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MODELLING OF A ROLLING - MILL LINE

Summary. The paper present a problem of Flexible Rolling
Line CR1l. with the probabilistic input5 control. In the case of
FRL decision variables for rolling process and roll replacement
are distinguished which determine the sequences and product
range for certain charge and the choice of unit In which roll
replacement is required.

1 Introduction

The Tfeature of the Flexible Rolling Line CFRLJ 1is sequential
manufacturing the products of various range of goods on the same
lire. A proper tools is needed for each assortment and partlcular
Ilne unit. The production of different range of goods is related to
the necessity of tool replacement. It Is assumed that the tools are
multifunctional, 1ie. they canbe used Tfor manufacturing various
assortments. The tool replacement causes FRL shut-downs, which
decreases its effectiveness. To accomplish such a manufacturing
process, replacements of tools and working programmes of the FRL
are necessary. The problem of the control is that sequence and
quantity of produce goods and procedure of tool renewal are
determined - for maximization of the line effectiveness.

FRL control alms at maximization of making use of the lire.
The main limitations result from availability and usual wear and
tear of tools. Additionally, It is assumed that the Tflow of objects
delivered to the line and their uptake isnot determined and the
control should be performed at an actual time.

With the problem probabilistic FRL CFRL with the probabilistic
input> control the FRL is assumed to be fed with random lots of
charge at random moments of time. Various assortments are conveyed
from FRL to the buffer stores having limited capacity, from which
material is taken out at random moments and random lots 11,2,33.
Buffer stores are placed at the entry and exit of the FRL. In the
buffer store, the charge reserves are restocked by a charge mass



- 324 -

flow at a constant time. The FRL products are conveyed by portions
to the further units These units should be operated continuously.
Buffer stores for proper products are provided before them to
ensure that the units are operated continuously. The product of one
type can be located in each buffer store. The absence of product
causes specified production losses. Concurrent production of
different assortments on the FRL necessitates tool replacement and
the linedown-time. In this case, the control of FRL aims at
minimization of losses resulting from lack of goods iIn the buffer
stores.

In a situation of random charge supply onto FRL and random
uptake of goods from buffer stores the schedule generation of
manufacturing process 1is not possible. In practice, decisions made
toestablish FRL schedule resolve themselves to the use of
heuristic rules.

The paper present a px-oblem of FRL withprobabilistic input
control. In the case of FRL decision variables for rolling process
arid roll replacement are distinguished which determine the
sequences and product range for certain charge and the choice of
unit in which roll replacement is required.

2. Basic definitions and assumptions

We shall assume the following denotations:
- number of charge types
- number of product types i, %),
- number of assemblies of FRL Cil,...,I>,
- maximum number of passes on roll assembly C¥}Q,1,...J ),
- decision stage number K*i,...,K>.

In order to introduce a matrix notation we shall assume that

Jnm max J. <t
I<i<I L

We shall assume that the amount of products which can be

obtained on FRL 1is the number of passes of the last assembly, ie.:
N - J. <23

NGQmS 3

2.1 Relation between charge and product

Let us assume that a FRL is given In which N types of products
can be obtained from M types of charge CFig.l).
A relation exists between the charge types and products, and
expressed by matrix:
R« [ r_HjR 1 <l ... ,M § rfl,_. N Cc3>

The elements of this matrix are determined as follows:

Fig.i. Flexible Rolling Line CFRL3 - Charge-product relation
Cm- charge type number, M - number of types of charge,
n - product type number, N - number of types of products )

IT product of n-th type can be obtained
from charge m-th type
, In a contrary case <3a>
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The charge is subst.it.ut.-lve if the Tfollowing condition is
satisfied:

M
4T WEN I ot 4>
The charge 1is not substitutive if the Tfollowing condition is
met:
vV rr m 1 s>
N —_
1<n<m = MmN

In practice, when M > N then the charge is substitutive. In
case when MSN, the charge may not be substitutive.
If condition is satisfied:
n*N
Vv rr -1 ®)
i£mEM n*1
then charge is dedicated.
In case when

n*N
\Y £r > 1 Cr>
4 £ m £ M r>»1

the charge is not dedicated.
When M < N the charge is not dedicated. In case when M S N the
charge can be dedicated.

