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ABSTRACT

Context. Modern industrial enterprises face challenges that require introduction of latest technologies to improve efficiency and
competitiveness. In metallurgy, one of key stages is continuous casting, where quality of products and economic performance of
enterprise depend on accuracy and efficiency of process control. Products made using continuous casting technology are widely used
in various industries due to their high mechanical properties, structural uniformity and cost-effectiveness.

The development of automated metal management and registration system is becoming not only relevant, but also necessary to
ensure stable and efficient production.

The problem of improving quality of metal products has always been one of most important tasks in steel industry. Imperfect
technological processes, human error and equipment malfunctions can lead to defects in finished metal products. This, in turn, affects
final characteristics of products, their durability and reliability.

To date, available sources have not yet found complete solution to this problem. Therefore, it is necessary to formulate problem
and develop algorithm for operation of automated system for controlling and registering metal in continuous casting.

Objective. The goal of work is to develop automated metal management and registration system to improve quality of metal
products.

Method. To achieve this goal, parametric model was proposed, which is formalized on basis of set theory. The model takes into
account key parameters of continuous casting process: material characteristics, structural features of crystallizer, casting modes,
metal level in crystallizer, and position of shot stopper.

Results. The problem was formulated and key parameters were determined, which are taken into account in system’s algorithm,
which made it possible to develop system for controlling parameters of continuous casting to solve problem of improving quality of
metal products.

Conclusions. To improve quality of metal products and stability of casting process, parametric model was created that is com-
prehensive, allows optimization of key parameters and ensures accuracy of process control by integrating not only modes of product
formation, but also takes into account specific properties of source material (chemical composition of material grade, etc.) and design
features of casting plant. Algorithm for automated control system has been developed that takes into account relationships between
certain key parameters and ensures optimal control of casting process. Based on proposed complex parametric model and algorithm,
automated control and metal registration system was created. The focus of work is on quality and efficiency of metal management
and registration in continuous casting, based on modern methods of computer science and engineering. A comprehensive experimen-
tal comparison of developed system with commercial analogs in real production conditions was carried out, which allowed us to
objectively assess its efficiency and reliability.

KEYWORDS: automation, system, parametric model, control, registration, metal.

ABBREVIATIONS ya
Al — analog input; !
ALOG — alarm log block;
CC — continuous casting;

is a distance from wall A of crystallizer to oppo-

site wall (top), m;
B is a wall B of crystallizer;

CCM - continuous casting machine; Bd,- is a distance from wall B of crystallizer to oppo-
IL — industrial ladle; site wall (bottom), m;
GE — graphic element; B; is a grade of material (metal);
MP — metal products;
ONF — on/off control block: B"; is a distance from wall B of crystallizer to oppo-
PLC — programmable logic controller; site wall (top), m;
SCADA — supervisory control and data acquisition; Ch,,, is a chemical composition of material grade;
SL — steel ladle; CM; is a casting modes;
SP — stopper; ) ] )
STC - steel ladle; Dy,,; is a distance between opposite walls at top and
TMR — temperature. bottom of crystallizer, m;
DF; is a design feature of crystallizer;
. NOMENCLATURE [E ] is a average dissolved element content in steel, %;
A is awall A of crystallizer; L o .
Adi is a distance from wall A of crystallizer to oppo- Gcei 1s ametal consumption in crystallizer;
site wall (bottom), m; Gy, is a metal consumption from steel ladle;
Al is a vibration amplitude of crystallizer, mm; GCIdi is a metal consumption from industrial ladle;
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H

o 18 @ height of crystallizer, m;

k" is a metal level in crystallizer, m;

hi[dl is a metal level in industrial ladle, m;

hil is a metal level, m;

hils is a slag level, m;

hiStl is a metal level in steel ladle, m;

n ; 1s a amount of underfilling of liquid metal to top
of copper sleeve of crystallizer, m;
hW
I is a number of possible alternatives;
kC

k, 1is a coefficient of workpiece pulling speed;

o 15 a working (active) height of crystallizer, m;

. . . 1
; 1s a hardening rate, mm/min %,

M; is a material (metal);

M, is a mechanism of rocking crystallizer;

NI‘C .

1

Phc.

1

is a number of crystallizer vibrations;
is a position of hydraulic cylinder rod;

Pvl_

; 1s a valve position;

g, is a metal casting speed;

Shrc.

; 1s a shape of crystallizer vibrations;

SP. is a position of locking mechanism;
Spl is a plane of stopper outlet, m*;

Tce; is a temperature modes, °C;

T sczi 1s a temperature of hardened steel at end of
secondary cooling zone, °C.
T, is a type of material (type of metal);

T ildl- is a metal temperature in industrial ladle, °C;
ild
™,

ladle, °C;
rld

1

is a metal overheating temperature in industrial

is a metal temperature in steel ladle, °C;

AT ldl- is a metal overheating temperature in steel la-
dle, °C;

Tjigi 1s a liquidus temperature of continuous casting,
OC.

T?,, is asolidification temperature of pure iron, °C;

T*gcz; is a surface temperature of workpiece in i-th
section of secondary cooling zone, °C;
wpc
™
OC;

A", is a amount of decrease in solidification tem-

is a temperature of crystallizer working surface,

perature of iron when 1 % of corresponding element is
introduced into it, °C;

o is a coefficient for calculating distance between op-
posite walls in crystallize;
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p is a consumption factor that depends on viscosity of
liquid steel grade being poured;
p”; is a material density, t/m’;

C

1°; is a curing time, min;

1, is a length of time material stays in crystallizer;

v is a vibration frequency of crystallizer, min ';

v is a working speed of workpiece pulling,
m/min.

INTRODUCTION

The use of metal products is extremely relevant in
modern world, as metal has become main material for
construction of complex and durable structures in con-
struction, engineering, and other industries [1-3].

Metal products are characterized by high strength, re-
sistance to wear and corrosion, durability and ability to be
used in various operating conditions. In addition, metal
products are efficient in recovery processes and can be
recycled, making them environmentally sustainable. One
of most important processes in production of metal prod-
ucts is continuous casting.

CC technology is used to produce wide range of metal
products, including steel bars, aluminum blocks and other
complex structures. It automates molding process and
ensures high product quality stability through precise con-
trol of casting parameters.

Controlling and accurately recording process parame-
ters remain challenging tasks that affect quality and stabil-
ity of production. Shortcomings in control systems can
lead to reduced product quality, losses, and even acci-
dents. Therefore, solving these problems is urgent task to
improve efficiency and reliability of continuous casting
process.

Automated control makes it possible to precisely con-
trol process parameters such as temperature and metal
casting speed, ensuring stable production conditions and
preventing defects. In addition, automated system records
data in real time, which simplifies maintenance of process
documentation and allows for quick response to changes
in process parameters.

