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Abstract. An approach to managing the main modes of smelting steel in heavy-duty electric arc furnaces (EAF) using digital twin technology was defined
and formulated. It was noted, that the existing power regulators do not have the function of balancing the effective power of phases and, accordingly,
electric arcs because they are focused on working with a certain average value of the signal. It is proposed to use the analysis of dynamic characteris-
tics based on instantaneous values of input parameters instead of operating ones, as it’s usually implemented in most devices. This allows us to obtain
more accurate data on the arc state and reduce the amount of time and computing power required to obtain a result and form recommendations. Based
on the data obtained as a result of long - term observations of the heavy-duty EAF-135 operation, the relationship of the constant component of the
arc voltage (CCAV) with the metal oxidation is shown. An example of its use as a criterion for controlling the melting oxidative stage is given. This
reduces the consumption of electrochemical sensors for each melting in the case of serial metal production. Based on the recorded data, it is possible
to timely determine the unevenness of the arc power release between the furnace electrodes and issue recommendations on gas burners operation regu-
lating to equalize the rate of scrap melting at electrodes with less power release. The authors propose the idea of using digital twins based on models
of the active power distribution across the melting bath zones and dependence of metal oxidation on oxygen blowing for monitoring and controlling
the electric mode and the oxygen blast mode at the oxidative stage of the melting process. Simplified schemes of these twins are given.

Keywords: clectric arc furnace, digital twin, control system, electric mode, electric arc, refining period, constant component of arc voltage
Acknowledgements: The work was performed within the state assignment of the Institute of Metallurgy of the Russian Academy of Sciences.

For citation: Sivtsov A.V., Sheshukov O.Yu., Egiazar’yan D.K., Tsymbalist M.M., Orlov P.P. Automated process control in electric arc furnaces in the
aspect of digital twin technology. Izvestiya. Ferrous Metallurgy. 2024;67(4):481-489. https.//doi.org/10.17073/0368-0797-2024-4-481-489

© A.V.Sivtsov, O. Yu. Sheshukov, D. K. Egiazar’yan, M. M. Tsymbalist, P. P. Orlov, 2024 481


https://doi.org/10.17073/0368-0797-2024-4-481-489
mailto:aws2004@mail.ru
https://doi.org/10.17073/0368-0797-2024-4-481-489
mailto:aws2004%40mail.ru?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(4):481-489.
Cusyos A.B, lllewykos O.10. u dp. [Ipo61eMbl aBTOMAaTH3UPOBAHHOTO YIPABJIE€HUS TEXHOJIOTUYECKUM MTPOLIECCOM B [[yTOBBIX ...

NMPOBNEMbI ABTOMATU3UPOBAHHOIO YMNPAB/NEHUA
TEXHONNOMMYECKUM NPOLECCOM B AYTOBbIX CTANENNIABUNIbHbIX MEYAX
B ACMEKTE MPUMEHEHUA TEXHONOTUUN LUOPOBLIX ABOUHUKOB

A.B. CuBuos!®, 0. 10. lllemykos' %, /I. K. Ernazappsau’?,
M. M. lIpim6asuct?, I1. I1. OpsioB?
Mucruryr meratyprun Ypaasckoro otaesnenust PAH (Poccust, 620016, Exarepun0ypr, yii. Amynjcena, 101)

2 Vpaabckuii Qpenepaibubiii ynusepeuter umenu nepsoro Ipesunenta Poccun B. H. Eabuuna (Poceus, 620002, Exarepunoypr,
yi. Mupa, 19)

&) aws2004@mail.ru

AnHomayus. B pabote onpenesneH U copMyIHPOBaH MOAXOA K YIPABICHUIO OCHOBHBIMU PEXUMAMH BBITIABKU CTaJIBHOTO MOJIYIPOIYKTa B CBEPX-