Further on, we shall assume that the charge is substitutive
and non-dedicated.

2.2 Structure of FRL

Let us assume that FRL is composed of 1 roll assemblies
(units). Each unit can include J. passes. A train of passes makes a
process lire.

The process line is the FRL axis along which a conveyor is
placed. The wunits can be shiftedin such a way that appropriate
passes are located on the FRL axis. The train of these passes forms
a technological route of product.

The FRL structure is presented by a matrix:

S -[s 1 4 I 1 ;3,..J 8>

The elements s are determined as follows:
i

rj, ir 1< j<ij
L,j ina contrary"case cuai
We shall assume that the charge be passed once through a
chosen pass of selected lolls to obtain the n-th product. A
sequence of the number of these passes forms the technological
route <Fig.2>.
Technoloeical routes of productsare expressed iIn the matrix
for-m
A« [ X_ p] 1*1, .1 ; r»1 N

The elements of thismatrix are expressed asfollows:

*J, if charge must be passed through the j-th pass
of i-th roll to obtain the n-th product
i.n -1, if the i-th roll 1Is not utilized to manufacture
the n-th product

From the notation (@) it follows that each technological
route 1is passing by consecutive FRL rolls fromthe Tfirts to the
Last one.



Fig. 2. FRL - technological routes
< 1 - unit, number-, I - number- of units. J - pass number-.
J - number- of passes of i-th unit 5.

Moreover-, we allow possibility
3 3 3 X ] 190}
n U L i,nT o tP

2.3 Statical char-akter-Istic

From the viewpoint of rolling process controll, statical
characteristic of pass is -of essential importance. This
characteristic determinesa distance between roll surfaces 1in a
pass depending on the mass of material rolled.

As can be seen from Fig.3 the roll surfaces in passes are
subject to wear — due to roiling process.

Fig.3. Statical characteristic of pass
Cd - nominal distance between surfaces of rolls in a pass,
6 - admissible increase In the distance between roll
surfaces in a pass,
actual distance between roll surfaces in a pass,
w - quantity of charge passed through a pass tin tons
o— pieces>

The roll surface 1is wearing more rapidly at a large draft
Oi/d> as compared with a small draft a>/d+6> CFig.4>. In case of
draft CD/I» the wear of roll surface does not accur. Hence, It |Is
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Fig4. Wear and tear of roll surfaces
CD - charge thickness, 8md + & ).

supposed that statical characteristic of pass is of convex type.
Under practical conditions, such a characteristic can be obtained
as a result of ldentification.
In a general case, the statical characteristic of the i-th
roil is a function:
x -/ ) CI0)

>, “m.Jwi.n

This function can be different for various passes Jj on
different rolls 1 Moreover, the course of the function is depending
upon the type of charge Ce.g. material hardness) and the sort of
product Ce.g. specified draft).

IT the J-th pass of the i-th roll lies on the technological
route of N products that can be manufactured from each charge,
then the number L of all statical characteristic will be:

k=1j
L-M r H. @ 1))
k=1
which determines the extent of identification problem.

In practice, Cfor simplicity) linear characteristics of passes
are assumed:

Xo.— gy, o+ el.j. C12)
where: au_ - ei 3 constant coefficients,

In such a case it Is possible to determine the distance
between rol surfaces on the basic of charge Quantity.

Even if linear characteristic is In the form of:

X —a a + e ®@,-5J
and Uilus L1 1 ‘’nl 1

X - a tv + e U2b)
-.3 a.3,*n, n 5,

J

It is impossible to. define the distance between roll surfaces

From theFig.5, it follows that rolling inturn w and then w
of charge we shall get the distance \ of roil surface. During a
reverse order of roiling we obtain the same result. However, when
rol ling only the product u Cfor Au « t + w ) we get the distance
of roll surfaces x . Therefere the wear of a pass depends on the
types of rolled products.