The research tasks include development of parametric
model of continuous metal casting process that will not
only control process of forming metal products, but also
take into account unique properties of source material and
design features of casting plant. In addition, it is neces-
sary to identify and analyze modern methods of control-
ling casting parameters, develop algorithm for automatic
process control to optimize productivity and product qual-
ity, and implement system. These tasks are aimed at creat-
ing and implementing advanced technologies to improve
continuous metal casting process. Practical tasks include
implementation of algorithm and creation of automated
control system for continuous casting process, implemen-
tation of real-time or scheduled process parameter re-

cording.
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Since one of main challenges in metal forming is to
improve quality of products and obtain products with high
material properties. These aspects are critical to ensuring
competitiveness in market and meeting requirements of
modern quality standards, which is why we have chosen
this topic for our research.

The initial data include results of previous studies,
technical requirements for creation of automated control
system [1-3]. The introduction of automation into con-
tinuous casting process by providing system with tools for
controlling and recording casting parameters, optimizing
production modes based on specific requirements and
material properties are important tasks.

The object of research is process of control and reg-
istering metal in crystallizer.

The subject of research is continuous casting unit, or
more specifically, crystallizer.

The purpose of the research is development of
automated metal management and registration system to
ensure quality of finished metal products.

1 PROBLEM STATEMENT

The modern steel industry is facing numerous chal-
lenges, including need to improve product quality and
process stability. Continuous metal casting is critical stage
in production cycle where precise parameter control and
process optimization are crucial. Failure to properly con-
trol and record casting parameters can lead to defects in
finished products, reduced productivity, and increased
production costs.

Modern production processes are characterized by
high complexity and dynamism. There is need to develop
universal approaches to creating adaptive control systems
that can function effectively under conditions of uncer-
tainty and variable parameters. The key problem is devel-
opment of mathematical models and algorithms that
would ensure optimal control in real time.

Given all these challenges and needs of modern steel
industry, it is clear that current management and control
methods need to be improved to meet the growing de-
mands on production efficiency and quality. The com-
plexity of processes, dynamic parameters and high re-
quirements for final product require introduction of new
solutions that take into account all aspects of production
cycle and provide optimal control in real time. Therefore,
there is urgent need to develop automated metal manage-
ment and registration system that will ensure high quality
products and process stability.

The mathematical formulation includes creation of pa-
rametric model that takes into account material character-
istics and specifics of production process to improve qual-
ity of metal products.

Input data for system includes crystallizer configura-
tions and properties, as well as material parameters and
casting modes.

A parametric model is proposed that formalizes key
parameters for specific casting process and is necessary
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both for design of new plants and for existing units to
optimize process of molding MP.

The input parameters for development of automated
control system for MP unit are represented by model:
M,=<T,B.,p".,Ch >, i=12 ..,

DF, = <Dy, HoishV i B M7 >, i=1, 2, 1,
M}"C[ =< NVCi’ V}"C A}"C Shrci >; l=1, 2, ...,[;

cri>"™ cri»
[ A

wer
lﬂkva

CM; = <Tcci g1 v
i=1, 2, ...,1;
d  ald ild  \rild

TIeai = <T11’ATI T AT i,TWi’]Ziqi’

i

[E]l.,At g >,

c c
5,k >,

T SCZisTh SCZi >

i=1, 2, ,[, ]—}lql =< Tp

sm >
i=1,2, ..I; Dy,; =<A",, 4%, B, B, >
i=1,2, ..,

The distance between
A" =(1,04 ...1,05)xa;

4% =(1,03 ...1,04)x 0

B, =(1,01 ...1,02)x0; S = <P";, P, >,

opposite walls:
B"; =(1,02 ...1,03)xa;

i=1 2, ..,

E A A

Gea, =< SpLf P hP >

Gera, =< Spl,h,-l,h,-lx > i=1,2, ..,1

As result, it is planned to obtain parametric model that
will be implemented in developed automated system,
which will further improve quality of metal products
through accurate and stable control of casting parameters.

2 REVIEW OF THE LITERATURE

The continuous metal casting process and its control
are actively studied in numerous scientific papers, with
main focus on technological aspects and automation sys-
tems. The literature review of this process focuses on its
efficiency, technical solutions, and innovations in control-
ling production parameters.

Authors of [4] describe continuous casting process,
which has become main method of steel production since
mid-1980s, replacing traditional ingot casting method.
The authors emphasize high productivity, quality, and
energy efficiency of continuous casting, as well as impor-
tance of research and development in this area to meet
growing demands on steel quality, energy efficiency, and
environmental aspects.

Technological aspects are described in detail in [5-8].

In [5] provides historical overview of casting methods
used to produce steel sheets for various applications. The
article analyzes advantages and disadvantages of modern
casting methods.

In [6] analyzes machine learning methods for monitor-
ing and controlling continuous steel casting process. The
authors describe challenges, possible solutions, and future
research directions in this area.

In [7], basic metallurgical principles of casting tech-
nology are discussed in detail. The authors analyze prop-

OPEN a ACCESS




p-ISSN 1607-3274 Pagioenextponika, iHpopmaTuka, ynpasiainss. 2024. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 3

erties of metals: cast iron, cast steel, and cast non-ferrous
alloys.

In [8], we are talking about technology of two-phase
zone continuous casting. The authors model flow and
temperature fields at different speeds.

Quality is critical in casting, as it determines quality of
final product and its properties that affect its further use in
industry [9-11].

In [11], attention is focused on improving continuous
casting process in steel production by optimizing design
parameters of submerged casters. The authors link quality
of slab production to casting mold and casting flow pat-
terns. The study presents new optimization method called
African buffalo algorithm, which was implemented in
Matlab to optimize parameters such as nozzle size, port
shape, length, immersion depth, etc. The authors also take
into account fluid flow rate, however, they do not pay
attention to specific properties of source material that
directly affect process and quality of final product. In our
work, one of things we plan to do is to take into account
chemical composition of material grade, which affects:
hardness and strength of steel, as well as melting point;
improve corrosion resistance, strength, and other me-
chanical properties; defects in metal, such as cracks or
pores.

In [12], quantification of degree of defects in continu-
ously cast billets is presented in YOLOvS. The authors
proposed network that solves problems associated with
noise or dirty spots and different sizes of defects in im-
ages of these workpieces. Although innovative networks
have been introduced in work, design features of casting
plant, which also affect quality of resulting metal prod-
ucts, have not been taken into account.

In [13] discusses defects in continuous casting of steel
billets and their impact on quality of finished products.
The authors determined that occurrence of defects de-
pends on temperature distribution and cooling regime in
casting gating. Although authors paid attention to chemi-
cal composition of melt and secondary cooling modes,
they again did not take into account design features of
casting equipment. The article also notes that solutions
used on one casting gating may not always be applicable
to other gating due to different conditions.

Recent years have shown growing interest in new
methods of monitoring and controlling this complex proc-
ess, such as MP, which is reflected in work on develop-
ment of automated systems based on modern technologies
such as machine learning, artificial intelligence, etc.
Therefore, automated systems are and will remain key
area for improving quality and efficiency of metal produc-
tion.

