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System model
Let us consider the three following models: ('J

My :y(k) —agui(k) —baua(k) =0
{Mz : y(k) — azul( ) b2U2( ) 0 (1)
M3 . y(k) — agul( ) b3U2(k) 0

A general model, with decoupled operating modes, can then be written:
M :r(k) =(y(k) — aguz(k) — byua(k))x

(k ) —
(y(k) —azu1(k) — bauz(k))x (2
( ) —

(y (k) — agui(k) — bauz(k)) =0
The model (2) can be rewritten in order to show global system parameters:
r(k) =o¢"(k)d =0
o(k) = (y3(k) y2(kuw(k) y?(k)uz(k) y(k)ui(k)
y(Ku3(k) y(k)uz(k)uz(k) ui(k) us(k) ©)
U2 (K)ua (k) ua(K)u3(K))"
0=(01 02 03 04 05 O 07 Og O 910)T

= z 9ac

October 3, 2013 5/30

L. BAZART (RDMP-MC)



A

Method principle ArcelorMittal

System model

ation of ArcelorMittal
ation

¢ Global parameters 6¢; depend on local model parameters:

=1 0 = a1by + asby + azby + boaz + aibs + axbs
= —(al +ap + ag) #; = —ajaras
—(b1 + bz + bs) Og = —bqbybs
aiap +araz +a1az 09 = —(a1b2a3 + apazb; + alazbg)
05 = biby + bobz 4+ bibs 610 = —(aibabs + axb1bs + bibsas)
(4)
= Ten equations for only six parameters
Proposal: using only the estimation of ¢; to detect changing oparting modes.
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CRAN
- let us evaluate the sensitivity of r (k) (3) with regard to the system variables:

Design of a mode change indicator

reelorMittal

D(k) =

y
y2(K)02 + 2u1(k)y (K)0a + ua(k)y (k)06 4+ 3uZ(k)67 + 2u1(k)uz(k)bs + u3 (k)10
= [ y2(K)0s + 2uz(k)y (k)05 + u1(K)y (k)06 + 3u(k)0s + ui(k)0o + 2ua(K)uz(K)o
3y? (k)61 + 2y (K)ua(K)B2 + 2y (K)ua (k)3 + uZ (K)ba + u3(k)0s + uz(k)uz(k)s

col
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Design of a mode change indicator (.J

£
z

If the system operates according to model M1, M, or M3 then
y(k) = ajui(k) + bjua(k) with i = {1,2,3} and D(k) takes the values:

—aa —ap —ag
Dl(k) = (—bl) X]_(k), Dg(k) = (—bz) Xz(k), Dg(k) = (—bg) X3(|() (5)
1

1 1

with xi (k) = ((ai — aj)ux(k) + (bi — bj)uz(k))((ai — a)ux(k) + (bi — br)uz(k))

2 andi,j,l € {1,2,3}.
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Design of a mode change indicator (.J
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Consequently, the vectors D4 (k), D2(k) and D3(k) are equipollent to the

vectors:
az

D3 = | bs (6)
-1
and according to the operating mode, the vector D(k) is collinear to the
vector D1, D, or D3

oA

Cannat be disclosed, used,
CONFIDENTIAL

L. BAZART (RDMP-MC) October 3, 2013 9/30



Method principle -~

ArcelorMittal
Design of a mode change indicator

£
z
x

To get rid of the unknown scalar x;(k) (which sign can evolve according the
time instant k), each mode can be characterised by a vector issued from

the ratios of the components of D(k). If dj(k) denotes the j" component of
the vector D(k), let us define the vector D(k) such that:

=y ((da(k)  da(k)
500 - (29 509 "

£ DA
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Angular distance between modes

reelorMittal

To highlights the changing operating mode we can calculate the cosine of
the angle between tow vectors D(k — 1) and D(k) by the following
expression:

cos(D(k — 1),D(k)) D7 (k — 1)D(K)

= C)
ID(k = D[ IDE)

If this angle is zero, there was no mode change between times k — 1 and k.

Otherwise, the angle is equal to the angle between the two vectors that

characterising the operating modes at times k — 1 and k, this means that
there has been a change in operating mode.

