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Abstract. This article analyzes the application of a fuzzy logic system for controlling complex and
uncertain technological processes occurring in a 30-ton Electric Arc Furnace (EAF-30). Research
findings show that 80% of the melting process (42 minutes) is carried out using an electric arc. In
traditional control systems, rapid fluctuations in arc current exceeding or falling below 17 kA have been
identified as a cause of process interruptions. Therefore, this study proposes the fuzzification of arc
current, voltage, and arc length using Gaussian membership functions. Based on critical thresholds—
arc current in the range of 17-38 kA and voltage from -6% to +8%—linguistic variables were developed.
Using the Mamdani algorithm, optimal electrode control during the 17-20-minute melting phase ensures
improved energy efficiency, reduced electrode consumption, and increased product output. The research
results demonstrate that integrating Fuzzy control into traditional systems is an effective approach for
intensifying the steelmaking technological process.

Keywords: steelmaking, Fuzzy logic, arc current, arc length, Gaussian function, Mamdani algorithm,
automatic control, electrodes movement.

INOBBIIIEHUE THTEHCUBHOCTHU TEXHOJOI'MYECKOI'O ITPOOECCA
CTAJIEILIABJIEHUSI HA OCHOBE HEUETKOU JIOTUKH

Paxmonoe Hkpomotcon Ycmonosuu Koporcoooea Maxsyna @axpuooun kusu
Hoxmop mexnuueckux nayxk, npogeccop, 3aedyiouuti Kageopoui PhD Jloxmopanm kagedpwr « dnexmpocnaboicenuey
«Bﬂekmpocnaﬁofcenue» Tawxenmckozo eocy()apcmseHHaeo Tawxenmckoeo zocydapcm(fenHozo MexXHuYecKoeo yHusepcumemada,
mexHuueckozo ynugepcumema, Tawkenm, Y3bexucman Tawrkenm, Y3bexucman

Annomauyun. B oannou cmamve npoaHanusuposano npumeHeHue CUcmemvbl Hedemkou J102UKU OJis
VAPABAEHUSL CLONCHBIMU U HEONPEOeNeHHLIMU MEXHON02UYeCKUMU npoyeccamu, npoucxooawumu 6 30-
MOHHOU 271eKkmpody2osoi cmaneniasunvrol newu ([CII-30). Pe3yrbmamsl ucciedoeanuti nokazai,
umo 80% npoyecca niasxu (42 munymuol) ocywecmeisiemcs ¢ UCNoIb308aHUeM dnekmpuyeckoll oyau. B
MPAOUYUOHHBIX CUCTNEMAX YNPAGIeHUs GblsAGleHbl nepebou 6 npoyecce, Bbl36AHHbIE PE3KUMU
KOJIeOaHUAMU 0Y208020 MOKA Gblle UNU HUNCE NOPO208020 3HaueHus 17 KA. B céasu c smum 6 pabome
npeonodcena gazsupuxkayusi 0y208020 MOKA, HANPANCEHUS U ONUHbL OYeU HA OCHOBE 2aA)CCOBCKUX
@yukyuil npunaonexcnocmu. Paspabomanvl nunzeucmuyeckue nepemenHvle Ha OCHO8e KPUMUYECKUX
epanuy: mox oyeu 6 ouanazoume 17-38 kA u nanpsscenue om -6% oo +8%. C ucnonvsosanuem
aneopumma Mamoanu obecneueno onmumanbHoe YnpagieHue 08UdNCeHuemM 1eKmpooos 6 meyerue 17—
20 munymmou ¢asel nIAGKU, YMO NO360AUNO NOBLICUNMb IHEPLEMUUECKYVIO IDDEKMUBHOCIb, CHU3UMb
Pacxo0 31eKmpooos U y8eauiums npoussooumenbHocms. Pezyniomamul ucciedosanus noomsepicoarom,
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Umo uHmezpayus HeyemKou J102UKu 6 MpaouyuoOHHble CUCIEMbL YPABIeHUsl A8NAeMCs I PeKmueHvIM
peuienuem 0Jisi UHMEeHCUDUKAYUU CIATIeNIA8UILHO20 MEXHON02UYECKO20 npoyeccd.

