Hot Rolling Scheduling Optimization Problem
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Abstract. In this paper the problem of minimizing the hot rolling time using
genetic algorithms of a steel strip is approached. Unlike the traditional
approaches in this work the steel chemical composition of the strip is
incorporated as a problem parameter allowing the automatically setup of the hot
mill for different steels. To validate the approach, a six-stand rolling mill is
modeled as an optimization constrained problem. The used set of problem
instances were built with realistic data of industrial schedules. In this paper the
mathematical model and the instances set are completely described. To evaluate
the model quality we present the results obtained with a solution method based
on genetic algorithms (GA). The global rolling time obtained solving the
modeled problem with a genetic algorithm (GA) is 0.051% better than the
industrial time. The generated rolling schedule diminishes the equipment damage
risks because it produces softer reductions than the rolling schedule proposed by
the manufacturer. Currently we are developing new solution methods using
different metaheuristics.
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1 Introduction

Steel hot rolling is one of the most important metalworking processes in comparison
with any other deformation process, aimed to manufacture products of relatively large
dimensions (sheets, strips, plates, foils, etc.), at high speeds [1]. The rolling mill
reduces the thickness steel slab by rolling two driven work rolls in a mill stand (as we
can see in Fig. 1). Due to high operational costs of a rolling mill is not acceptable to
setup the rolling schedule in an empirical way.
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Fig. 1. Hot rolling process
The hot rolling scheduling problem consist in determining the reductions for every
rolling pass to obtain the final thickness, considering that the rolling power should be
Jower than the motor power.

2 Related works

The hot rolling scheduling problem has been the subject of several research works.
Nolle & Armstrong propose the optimization of a 7-stand hot rolling mill using
simulated annealing (SA) and genetic algorithms (GA) [2]. The goal was to optimize
the surface quality of a steel slab. In this work the SA shows a better performance than
GA. Oduguwa & Tiwari propose a general methodology to solve problems of
sequentia} processes using GA [3]. The proposal consists in a binary representation of
the full set of parameters as a sub-set of strings. An application to multi-pass hot rolling
was given, using a multi-objective model. The goal was to maximize the system
productivity, optimizing the roll force. Chakraborti [4] applied GA to the problem of
minimizing hot rolling time in a reversing mill stand, determining the optimum number
of odd passes. In this work the efficiency of GA to calculate a hot rolling schedule,
with respect to traditional methods, is demonstrated. Another contribution of
Chakraborti [5] was the study of surface profiles of slab rolled. In this case, two
objective functions were applied to evaluate the wearing and deflection rolls as the
main factors of the variation of the thickness during roiling process. The GA produces
good quality solutions with respect to the solutions corresponding to the industrial data
[6]. Other approaches to determine hot rolling schedules have been applied as neural
network [7, 8], fuzzy logic {9}, and finite element methods [10]. Currently the more
successfully approach to solve the hot rolling scheduling problem is the genetic
algorithm.

In this work the steel chemical composition of the strip is incorporated, as a problem
parameter, allowing the automatically setup of the hot mill for different steels. To
validate the approach, a six-stand rolling mill is modeled as an optimization
constrained problem and a set of industrial instances is nsed.

3 Hotrolling model

The process parameters to roll the steel are obtained using a rolling model. Fig. 2
shows the hot rolling schedule flowchart to calculate the parameters, for a rolling mill
with » deformation passes of the roll stand i.
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Fig. 2. Hot rolling schedule flowchart.
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In this work we use the Hemdndez model to predict the flow stress of any kind of
steel independently of the chemical composition [11-14]. The flow stress parameters
include the temperature, the strain, strain rate, grain size and the chemical composition
of the rolling steel.

The hot rolling model is used to calculate the flow stress and the resistance to
deformation in two steps. The first step uses a stress-strain curve model to calculate the

flow stress as follows:
Let

Z; the Zener-Hollomon parameter in stand 7,

A =(12.19 + 65.58-%C -49.05-%Nb) exp (7.076-Q) and

Q =267,000-253552-%C +1010-%Mn +33,620.7-%5i + 35,651.28-%Mo

+93,680.52:%Ti ***'°+ 70,729.85-%Nb*****+ 31,673.46- %V
where:

%C : percentage weight of carbon.
%Mn : percentage weight of Manganese.
%Si : percentage weight of Silicon.
%Mo : percentage weight of molybdenum.
%Nb : percentage weight of Niobium.
%Ti : percentage weight of Titanium.
%V : percentage weight of Vanadium.

Once the above parameters are determined, the flow stress is calculated using
expression (1).
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where:
a : empirical parameter with value 0.95.
g;: steel strain in stand 7.
&, . peak strain for a given steel composition.
Z; . Zener-Hollomon parameter in stand 7 .
B, B, K, C;: parameters dependent of Z/4.

