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1. Introduction

Considering metallurgical processes as objects of re-
search, it should be noted that by the nature of the de-
scription they can be referred to the category of chemi-
cal-technological processes. The fact that such processes
realized in industrial furnaces are described by hetero-
geneous oxidation-reduction reactions occurring in the
«melt-slag-atmosphere» medium speaks in favor of this.
The nature of these processes affects the functioning of
melting technological systems and predetermines the choice
of control actions. Given the multidimensionality of these
objects and their inertia, the main areas of research in
this area are focused on the creation of information sys-
tems for decision support [1, 2] and also focused on the
development of mathematical support for such informa-
tion systems [3, 4]. At the same time, the processes of
desulfurization and dephosphorization of the melted alloy
are the priority for adequate description and subsequent
information support of control systems. The discrepancy
between the quality of control of these processes leads to
the formation of the red-short of the alloy due to overes-
timated concentrations of sulfur in it and cold brittleness
due to overestimated concentrations of phosphorus in it.
According to the system description of the desulfuriza-
tion and dephosphorization processes presented in [5], the
main directions of the realization of these processes can be
singled out. Thus, sulfur forms sulphides with some metals,
and they can have both unlimited solubility in iron and
not dissolve in it practically at all. Sulfur forms sulfide
FeS with iron, which has unrestricted solubility in iron.
The purpose of desulfurization is the removal of sulfur
from the melt into the slag. This is achieved through the
transition of sulfur from the active form (soluble in the
melt) to the passive (slightly- and insoluble). With an
excess of calcium oxide and high temperature, the following
reaction occurs with iron sulfide: FeS+CaO=CaS+FeO.

Calcium sulphide is completely insoluble in the metal
and is released completely into the slag. When steel melting,

this reaction can’t be completely, because in slag there is
a significant amount of ferrous oxide, which reacts with
calcium sulphide, as soon as its content in the slag in-
creases. Therefore, with a high content of ferrous oxide
in the slag, there can be only a little calcium sulphide
in it. The content of this compound in the slag increases
as the basicity of the slag increases. Carbon, silicon and
aluminum greatly reduce the solubility of sulfur in iron,
thus increasing the sulfur activity to desulfurization. De-
sulphurization of cast iron can also be carried out with
manganese, which also increases the sulfur activity to de-
sulfurization (FeS — MnS). Manganese sulphide passes into
slag. The development of this reaction in liquid steel is
limited due to the fact that the activity of sulfur in steel
is much lower than in cast iron. Therefore, the use of
manganese for the desulphurization process has become
effective only in high-manganese steels.

A method for increasing the efficiency of steel desul-
phurization process is diffusion deoxidation when treating
white slags with coke and ferrosilicon powders or by ad-
dition of fluorite into the melt of fluorspar (CaF,) [5].

Phosphorus in the steel is in the form of an iron phos-
phide, the oxidation of which passes through the reaction:
2Fe4sP+5FeO =P,05 +11Fe. The compound P,Os5 formed as
a result of this reaction is insoluble in steel and passes
into a slag. If in the slag there is in excess free calcium
oxide, then the reaction proceeds: P,Os;+4CaO = Ca,P,0,.
The compound Ca,P,O, formed as a result of this reaction
is very strong and is removed by slag runoff. If there is
a lot of silicon oxide in the slag, then ferrous oxide and
calcium oxide combine with it as a stronger acidic oxide, and
phosphorus pentoxide remains in the slag in the free state.

At high temperature, phosphorus pentoxide P,Oj5 is reduced
by carbon dissolved in the steel, and the resulting free phos-
phorus again passes into the steel: P,O;+5C=2P+5CO [5].