Knrouegvie cnosa: cmanennagnenue, Heuemkas 102UKa, MoK 0yeu, OnuHa dyau, eaycco8cKas QyHKYus,
ancopumm Mamoanu, asmomamuueckoe ynpasienue, 08UNCEHUE DIeKMPOOO8.
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Annotatsiya. Ushbu maqolada 30 tonnalik elektrda po‘lat eritish pechida (DSP-30) yuz beradigan
murakkab va noaniq texnologik jarayonlarni boshqarishda fuzzy mantiq tizimining qo ‘llanilishi tahlil
gilinadi. Tadgiqgotlar natijasida aniglandiki, eritish jarayonining 80 foizi (42 dagiga) elektr yoy
yordamida amalga oshiriladi. An’anaviy boshqaruv tizimlarida elektr yoy toki 17 kA dan keskin oshib
voki kamayib ketishi natijasida ishlab chiqarish to xtab qolish holatlari aniglangan. Shu sababli,
maqolada Fuzzy tizimi orqali elektr yoy toki, kuchlanishning Gauss funksiyalari asosida fuzzifikatsiya
gilingan. Elektr yoy tokining 17-38 kA, kuchlanishning -6% dan +8% gacha bo ‘Igan kritik chegaralari
asosida lingvistik toifalar ishlab chigilgan. Mamdani algoritmi asosida 17-20 daqgiqalik eritish davrida
elektrodlarning optimal boshgaruvi ta'minlanib, energiya tejamkorligi, elektrod sarfi kamayishi va
mahsulot unumdorligi oshishi kabi natijalarga erishilgan. Tadgigot natijalari Fuzzy boshgaruv
tizimining an’anaviy tizimlarga integratsiya qilinishi orqali po‘lat eritish texnologik jarayonining
samarali boshqaruvni ta’'minlashi asosida texnologik jarayon intensivligini oshirishiq aniglangan.

Kalit so“zlar: po‘lat eritish, Fuzzy mantig‘i, elektr yoy toki, yoy uzunligi, Gauss funksiyasi, Mamdani

algoritmi, avtomatik boshqgaruv, elektrodlar harakati.

Introduction. The metallurgical industry is
one of the most important strategic sectors of a
country's economy. This sector is developing not
only by increasing production volumes but also
through the expansion of export potential and
modernization of technologies. In recent years, both
the number of enterprises operating in the
metallurgical industry and the volume of
manufactured products have grown significantly.
Specifically, while there were 974 enterprises in
2020, their number reached 1289 in 2024 as a result
of the establishment of small and medium-sized
joint ventures. These enterprises are divided into
ferrous and non-ferrous metallurgy sectors based on
the production process, with ferrous metallurgy
being more complex and energy-intensive
compared to the processing of non-ferrous metals.
Furthermore, due to ongoing developments in
construction and the economy in Uzbekistan, the
demand for steel products as a leading product in the
ferrous metallurgy sector is  continuously
increasing. However, it should be noted that the

steelmaking process is one of the most complex
technological processes to control automatically. In
steel production technology, melting the primary
charge using electrodes is significantly more
complex and energy-intensive than rolling semi-
finished steel products. Therefore, conducting
research in the field of control systems for
steelmaking technological processes in electric arc
furnaces (EAFs) is of critical importance.
Literature analysis and methods. It is well
known that the steelmaking process is multi-stage
and non-linear in nature. Due to this non-linearity,
the electrical parameters of the arc change sharply
in a short period of time [1, 2, 3, 4]. This, in turn,
complicates the optimal control of electrode
movement, which is primarily based on maintaining
the electric arc length within an optimal range. In
such a complex process, the automatic control
system in electric arc furnaces must operate rapidly
and reliably. In this context, the electric arc current
becomes a critical variable that directly affects the
arc length between the electrodes and the metal
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during the melting of the primary charge. In short,
due to the complexity, non-linearity, and dynamic
nature of the EAF technological process, the
application of expert operational knowledge
becomes essential. Therefore, integrating modern
and intelligent digitalization technologies to
effectively monitor electrode movement speed and
arc length in such a complex and non-linear process
will enable the reduction of electrode wear and
electric energy consumption.

For the development of a modern control
system for the steelmaking technological process, a
30-ton EAF-30 currently operating in the republic
was selected as the research object. In this furnace,
a semi-finished steel product is produced in 55
minutes, of which 42 minutes—or 80% of the
process time—is spent on electric arc melting. A
hydraulic power regulator is used as the drive
mechanism to control electrode movement, which is
integrated into a PLC (Programmable Logic
Controller) cabinet. The S7-1500 controller is
installed in the PLC cabinet, and electrode
movement is regulated using the TIA-Portal
programming environment based on the control of
arc length. When the EAF-30 is activated, due to the
presence of solid scrap metal, arc current fluctuates
sharply and the phase current imbalance increases.
As a result, the arc current often exceeds the
setpoint, and traditional control systems face
significant challenges in maintaining precise current
values during these rapid fluctuations.
Consequently, abrupt increases or decreases in arc
current can lead to interruptions in the steelmaking
process, negatively impacting productivity.