In [14] describes design of PLC-based control system
for continuous casting machine. The authors use sensors
to collect information about actual state of slab and then
transfer it to PLC. This allows for real-time monitoring of
slab quality, increasing level of automation of continuous
casting process, production efficiency, and cost-
effectiveness. The work also describes structure of auto-
matic control system, which includes control, monitoring,
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and control levels. The authors discuss in detail various
components of system, such as ladle turret, intermediate
ladle slide gate control, electro-hydraulic servo system,
crystallizer cooling water control, and crystallizer vibra-
tion system. The main goal of development is to increase
level of automation of continuous casting process, im-
prove quality of castings, and increase productivity.
While article has concrete results, however, despite em-
phasis on automation, article emphasizes limited possi-
bilities of manual control in emergency situations, which
can pose potential risk to safety and reliability of process.
This emphasizes need for balance between automation
and possibility of manual intervention in critical situa-
tions.

References [15—17] provide overview of modern tech-
nologies and automation systems used in continuous cast-
ing processes.

In field of metals continuous casting, these works
highlight key aspects that arise in process of manufactur-
ing finished metal products.

The general trend of these scientific papers is great in-
terest in continuous casting technologies, disclosure of
issues related to quality of finished products made of met-
als obtained by casting. The issue of designing control
system for continuous casting machine. These works
cover important aspects, such as introduction of new
methods for controlling parameters of continuous casting
process, quantifying degree of defects, etc.

Therefore, this work focuses on control and registra-
tion of metal during continuous casting with possibility of
manual control of most important parameters of MP proc-
ess, which are taken into account in parametric model, if
necessary, which is prerequisite for improving quality of
resulting metal products.

3 MATERIALS AND METHODS

Investigate process develop comprehensive parametric
model of CC.

To address key challenge of developing mathematical
models and algorithms for real-time optimal control and
achieving goal, our study of continuous casting process
proposes parametric model. This model captures key as-
pects of this complex process, providing framework for
optimizing control. The development of such parametric
models is critical for technology improvement in various
fields of science and industry [9, 18], including continu-
ous casting, where it allows for effective real-time opti-
mal control problems.

Moreover, definition and formalization of molding
process parameters creates basis for further development
of intelligent decision support systems that can integrate
machine learning and big data analysis. This opens up
new opportunities for use of advanced information tech-
nologies in industrial production.

The proposed model accurately reflects relationships
between various parameters that affect quality and effi-
ciency of CC production.

The necessary and sufficient parameters are repre-
sented in complex form as tuple of parameters:
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CC=<M;,DF;,CM;,SE,,Gcy;,Gcri»Geei > - (1)

In course of study, parametric model describing form-
ing of metal products was created. This model is pre-
sented comprehensively as set of interrelated parameters
that cover not only direct modes of molding process, but
also take into account specific properties of source mate-
rial. In addition, model integrates design features of cast-
ing equipment, including characteristics of crystallizer
and configuration of locking mechanism.

The ultimate goal of project is to develop automated
system based on created parametric model. This system is
designed to efficiently manage process and accurately
account for metal at forming stage of metal products. It
will optimize production process, improve product quality
and ensure efficient use of resources.

Describe selection and description of main parameters
of metal forming process.

In this work, term «molding process» refers to process
of continuous metal casting.

The selection and description of metal forming proc-
ess key parameters is not only important step in solving
applied problems in metallurgy, but also significant con-
tribution to development of information technology and
complex process control systems.

Our approach to decomposing complex technological
process into local object-zones and identifying key con-
trol parameters demonstrates innovative method of for-
malizing and structuring data to create effective informa-
tion models. This makes it possible to develop more accu-
rate forecasting and optimization algorithms, which is
urgent task in field of computer science.

We propose decomposition of complex technological
process of molding into local objects-zones:

1) steel ladle area;

2) industrial ladle area;

3) primary cooling zone (crystallizer).

Next, let’s define key control parameters that affect
both metal level and quality of MP at stage of metal billet
molding.

Deviations from optimal casting mode caused by vari-
ous factors can lead to decrease in productivity, deteriora-
tion in metal quality, and occurrence of emergencies.

So, based on analysis of molding process, parameters
and values they can take have been determined, and we
will formalize these parameters below.

The first parameter is temperature of metal in indus-
trial ladle:

1M if1753 < T < 1768,
7l 51763 < T < 1783,
T i£1793 < T < 1813,
7/ ir1803 < T < 1843,
T if1793 < T < 1813,
M ir1798 < T < 1818.

Tiild _ )

A

A
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Indexes 1, 2, 3, 4, 5, 6 in parameter Tiﬂd here and in

future — ranges of values for different steel grades: 1 —
HIX15; 2 — C150, 3 — C120-45, 4 — 12XH3A, 5 - 40X, 6
— Cr3cn):

Metal overheating temperature in industrial ladle:

1M if1768 < AT™ < 1793,
7l 51778 < AT™ < 1808,
7l 51808 < AT™ < 1838,
T ir1818 < AT™ < 1868,
Tl ir1808 < AT < 1838,

AT = 3)

751818 < AT < 1843.

The value of optimal overheating varies from 15 to
25 °C when pouring melt in closed stream for up to one
hour, and in most cases, modern CCMs use closed jet to
feed metal into crystallizer with melt pouring duration of
no more than 60 minutes.

The second parameter is temperature of metal accord-
ing to steel ladle (steel ladle is main metallurgical equip-
ment required for receiving, transporting, processing steel
in ladle and pouring molten metal):

79, if1773 < T < 1818,
T ir1783 < T < 1833,
i if1813 < T < 1863,
T/, if1823 < T < 1893,
TH | if1813 < TM < 1843,
7 ir1823 < T < 1848.

Q)

Metal overheating temperature in steel ladle:

79, if1787 < AT < 1837,
7 i£1793 < AT < 1852,
| i, if1827 < AT < 1852,
T/, if1837 < AT < 1912,
T¥ | if1827 < AT < 1862,
7 if1837 < AT < 1867.

®)

The third parameter is temperature of crystallizer’s
working surface:

160 < T"P¢; < 180. (6)

According to various estimates based on direct meas-
urements, temperature of crystallizer working surface is
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usually 160-180 °C. The value of this temperature can
vary depending on number of factors: thermal conductiv-
ity of crystallizer wall material, intensity of heat removal
by water, thickness of crystallizer wall, composition and
thickness of working coating, etc.

The steel casting rate depends on its temperature in
tundish and can be described as follows:

2< ¢ < 3. (7)

The fourth parameter is vibrations amplitude of crys-
tallizer:

1< 4° < 3. (8)

The fifth parameter, vibrations frequency of crystal-
lizer, can be described as follows:

0 < vi < 300. 9)
The sixth parameter is level of metal in steel ladle:
25< 1< 3. (10)

The seventh parameter is level of metal in industrial
ladle:

0.7 << 12 (11)

The eighth parameter — position of stopper — is also
one of main parameters that needs to be monitored be-
cause it is possible to quickly change metal consumption:

(12)

i

| SA,if SP=[open],
| 8Py, if SP=[close].