Further on, we shall assume that parameters of passes arc-
given as expressed In matrixes:
- Standap# dimensions of passes are given bv matrix:

D-9[d 1 N [ SN | @®
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Fig.S. Linear characteriatic of passes
(n, v - product numbers, w ,w - quantity of products
X5y Xg = distances between surfaces of passes ).

where.- d . nominal distance of roll surfaces of the J-th
[EY] pass on a new 1-th roll.
- admissible dImentionsfor imbsos are expressed by matrix:
a - teti] *-1. 4 ; J-1. J «4)
where.- ¢ - actual distance of roll surfaces of the J-th pase
WJ on the worn 1-th roll.
- tolerance of passwear- 1is given by matrix:

A -[L[e6 .1 11...4 ; J-L. -J «55
where. £ - acceptable Increase In the distance of roll
1"J surfaces on the J-th pass of the 1-th roll.
arm Gr_J - i g ,- d* | Cl15a)

From giI and the state ij it iIs possible to determine flow

capacity of FRL.
FRL flow capacity Is expressed by matrix:

Pm[ p\lﬁ - Cmn> ] 1.3 1-1.a tru)
J
where. pk Allowable wear*
Moreover iJ
1 £ \\// <1 . < \Y < er *l>j CiHia)
and &
> £ < I , <1< 0 > CIUb)
For non-existing passes we assume:
k
<VY<i j<W¥s-s Pry- 1 1)
Flow capacity of products technological route is described bv
matrix : -
P « 1P 1 n—I,...jy <18)
where, p - flow capacity of line for the n-th product.
Furthermore
k - k
P - min p (18a)
1< 1< 1

1rt case wlien:
p -0 Cl9a)

19 \n/ =N n
no product can be roiled, the n-th product cannot be rolled
(the n-th route ruled out),

3 min LA -0 (19b>
n 1 £ t£ 1 i
the n-th product cannot be rolled (the n-th route ruled out).
k

min P; Cl9c)
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FRL Is stopped - for replacement of assemblies.
3 The State of FRL
The FRL state can be determined by a. distance between roll

surfaces in each pass.
Definition 1: "he state of FRL is a matrix:

CmJ[xk .] i-1,...1 0
where.- Xx. - distance of roll surfaces iIn the j-th pass of
1-J the 1-th assembly.
For non-existing passes we shall assume:
\Y \Y xk - -1 Cla)

i< 1 < i i < j < Jv wJ

IT i-th assembly is replacement iIn k-th operation, then we
assume that:

NV, x . -d <22)
15 j <73 L, j V,J
Assembly can fee replaced 1if the Tfolloving condition is
satisfied:
i <3<3 Xii"Sj <223)
Therefore coordinates of FRL state meet the condition:
1<'¥<’ 1 1<’\j/<'J dV,4<X\|/(,j<gL,J C22b)
State of FRL 1is measurable. In particular. it can Dbe

determined after k-th rolling operation or roll renewal. Hence, we
shall accept a notation X . The state X° 1is an initial condition
(as given) whereas XK provides the end state (unknown).

Assuming the Hlinear- statical characteristic of pass (4). its
flow capacity can be defined for the n-th px-oduct originating from

the m-th charge. If state of pass xk is given (from identifica-
tion). then by (20) we have an equivalent quantity of charge:

xk .- e.
w m 1>J >J (€2))
a| ,),m,n
Proceeding similarly, we shall determine the maximum charge
quantity: n
w - 1>j (€]

max a '

Y om
Hence, the flow capacity p ,  we define as

xk .+ d. - e.
P aw - w - — LI Lti-—- LtJ 25)
—a_

i.,4, m, n * max _
V »j em »n

Consequently, tire flow capacity of pass B jJmn 2% opposed to the
state xk ) is determined for selected product, and charge

-4
Capacity of technological route for n-th product of m-th
charge can be expresed as:
pnll( pD " <{n <iTn p- (Zd)
For <24) and (25) we assume:
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If in the state Xk the condition is satisfied:
A CFrn ™ D7 Gilge HO <
then the FRL cannot manufacture the n-th product.

