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Robust Steering Control of Hot Strip Mill

Ivan Malloci, Jamal Daafouaylember, IEEE Claude lungMember, IEEERémi Bonidal and Patrick Szczepanski

Abstract—In this article, a robust hot strip mill steering In this article, we propose a robust controller able to
control is proposed in order to guarantee the system stablly  stabilises the mill system, reducing the strip off-centrethe
and to improve its performances. The rolling process consis — \hole set of treated products. The variation of the product
in crushing a metal strip between some rolls for obtaining t is taken int tin th trol desi i
a product with constant and desired thickness. The quality paramg ers "'.3 aken into aCCOl_J_n In ,e control desigrpss ”_
of the rolled products and the safety of the production are divided into several families, with reference to their
process are linked to the lateral movement of the strip in the thickness and width. For each family, a different contmlle
line. Then, the main task of the steering control consists in s designed. A polytopic approach is used to describe the

reducing this displacement. A hot strip mill treats products — gystem as a convex problem and then to design a robust
with very different characteristics. Then, the products are . .
controller using LMI technics [2].

divided into several families, with reference to their physcal ; J 4 ]
characteristics, and the stabilisation problem is formulded as The article is organised as follows. In section Il, the
a convex problem. Finally, for each family, a different robust ~ physical system equations are given. Moreover, the ligedri
controller is designed. Simulated and experimental result system and the singular perturbation approximation used to
conceming the steering control in the ArcelorMittal hot strip  jegign the controller are presented [6]. In section III, the
mill of Eisenhittenstadt are presented. . - L . .
polytopic modeling is introduced. A method to simplify
Index Terms— Hot strip mill, Steering control, Singular ~ the system description exploiting physical relations leew
perturbation, Polytopic uncertainties, H» robust control design, parameters is proposed. In section IV, the robust controlle

Linear matrix inequalities. is designed. In section V, simulated and experimental tesul
concerning the ArcelorMittal hot strip mill of Eisenhitten
I. INTRODUCTION stadt (Germany) are presented.

A hot strip mill is composed by several stands in a line,
where each stand is constituted by a set of rolls. The rolling Il. SYSTEM DESCRIPTION
process consists in crushing a metal strip between the rollsA hot strip mill (HSM) is constituted by: stands (Fig.
for obtaining a product with constant and desired thicknes&). Each stand contains a set of rolls (composed by two
Furthermore, specific physical characteristics are requir work rolls and two support rolls). Only the case = 5
for the rolled products. In order to prevent a decrease @ considered. The generalisation tostands can be made
the product quality or rolling accidents, the strip has tavithout any theoretical difficulty.
be maintained on the centre of the mill line. The lateral
movement of the strip with reference to the mill axis is cdlle ==
strip off-centre.

The most important contributions on the steering contro
theory are based on differential force measurements [6], [1 : —
[11] and [12]. The differential force is assumed to be thé
strip off-centre image. Hence, the stand tilting corratti®
fixed proportional to the strip off-centre and a PID congoll 4
can be used. Nevertheless, the law linking the differenti
force and the strip off-centre is strongly non-linear. Tehes
constraints are taken into account in [3], where a lineag
quadratic controller is designed for a nominal frameworkg
Since a mill treats products with very different characteri
tics, this strategy cannot guarantee the same performang
for the whole set of rolled products.
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Fig. 1. ArcelorMittal Eisenhuttenstadt HSM view



For each stand € T = {1,...,n}, the main physical
parameters are the strip width;, the strip thickness;,
the back strip tensiofi’?"™, the front strip tensiorY;"*, the
screw interaxis Iengtlil” the interstand Iengtl“gJ the work
rolls speeds; and the Young’'s moduléZ;. The constants

strips into the finishing train). The other perturbationsioa
system are negligible with reference to the input strip off-
centre. There exist cameras to measure the state variables
Z1y ooy Zn.