A=(12.19 + 65.58-%C — 49.05-%Nb) exp (7.076E~-05-0) (2)

0 = 267,000 — 253552-%C +1010-%Mpn +33,620.7-%Si + 35,651.28- %Mo
+93,680.52:%Ti “*7+ 70,729.85 %N 3+ 31,673.46- %1 (3)

In the second step, the resistance to deformation [15, 16] is calculated as follows:
= 1
b =— [ o.de, )
ai

where:

o;: angle between the steel and the roll in stand i.
o; : plane flow stress in stand 7.

Then the rolling forces to deform the steel can be calculated. The constitutive model
equations applied in this work have been validated with industrial data [17]. The roll-
separating force F can be calculated using different mathematical models, like rolling
theories of Sims [18], Cook & McCrum [19] and Alexander & Ford [20], in this work
is used the Alexander & Ford model.

The roli force is calculated using:

F:%w.z‘,,.(mzai)-k,, (3)

i

where:
X : parameter with value 1.07
L; : contact arc between the rol! and the steel in stand /.
w : steel width.
Z,  geometrical parameter in stand 7.

k. : resistance to deformation in stand /, as calculated with (4)

The roll torque is required, applying a variant of equation (1). The model of
Alexander & Ford was used [20]. The energy consumption or the rolling work for a
given pass can be determined by an empirical expression that takes into account rolling
torque. With this formulation, overloading of the main motor can be
assessed.calculated using:

2

G, =250 w- R‘,.-Ah{n + ZL] ¥3 6
sz
where:

R’; : roll radius with correction plane in stand 7.
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zq; ; geometrical parameter in stand i.
zp; ; geometrical parameter in stand /.
Ah;: difference between the final and the initial thickness in stand i.

Finally the rolling power can be calculated as follows:
RPM;
w,=2x-G £4
60 (7)

where:

G; : roll torque in stand 7.
RPM,; = revolutions turns per minute in stand 7.

4 Imstance description

Industrial data was obtained from the Hylsa Monterrey Company and from the
software HSMM of INTEG Process Group [21]. Table 1 shows the chemical
compositions of the steels considered in this work. The first column contains the steel
identifier. From column two {o six are contained the percentage weight of carbon,
manganese, silicon, niobium, titanium and vanadium.

Table 1. Chemical composition of steel.

Steels Id. % C % Mn % Si1 % Nb % Ti %V
1 0.045 0.45 0.069 0.0056 0.002 | 0.080
2 0.038 0.300 0.009 0.005 0.002 | 0.002
3 0.082 0.480 0.045 0.036 0.002 | 0.002
4 0.071 0.758 0.014 0.023 0.013 | 0.003
5 0.0028 | 0.170 0.009 0.035 0.035 | 0.005
6 0.053 0.784 0.010 0.026 0 0

From the industrial data 17 instances were defined, which can be consulted in [22].
Each instance defines the parameters of a different rolling problem. A rolling problem
consists in determining the intermediate reductions needed to roll the slab steel and to
obtain the final thickness in a 6-stand roll mill. Table 2 shows the parameters included
in an instance: the data source, the number rolling stands (»), the instance name, the
initial thickness (%), the final thickness (h), initial width (w) ,chemical composition
(%C, %Mn, %Si, %Mo, %Nb, %Ti, %V), and for each rolling stand the roll diameter
(D)), the roll speed (v,), the temperature (77), the grain size (do;). Also the source of the
data is indicated (Hylsa Monterrey or software HSMM of INTEG Process Group)), the
motor power (P;) and the inter-stand distance (/;) are indicated.
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Table 2. Hot rolling scheduling problem instance.

Industrial Data: Hylsa n=06 Name: hyl001.txt

hy =48 mm hy=3.8 mm w=991mm
%C=0.053, %Mn=0.784, %Si=0.017, %Mo=0, %Ti =0, %Nb =0, %V =0
Roll Pass No. i 2 3 4 5 6

D; (mm) 752 764 758 492 456 474

v; {m/s) 0.81 143 221 3.38 4.57 5.54

T (°C) 1010 987.64 96425 9427 92732 908.27

do; (um) 400 100 80 60 40 20

P; (kW) 7000 7000 7000 7000 7000 7000

/; (m) 3.5 3.5 3.5 3.5 35

5 Formulation of the optimization problem

Given an instance of the hot rolling scheduling problem, the goal is to determine the
intermediate thicknesses /4, ... , A, to minimize the total rolling time:

t:iti
i=1

To calculate the total rolling time #, the process time in each stand is added, to
calculate the total rolling time. The rolling time in each stand is calcuiated adding the
contact time between the roll and the steel, and the time to take the steel from one stand
to another, taking into account the roll radius R;, roll peripheral speed v, inter-stand
distance /;, initial thickness %;, and final thickness 7; (Fig. 3).

Fig. 3. Parameters to calculate the rolling time in a pass.

The rolling time in a stand can be calculated as follows:

‘\'Ahi ‘ ‘Rf + [i
fj=———— (8)
Vi
where:
R;: roll radius in stand i.

