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Abstract
The complexity of using instruments for measuring the technological parameters of induction melting in a continuous mode, 

and sometimes the impossibility of this, requires the creation of reliable indirect methods for assessing the numerical values of these 
parameters. This is especially important for quality control of control systems that ensure a given melting temperature regime. The 
paper proposes a classification rule based on parametric classification methods, which makes it possible to determine the tempera-
ture regime of induction melting based on the SiO2 content in the slag and the distribution coefficient Kd = +( )SiO FeO MnO2 .

Checking the classifying ability of the obtained rule showed that it is high, since for all the numerical data of the factor-signs, 
both the high-temperature and low-temperature modes were classified correctly. The restrictions on the application of the classification 
rule are shown, among them: the restrictions imposed by the range of variation of the values of the attribute factors, and the restrictions 
imposed by the small sample of the initial data, as well as the arbitrary area of their distribution in the space of the factor-attributes.

The rule is presented in a normalized form, and also converted to natural form for ease of practical use.
Application of the rule can be recommended to technologists of metallurgical production of foundries to check the com-

pliance of the technological process operations with the specified melting regulations. It can also be used to diagnose processes or 
temperature control systems that determine the quality of the resulting cast iron. To do this, it is enough to substitute the actual values 
of SiO2, and Kd into the classification rule. The value of the distribution coefficient Kd is calculated according to the actual data on 
the content of FeO and MnO in the slag.

Keywords: induction melting, high-temperature regime, low-temperature regime, slag, temperature control, factor-signs, 
classifying rule.
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1. Introduction
Advances in the production of castings from high-quality cast iron, including synthetic cast 

iron, arouse increased interest in this structural material as promising for highly loaded parts of 
diesel internal combustion engines (ICE). Cast iron melting technologies are considered as an im-
portant part of the design and technological preparation for the production of internal combustion 
engine parts, primarily pistons, which of all engine parts operate in the most difficult conditions 
and determine the reliability and service life of the engine as a whole [1]. The improvement of such  
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technological processes is aimed at obtaining a high-quality alloy with improved mechanical cha-
racteristics, for which the cast iron melt is subjected to combined modification using the minimum 
amount of alloying elements [2–4]. The alloying elements used, among which Cr, Ni prevail, as well 
as the transition to the field of special, for example, aluminum cast irons, for the production of cast 
parts for internal combustion engines, allow not only to solve the problem of improving the mecha-
nical characteristics, but also to reduce the weight and size characteristics of the parts. However, the 
use of combined modification and alloying technologies requires the selection of rational technolo-
gical modes of melting and the maintenance of such modes throughout the entire campaign. In mo-
dern furnaces, these possibilities are often laid down at the design level. Thus, in [5] it was noted 
that single-circuit circulation with a downward flow of metal is expedient when alloying the metal 
and introducing microadditives, as well as when doping the melt with intermetallic compounds and 
nanopowders. This is facilitated by the concentration of power in the upper part of the crucible, 
which causes intense heating and turbulence of metal flows in the sub-slag layer. As a result of these 
processes, it becomes possible to quickly introduce and distribute alloying materials and creates 
favorable conditions for adjusting the chemical composition and homogenization of the bath [5].

From a structural point of view, the possibility of controlling induction furnaces is realized on 
the basis of methods for controlling current inverters [6]. At the same time, the author gives a number 
of arguments in favor of the need for a certain clarification of the term «current inverter» associated 
with the development of the element base of power conversion equipment. In particular, in work [6] 
it is noted that frequency converters for installations of induction heating and melting of metals are 
performed mainly in the form of systems with a pronounced direct current link, containing a single- 
or multiphase controlled (or uncontrolled) rectifier, a direct current link and an autonomous inverter 
of a given class. The DC link can include, separately or in various combinations, a filter, an active or 
passive clamp, a DC controller and other units made according to the corresponding schemes. Tradi-
tionally, in induction installations of medium (from hundreds of kilowatts to units of megawatts) and 
large (tens of megawatts) power, single-phase bridge current inverters are widely used.

The implementation on induction furnaces, within the framework of design solutions, of tech-
nological capabilities for controlling the thermal regime of melting and the dynamics of the move-
ment of the melt stimulates the flow of oxidation-reduction processes in the bath, which provide the 
specified chemical composition of the alloy at the output. Thus, in works [7, 8], studies are described 
that are devoted to identifying the regularities of carbon transformations at high temperatures, which 
are characteristic of smelting ferrous alloys in induction furnaces, as the main processes to be con-
trolled by smelting technologies. In particular, it is said that as a result of studying the process of 
carbon oxidation for three different brands in an environment of carbon dioxide at different tem-
peratures, thermogravimetric analysis data were obtained, on the basis of which the equations of 
the process rate were determined. The resulting kinetic equations, the parameters of which are the 
pre-exponential factor and the activation energy of the heterogeneous reaction of carbon oxidation in 
a carbon dioxide medium, can be used among mathematical models in problems of melting control.  
A similar approach was used in [9], where the calculation of the aforementioned parameters of the 
kine tic equations was performed for melts doped with vanadium. It should be noted that the regula-
tion of the thermal regime of induction melting should take into account the factor of using modifiers 
and a complex of alloying elements, if they are introduced in minimum quantities. This is due to the 
need to ensure a given value of alloy overheating as one of the essential factors for regulating the for-
mation of microstructure [10–12], which determines the mechanical or special properties of cast iron.