The main task of the steering control consists in reducing
the lateral movement of the strip, which can be maintained

ij_h’ C;Tam, cjf-T““, eI 9Tem  9Tev R K-f KJl P; and

g; represent the gradient of the strip parameters. They catose to the mill axis modifying the differential rolling fice.

be evaluated using numerical algorithms developed by ttgince the stand tiltings are bounded, only small deviations

ArcelorMittal engineers. Furthermore, the main asymrestri around the ideal operating point( = Z; = Ah; = 0)

are the strip off-centr&;, the strip thickness profile (wedge) must be considered. Then, we obtain the followmg linedrise

Ahj, the stand tiItingAS and the differential stand stretch model:

AK;. &= Mz + N'u+ N
{ _ 8

y = CYzx.

The main equations governing the system are:
— The differential roIIing force equation

AP; —c Ahj 1+c Ah

The HSM system has a two-time scale dynamics: the an-
gles are fast variables with reference to the strip off4@ent
variables. In this case, some numerical problems can occur

1
4 C;fTamAqum + C{TMATJ@”; @ due to the stiffness of this kind of structure. Moreover, the
. o system actuators have a limited rate. Then, the dynamics
— The exit stand wedge equation ; .
corresponding to the angles cannot be directly controlled.
Ahj = ((l;”f]w + lﬁ%) (Apj + zpj) Z; In this case, the singular perturbation approximation can
AP, ) be used in order to design the controller. It consists in
; JAS - h —L _P,AKj; describing the system behaviour in the slow manifold. The
K; ly I3 (K )? differential equations concerning the fast variables &e r

— The anglea; between the strip and the mill axis placed by algebraic equations. Decomposing the system stat
equation into the fast and slow components= [z} z5]’, we obtain:

dj:ﬁ(lcﬁh + )Ah + L (C 1 1L )Ahj_l i1 = Muizy + Miszs + Niu+ Nid
w; \1+9g; hj wj \1+g;  hj-a u d
gTav gTam To = Moi1x1 + Mosxo + N2 u + N2 d (9)
S
JiAT;,w_,_ JﬂiAT;m; y=C{x1 + Clas.
wi(l+g;) 7 wi(l+g;) N
3) Fixing i = 0,
— The strip off-centre equation
. M11I1+M12$2—|—N1U—|—N1d 0 (10)
Zj = 85 Qj; 4)
— The front-back differential of strip tension equation gives the slow manifold equation and
am w.E; TJ%”" L u d
AT™ =3 ((lj‘?)z w; ) (Zj - Zj—l) {xs Mz, + Niut Nid (11)
y=CY%x,
w; Ej 5 ;? o (5) s
+ 10 ( A aj*l) +3 w; s gives the zero order approximation of the system, where
— The coupling between two successive stands equation x5 = [Z1 Zn}/ c R"
AT = —AT™; (6) and
Two state variables can be associated to each stand: the M, = Map — Moy Myy' M,
strip off-centreZ; and the anglex;. According to the pre- NY = N¥ — Moy M N,
vious physical equat|ons the complete process is destribe N = Ng - M21Mﬁ1N{i,

by the non-linear continuous-time differential system .
CS = CQ — M21]\/[11 Cl.

& =z, u,d) ()
The pair (M, N*) is assumed to be controllable and the
where state vector, always available. Moreover, the mattif, ; is
z=[ar, ..., an, Z1, ..., Zn}/ c R2" assumed to be invertible, Hurwitz and it verifies the cooditi

is the statey € R” is the control signal (the stand tilting
AS) andd € R? the external perturbation, which consists
in the strip off-centre in the input of the first stand due tawith ¢, { € T. In this case, the singularly perturbed system
the vibrations of the coilbox (the device used to coil thg€11) gives a good approximation of the original system (9).

maz Re(§,{M11}) < mcinRe(ﬁc{MS}), (12)



I1l. POLYTOPIC MODELING width, h,, is the output thickness of the strip in the last stand