If in the state x* the condition is met:

1 s \n/ 2N %/ c I’_m,n «D e Cpm,n -0 <2%
then the FRLcannot fabricate any product.

In case of <28>it is possible to manufacture products that do
not satisfy the condition <28}, however inthe event of <X}
certain FRL rolls must be replaced.

We shall assume that i-th roll can be renewed which meets the

conditions:
*
1£3¢ G T t6 g <50}

Let us assume ~that capacities of buffer stores before the

units are writen in vector:

Bmw[b 1 mai....,N <31}
where, b - capacity of buffer store for n-th product (.before
unit A \
i Throughputs of FRL and units for particular products are writen
In the matrix: y « fv, | 1- nd,. N §12 a2}
where- v - output of n-th unit Cfor n-th product},
v > - FRL output for n-th product.

The output is meant as the number of tons of material processed in
a t.lme unit.
We shall assume that the throughputs satisfy the condition:
N

< _ \Y <V <32a>
in i N r,.|l n.z

1 -
Specific losses due to shut-downs of units are writen in the

vector: Hm[ hn 1 r-1__N <33}
where, h - loss of shut-down forn-th units in a time unit.

Let wus assume that unitary cl-targedeliveries are writen in

vector: Bu[ dm 1 34>
where d - delivery of »n-th type charge in a time unit.

We shall assume that capacity of buffer’ store is not limited for
Lhe charge before FRL

4 Control

The control Is that decision is take about production of n-th
assortment from m-th charge or replacement of rolls.
Definition 2a: Control of k-th rolling operation is a vector:

U*m [ un] i1, W2 <35}
We definethie elements of bhls vector as follows:
U{ ” product to be manufactured,
u - quantity of product,

- quantity of m-th charge <mwl....(}
Admissible control must fulfil the following conditions:
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A Cyk - n) »CP*.> 0) (36)
Furthermore m*w

aﬁd uz " nﬁ'n+ um+2 C37>
k k
Um+2 m,n

With the choice uK , le. constituents uk , there is a problem

connected with various statical characteristics. For example, one
charge p, which satisfies th” condition:

max gy o, "R o, (€5))
can be selected, and then to accept:

u -p (38a)
and for m » p *Jh

U . o® 0 (380)

In a general case, the problem of charge choice for n-th
product can be more complicated
Definition 2b.: Control of k-th roll replacement Is a vector:

Yk - [ yk 1] ™",..1 (39>
and at the same time
km f1, if 1-th roll isto be renewed in k-th operation
t \O, Iin opposite case (39a)

operation of roll replacement takes place when the state X fulfils
the condition C38). The roll that is being replaced must satisfy
the condition (39).

Let us assume that periods of times of roll replacement are
given in the vector:

Tem [t ] ™1 (40)
where.- t. - replacement time for i-th roll.
The charge stock after k-th operation is a vector:
Sk - [ s’ﬁ 1 el ... M C41)

where.- Sg ~ reserve of charge of m-th type.

We shall assume that during rolling process the condition must
be satisfied:

185 %iH Ye2 < sk ! 42
Stock of products alter k-th operation is a vector:
#k - [ pk 1] n«i N “@3

where.- - stock ofnn—th type product.