The above arguments allow to speak about the importance of control and regulation of 
induction melting processes, in particular, using computer-integrated solutions in terms of auto-
mating these processes. Deviations from the specified melting temperature conditions caused by 
a malfunction of the automation system can lead to deviations in the chemical composition, micro-
structure and properties of cast iron. Therefore, criteria for evaluating the performance indicators 
of the automation equipment included in the temperature control loops are needed, which make it 
possible to determine the deviations from the specified melting temperature regime. A quantitative 
measure of such an assessment may indicate a violation of the normal functioning of the tempera-
ture control loops as a subsystem of the induction melting automation system.
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2. Materials and methods of research
The study is based on the concept proposed in [13] that the composition of the slag can be 

used to determine the deviation of the melting temperature from normal. The schematic diagram of 
temperature control is shown in Fig. 1 [14].

Fig. 1. Scheme for regulating the temperature regime of induction melting:  
1 – thermal regime controller, 2 – setpoint setting unit for electric mode controller,  

3 – electric mode controller, 4 – temperature measuring device, 5 – metal temperature sensor, 
6 – lining temperature sensor, u1 – setting the directive schedule of the electric melting mode, 

u2 – setting the directive schedule of the melting temperature regime, u3 – setting the maximum 
permissible lining temperature

The temperature correction mode is based on periodic monitoring of the metal temperature 
and continuous monitoring of the lining temperature. The thermal mode controller 1 is connected 
with the metal temperature sensors 5 and the lining temperature 6 and acts on the unit for setting 
the setpoint of the electric mode controller 2. Before melting, in 2 and 1, directive graphs of the 
electric (u1) and temperature (u2) melting modes, as well as the measurement program are intro-
duced metal temperatures (in time or in connection with technological operations) and the maxi-
mum permissible lining temperatures (u3).

According to the signal of the difference between the actual and the set metal temperature, 
the computing unit 2 calculates the parameters of the electric mode, which are automatically set 
and maintained by the controller of the electric mode 3. When the critical temperatures of the 
furnace lining are reached, unit 2 reduces the power supplied to the furnace. The temperature is 
measured by the device 4.

For the study, let’s use data on the content of SiO2 (%), FeO (%), MnO (%) in slags 
from [13]. After processing the data to check the limits of applicability of the classifying rule, 
the results of [15] were used, while the data were extrapolated to the low-temperature region and  
equations (1)–(3) were used:

 SiO2 = 25.302e0.0008T, (1)

 FeO = –83.49lnT+613.87, (2)

 MnO = –19.42lnT+143.96, (3)

where T – melt temperature.
Equations (1)–(3) were derived from Excel’s built-in trend tool.
As a research method, the parametric method of classification was used, which has proven 

itself in the problems of predicting the quality of castings and materials for them [16, 17], as well as 
diagnostics of technological processes in metallurgical production [18, 19].

The discriminant function in this case has the form of a classifying rule:

 y f x x x m mT= ( ) = ( ) -( )-cov ,1
1 2  (4)

u1 5

u2
1 2 3 4

u3
6
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where y f x= ( ) – value of the discriminant function, depending on the location of the classifying 
point in the space of the factor-signs xT , cov- ( )1 x  – inverse matrix of the covariance, m1, m2 – mathe-
matical expectations of the values of the factor-signs for classes 1 and 2, respectively, calculated by 
formulas (5), (6) accordingly, T denotes the transposition operation.
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In formulas (5), (6), the values N1 and N2 denote the number of elements in classes 1 and 2, 
respectively.

Class covariance matrices were calculated using the formula:

 cov .x
N

X X m m
i

i j
T

j

N

i i
T

i

( ) = -
=

∑
1

1

 (7)

The classifying rule, which allows to check whether the melting was carried out at high-tem-
perature mode or at low-temperature mode, in general form corresponds to equation (8):

 x x m m m m x m mT Tcov cov .- -( ) -( ) = +( ) ( ) -( )1
1 2 1 2

1
1 2

1

2
 (8)

The complete algorithm for calculating the parameters of the classifying rule is given in [13], 
Table 1 shows the initial data for constructing a classifying rule.