The ninth parameter is level of metal in crystallizer:

0.75 < h" < 0.85. (13)

The rationale for selecting key control parameters is
shown in Table 1.

3.3 Technical means for controlling casting parameters

In context of developing automated control and metal
registration system for continuous casting, creation of
effective information and measurement subsystem is a
key element that requires use of modern computer science
methods. This subsystem not only optimizes continuous
casting process, but also provides reliable basis for auto-
mated control and accurate recording of metal parameters
based on modern information technology and data proc-
essing methods.
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Table 1 — Key parameters of metal CC process control: de-
scription, causes and consequences

Description Reason Consequences
1) Unstable liquid metal | 1) Quality of fin-
temperature at furnace | ished products.

Temperature of
metal in indus-
trial ladle

outlet — initial tempera-
ture affects entire casting
process.

2) Heat loss
transportation.

during

3) Thermal insulation
properties of industrial
ladle.

4) The time metal stays
in rolling mill (longer
metal stays in rolling
mill, more it cools
down).

5) Additional heating
(use of induction or gas
heaters to maintain re-
quired metal tempera-
ture).

2) The stability of
CC.

3)  Crystallization
rate.

4) Equipment wear
and tear.

Temperature of
metal in steel
ladle
Temperature  of
metal in steel
ladle

1) Unstable temperature
of liquid metal at furnace
outlet.

2) Heat loss during
transportation.
3) Thermal insulation

properties of steel ladle.
4) The time metal stays
in ladle.

5) Additional heating.

6) The casting process
(speed and uniformity of
metal casting can affect
temperature control).

1) Quality of fin-
ished products.

2)  Crystallization
process.

3) Productivity of
casting process.

4) Equipment wear
and tear.

Temperature of
working surface
of crystallizer

1) Thermal conductivity
of crystallizer material.
2) Efficiency of cooling
system.

3) Heat load from molten
metal.

4) Coolant temperature
and thermal processes in
crystallizer.

6) Condition of working
surface of crystallizer.

1) The process of
metal crystallization.
2) Formation of
primary crust.

3) Thermal stresses.
4) Wear and tear of
crystallizer.

Vibrations
amplitude  of
crystallizer

Vibrations
frequency  of
crystallizer

1) Design and character-
istics of crystallizer.

2) Casting speed.

3) Viscosity and compo-
sition of metal.

4) Temperature affects
metal properties, which
in turn determines opti-
mal oscillation parame-
ters.

5) The massiveness and
size of metal stream can
affect optimal oscillation
frequency, which en-
sures uniform cooling
and formation of primary

1) Quality of fin-
ished products.

2) Formation of
primary metal cor-
tex.

3) Smoothness and
uniformity of sur-
face of MP.

4) Thermal stresses.
5) Stable casting
process, increasing
productivity and
reducing downtime.

crust.
OPEN a ACCESS
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Continuation of Table 1

Description Reason Consequences
Level of | 1) The rate at which metal | 1) Quality of
metal in steel | is fed from furnace. finished products.

ladle

2) The rate at which metal
flows out of ladle affects
maintenance  of  stable
level.

3) The level of metal.

4) The rate at which metal
is drained from ladle to tap
or other equipment.

5) Metal temperature.

6) Metal level depends on
system pressure, which
affects flow and spillage of
metal.

2) Stability of
casting process.

3) The correct
metal level re-
duces risk  of
defects such as
sinks and pores.

Level of
metal in steel
ladle

7) The volume and shape
of ladle can affect mainte-
nance of stable metal level.

5) Cooling effi-
ciency, which in
turn affects crys-
tallization rate and

product quality.
Level of | 1) Metal feed rate from | 1) Quality of
metal in in- | steel ladle. finished products.

dustrial ladle

2) The speed of pouring
into crystallizer.

3) The temperature of
metal affects its viscosity
and flow rate, which can
change level of metal in
industrial ladle.

4) Metal level.

5) The design and dimen-
sions of industrial ladle
determine maximum and
minimum metal level that
can be maintained.

6) The pressure of metal in
system affects its flow and,
accordingly, level in indus-
trial ladle.

7) The process of draining
and filling ladle.

2) Stability of
casting process.

3) Avoidance of
defects such as
pores and cracks.
4) Ensuring opti-
mal level of metal
allows you to
maintain high
productivity with-
out stops and
interruptions.

5) Efficiency.

6) Equipment
wear and tear.

Position  of
stopper

1) Casting speed.

2) Viscosity and composi-
tion of metal.

3) The level of metal in
tundish.

4) Metal pressure.

5) Metal temperature.

6) The design and dimen-
sions of stopper and crys-
tallizer can affect precise
parameters of metal flow
control.

1)  Quality of
finished products.

2) Metal flow rate.
3) Metal level in

crystallizer.

4) Pressure and
turbulence of
flow.

5) Avoidance of
defects — cavities,
sinks and cracks.
6) Stability of
casting process.

7) Equipment
wear and tear.

Metal level in
crystallizer

1) Metal feed rate from
industrial ladle.

2) The position of stopper.
3) Metal temperature.

4) Efficiency of cooling
system of crystallizer.

5) Metal level.

6) Design and dimensions
of crystallizer.

1)  Quality of
finished products.

2) Crystallization
process.

3) Thermal
stresses.

4) Productivity of
casting process.

5) Metal level.
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Our automated control system integrates variety of
sensors to form comprehensive information network for
real-time monitoring, analysis and control of casting pa-
rameters. This approach is based on principles of system
analysis and information system design, which are key
aspects of modern computer science.

Optimal control of casting parameters is critical to
guaranteeing high quality of finished MPs and production
safety. In this aspect, use of specialized equipment be-
comes mandatory, with sensors playing key role in such
equipment. It is they who make it possible to accurately
measure and regulate various characteristics of casting
process, which ensures its effective control and manage-
ment.

To begin with, measurement of metal temperatures in
tundish, steel ladle and crystallizer working surface is
realized thanks to CEM DT infrared pyrometer, which
allows measuring high temperatures in hard-to-reach
places. The device is capable of detecting temperatures
above 1000 degrees (—50 °C...+1600 °C) at distance of
several meters without touching object of study. Sensors
can be placed at every critical point of CC process.

The amplitude of vibrations will be measured using
sensor 640B01 — vibrations will be measured using sensor
640B01, industrial speed converter. It has following char-
acteristics: speed measurement from 0 to 1 inch/sec (0 to
25,4 mm/sec); output signal from 4 to 20 mA; 2-pin con-
nector. The frequency range for measurement is (£ 10 %)
from 180 to 60,000 rpm (3 to 1000 Hz).