Operation time p* of rolling FRL charge is expressed by the
formuXa :

k
»k * ‘\‘/l (44)
at the same time ri
n*u “43)

Let us denoté’ by é( the moment in which k-th operation is
termlned Ct *0). Thus, for operation of charge rolling we obtain:

tkm tk1 + 8k (46a)
and for operation of roll replacement:
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fk - ik + Tk k (46b)
The time & is deter-mined by (44), however-, the time r from:
- if rolls are renewed at the same time the replacement time « will

be calculatedas:
t ®m max y.t (46c)

- with consecutive replacement we get:

K a :!_:1:{ v (460>

5. Equations of state

Letus assume that FRL initial state XOZ , kV. One should

determine the shortest time for execution of orders.
The equations of state take the form:

Xk - / CXk~S Uk, Yk> “@n
S.1 Operation of assembly replacement

IT the state Xk 1 fulfils the condition:
\ [ min CS S _ - *kvme 0) -C2k1 = 0 >] <48)
I<n<N 1<1<I1 W i,n If I,n n,m
then the replacement of assemblies takes place in the k-th
operation, ie:

3§ vk-1 . (49)
{ d ,fo*xv * 1
. A | - (49a)
anQ <3 "in Jpposite case
rewrw  ZK. - 2K1 (49b)

Stocks of charge are determined from the formula:

sk -sk~* +d Ctk - ik D) nel, .. ,M G0)
The stocks of products are defined according to the formula:
*ﬁk emax 0. pk-l - v, (k - kD ] G

Therefore, bhe Tfollowing conditioﬁ must, be satisfied lest, the sbock
should be zei-o:

-*« - 4 -

n.z
With operation of replacing assemblies the control U is zero vector.

5.2 Operation of charge rolling

Il the state Xk 1 satisfies the condition:

Vv min C 6. - * >0 >N £ . >0 > 53
I<n<N Ii<1<| i Kin I'(.§V>>n CER i 3)
*nd i<Y<i v -0 (G

and the n-th product is realized, then by Uk we obtain:
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+uj§,dla<ulfln)a<]l >

K _ J L1 w* CSa>
= <Rk 1, inopposite case
Z;U _ f z!&j+ uE, for- <u = ul_(l_ <54b>
" 2" ” J, Inopposite case
Furthermore uk
tk mik_* + —i CSS>
n.l1
The charge stocks are determined from the formula:
s;ﬁ ] sk_]m— uk m_|,+2d ﬁ]lk - k4> C56>
The product stocks are determined according to formula:
*>r_k--*+ u2k— vn,*Ctk - tk~S, ala n - UkJ_r cs7y

max [ O, 15n< 1 - vanCtk— tk 4>] , dla n * uk

And so, the following condition must be met lest the n-th buffei

store should be overfilled: Ko
b - -

6k < n n <581
\Y; -V
n.l1 n,2
which results from <57> for n

» U -
1
6. Conclusion

In the paper, the equationof state of rolling process on FRL
are derived. On the basis of the equation itis possible to analyse
FRL control under deterministicor probabilistic conditions. At the
same time, deliveries of charge into the FRL and uptaking products
bv further- units are disturbed.
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MODELLIEREN EINER WA .ZCFISTRASSEK - ANLAGE
Zusammenfassung

In der vorliegenden Bearbeitung wurde das Problem der Steuerung
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einer Elastischen Waizenstrassen - Anlage CEWAJ mit einem probabi -
listisehe Eingang dargestellt. Fur die EWA werden die Entscheidungs-
variablen des Walz - Prozessen und des Auswechseins der Walzen
hervorgehoben, weiche fur die Sequenzen und die Grdsse des Produkt-
sortimentes TfTUr einen bestimmten Einsatz, sowie fur die Wahl des
A.gregates, In weichem die Walzen ausgewechselt werden sollen,
ausschlaggebend sind

MODELOWANIE LINI1 WALCOWNICZEJ
Streszczenie

W referacie przedstawiono problem sterowania Elastycznag Linia
Walcownicza <ELV> 2z wejSciem probabilistycznym. Dla ELW wyréznia
&ie zmienne decyzyjne procesu walcowania oraz wymiany walcéw,
okreslajace sekwencje 1 wielkos¢ asortymentu produktu dla okreslo-
nego wsadu oraz wybdor agregatu, w ktérym nalezy wymienié walce.

Wotyneto do redakcji w styczniu 1992 r. Recenzent: Ewaid Macha