The products rolled in a mill have very different physica@ndof ando) are the hardness of the strip in the first and
characteristics. Hence, we have to consider a different uil the last stand, respectively. Hence, the system dynamics
certainty for each parameter of the product. The uncertaf®n be described by a convex hull with dimensior-= 4.
parameters depend on the physical parameters of the rolledn Order to compute the convex hull, two different strate-
strip (width, thickness, temperature, etc.) and on the HSII€S have been evaluated._Th_e first one consists in consid-
parameters (roll radius, roll speed, roll force, etc.). FigM  €ring each product as a point in the main parameters space.
parameters are related to the strip but fixed by an operatdi?us, the corresponding convex hull can be computed, for
Then, each product is characterised by its strip and HSgXample, using the free softwa@hull [1]. We find at least
parameters. Since products can be very different, severdf = 100. o o .
controllers have to be designed in order to obtain the same TN€ second strategy consists in considering2Hepossi-
performances for any product. The whole set of products thRte combinations of the maximum and minimum values of
can be treated in the mill will be divided into several fagslj €ach dimension. Then, a hyper trapezoid witj = 16 ver-
with reference to their physical parameters. For each familtices is found. With this approach, the number of vertices ca
a specific controller will be designed. be considerably reduced. This decreases numerical preblem

In this section, a method to formulate the robust steeringghich may be very restrictive for LMI solvers. Moreover,
control as a convex problem is presented. Furthermore, it REoducts which are not in the database but which could be
shown how the complexity of the problem can be reduced e¥@lled in the future are taken into account.
ploiting the physical relations between the different prod For these reasons, we decided to use the second method.

parameters. According to the practical implementatioe, th'n this case, the products corresponding to the convex hull
controller must be designed in the discrete-time. Considervertices could not be present in the database because the
combinations between the main parameters are infinite.,Then

z(k+1) = Az(k), (13) in most of the cases, secondary parameters of the products
corresponding to the vertices have to be computed. For each
family f, the sett/*(v, f) of the product corresponding to
the vertexv in the family f can be imposed to be equal to
the setl/*(p, f) of the closest produgt, which is computed

) o by the equation
A, denotes the uncertainty and belongs to the unit simplex
Drin(v,p, f) =~ min  {D(v,p,f)}  (16)

(v, p)elf xf

where A is the polytopic domain

Nv
A=>"NA, (14)
v=1

Ny
A={)N=1 x>0} (15)
v=1

and N, is the vertices number of the convex hull. The wholeP (¥ p, f) = [(w(v, f) — w(p, N?+ (hs(v, f) = hs(p, 1))+
set of products is divided intd families. For each family (v, ) =l (p, £))* + (2(v, f) — o%(p, f))Q]%
fewv=/{1,..,F} the vertices number of its convex hull

Nl{»’ with » € I = {1,..., N} and the products number with reference to the sé{™, between the vertex and the
N}, withp € @ = {1,..., N/}, can be defined. :

The space dimensicR of the convex hull coincides with productp in the family f. To compute it, all the parameters

the number of uncertain parametés&. In the considered € no_rmalised before_:hand into the interyall, 1]. The
HSM, UP = 70. Since the state matrices are iII-conditionedapprox'm""t‘:“Iy trapezoidal shape of the database guasantee

the LMI solvers cannot find any solution, with a problemthat each vertex is close at least to a product. Then, the

of this dimension. Then, a simplified system description hagroposed solution assures a good approximation.
to be found. We know that a set of main parameigts IV. H, CONTROL DESIGN
can be determined. When two products have the same main, s section, we describe the robust controller designed

parameters, the systems have similar dynamics. Let defigg o5ch familyf € W. For simplicity, the indexf is omitted.

U™ = {Ur\ Uy, wherel” is the set of the remaining consider the uncertain discrete-time linear system
parameters (secondary parametets).can be divided into

two subsets. The first one can be computed by analytic z(k+1) = Ax(k) + B u(k) + Bd(k)
functions. For example the relation between the roll speed z(k) = C*z(k) + D*u(k) a7)
and the output thickness of t_vvo adjacent stands is given by y(k) = CYa(k)
the law of matter conservation. The second subset/of . L )
depends on the operator choice. Nevertheless, for simil§nerez € R™ is the statey. € R” is theﬂfqntrol signal/ <
strips the operator must use analogous HSM parametefs’ iS the external perturbation, < R™ is the measured
Consequently, products with similaf™ have also similar output andz € R™ is the controlled output. Let define the
Us. convex hulls N