Thus, knowing the principles of oxidation-reduction re-
actions, it is possible to develop algorithms for desulphuriza-
tion and dephosphorization control. Such algorithms should
be based on the system of classifying rules «if, ..., then»
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and allow their use in decision support systems for choosing
the control of melting processes. If the melting is carried
out not in one furnace, but in two — a duplex process —
another urgent problem arises. It is related to the fol-
lowing circumstance. If in the final product — alloy — the
concentration of sulfur and/or phosphorus is higher than
the allowable limit, it is necessary to determine which of
the series-connected units of the technological system is
«responsible» for the resulting reject of the final product.

2. The ohject of research and its
technological audit

The object of research is the duplex process of cast
iron melting «cupola — electric arc furnace», realized in
the foundry shop of an engineering enterprise. In a cu-
pola — electric arc furnace, operating on the countercurrent
principle, the solid charge, charged from above, is melted
by the gases released from the combustion of solid fuels —
coke, or gaseous fuels. Molten cast iron flows through the

tap hole in the receiver, seeping through the coke. If its
quality is poor that is determined, first of all, by the pre-
sence of sulfur, the melt is intensely saturated with sulfur.
The presence of a poor-quality charge with an increased
content of phosphorus and the practical complexity of its
removal directly in the process of melting in a cupola leads
to the fact that the melt has a high content of sulfur and
phosphorus, including those exceeding the permissible levels.

The second unit, the electric arc furnace, allows carry out
desulfurization and dephosphorization processes, bringing
he sulfur and phosphorus content to the specified limits.
The purpose of the technological audit is to study the
quality of the desulphurization and dephosphorization pro-
cesses in the actual conditions of the workshop. This, in
the forecast, makes it possible to build classifying rules
allowing to identify a part of the technological process
on which reject for the increased content of sulfur and/or
phosphorus in the finished alloy are generated.

The functional automation schemes of both units cor-
respond to typical ones [6] and are shown in Fig. 1, 2.
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Fig. 1. Functional scheme of automation of cupola melting process

;10

TEXHOMOTTYHHIA AYAMT TA PE3EPBM BHPOEHMLTBA — Ne 2/1(34), 2017



I55N 2226-3780

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
METALLURGICAL TECHNOLOGY

7£| Exhaust gases

H WV

[T

Water

@)
2" Refining pawders

2g

V4
Oxygen
Argon
V3 77 g
I 1 45 6 7890 g BHE BT
Devices i | | : T FD
: | I | £ | T N
’ R R T
place ! I I I ! %
| | | | ) 73 | o
eoiee@ | |@ G
Control : : 2b } b : 4 6b : 5 } (ﬂ/;)
panel | i i | Cm | 6 @ @{/D (&
| AR | v
! ;F |® K ! ! @ 8 ‘(CZA
I | PSRy | S 2
| | |

Table 1 shows the results of a chemical analysis of the
sulfur () and phosphorus (P) content in the melt produced
in the cupola and electric arc furnaces during the melting.
The readings are taken in the series melting process.

A visual assessment of the experimental data shows
that cast iron melted in an electric arc furnace has lower

Fig. 2. Functional scheme of automation of electric arc melting process

concentrations of sulfur and phosphorus. This fact does
not contradict the well-known opinion that cast iron
of cupola melting has increased contents of sulfur and
phosphorus. The reason for this is the saturation of
these elements with the melt during percolation through

a coke.

Table 1

The results of the chemical analysis of sulfur (5) and phospharus (P) content in the melt obtained in the cupola and electric arc furnaces