[; : inter-stand distance
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v; : roll speed in stand 7.
Ahg: hy g -hy

The problem includes the following two constraints:

1. In every rolling stand a reduction will be applied until the final thickness is
obtained. Each intermediate thickness should be lower than the previous one:
hy > hy > by >hy > hy> hs > by
2. To get the reduction in a rolling stand, a rolling power is applied. The rolling
. power should be lower than the motor power:
W< P; fori=1....6

6 Industrial rolling time calculation

For each kind of steel there is a rolling schedule given by the machine manufacturer.
The rolling schedule proposes to the machine operator the reductions that must be
applied to rolling the slab steel. These reductions are a suboptimal solution of the
problem, but it is a good empirical solution. We use the instance parameters, the rolling
schedule proposed by the manufacturer and the expression (8) to calculate the total
industrial rolling time. Table 3 shows the reductions configuration for the steel
specified in the Hylsa Monterrey instance and the rolling time calculated with
expression (8) in each stand. :

Table 3. Total industrial rolling time

Rolling D, v; A Stand exit ~Rolling
stand No.  mm m/s m thickness, mm time,s
7, 48
1 752 0.81 35 h, 26 4433
2 764 143 35 h, 143 2.494
3 758 221 35  h; . 931 1.603
4 492 338 35  h, 6.3 1.043
5 456 457 3.5 h; 455 0.769
6 474 554 hy 38 0.0024

Total industrial rolling time:  10.3444

The total industrial rolling time will be the reference time to compare the rolling
time obtained with the solution methods.

7 Experimental results

In this section the experimental results of the model evaluation are described. The
experiments were carried out with Microsoft Windows Server 2003 for Small Business,
dual Xeon CPU.3.06 GHZ, 3.87 GB RAM and the compiler C++.

To evaluate the quality of the proposed model, the rolling time obtained solving the
modeled problem with a genetic algorithm (GA) énd the industrial time calculated
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using the rolling schedule proposed by the manufacturer were compared for each of the
17 considered instances. Fach instance was solved 30 times to obtain the average
results. The genetic algorithm uses SBX crossover, uniform mutation and population
with feasible and unfeasible individuals and was configured using 40% of crossover,
50% of mutation, a population of 100 individuals and 100 generations.

The accumulated of the average execution time required for solving each instance is
42.62 cpu sec. The accumulated of the average execution time required for the GA to
get the best solution is 23.62 cpu sec. While the average of the improvement
percentage in the rolling time respect to the industrial time is 0.051%.

Table 4 shows the rolling schedule proposed by the manufacturer, and the rolling
schedule generated by the GA for the Hylsa Monterrey instance. In both cases we can
see the exit thicknesses and the rolling time in each stand.

Table 4. Rolling schedules for a 6-stand roll mill.

Manufacturer proposed GA generated
Exit thickness | Industrial rolling | Exit thickness, Rolling
Roll pass . .
{mm) time (sec) {mm) time, {sec)
hy |48 hy |48
1 |26 4.433 ho | 36.67 4.401
2 hy | 143 2.494 hy |22.52 2.498
3 hy 1931 1.603 hy | 13.57 1.610
4 hy |6.03 1.043 hy 823 1.046
5 hs | 4.55 0.769 hs | 5.80 0.771
6 he 138 0.0024 he |3.8 0.0039
Total time : 10.3470 Total Time: 10.3317

Figure 4 shows the typical differences that were observed between the rolling
schedules proposed by the manufacturer and the genetic rolling schedules generated for
a given instance. In the graph, the rolling time and the thickness reductions for each
one of the six stands are showed.
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Fig. 4. Comparison of rolling schedule obtained with the GA vs the industrial schedule

As we can see the global rolling time obtained solving the modeled problem with a
genetic algorithm 1s 0.051% better than the industrial time. Additionally the rolling
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schedule generated produces softer reductions than the rolling schedule proposed by
the manufacturer. This characteristic of the solutions generated using the proposed
model, diminishes the equipment damage risks.

8 Conclusions

In this work the problem of minimizing the hot rolling time was approached. Unlike
the traditional approaches, the steel chemical composition is incorporated as a problem
parameter allowing the automatically setup of the hot mill for different steels. To
validate the approach a six-stand rolling mill is modeled as an optimization constrained
problem. The mathematical model and the instances set were completely described.
The used instances were built with realistic data of industrial schedules. The
suboptimal industrial rolling time was used as the reference time to evaluate the
solution methods performance. Also we present the results obtained using a solution
method based on genetic algorithms. The global rolling time obtained solving the
modeled problem with a genetic algorithm is 0.051% better than the global industrial
time. Additionally the generated rolling schedule using the model diminishes the
equipment damage risks because it produces softer reductions than the rolling schedule
proposed by the manufacturer.

Currently we are developing new solution methods using different metaheuristics.
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