We simulated the system behaviour with diff_erent pro_ducts A= ZvAfAu, (18)
and we found/™ = {w, h,, 0¥, 02}, wherew is the strip t

with

Y (v,p, f) € TL{ xQf xW. D(v, p, f) represents the distance,



N, TABLE |
BY — Z)\E’HB;‘ (19) FAMILIES BOUNDS
v=t Dat
ata 0 0
and Family w hn 5t on
N, 1 810 — 1200 1.9-3 22—-65 | 30—-95
q_ Bl 2 8101200 | 3-45 | 22-65 | 30—-95
B® = Z)\V BU’ (20) 3 810 — 1200 45—-6.2 | 22—65 | 30—95
v=1 4 1200 — 1670 1.9-3 22 —-65 | 30—-95
. 5 1200 — 1670 3—4.5 22—-65 | 30—95
with {\24, \B" A\B"1 ¢ A. A H, LMI-based controller is 6 1200 — 1670 | 4.5—6.2 | 22—-65 | 30— 95

designed. It provides a solution taking a priori into acdoun
the uncertainties and minimising the effects of the externa
perturbations. Given the control law

TABLE Il
COMPARISON OF THE COST FUNCTION VALUES

[ Family [ Cost function value]

u(k) = Kx(k) (21) all 752.8

T 2371

and the closed loop matrice$” = A, + B*K andC¢ = 2 66.3
C% + D** K, the transfer matrix betweenandd is i ‘%12
d 1 ) 1 n»d S 100.6

T75() =C (I = A7) By (22) 6 78.9

and itsH, norm is
A. Robust Steering Control Toolbox

TS5 = %/ Tr{T*(¢)*Ty*(<)}dw  (23) A Matlab toolbox (RSCT [9]) has been developed for
T obtaining a systematic procedure to extend the steering con
with ¢ = e, V v € TI. The following theorem trolto different factories. It provides a user-friendlyerface
gives a method to compute the state-feedback galff compute the products database. Moreover, the algorithm

K = argmin||T9||2 which guarantees the asymptoticaldescribed in section Ill is implemented. This allows to devi
K v . e
stability of the system (17 v € T. the database irF families and to compute the products

corresponding to the vertices of each famflyc F. Then,

for each product, the corresponding reduced linear syséem i
computed (see section Il). These informations are negessar
to design the controller gain&/ using Theorem 1. The
toolbox also includes the HSM simulator to analyse the
Tr(W) <p (24)  system behaviour. The LMI problem (24)-(26) is solved
using the free LMI solve6eDuMi[13] and the freeMatlab
toolbox YALMIP, which provides a simple interface for the
most popular LMI solvers [8].

Theorem 1:[4] If there exist symmetric positive definite
matricesW, P,, matricesX, L and a scalay > 0 such that
LMIs

W C*X +D*L

« x+x-p|7° (25)

P, AX+B'L B B. Controllers Gain Computing
*) X+X' —VPV OV <0 (26) After experimental trials, we decided to divide the whole

(%) (%)’ I database intoF = 6 families, using the main parameters
setU™ = {w, hy, 0?2, c%}. The families bounds are sum-
are verifiedV v € T, then the controller (21) with marised in Table I.
K = LX~! guarantees the asymptotic stability of the The control system is designed in the discrete-time, with
system (17), with|7:%%|12 < p. sample timeT, = 0.05 sec. Applying Theorem 1, we can
find robust control gaink'/ for each familyf € W.
In order to choose the controller gaii minimising the The analysis of the cost function (27) shows that the

norm ||7¢%||2, we can solve the optimisation problem described families choice improves the system performsance
The results are summarised in Table II: in the first row the
min cost function value for the controller which stabilises the
. (27) ; ;
under(24) — (26) whole set of products is shown. The following rows show
the cost function values corresponding to the controliéfs
V. RESULTS which stabilise only one family of products.

In this section, the control design described in the previol°- Simulation Results
sections is applied to the ArcelorMittal HSM of Eisenhiitten Simulation results are shown for a produgt with
stadt. u™ ={967, 2.02, 27.9, 40.1}. From Table I,p belongs to



the first family. Fig. 2 shows the outp@ evolution. The The steering control system includes five cameras, the
solid line represents the evolution with theH; control gain main computer SC and the data connection devices (Fig.
K. The dashed line shows t@eevolution with a classic LQ 3). The cameras, which alAC004delivered byFife, are
control gain, designed for a medium product of family 1. Therotected by a water-cooled housing (the strip can reach the
dotted line shows th& evolution with a classic LQ control 1000°C) and mounted on dedicated vibration absorbers to
gain, designed for a medium product of the whole databasavoid high accelerations. Rrofibusconnects each camera
This last controller is presented in [3]. As expected, théo the main computer, which is linked to the staRdC by
Profibusas well. The main computer consists of3aGHz
Intel-P4standard personal computer with integradfibus