Melting in cupola Melting in electric arc furnace Melting in cupola Melting in electric arc furnace
of n'Il\Ieglting 5 % F % 5% E % of n'Il\]eglting 5 % F % 5 % F %
x1 X2 x1 X2 x1 X2 x1 x2
1 0.093 0.08 0.094 0.077 18 0.106 0.065 0.061 0.084
2 0.093 0.083 0.077 0.085 20 0.117 0.089 0.058 0.088
3 0.12 0.076 0.076 0.073 21 0.108 0.07 0.053 0.08
4 0.094 0.077 0.084 0.078 22 0.106 0.064 0.083 0.075
5 0.13 0.073 0.075 0.093 23 0.128 0.091 0.068 0.072
6 0.077 0.083 0.06 0.076 24 0.111 0.08 0.062 0.087
7 0.085 0.094 0.064 0.07 25 0.117 0.086 0.068 0.08
8 0.099 0.088 0.062 0.084 26 0.114 0.08 0.07 0.071
9 0.099 0.087 0.057 0.088 27 0.113 0.08 0.068 0.096
10 0.093 0.064 0.071 0.079 28 0.112 0.078 0.07 0.09
11 0.096 0.064 0.07 0.082 29 0.093 0.078 0.087 0.072
12 0.11 0.064 0.078 0.085 30 0.077 0.086 0.086 0.078
13 0.096 0.062 0.076 0.086 31 0.101 0.075 0.08 0.088
14 0.141 0.075 0.065 0.085 32 0.104 0.078 0.084 0.112
15 0.184 0.078 0.066 0.084 33 0.116 0.07 0.088 0.08
16 0.117 0.101 0.084 0.085 34 0.111 0.08 0.092 0.085
17 0.148 0.091 0.083 0.083 35 0.114 0.08 0.071 0.093
18 0.172 0.065 0.053 0.081
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3. The aim and ohjectives of research

The aim of research is to build a classifying rule that
allows to identify the aggregate of the technological system,
the process in which led to a deviation in the content
of sulfur and phosphorus.

To achieve the aim, the following tasks are set.

1. To carry out statistical processing of the experimental
data and to choose the pattern recognition method on its
basis.

2. To estimate the accuracy of the implementation of
the chosen algorithm for building the classifying rule.

4. Research of existing solutions
of the prohlem

The results of effective application of Bayesian sta-
tistics for solving applied problems of quality control in
chemical-technological and metallurgical processes, as well
as in materials science [7-10] are known. The aim of
this approach is:

— determination of a section of the technological chain

on which the parametric failure of the technological

system is formed [7];

— identification of the alloy from the point of view

of its belonging to a certain brand [8, 9];

— determination of the location of defects in the macro-

structure of materials [10].

An obvious disadvantage of these works is the lack
of supporting justifications for the admissible accuracy of
resulting classifying rules.

Modern approaches to improving the accuracy of clas-
sification, some authors associate with the use of neural
networks [11-13], with emphasis on the quality of neural
network training. Thus, it is proposed in [12] to use expert
solutions for the neural network pattern recognition system.
On their basis, based on the statistical data of observations,
training samples are built. The result of applying the algo-
rithm proposed by the authors is an increase in the relative
share of correct expert estimates by an average of 20 %
and a decrease in the relative fraction of false ones by 50 %.
This work, however, has the disadvantage that it does not
present limitations on the use of the proposed method.

In these works, it is also noted that when creating
universal systems for pattern recognition, it is impossible
to control only one of the training models. And this is
especially evident when trying to build universal systems
for a wide range of applications.

In [11-13] another common disadvantage can be noted —
they do not take into account situations when the com-
ponents of image vectors are not measurable with a suf-
ficient accuracy degree. The uncertainty in the estimation
of the parameters of the image vectors leads to the need
for their indistinct description, the methods of which are
described, for example, in [14, 15]. All described results
are of interest in the theoretical plane and can be used
to solve practical problems. However, sometimes it is pos-
sible to effectively use classical parametric methods for
development of decision support systems in the industry.

5. Methods of research

The parametric methods of pattern recognition are
chosen as the main method of research [16, 17]. Their

task is on the basis of Bayes theorem about the condi-
tional probability of belonging of the j-th object to the
class A and B:

A\ P(A)pA(xf)
PAR)= B B oy
P(Bfa) = PP (1)

P(A)pa(x7)+P(B) ps(x7)’

to build a classifying rule that allows to belong an object
to one of the classes. In this case, if the mathematical ex-
pectations of the vector X for classes A and B are denoted
by m, and mp, respectively, and assume that the covariance
distribution matrix of the vector X for the classes A and
B are approximately equal, the probability density p4(X)
and pp(X) as:

o0y = kel T k)

L—— (x)(x—m‘*))

pB<X)=ke(’2 : (2)

where % is a constant multiplier.