MOIIHBIX JyroBbixX craneruiaBuwibHbix nedax (JICIT) ¢ umcronbp3oBaHMEM TEXHOJIOTMU LU(POBBIX IBOMHUKOB. CyIIECTBYIONIME PEryIsSTOPbI
MOIIHOCTH He 00anaT GyHKIUeH CHMMETPUPOBAHUS MTOJIE3HBIX MOIIHOCTEH (a3 1, COOTBETCTBEHHO, MEKTPUUECKUX AYT, TAK KAaK OHU OpUCH-
THPOBaHBI HAa pabOTy CO Cpe/lHEeW BETMYMHOW CUTHANIA. ABTOPBI IIPE/JIaraloT NCIIOIb30BaTh aHAJIN3 TMHAMHYECKHX XapaKTePHCTHK, TIOCTPOCHHBIX
HA MTHOBEHHBIX 3HAUYCHHUSIX BXOJIHBIX MAPAMETPOB BMECTO JACHCTBYIOIINX, KAK MPHHATO B OOJBIIMHCTBE PeaM30BaHHBIX YCTPOWUCTB. DTO JaeT
BO3MOYKHOCTb ITOJIY4YHUTh 0OJIee TOYHBIC JaHHBIE O COCTOSHMM CTOJIOA Iy M CHU3UTH KOJMYECTBO TPEOYEMBIX BPEMEHH M BBIYHMCIUTEIBHBIX
MOIIHOCTEH Ha NOJIy4eHHe pe3yabTaTa 1 GOpMUPOBaHHE peKOMEeHAIMH. JITuTenbHas perucTpaliy JaHHbIX Ipu padote ceepxmornHoii JICI1-135
10Ka3aja CBsI3b OCTOSHHOW COCTABIISIONICH HANPSHKEHUS AyT'H ¢ OKUCISHHOCTBIO METAIIMYECKOro paciuiasa. [IpuBenen npumep ee HCHOIb30-
BaHUS B KaYECTBE KPUTEPHUS YIPABICHUS OKUCIMTEIBbHOM CTaauel IJIaBKH, Y4TO MO3BOJISET CHU3HTh PACXOJ AICKTPOXUMHUUECKUX JATYUKOB Ha
Ka)X/IyI0 IUIaBKy B ClIydae CEpHHHOCTH BBIIUIABIIIEMOrO MeTajuia. Ha OCHOBE perncTpupyeMbIX JaHHBIX TTOATBEPIKICHA BOSMOXKHOCTH CBOEBpE-
MEHHOTO OIPE/IC/ICHUs] HEPABHOMEPHOCTH BBIACICHUS yTOBOIl MOITHOCTH MEX]Y JEKTPOJAMH IEYH U BbIJa4Yd PEKOMEHIALUH 10 PEeryiIHpo-
BaHHIO PabOTHI Ta30TOPEJIOYHBIX YCTPOHCTB JUIsi BBIPABHUBAHKS CKOPOCTH OCAXJICHHUS JIOMA Y AJICKTPO/IOB C MEHBIIMM BBIJICJICHUEM MOIIHOCTH.
ABTOpamMH Ipe/UIOKEeHA Hes HCIOIb30BaHUsI [IM(PPOBBIX BOMHUKOB Ha 0a3e MOAENEH pacipeiesieHUs] aKTHBHOM MOIIHOCTH 110 30HaM BaHHBI U
3aBHCHMOCTH OKHCJIIEHHOCTH METaJlIa OT Pacxo/ia KUCIOpo/ia /Uil KOHTPOJISL ¥ yIIPABJICHHS dJICKTPUYECKUM PEKMMOM U PEKUMOM Ta30BOTO Y Thsl

Ha OKHCIMTENBHOM cTaauu nporecca. [IpuBeieHs! ynpomeHHbIe CXeMbl THX JBOIHUKOB.

Kntouesule cn06a: nyrosas cTaneIuiaBiiIbHas Iedb, TU(POBON ABOMHUK, CHCTEMA YIIPABJICHHS, SMEKTPHICCKUN PEKUM, EKTPUUECKas Tyra, padHHI-

POBOUHBIH MEPUOJI, MOCTOSHHAS COCTABIIAIONIAs HANPSKEHHs yTH
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- INTRODUCTION

Currently, many industries and economic sectors
exhibit a clear trend towards the large-scale adoption
of digital twin technology for process management [1; 2].
This approach has proven effective in numerous cases by
reducing energy consumption and saving raw materials.
The essence of this approach involves creating a virtual
counterpart, essentially a digital twin of the controlled
unit, technological mode, or process, achieved through
mathematical modeling [3 — 5].

One of'the key prerequisites for applying this approach
is ensuring bidirectional communication between
the object and its virtual counterpart. In general, this
communication can be implemented either through direct
impact on the furnace control elements or in the form
of'advice to the technologist or operator of electric arc fur-
naces (EAF) regarding the application of specific control
actions to the process. It is quite likely that the develop-
ment of automated process control systems with advisory
functions can be considered part of digital twin techno-
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logy, at least as prerequisites for their creation. Therefore,
studying the features of processes occurring in electric
arc furnaces to develop methods for controlling key tech-
nological parameters remains relevant.