= z 9ac
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Simulation

The simulation is performed with the model (1).
Simulation parameters:
a;=1 a =1.3 az =0.8
by =-1 b,=-08 b3=-02
Inputs us (k) € [-3.5,—0.5] and uz(k) € [-3.5,—2.5]
Changing of operating mode occur at random times.

ization of ArcelorMittal
ormation

0 .
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Simulation
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Figure: Components of vector D Figure: Components of vector D
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Figure: Cosine of the angle between D(k — 1) and D(k)
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Noise including

The addition of a measurement noise e(k) on the output of the system
modifies the local and the global models as follows:

{ My : y(k) — alul(k) — b1U2( ) — 6(k) =0

Mo : y(k) — agul(k) — b2U2( ) — 6(k) =0
Ms : y(k) — a3u1(k) — b3U2(k) — e(k) =0

DA
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Noise including

: The expression (7) is still valid and the directions corresponding to  CRAN
the three operating modes are now given by:

—a
Di(k) = (—b1> (xa(k) +s1(k ( ) (11)
1 291

—ay
Da(k) = (—b2> (x2(k) +s2(k ( ) (12)
1 291
—az
Ds(k) = ( bs)( a(k) + s3(k ( ) (13)
1 291

i(k) = (2ai — & — ay)us (k) + (2bj — bj — bj)ux(k) and i, j, I € {1,2,3}.

£ DA
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Simulation

The simulation is performed with same model and parameters as th
previous simulation.

_ This noise is uniform and equal in magnitude to 3 % of the maximum
amplitude of the signal y (k)

Changing of operating mode occur at sames times than in previous
simulation.
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The procedure for determining at each time the operating mode of the
system can be sum up as:

o from previously acquired data on a system that covered all operating
modes, estimate the parameters 6; with a least squares method,

e at each time k, evaluate, from the inputs and outputs of the system, the
vector D(k),

¢ analyse the potential change in the direction of the vector D(k)
compared to that of D(k — 1) and determine if there was a change in
the operating mode.
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Mechanical model of casting mold

A simplified mechanical model of a continuous casting mold can be
described by the following equations: CRRAN

reelorMittal

vp(k) = ( - M—f) Vp(k — 1) + ghwi(k — 1) + 7T (k - 1) "
fvp(k = 1)+ (1- F )ik - 1) + FFRk - 1)

Vp : product speed

v : mold speed

f : friction coefficient between mold and product
Mp : mass of the product

M, : mass of the mold

T : the traction on the product

F : the force applied to the mold

7 : sample time

£ DaACe
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The objective is to detect friction variation.
We consider three friction coefficients f1, f, and f3

The system 14 presented two equations so we have two residual rq(k) (with
g = |, 1) depending on system equations.
Defining:

wa(K) = 22 (Vp(k) = Vp(k — 1)) = T(k — 1)
wa(k) = T(vi(k) =vi(k — 1)) = Fi(k — 1)
wa(k — 1) = vp(k — 1) — v (k — 1)

= £ DA
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Mechanical model of casting mold

We obtain the global model decoupled from the two
E operating modes :

() =(wa (k) + fawa(k — 1))(wa (k) + fows(k — 1))
(W]_ k) + f3W3(k — 1))

=p1(k)T0

(k) =(wa(k) — fawg(k — 1)) (wa (k) — fawg(k — 1))
(wz(k) — faws(k — 1))
=po(k)T0

1
- fr + 1 +f3 - —w3
0= fifo + fify +fofz |’ ¢1( ) o s 5 (17)
fifof3

£ DaACe
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Mechanical model of casting mold

wi(k), wa(k) and ws(k):

We evaluate the sensitivity of rq(k) with regard to the variables

A
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8|’|(k)
awy (k)

8|’|(k)
owa(k — 1)

8|’||(k)
aw, (K)

8|’||(k)
aws(k — 1)

Du(k) =

So we obtain a sensitivity vector Dq (k) for each system equation, q = I, II.
We note dg  the j™ component of the vector Dg(k).

L. BAZART (RDMP-MC)
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Simulation

The simulation is performed with the model (14).

M =30t Mp =239 7=0.1s

f; =173 f, =198 f3 = 147

The switching operating modes are generated by a function h(k)

¢ Simulation parameters:

ization of ArcelorMittal
inforr
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Figure: Components of vector D
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e study of the occurence of an a priori unknown operating mode
¢ study of the influence of uncertainty on the parameters
e application to real data from continuous casting
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