sor T /= T interface. The control system is developed in tBe+
45t , — — —mean LQ control (f=1) language and works under the operating syst&indows
ol /‘ - mean LQ control [4] XP. A TCP/IP using anEthernetconnection realises the
, communication to thd.evel 2 system in order to load the
Br | rolling parameters. Filtering, active pixel selection aute
30t ! detection are done by¥PGA devices, which are located

directly on the cameras. This architecture allows to reduce

I the amount of data which is necessary transmitting to the

main computer. An edge detection algorithm based on the

gradient analyses is used in order to obtain a clear infor-

mation concerning the strip off-centre valugsDuring the

operating phase of the control system, the stand tiltirig

obtained by multiplying the& values to the right controller

‘ ‘ ‘ ‘ -~ gain K7, computed off-line byRSCT In order to avoid big

0 200 400 (w 600 800 1000 values ofu, due to measurement errors, a saturation function
s is applied before sending the stand tilting signal to e,

For the evaluation of the control system some indicators are

computed and stored in a database.

Fig. 2. Exit strip off-centre evolution

division of the whole database into more families improve&. Experimental Results
the system performances. Moreover, fiig robust controller Some experimental result are presented here. In Fig. 4,

takes into account the uncertain parameters and miniMisgs, avit 7 evolution of two consecutive products with the
the effects of the external perturbation, which is due to the, .o, /m —{1510, 2.02, 59.1, 72.5} is shown. The solid
coilbox vibrations. Then, results may still be improvedeTh jine ¢orresponds to the evolution when the steering control
last line, the dash-dotted one, shows Ihevolution without s o \whereas the dotted line corresponds to the open loop
control. Notice that in this case a saturation occurs: itmsea ,, o, ,oiution. Notice that theZ value. which varies between
that the strip crashes against the HSM guides because of tb§5 and 50 ém in open-loop, is m’aintained close to zero
eIeva_tedZ. The result is a decrease of the product quality,;on the mill works in closed-loop. Then, a better quality
and, in the worst case, the damage of the rolls. of the rolled products is obtained. Moreover, the probgpili
that the strip crashes against the guides decreases. Hence,
the rolling process works in more safe conditions.

In Fig. 5, the exit strip off-centre evolution af) different

D. Industrial Implementation

_ products is shown. We chose the products in order to cover
System Rolling . . . .
parameters all the extreme combinations of the family with reference
""""" p— to the set of the main parametd#€”. The initial coilbox

soc _
S || perturbation, which can be deducted by thénitial values,

1 L W . . )
varies between-25 and30 cm. However, the strip off-centre
is kept between-15 and 20 ¢cm during the whole rolling
process. This fact proves the robustness of the designed
o control gain.
. A N N VI. CONCLUSION
\ | T ome | | . . : : .
S In this article, aH> robust_ _steenng control is proposed in
order to guarantee the stability of the HSM system and to im-
prove its performances. Since a finishing mill treats presluc
that can be very different, a significant database is created

and divided into several families of products. A method to
Fig. 3. Information global process at ArcelorMittal Eiséittenstadt HSM  reduce the complexity of the problem exploiting the relatio
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between the different products parameters is also prekente
This method yields to a convex stabilisation problem. Then,
for each family, a different LMI-based controller is deségh

We proposed a division of the whole set of products into
6 families and we showed that the corresponding designed
controllers guarantee the asymptotic stability of the etbs
loop system. Moreover, the presented control law reduces
the strip off-centre improving the product quality and the
system safety. Also if the results that we presented concern
the ArcelorMittal HSM of Eisenhiittenstadt, the described
steering control design is adaptable to any plant.

The next step consists in solving the tail end phase
stabilisation problem. The tail end phase is the last phase
of the hot rolling process: the strip leaves the stands one
after the other. Each time the strip leaves a stand the system
dynamics changes. Hence, the HSM system can be described
as a switched system [7].
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