Table 1
Experimental industrial data

Sample 
number

Slag composition, %

High temperature mode Low temperature mode

SiO2 FeO+Fe2O3 MnO Kd SiO2 FeO+Fe2O3 MnO Kd

1 56.62 20.78 1.19 0.93 39.32 40.77 1.31 2.58

2 65.38 16.82 0.93 1.11 44.55 35.92 2.27 3.68

3 76.18 7.14 2.48 1.45 47.16 31.18 1.2 8.09

4 70.85 10.12 1.22 1.67 50.17 29.4 0.75 6.25

5 69.95 9.86 0.41 2.26 53.22 23.55 1.15 6.79

SiO2 and distribution coefficient Kd = +( )SiO FeO MnO2  were chosen as the factors.  
All calculations were carried out in a normalized form, in which the values of the factor-signs, 
denoted by x1 and x2, were in the range [–1; +1]. The following actual values of the attribute fac-
tors corresponded to this normalized range: SiO2 (%) = [65.38; 76.18], Kd = [0.93; 2.26] – for the 
high-temperature regime, SiO2 (%) = [39.32; 53.22], Ks = [2.58; 8.09] – for low-temperature mode. 
That is, the general normalized range was as follows: SiO2 (%) = [39.32; 76.18], Ks = [0.93; 8.09].

The classification rule based on equation (8) had a general form:
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x Class y y

j

j

( )

( )
∈ ≥

∈ <

# ,

# .

1

2

0

0

if

if  (9)



Original Research Article:
full paper

(2021), «EUREKA: Physics and Engineering»
Number 1

64

Engineering

4. Results and discussion of research results
A classification rule is obtained, presented in a standardized form:

 
x class x x

x class

j

j

∈ - + ≥ -
∈ -

# . . . ,

# .

1 21 8531 31 377 12 0605

2 21 8
1 2if

if 5531 31 377 12 06051 2x x+ < -. . .  (10)

The left side of the inequality is from equation (4), and the distribution of this value for the 
selected values of the attribute factors is shown in Fig. 2.

Fig. 2. Distribution of value y = f(x)

From Fig. 2, it can be seen that all experimental points are correctly distributed among 
classes. Therefore, the obtained rule (10) can be used to establish the melting temperature. For 
practical application, it is necessary to transform it to its natural form, using the ranges of variation 
of the values of the factor-signs selected in the normalization process. The final rule is received:
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The results of checking the limits of applicability of the rule are given in Table 2. They were 
obtained by substituting in (11) the numerical values of the attribute factors from work [15], having 
previously used equations (1)–(3).

Table 2
Verification results of the classification rule

Т °C SiO2 FeO MnO Kd y = f(x)
High temperature mode

1500 84.01 3.31 1.94 16 70.39722
1475 82.34 4.71 2.26 11.81 35.4605
1450 80.71 6.14 2.6 9.23 14.88685
1425 79.11 7.59 2.93 7.52 1.63889
1400 77.55 9.07 3.28 6.28 –7.37752

Low temperature mode
1300 71.58 15.26 4.72 3.58 –24.1144
1275 70.17 16.88 5.09 3.19 –25.8974
1250 68.78 18.53 5.48 2.86 –27.1734
1225 67.42 20.22 5.87 2.58 –28.0568
1200 66.08 21.94 6.27 2.34 –28.6314
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From Table 2 it is possible to see that for both modes, rule (11) shows opposite results in 
relation to the determination of the temperature regime. The reason for this is that the values of 
the factor-signs obtained from the results of approximation and extrapolation of the results of 
work [15] are far beyond the variation intervals adopted in this study: SiO2 (%) = [66.08; 84.01], 
Kd = [2.34; 16] (Table 2) in comparison with SiO2 (%) = [39.32; 76.18], Kd = [0.93; 8.09] (Table 1).

Therefore, before applying rule (11), it is necessary to check whether the actual data on 
SiO2 and Kd belong to the SiO2 range (%) = [39.32; 76.18], Kd = [0.93; 8.09]. This is a limitation  
on the application of the resulting classification rule. Another limitation of this study is that the rule  
is derived from a small sample of experimental data. An increase in the sample size and optimi-
zation of the experimental data area, for example, based on artificial orthogonalization [20], would 
allow obtaining a more accurate result.

Therefore, the direction of further research is the collection of primary data to increase 
the sample size and the formation of such an area of the space of factor-signs that will allow the 
most accurate calculation of the parameters of the classifying rule. Expanding the range of varia-
tion in this case will make it possible to obtain classification rules for wider areas of the space of  
factor-signs.

5. Conclusions
The resulting classification rule allows one to determine the temperature regime of induction 

melting based on the SiO2 content in the slag and the distribution coefficient Kd = +( )SiO FeO MnO2 . 
Checking its classifying ability shows that it is high, since for all numerical data of factor-signs, all 
modes are classified correctly.
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