In analytical descriptions (1) and (2), cov(X) is the
covariance matrix P(A), P(B) are the a priori probabili-
ties of the classes, pa(X) and pp(X) are the probability
distribution densities in the form:

pa(X)= dexp(—;(x—mA)T cov! (x)(x—mA)],

pB(X)zdexp[—;(x—mB)T cov1(x)(x—m3)], (3)

where d is a constant factor,

1
—X"X-m"m

cov(x) =N

is covariance matrix, COV‘1(x) is the inverse of the cova-
riance matrix.

In this case, the object x/ can be belonged to the
class to which the greater conditional probability cor-
responds:

xieA if P(A‘x-f)ZP(B‘xf),
xleB if P(Alx/)<P(B|x7). (4)

The classifying rule using the likelihood ratio I(x?)
can be represented as:

 P(A)pax) P(4)
L(xj):P(B)zB(xf):P(B)I

The discriminant function in this case has the form:

y=/f(x)=x"cov!(x)(m,

(). (5)

—my). (6)

The threshold value of the discriminant function, al-
lowing to make a comparison for decision making about the
belonging of an object to a particular class, is calculated
on the basis of equation:

;12
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— )

Yo =%(mA +mB)’ covi(x)x
P(A
x(mA—mB)—lnPEB;. 7

Description (7) allows to evaluate the be-
longing of an object to class A or B using a
linear discriminant function with known class
probabilities.

6. Research resulis

Fig. 3, 4 show the results of statistical pro-
cessing of experimental data (Table 1) in the
form of histograms and the density distribution
of the sulfur content in an alloy obtained from
a cupola and an electric arc furnace, respectively.
Fig. 5, 6 show the results of statistical proces-
sing of experimental data (Table 1) in the form
of histograms and the distribution density of
phosphorus content in an alloy obtained from
a cupola and an electric arc furnace, respectively.
It is assumed that the class A corresponds to
the data obtained in the process of cupola mel-
ting, class B corresponds to the data obtained
in the process of electric arc melting.

Fig. 3—6 show that without testing the hypo-
thesis of a normal distribution law, it is not cor-
rect to assert that this law is being implemented.
Probably there is a systematic error that must
be eliminated. However, there is reason to be-
lieve that the distribution law corresponds to the
normal, based on the known expert experience.
Elimination of the systematic error and verifica-
tion of the relevant hypothesis can confirm this.

Using the algorithm (1)-(7) on the basis
of the experimental data given in Table 1, we
obtain a classifying rule of the form:

xieAif

329.0798x, -99.9363x, > 22.27076,

x/ e B if

329.0798x,-99.9363x, < 22.27076. (8)
Fig. 7 shows the distribution of experimen-

tal points and a dividing line, described by

a discriminant function of the form:

329.0798x, —99.9363x, = 22.27076. (©))

The accuracy of the correct classification is
determined by the number of correctly classi-
fied objects and in this case it is: P(4) =0.914,
P(B)=0.971. This indicates the high quality of
the classifying rule, and, despite the seeming
deviation of the distribution law of state vari-
ables from the normal. To improve the quality
of the classification, the range of values of the
state variables can be chosen optimally. At the
same time, under the optimal one, it should
understand the possibility of choosing values of
state variables, at which the dispersion matrix
of the classes will be equal to each other [18].
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Weaknesses. The weaknesses of this research
are related to the fact that a small sample of
data is analyzed, so that the resulting classifica-
tion accuracy is not exhaustive. With a large
sample of data, it is necessary to recalculate
the coefficients in the analytic description of
the classifying rule, and it may turn out that
either the classification accuracy becomes lower
or the dividing curve ceases to be direct. A de-
crease in classification accuracy can lead to
an erroneous decision to desulphurization and
dephosphorization control and, consequently,
to increase the reject of the finished product.