Based on the practical and scientific studies
conducted, it was determined that the use of fuzzy
logic based on artificial intelligence is an effective
approach to address the problems faced by current
digitized control systems in steelmaking. Fuzzy
logic is particularly well-suited for processes with
nonlinear and complex dynamics and can be easily
integrated into  existing traditional control
architectures [5, 6, 7, 8, 9]. A Fuzzy logic-based
control system can adapt to variations in arc current
and voltage values, and in a nonlinear system, it
allows for optimal regulation of electrode
movement to maintain arc length within acceptable
limits [10,11]. By adjusting the arc length using
Fuzzy logic, electrode breakage can be minimized,

electrode consumption reduced, and the intensity of
the steelmaking process increased, leading to
improved product yield.

Results. Based on the above analysis, it is
necessary to develop a control system within the
fuzzy logic framework that can account for even the
smallest variations in electric arc parameters. The
functional sequence of managing electrode
movement and maintaining arc length within
optimal limits using Fuzzy logic in an (EAF) is
presented in figure 1.
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Figure 1. Sequence diagram of regulating
electrode movement based on Fuzzy logic to
maintain optimal arc length.

Electrode
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As shown in figure 1, the development of a
Fuzzy control system for regulating electrode
movement in the EAF-30 involves the following
stages: initially, the input parameters must be
transformed into Fuzzy linguistic sets through a
fuzzification process. For this purpose, Fuzzy logic
membership functions were developed for the
variations in arc current, arc voltage, and arc length.

At the beginning of the primary charge
melting process in the EAF, the minimum arc
current value starts at 17 kA. Therefore, the lowest
acceptable current value was set at 17 kKA. The
variations in arc voltage were expressed in
percentages, and corresponding Fuzzy linguistic
variables were defined and subsequently fuzzified.

Note: If the arc current, voltage, and arc length
fall within a specific interval, the following fuzzy
linguistic terms are used in accordance with the
values of Fuzzy variables:

For arc current:

15-19 kA — Very Low — (VL)

17-27 kA — Close to Normal — (CN)
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I>37 kA — Out of Range — (OR)

Table 1
Critical values affecting arc current and voltage
Cate- Interval Desc- Inax cat Interval Desc- Unax
gory (kA) ription (kA) ategory (%) ription )
ThL [12;0]17; Very low 17 Boun [-6; -4] Very low | 375
L [2;;5]23: Low 23 Min [-4; -2,5] Low | 384
M [22;9]27; Medium 27 Med |[-2,5; -1,5; 2,5] | Medium | 390
H [3(3);5;’3; High 3 Max [2,5: 4; 6] High | 416
[36; 37; Very . :
ThH - High 37 FM [6: 8]  |VeryHigh| 425

For arc voltage:

360-380 V — Very Low — (VL)

384-395 V — Close to Normal — (CN)

U >425V — Out of Range — (OR)

In the Fuzzy logic-based control system,
during the fuzzification stage, arc current and
voltage are considered highly variable parameters in
the EAF process. The differences in these
quantitative parameters are described using
membership functions. Given that the variation
patterns of input parameters are uncertain and
exhibit a naturally exponential character, the use of
Gaussian membership functions is considered
highly effective for modeling such physical
processes. Therefore, Gaussian membership
functions were selected to represent arc current and
voltage in this Fuzzy logic control framework.
These functions are defined according to the
following equation (1) within the Fuzzy logic
methodology.

pz(x) =

5
{e 20 ), if x € (xg — 60, (xy + 60)} 1)
1, if x=x
Using equation (1), Gaussian membership
functions were constructed for all the critical arc
current values specified in table 1. These functions
were  visualized using  different  colors
corresponding to their respective influence levels
(figure 2).
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Figure 2. Fuzzy Gaussian membership functions
for arc current influencing the electric
steelmaking process.
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To ensure universality in managing the
steelmaking process in EAFs of various capacities,
the critical values of arc voltage were expressed in
percentage terms.  Accordingly, appropriate

membership functions were developed based on
these values (see table 1 and figure 3).

