3.98e-
2 rad. The tension fluctuations given by the PI controller are
1.353 MPa, 8.23e-1 MPa and 4.71e-1 MPa. As the on-line
rolling optimization strategy and feedback correction strategy
was designed in the DMPC controller, the disturbances can be
corrected rapidly, and the fluctuation in all parameters can be
controlled in a small region. Hence, the DMPC controller can
increase the disturbance rejection performance of the AGC-
LP integrated system.

C. ROBUSTNESS COMPARISON

Steel strips with many different specifications are produced
in an actual hot strip mill, and the model mismatch caused
by the change in strip specifications substantially affects the
dynamic characteristic parameters of the system. To study
the robustness of the PI controller and DMPC controller,
the dynamic response characteristic of both controllers were
simulated under the condition that the cross-sectional area of
the strip S changes.

1) Under the condition that the cross-sectional area of the
strip S changes, a step testing signal with an amplitude of
0.03 mm was added to the initial value of the strip gauge at
t=2s, and the simulation results are shown in Figure 13.

The dynamic characteristic parameters of the PI controller
and DMPC controller were again calculated, and the results
are presented in Table 3.

2) A step testing signal with an amplitude of 1.0 MPa was
added to the initial value of the strip tension at t=1 s, and the
simulation results are shown in Figure 14.
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FIGURE 13. (a) Output curves of gauge with varying cross-sectional area
in response to a step gauge change. (b) Output curves of angle with
varying cross-sectional area in response to a step gauge change. (c)
Output curves of tension with varying cross-sectional area in response to
a step gauge change.

TABLE 4. Dynamic characteristic parameters of the Pl controller and
DMPC controller.

S =1448 mm’ §=2230 mm’ §=4952mm’ §=7825mm’
Controller
PI DMPC PI DMPC PI DMPC PI DMPC
Rising time/ms 128.8 248 1304 243 147.6 25.6 2125 245
Gauge overshoot/% 4121 2232 354 2183 0823 2137 0237 2242
Tension fluctuation/MPa 4.32 0.28 325 0.28 2.28 0.27 173 0.28
Angle fluctuation/rad 117 038 L12 035 0.98 0.35 0.95 0.37

The dynamic characteristic parameters of the PI controller
and DMPC controller were again calculated, and the results
are presented in Table 4.

As shown in the simulation results presented above, when
the cross-sectional area of the strip S changes, the robustness
of the PI controller decreases, and large overshoots or long
rising times appear. However, the AGC-LP integrated sys-
tem based on the proposed DMPC controller is relatively
insensitive to the rolling condition changes and model mis-
match. When a step testing signal was added to the initial
value of the strip tension, the PI controller had an overshoot
in tension of 41.21%, wherein the proposed DMPC controller
had an overshoot of only 2.232%. Moreover, when a step
testing signal was added to the initial value of the strip
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FIGURE 14. (a) Output curves of tension with varying cross-sectional area
in response to a step tension change. (b) Output curves of gauge with
varying cross-sectional area in response to a step tension change. (c)
Output curves of angle with varying cross-sectional area in response to a
step tension change.

gauge, the rising time of the PI controller fluctuated in the
range of 478.3 ms to 467.1 ms, whereas the rising time of
the DMPC controller was less than 18 ms in all cases. The
results presented above clearly show that, compared to the
PI controller, the DMPC controller is more robust and can
provide a better control effect for the strip gauge, looper angle
and strip tension.

V. CONCLUSION

In this paper, according to hot rolling theory, a state-space
model of a hot strip mill was established that considers the
coupling relationship between the AGC and LP systems,
the thickness delay, and the temperature delay. As expected,
there was only a small difference between the real data and
the results from the established model. In addition, based on
the established AGC-LP state-space model, a DMPC con-
troller was designed for coordinative optimization of the strip
gauge, looper angle and strip tension in a hot strip mill.
Finally, the simulation analyses were performed to compare
the response performance, disturbance rejection performance
and robustness performance of the traditional PI controller
and the proposed DMPC controller. The simulation results
showed that the overshoot and rising time of the PI controller
failed to meet acceptable levels for a hot strip mill system in
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cases of model mismatch. Future work will include model-
ing of parametric uncertainties and application of nonlinear
control schemes for hot strip mills.

NOTATION

pC -carbon content in the strip/%;

& -relative deformation degree/%;

w - roll rotation speed/(rad/s);

R - deformed working roller radius/mm;

H -entry thickness of the strip/mm;

h -exit thickness of the strip/mm;

T -rolled workpiece temperature/°C;

tg -phase transition temperature/°C;

oy -Stefan-Boltzmann constant;

w - strip width/mm;

l -strip length/mm;

P - strip density/(kg/m?);

C -specific heat capacity of the strip/J/(kg-°);
kr -cooling efficiency;

Tw -cooling water temperature/°;

fs - nozzle flow/(m3/s);

p -nozzle pressure/MPa;

v -strip speed/(m/s);

De - average unit pressure/MPa;

n - absorption efficiency/%;

Il -length of the contact arc/mm;

B - thermal conductivity efficiency/%:;

Tron -temperature of the working roller/°;

A - thermal diffusivity of rolling workpiece;
F -rolling force/kN;

ky - deformation resistance/(MPa/kN);

of - forward tension/MPa;

op - backward tension/MPa;

R - initial roll radius/MPa;

E - elastic modulus/MPa;

O -state coefficient of stress;

Fo - zeroing force/kN;

me -state coefficient of entry tension;

mp - state coefficient of exit tension;

My - mill stiffness/(kN/mm);

So - roll gap without load/mm;

Vout,i -exit speed of the strip at the ith stand/(mm/s);
Vini+1 - entry speed at the (i+1)th stand/(mm/s);
cf - viscous friction constant,

L -distance between adjacent stands/mm;
L(0) - actual length of the strip/mm,;

V; -working roller speed at the ith stand/(m/s);
On - neutral angle/rad

Ly -distance between the actual pass line and the

looper pivot/mm;
Ly - distance between the stand and the looper
pivot/mm;

Ly - length of the looper arm/mm;

r - radius of the looper roll/mm;

J -looper moment of inertia;

M - looper motor torque/(kgm?);
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M; - looper load torque/(kgm?);
M, - torque from looper roll and strip
weight/(kgm?);
Ws - strip mass;
Wg  -looper roll mass.
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