Opportunities. Additional opportunities for
using the above results in industrial conditions
are associated with the use of the classifying
rule in decision support information systems.
However, this requires the integration of an
appropriate mathematical description in the
information control system (ICS), which ob-
viously entails the need for additional investment
in the technical support of the melting process.

Threats. The obvious threats

0.12

0.115 -

when using the results are related
to the following circumstance. The

0.105

0.1

0.095

0.09

C The coordinates of the vector X of
the space of variables A

® The coordinates of the vector X of
the space of variables B

——Dividing line

use of the resulting classifying rule
as the basis for IMS should be
proved in terms of comparing the
costs of upgrading the equipment
or control system and the cost of
purchasing ready-made solutions
for SCADA systems. If the accuracy

of the classifying rule during addi-
tional studies for a larger sample of

data proves to be insufficient, then
the decision to upgrade the exis-

0.085

P, %

0.08

ting IMS will be postponed over
time. In this case, it is necessary

0.075

o first to obtain a more accurate
mathematical description.

8. Conclusions

1. On the basis of statistical
data processing it is established

that an algorithm for parametric
methods of pattern recognition can

be used to build a classifying rule

Fig. 7. Distribution of experimental points and a dividing line

7. SWOT analysis of research results

Strengths. Among the strengths of this research, it is
necessary to note getting a classifying rule with a suf-
ficiently high accuracy. This means that the application of
such rule can enable the correct identification of a part
of the technological process with a lower parameter of

allowing to identify a part of a
technological process with a lower
parameter of parametric reliabi-
lity. It is shown that in this case
it is sufficient to build a linear
discriminant function.

2. It is shown that the resulting classifying rule provides
a high recognition rate — P(A) = 0.914, P(B) = 0.971 for

classes A and B, respectively. This allows it to be recom-

mended for decision support systems for desulphurization

parametric reliability. In turn, this opens the possibility

of improving the quality of desulphurization and dephos-
phorization control due to the correct choice of control
actions. As a result, the costs of a substandard finished

product —

alloy — are minimized.

and dephosphorization control in the duplex melting process.
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NMAPAMETPHYECKAA HAEHTHPHKALHNA B 3AAAYE
ONPEAENEHMA KAYECTBA NMPOLECCOB AYCYNbPYPALMHK
H AEPOCPOPALHH Fe-C CIINIABA

Ha ocnoBe peanusanuy napaMeTpuyecKoro MeTojia pacios3Ha-
BaHMsT 00pPa30B YCTAHOBJEHA BO3MOKHOCTH MOCTPOEHMS KJIACCH-
durmpyromnero mpasuia, MO3BOJSIONIETO C BBICOKOH TOYHOCTHIO
MPOBECTH MACHTH(UKAIMIO ydyacTKa JYIIEKC-IPollecca IIJIaBKU
«BarpaHKa — 9JIEKTPOAYTOBas Medb», obJajaioniero Gojee HU3-
KHMM I10Ka3aTeseM TapaMeTpUuecKoil HaIesKHOCTH. DTO T03BOJISAET
€ro PeKOMEH/IOBATH IS CHCTEM MOJJIEPKKN TPUHSITHS PEIIeHHi
10 yIPaBJEHUIO TIporeccamu Jecyiabdyparun u aedochopanmn
B JLyIJIEKC-TIPOIiecce TIABKU.

Kmoueeste cnoBa: rapaMeTpHUYECKUE METO/BI PACIO3HABAHUS
06pa3oB, Kiraccubunupyollee MpaBuio, aecyabdypamus, xedoc-
doparus.
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