Arc Voltage (V)

55 Membership Functions

/\\ _‘_/'",‘

360 370 380 390 450 410 420 430
voltage v

Figure 3. Fuzzy Gaussian membership functions
for arc voltage influencing the electric
steelmaking process.

After the fuzzification stage, the decision-
making mechanism is activated. To determine the
resulting output, it combines fuzzy membership
functions derived from the knowledge base. As
illustrated in figures 2 and 3, the Gaussian
membership functions corresponding to arc current
and voltage values are merged. In the Fuzzy
decision-making mechanism, the Mamdani fuzzy
system operates according to its own algorithmic
rules, using if-then logic, which reflects the
reasoning of an expert familiar with the steelmaking
process.

Discussion. In the Mamdani system, the
output values are obtained through the centroid
defuzzification method. Based on the resulting
Fuzzy membership degrees, the system defines
optimal arc length boundaries appropriate for the
complex nature of the steelmaking process.
Following the development of Fuzzy linguistic
variables for arc current and voltage, further
research was conducted to determine the critical
boundary values for arc length, presented in table 2.

Using the Mamdani algorithm, the system is
able to automatically determine how many
centimeters and in which direction the electrodes
should move, based on variations in arc current and
voltage. In figure 4, the arc length boundaries
derived from the values in table 2—depending on
critical arc current and voltage—are shown as a
pulse-type membership function graph generated
using the Mamdani system.
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Table 2
Critical values for arc length variation levels
Arc length
Category | Interval (sm) Description critical value
lmax! (Sm)
Thiarc 2: 5] Very short (needs to be 5
increased)
Larc [6: 10] Sllghtly_short (still 10
needs increase)
Marc [12; 24] Normal length 24
Harc [26; 35] Extended length 35
ThHarc [le[36< Very long (needs to be 45
1] reduced)

Singleton Membership Function - Arc Length (cm}

Thiarc (WSh) Larc (SH) Marc (N Harc (L) ThHare (VL)

a 10 20 30 40 50
Arc Length (em)

Figure 4. Pulse-type membership function for arc
length based on the Fuzzy decision-making
mechanism.

According to the data illustrated in figure 4:

When arc length is small, i.e.,2cm <1<7 cm,
and especially 1 <5 cm, the term “Very Short” (VS)
is applied, and a signal is sent to rapidly raise the
electrodes.

When arc length is in the medium or normal
range, i.e., 12 cm <1< 24 cm, the system uses the
term “Close” (C) and sends a signal to maintain
electrode position within this range.

When the arc length exceeds | > 45 cm, the
term “Out of Range” (OR) is used, and a signal is
sent to rapidly lower the electrodes.

In this case, the electrodes continue to move
downward until the arc length returns to the normal
range, at which point a new signal slows down
electrode movement to maintain stability. In this
Fuzzy control system based on artificial
intelligence, the optimal range for managing arc
length—from the moment the solid charge begins to
melt until the liquid metal state is reached—was

found to be approximately 17-20 minutes. Once the
primary metal in the furnace bath has reached the
liquid state, the electrodes remain immersed, and the
melting process proceeds smoothly.

Conclusion. The study confirms the
effectiveness of applying Fuzzy logic for
controlling the complex and nonlinear technological
process of electric arc steelmaking. By analyzing the
behavior of key parameters such as arc current,
voltage, and arc length within a EAF-30, it was
demonstrated that traditional control systems face
significant limitations in maintaining stable
operation during rapid fluctuations—often resulting
in electrode damage and process inefficiencies. To
address these challenges, a Fuzzy logic-based
control approach was developed using Gaussian
membership functions and the Mamdani inference
model. This control system accurately responds to
variations in arc current and voltage by adjusting
electrode movement to maintain the arc length
within defined optimal boundaries. The research
established critical threshold values for each
parameter, and a comprehensive rule base was
formulated to guide the decision-making
mechanism of the Fuzzy system. Simulation results
showed that, within the first 17-20 minutes of the
melting process—where electric arc conditions are
most dynamic—electrode movement can be
efficiently managed to reduce energy consumption
and electrode wear. Furthermore, the integration of
Fuzzy logic enables adaptive, real-time control,
making it a practical and intelligent solution for
enhancing the stability, productivity, and energy
efficiency of the steelmaking process. The proposed
Fuzzy control strategy not only optimizes electrode
regulation but also contributes to the digital
transformation of metallurgical operations, offering
a scalable model for implementation in electric arc
furnaces of varying capacities.
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