The vibrations frequency of crystallizer can be meas-
ured using digital frequency meter 10-199,9 Hz. This
device was chosen because of following characteristics:
frequency measurement from 20 to 600 cycles per minute;
supported voltage from 80 to 300 V; ability to measure
amplitude of vibrations of crystallizer in range from 1 to
50 mm.

The metal level in steel ladle, tundish and crystallizer
is monitored using special eddy current level sensor
XLEV, which determines level of molten metal. The ad-
vantages include fact that this sensor measures actual
level of steel and full digital signal processing.

The steel casting speed will be measured using optical
metal casting speed sensor — ProSpeed LSV-2100. The
advantages include: precise laser measurement; non-
contact measurement method; no need for recalibration;
easy integration into processes with long distances of up
to 3 m.

Information about position of lock is generated by lin-
ear displacement sensor mounted on hydraulic cylinder
rod of locking mechanism. To measure position of stop-
per, linear encoder from LTR series is used, designed for
short movements and equipped with return spring. An
important feature of these sensors is presence of return
spring.

The integration of above sensors and measuring de-
vices into single automated control system requires use of
specialized software capable of efficiently processing and
analyzing data from various sources. To solve this prob-
lem, we chose Genie software package, which provides
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comprehensive support for a wide range of industrial
automation hardware. The input/output drivers included
in Genie package provide support for all industrial auto-
mation hardware, including data acquisition and control
modules, IBM PC-compatible MIC2000 modular co-
controller, remote data acquisition and control devices,
and CAN industrial bus devices with DeviceNet protocol.
The data center is set of dynamic linking libraries.

Consider technical means of controlling casting pa-
rameters.

Based on analysis of parametric model (1) and taking
into account parameters of metal products formation, al-
gorithm for automated system was developed, which is
shown in Fig. 1.
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from CCM into SL

// \\'\ﬁ
- d Y-
< 1550<T%;< 15§/§ PID-1

— - o
Yes\\—: e

Hydraulic motor

All tufns on
| Stopper SP 1 moves |
///‘t\
T iy
<35 <h'<37>{PD-2
Yes\/ No——+—
Feeding metal
from CCM
into IL
- ~—_
- ——

< Ispa<pii<is4sr o PID-3W
ey =r 17/,/*’/N0
Yes y

| Stopper SP 2 moves |
¥
e
/
<0F= h{f”slj> PID- 4

N -
Yes™ \I/ Hio Shut-off
valve AL 8

Metal supply
to crystallizer

N

- —~ ) \‘\
<160 < vre; < g,ﬁ PID- 5
Yo e
,//// o TS
<<0,75<h; <0,85? .~ PID-6
2"

~—
~—

w

T
— No

Yes T L
p . — —
Determmatlc‘)n of L evi<3 *)\
frequency of ~ " T
fluctuations ~.__~— No
Ye T
B2 Alarm }»
" = rr\;‘i\\
<1< 4°<37
~ " N
[End ]

Figure 1 — Algorithm of control system operation
Stage 1: The automated system begins its operation by
feeding metal (raw materials) from CCM into steel ladle.
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Stage 2. Next, temperature of raw material in steel la-
dle is checked, if conditions are met, then hydraulic motor
Al 1 is turned on, which pushes stopper in steel ladle Al
2. If conditions are not met, then control by PID 1 is re-
quired.

Stage 3. After that, level of raw materials in steel ladle
is checked, if conditions are not met, then it is necessary
to control Al 4 shut-off valve using PID 2. If conditions
are met, then raw material enters industrial ladle.

Stage 4. Next, temperature of raw material in mill is
checked, if conditions are met, then hydraulic motor Al 3
is switched on, which pushes stopper in mill SP 2. If con-
ditions are not met, then control by PID 3 is required.

Stage 5. After that, level of raw materials in mill is
checked, if conditions are not met, then it is necessary to
control shut-off valve Al 8 with help of PID 4. If condi-
tions are met, raw material enters crystallizer.

Stage 6. The algorithm is repeated, as in case of steel
ladle or industrial ladle.

Stage 7. Determination of crystallizer vibrations fre-
quency.

Stage 8. Checking conditions for vibration amplitude
of crystallizer. If condition is met, then algorithm is com-
pleted, and if not, then error message (signal to indicator)
is generated and algorithm returns to stage 7.

The developed algorithm is the result of formalizing a
complex production process, which demonstrates the ef-
fectiveness of applying computer science methods (algo-
rithm theory, system analysis, etc.) to model real systems.

The algorithm is built on basis of clear logical struc-
ture using conditional operators and loops, which is clas-
sical approach in algorithm theory and programming.

The algorithm implements principles of automatic
control theory, in particular, use of PID controllers, which
demonstrates integration of informatics methods and con-
trol theory.

Although this algorithm does not have explicit modu-
lar structure in classical sense, it has certain structured-
ness with successive processing and control stages, which
reflects systematic approach to managing complex pro-
duction process. Each stage of algorithm includes check-
ing conditions and appropriate actions, which ensures
flexibility and adaptability of control system to changes in
process parameters.

4 EXPERIMENTS

Modern automated control systems are critical for in-
dustrial enterprises, as they help to increase efficiency,
provide data processing for making informed decisions,
and report system problems. This helps to reduce down-
time and avoid shortages of both finished products and
billets.

SCADA systems are backbone of many modern in-
dustries. The Genie system was chosen for development,
which is one of SCADA packages.

The Genie system has module-oriented open architec-
ture.

Development of system is reduced to user placing
functional blocks in task window and establishing links
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between them, which are determined by data processing
algorithm.

The openness of architecture ensures easy integration
of Genie with other applications to share data during exe-
cution of strategies. Genie was chosen for this work be-
cause of its ease of use.

Based on developed algorithm, we created project that
will include 2 modules:

1) Strategy, which consists of mnemonic scheme de-
veloped in «Task Editor».

2) The interface of automated system — on-screen
form that is developed in «Form Editor». Connections
between blocks of «Task Editor» and display elements of
«Form Editor» are invisible — links.

A mnemonic scheme consisting of blocks and links
between them has been created.

Task or TASK 1 — set of functional blocks displayed
in Task Editor window.

TASK 1 is Task 1 window in «Task Editor», where
mnemonic scheme is developed (Fig. 2).

Al units are connected to sensors that read values of
measured parameters.

The Al block is designed to receive information from
devices with analog signal input subsystem and transmit
these signals to other blocks and display elements
(Fig. 3).

Tag «Field» — name of tag in Genie system. The «De-
scription» field is field for entering description of device
(value in field is left by default). The «Device» field is
used to select device to which this unit will be connected.
The type of such device will be displayed in «Module»
field of dialog box. The «Input Range» field is range of
input signal. The «Expansion Channel» field is
switch/amplifier of analog signals.

After selecting analog input device or module, set pa-
rameters of «From Channel» and «To Channel» channels
(list of polled channels), from which information will be
sent to analog input unit.

Some Al units are connected to ONF units via Con-
ductor unit. It is Al 1 that receives signal from hydraulic
motor.

The «Conductor» is used to establish visible connec-
tions between icons of functional blocks of task.

In Fig. 4 «ONF» block. The «ONF» block is designed
to implement simplest two-position control algorithm and
has input that receives feedback signal from control object
and discrete output whose logical state depends on current
value at input, setpoint and values of ON and OFF thresh-
olds.

«Delta High» and «Delta Low» field — on/off thresh-
old.

«Delta High» field — controller insensitivity zone
when generating output signal that includes control ob-
ject. The upper control limit is determined by summing
exclusion threshold and setpoint value.
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Figure 2 — Developed mnemonic scheme
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Figure 3 — Block configuration window
«Analog Input Block»
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On{Off Control Block x|

Description: |

Delta Low: l:l [ High Limit = Setpoint + Delta High

Low Limit = Setpoint - Delta Low )
" Ower high limit = 0, under low limit = 1.

Tag: ONF1

+ Ower high limit = 1, under low limit = 0.

Control Input from:
Al1 : Al1:[0Output 0]

Figure 4 — Block configuration window
«On/Off Control Block»

For example, «Engine» element can work in following

modes: ON (0 — 90°) and off (90° — 0°), then let rate
be 90.

The «Setpoint» field contains value against which
feedback signal at input of block is compared. The set-
point can be fixed or dynamically changed by signal from
another functional block of strategy.

Field «Control Input from» — control input from out-
put of channel 0.

Selected «Over high limit = 1, under low limit = 0»
because if signal value is above upper limit, we assign
value of 1 (motor is ON), and if it is below lower limit, 0
(motor is OFF).

Some «ONF» units are connected to «ALOG» (de-
signed to store in archive information about recorded
alarm events associated with signal received at input of
alarm archive unit. The unit has input and output).

A description of mnemonic scheme elements connec-
tion to devices is given in Table 2.

Table 2 — Description of mnemonic elements connection

Element Description

Al'l Receives signal from hydraulic motor.

Al2 Receives signal from LTR series position sensor,
which detects position of stop Ne 1.

TMP 1 Receives signal from CEM DT, which measures tem-
perature in steel ladle.

Al3 Receives signal from XLEV sensor to measure level
of raw materials (metal) in steel ladle.

Al 4 Receives signal from position sensor that controls
shut-off valve Nel.

AlS It receives signal from hydraulic motor, which sends
signal to make stopper Ne 2 move.

Al 6 Receives signal from LTR series position sensor that
controls position of locking mechanism Ne2.

TMP 2 Receives signal from CEM DT sensor, which records
temperature in industrial ladle.

Al7 Receives signal from sensor for measuring level of
raw materials (metal) in IL — XLEV sensor.

A8 Receives signal from position sensor that controls
shut-off valve Ne 2.

Al9 It receives signal from sensor that measures vibrations
frequency of crystallizer — digital frequency meter.

AI'10 Receives signal from sensor, measures amplitude of
crystallizer vibrations — sensor 640B01.

TMP 3 Receives signal from CEM DT sensor that records
temperature in crystallizer.

Al'll Receives signal from sensor for measuring level of
raw materials (metal) in crystallizer — XLEV sensor.
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Blocks «TMP» 1 — 3 is connected to «ALOG» for tem-
perature measurement.

Fig. 5 shows example of «KALOG» block configuration
window.

Field «Alarm Settings» — values of alarm parameters.
The values of signals at unit input fall into following ranges:

1 — above upper limit value High-High;

2 — maximum High value;

3 — below lower limit value Low-Low;

4 — minimum value Low.

Alarm Log Block n

Description: |ALI:I GB

Tag: ALOGE

Alarm Settings

LCancel
Low - 1539 4
Low-Low : 1524 Help

Alarm Message Format
v Date [MM/DD/YY)
v Time [HH:MM:55]
[v Alarm Type (HI-HL. HI, LO, LO-LO)
v Tag Hame
|v Operator Hame [only the first 10 characters]
[ Comment [30]) | |
[ Walue
[ Limit ¥alue

Figure 5 — Block configuration window
«Alarm Log Block»

5 RESULTS

Each strategy has its own screen form — interface that
is developed in «Forms Editor». The window of devel-
oped system interface consists of two displays, which are
shown in Fig. 6, a, b.

As result, there are two developed interfaces: Display
1 — main and Display 2 — auxiliary for monitoring pa-
rameters of crystallizer: frequency and amplitude of vi-
brations.

The interface of automated system in Fig. 6 consists of
elements:

— «Text string» — display has no means of communi-
cation with functional blocks and other elements of strat-
egy display/control and is intended to display static char-
acter string on monitor screen, which is determined at
stage of strategy development;

— «Display indicator» is single indicator used to dis-
play state of logical output associated with it in strategy
functional block;

— «Text output field by condition» — for visualization
of process in real time, provides ability to receive and
transmit information;

— «Incremental regulator» — to control, in this case,
temperature levels in steel casting and industrial ladles,
crystallizer;
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— «Linear indicator» is used to graphically display
value of parameter supplied from connected functional
block of strategy;

— «Digital indicator» is used to display parameter
value at output of connected functional block of strategy,
as well as to display text strings coming from output of
user procedure block or block of «Basic script» during
strategy execution;

— «Analog regulator», which is used to control levels
of raw materials;

— «Command Button (Menu Button)» is intended for
creating buttons in window of display form that allow you
to control process of strategy execution;

— display element «Arrow indicator» — presentation of
information from associated functional block on graphical

analog arrow indicator.
. Advantech Ganle - AC
Be [ Selp Yew Y

Thus, all elements can be classified as display and
control elements.

A daily report was created to record level of raw mate-
rials. Daily reports are designed to implement daily sys-
tem summaries.

Fig. 7, a, b shows windows for creating report,
namely. Fig. 7, a — selecting date and version of report for
printing. Fig. 7, b — process of creating report configura-
tion.

A report with particular identification number can be
activated (Enabled) or blocked (Disabled). If report is
blocked, it will not be printed during strategy execution.
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Figure 6 — Interface to automated system for managing and registering raw materials:
a) Display 1; b) Display 2
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Figure 7 — Customization windows in process of creating report

The report is printed at time set in editing fields with
numbers from 1 to 24 in «Report Time» parameter group.

As result, when formulating context of this work, its
main goal was determined — development of automated
metal management and registration system to improve
quality of metal products. As result of this work, this goal
has been achieved because:

— current state of production in field of continuous
casting is analyzed;

— features of MP molding stages of are analyzed;

— parametric model of CC that is complex is proposed,

— key parameters of metal product molding are se-
lected and described;

— technical means for controlling casting parameters
were selected;

— algorithm for operation of proposed automated sys-
tem was developed;

— developed mnemonic scheme in «Task Editor»;

— description of mnemonic elements connection to
mnemonic elements is given;

— two interfaces have been developed: Display 1 —
main and Display 2;

— efficiency and reliability of developed system was
compared with existing commercial solutions.

The developed mathematical models and algorithm
have been successfully tested on example of continuous
metal casting controlling process. However, proposed
approach is universal in nature and can be applied to wide
class of complex production processes in various indus-
tries.
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6 DISCUSSION

The developed automated system for controlling and
registering metal in continuous casting is represented by
complex interface consisting of two displays with elements
for displaying and controlling key parameters of casting
mould.

A comprehensive visual interface provides clarity and
ease of navigation for operator, which is critical when
working with automated control systems.

To compare development with similar systems, we se-
lected programs used to control continuous casting ma-
chine.

The software for controlling continuous casting ma-
chine is in closed access, but there are modules for model-
ing metal casting.

The Electrical and Automation Systems for Continu-
ous Casting Plants from Ingeteam [16] was chosen for
consideration. This system also has its own modular
automation solutions:

— MLC — raw material level monitoring;

—MWC — mold width monitoring;

— Gap monitoring — monitoring temperature of mold,
predicting gaps;

— TLC — steel level control in metal casting machines;

— weight control in ladle tower, pouring trolley, prod-
uct;

— measuring temperature and oxygen content in liquid
steel;

— optimized billet tracking to marking devices.

Another analog is ABAX TubeStar with sets of modu-
lar automation solutions [17]:

— SprayStar Secondary and Cooling Automation pro-
vide optimal thermal profile of billet, taking into account
variable casting conditions such as speed, steel composi-
tion, and overheating;

— MouldStar is module for controlling level of raw
materials;

— Process Star for monitoring and collecting process
data, billet quality forecasting, melt and billet reports, and
equipment life tracking;

— TubeStar for monitoring condition and history of all
crystallizer tubes, which is critical parameter of casting
process.

Thus, system allows monitoring and displaying all
necessary information for each casting mold used.

ABAX MouldStar is available as stand-alone package
and can be implemented on any filling machine.

In such systems, user enters input data required to
monitor molding process step by step, which can be dis-
played in reports.

To conduct experiment of automated control system,
input data from Table 3 were used to monitor metal level
during molding.

We will evaluate efficiency and reliability of devel-
oped system in comparison with existing commercial so-
lutions.

The experiment consists of two stages, which will be

compared:
1) data entry;
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2) monitoring process of forming slab product.

Therefore, it is necessary to test system’s ability to
correctly process input data and monitor process of form-
ing slab product.

The main comparison criterion is number of module
malfunctions detected within three days.

Fig. 8 shows results in form of diagram.

Table 3 — Input data of experimental study

Filling Vibration | Vibra- Metal Metal
§ speed, fre- tion levelin | level
-z m/min quency, ampli- SL, mm| inIL,
Q
9 rpm tude, mm
5 mm
=
&)

1 162 2 2,5 0,7

2 163 2 2,5 0,8

3 164 3 2,5 0,8
o 4 165 3 2,7 0,9
g 5 165 4 2,7 0,9
8 6 165 4 2,8 1,0
= 7 166 4 2,9 1,0

8 164 5 3,0 1,2

9 166 5 3,0 1,3

10 166 5 3,1 1,4
In Fig. 8: — MouldStar from ABAX, BN _

Electrical and Automation Systems for Continuous Cast-
ing Plants from Ingeteam — developed system.

Time of study, hours

lday 2day 3day
Duration of research

Figure 8 — Diagram comparing average operating time
of developed system and analogs

As result, selected systems are stand-alone modules
specialized for narrow range and designed for specific
type of continuous casting machine. It was found that
over three days of operation, these modules demonstrated
greater reliability compared to ABAX MouldStar and
Ingeteam’s FElectrical and Automation Systems for Con-
tinuous Casting Plants.

The system’s ability to work with real data and pro-
duction conditions was tested.

The developed system allows user to enter data to
monitor crystallizer step by step, ensuring high stability of
meniscus level, safe operation and easy operation.
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The low installation and maintenance costs make this
system advantageous choice for controlling continuous
casting plant. Experimental results confirm advantages of
this development over ABAX’s MouldStar and
Ingeteam’s Electrical and Au-tomation Systems for Con-
tinuous Casting Plants in controlled steel casting.

CONCLUSIONS

The urgent problem of developing automated system
for controlling and registering metal in continuous casting
has been solved.

The scientific novelty of results obtained is that is
that for first time, comprehensive parametric model of
continuous metal casting process has been developed
based on methods of set theory and system analysis. This
model is universal tool for formalizing and optimizing
processes in various industries. The proposed model inte-
grates not only product molding modes, but also takes
into account specific properties of source material and
design features of the casting equipment. This model is
presented as set of interrelated parameters, with each ele-
ment reflecting specific aspect of casting process. The
parametric model differs from existing ones in its com-
prehensiveness and integration of various aspects of cast-
ing process. It provides basis for developing more accu-
rate and efficient control systems, which can potentially
lead to significant improvements in product quality and
production efficiency.

The practical value of results obtained is to develop
automated control system that implements control of key
parameters in continuous casting with ability to collect,
process and record data in real time, as well as to imple-
ment control of key parameters in continuous casting. The
experiments conducted using real production data demon-
strate effectiveness of developed algorithm, which is re-
sult of formalizing complex production process, demon-
strating effectiveness of computer science methods (algo-
rithm theory, system analysis, etc.) for modeling real sys-
tems. Based on results of experiment to evaluate effi-
ciency and reliability of developed system, it is possible
to recommend proposed system for use in practice.

The results obtained make significant contribution to
development of information systems for managing and
monitoring complex production processes. They ensure
improved product quality and optimization of production
processes through introduction of user-friendly system for
visualizing and controlling key parameters. The devel-
oped system, which includes two informative screens
(Display 1 and 2), allows operators to more effectively
monitor and control casting process, resulting in reduction
in defects and increase in overall production efficiency.
These achievements create solid foundation for further
technological improvements in steel industry.

Prospects for further research are to investigate new
methods of secondary cooling to improve surface quality
and internal structure of workpieces. In addition, there is
area for improving non-destructive testing methods to
detect defects in real time during casting process. The
developed automated system creates basis for further im-
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PO3POEKA ABTOMATHU30BAHOI CUCTEMHU YIIPABJITHHSA
TA PEECTPAIIIi METAJIY ITIPY BE3ITEPEPBHOMY JIUTTI

Cotauk C. B. — xaHJ. TexH. HayK, JOLEHT, JOLEHT Kadeapy KOMII I0TepPHO-IHTErPOBAaHUX TEXHOJIOTiH, aBTOMAaTH3aLil Ta podo-
TOTeXHIKHM XapKiBChKOTO HAI[IOHAIBEHOTO YHIBEPCUTETY paiioeNeKTpoHiky, XapkiB, YKpaiHa.

AHOTAIIA

AkTyanabHicTb. Cy4acHi IPOMHUCIIOBI MiANPHEMCTBA CTHKAIOTHCS 3 BUKINKAMH, SIKi BUMAaraloTh BIPOBAKCHHS HOBITHIX TEXHO-
JIOTi# A7 MABUIIEHHS €()EeKTHBHOCTI Ta KOHKYPEHTOCTIPOMOKHOCTI. Y METallyprii OXHUM i3 KJIIOUOBHX €TamiB € Oe3lepepBHE JIHT-
Ts1, JI€ BiJl TOYHOCTI Ta ONMEPATHBHOCTI YIIPABJIiHHS POLECOM 3aIEKUTh SKICTh BUPOOIB Ta EKOHOMIYHI OKA3HUKH TIANPHEMCTBA.
Bupobu, oTprMaHi 3a TEXHOIOTIE€ OE3MEePEePBHOTO IUTTS, 3HAXOAAThH MIHPOKE 3aCTOCYBAaHHS y PI3HUX Taly3sSX IMPOMHUCIOBOCTI 3a-
BJISIKM CBOTM BHCOKUM MEXAHIYHHM BIIACTHBOCTSM, OJJHOPIIHOCTI CTPYKTYPH TA €KOHOMIUHIH e(heKTHBHOCTI.

Po3po6ka aBTOMAaTH30BaHOI CHCTEMH YIIPABIIIHHS Ta PEECTpalLlil MeTally CTa€ He JIMIIe aKTyaJIbHOIO, e i HeoOXiTHOIo IS 3a-
Oe3neyeHHs CTablIEHOrO Ta epeKTHBHOIO BUPOOHUIITBA.

IIpoGiiema migBHIIEHHS SIKOCTI BUPOOIB 3 MeTaIy 3aBXI¥ OyJia OHIEI0 3 HAallBXKIIMBIIINX 3aBJlaHb METATypriiiHoi raysi. Heno-
CKOHAJIICTh TEXHOJIOTIYHUX IIPOLECIB, JIOACHKUIT PakTop, a Takox 3001 B poOOTI 00JIafHAHHS MOXKYTb MPU3BOJUTH O BUHUKHEHHS
nedexTiB y roToBUX MeTaneBux Bupobax. Ile, y cBoIo yepry, BIUIMBAa€ Ha KiHILIEBI XapaKTEpHUCTHKMA BHPOOIB, X JOBrOBiUHICTH Ta
HaiHICTS.

Ha cporoguimHiif AeHs Yy HasABHUX JKepenax I mpoOieMa e He 3HalIDIa MOBHOTO BHpilIeHHA. ToMy HEOOXiqHO 3MiHCHUTH
IIOCTAaHOBKY 3aJadi Ta pO3pOOUTH aNropuT™M poOOTH aBTOMATH30BAaHOI CHCTEMH YIIPABIIHHS Ta pPeecTpamnii MeTary IpH Oe3nepeps-
HOMY JIUTTI.

MeTta. MeToro 10CHiDKeHHS € Po3poOKa aBTOMaTH30BaHO! CHCTEMH YIPABIIHHS Ta peecTpallii MeTaly Uil IiJBHILIEHHS SKOCTI
METaJICBUX BUPOOIB.
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Mertoa. s 106 JOCSITH HOCTAaBICHOI METH, OyJia 3alpOlIOHOBaHa KOMILIEKCHA apaMeTpHYHa MOJIelb, sika GpopmMaitizoBaHa Ha
0a3i Teopil MHOXXMH. MoJieb BpaxoBy€e KIIIOUOBI apaMeTpH MpolLecy Oe3MepepBHOTO JINTTS: MaTepial, KOHCTPYKLiHHI 0COOIMBOCTI
KpHUCTAIIi3aTOPy, PSKUMU PO3IUBAHHS, PIBEHb METANLy B KPUCTANII3ATOPI Ta MOJI0KEHHS CTONOPA IPOMKOBIILY.

Pe3ynbraTh. 3xificHeHa NOCTAaHOBKA 3a/a4i Ta BU3HAUCHI KIIOYOBI IAPaMETpPH, sIKi BpaXOBaHi B alropuT™Mi poOOTH CHCTEMH, a
1€ 1JI0 MOJKIIMBICTh PO3POOUTH CHCTEMY YIPaBIiHHS YCTAHOBKOIO O€3MEepepBHOIO JMTTS JUIs BUPILICHHS 331a4i MiJABUIICHHS SIKOC-
Ti OTPUMaHOI 3aTOTOBKH.

BucHoBku. [ migBUIIEHHS SKOCTI OTPUMAHUX BHPOOIB 3 MeTally Ta CTa0IIBHOCTI MPOIECY JUTTS CTBOPCHO MapaMeTpUIHY
MO/Ielb, SIKa € KOMILUICKCHOIO, 03BOJISE ONTHMI3yBaTH KIIIOUOBI IapaMeTpu Ta 3abe3nedye TOUHICTh KepyBaHHS IPOLIECOM 3a paxy-
HOK TOTO, IO iHTETpye He JIMIIe pexuMu (GopMyBaHHS BUpPOOIB, ane i BpaxoBye crienu(iuHi BIACTHBOCTI BHXIIHOIO Marepiaiy
(XIMIYHUMI CKJIaJ MapKd Marepiany i T.II.) Ta KOHCTPYKTHBHI OCOOJHMBOCTI YCTaHOBKHM JUIsl JIUTTS. Po3poGneHo anroput™ poboTH
ABTOMATH30BAHOI CUCTEMH YIMpPaBIiHHS, KU BPaXOBY€e B3a€MO3B’sI3KH MK BH3HAYCHUMH KJIFOUOBHMH [apaMeTpamu Ta 3a0e3neuye
ONTUMAJIbHE KepyBaHHs mpouecoM JuTTs. Ha 6asi 3anporoHoBaHoi mapaMeTpu4Hol MOJENi Ta aJITOPUTMY CTBOPEHO aBTOMATH30Ba-
Hy CHCTEMY YIIPaBIIiHHS Ta peectpauii Merany. ®okyc poboTH HAaNpaBieHui Ha AKICTh Ta e)eKTUBHICTh YIIPABIIIHHS Ta PEECTPa-
mii MeTay mpu Oe3repepBHOMY JIUTTI, 0 0a3yeThCsA Ha CyYaCHUX METOJaxX iHPOPMATHKHU Ta OOUHCITIOBAIFHOI TEXHIKH.
ITpoBeneHO KOMIIIEKCHE eKCHEePUMEHTAIbHE MOPIBHAHHSA PO3POOJICHOI CUCTEMH 3 KOMEPLIfHUMH aHAJIOraMH B yMOBaX peajbHOIo

BUPOOHUIITBA, 110 JT03BOJIHIIO 00’ €KTHBHO OIIHUTH ii epeKTHBHICTh Ta HaIHHICTS.
KJIFOYOBI CJIOBA: apromaTH3arisi, cHCTeMa, TapaMeTpUIHA MOJIENb, YIPABISTHHS, PEECTPALlisl, METaI.
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