In steel and cast-iron production, digital twin techno-
logies have not yet found significant application. Prelimi-
nary work on mathematical modeling of technological
processes in steelmaking [6; 7] and blast furnaces [8 — 10]
could serve as the basis for their creation. One of the first
significant steps in applying digital twins to EAF control
is the work of scientists from Nosov Magnitogorsk State
Technical University (NMSTU) [11], which describes
the algorithm in detail and provides an example of its use
in a power regulator.

The electric mode of EAFs changes significantly
during melting [12 — 15]. As regulatory practice shows,
operators and technologists very rarely use such an effec-
tive control lever as changing the voltage tap during
the melting process. Having set a certain tap at the begin-
ning of a technological stage, they operate on it almost
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throughout the entire stage, regardless of changes in
the technological situation and arc burning conditions.

Using the digital twin algorithm and the results of their
previous research [16; 17], the authors implemented
the tracking of situations where the PI controller settings
are not optimal and iteratively selected new, optimal set-
tings corresponding to the current state of the system.
This significantly stabilized the electrical mode by reduc-
ing the standard deviations of currents and arc powers
by 15.9 and 4.8 %, respectively, decreased the specific
energy consumption (SEC) by 3 %, and reduced the fur-
nace operating time under current by 2 min.

However, this approach involves controlling the elect-
rode movement based on the parameters of the condition-
ally average phase and does not ensure the symmetry
of the furnace’s useful load. This leads to significant
uneven distribution of arc power in the areas of indi-
vidual electrodes, given the asymmetry of the short net-
work inherent in almost all steelmaking furnaces. This
issue requires a rather complex technical solution involv-
ing the organization of voltage signal sampling points
directly from the furnace electrodes. It is desirable that
in their further research, the authors address this aspect
of optimizing the electrical mode.

[l METHODOLOGY FOR RECORDING SIGNALS
FROM THE RESEARCH OBJECT

The purpose of the electric mode is to deliver and ratio-
nally distribute electrical power within the working space
of the furnace. In this context, the electric arc serves as
the main component of the useful electrical load — an ele-
ment with distinctly pronounced properties and features.
The efficiency of the melting process and the main techni-
cal and economic indicators (TEI) depend on the degree
of development (power) and stability of the arc discharge.
The root mean square (standard) deviations of the actual
values of arc current and phase power from certain values
set according to the stage of the process can undoubtedly

serve successfully as indicators of discharge stability and
even the thermal state of the furnace. For the digital twin
model of the power regulator, this approach is acceptable.
However, for the control subsystem of the electric mode,
which aims to ensure the rational distribution of power
in the furnace bath, more detailed information about
the characteristics of the electric arc is required.

Therefore, it is proposed to use instantaneous values
of input parameters in the electric mode model rather than
actual values. The feasibility of this approach is confirmed
by the recent interest in hybrid models of the alternating
current Cassie-Mayer arc, based on solving the equations
of electrical conductivity of the arc column [18 —21].
However, using such models involves a rather complex
mathematical framework and calculations, requiring sig-
nificant time and computational resources. Moreover,
model representations do not always correspond to the real
characteristics of the object, particularly the oscillograms
of the arc current and voltage. Therefore, preference
should be given to analyzing dynamic characteristics con-
structed from instantaneous signal values:

— dynamic voltage-current characteristic (VAC-cha-
racteristic): the dependence of the active component
of phase voltage on current;

— phase trajectory: dependence of the current deriva-
tive on the arc current.

Their typical forms are shown in Fig. 1.

Based on the shape of the dynamic VAC characteris-
tic, particularly the slopes of its linear sections relative
to the current axis, it is possible to uniquely determine
the values of the resistances connected in series with and
shunting the arc. This forms the basis of the dynamic
VAC characteristic method, which is thoroughly detailed
in [22].

Using this method, one can determine the parameters
of the equivalent electrical circuit in the EAF’s work-

ing space. These parameters include the voltage drop
across the arc, the resistance connected in series with
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Fig. 1. Typical forms of dynamic VAC and phase trajectory of circuits with non-shunted («) and shunted (b) electric arc;
data from a real EAF during the combustion period for liquid metal (averaging) (c)
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it, the short network segment, and the arc power. Dur-
ing the refining stage, when the arcs are shunted by slag,
it is possible to determine the currents in both the slag
and arc branches, as well as the power released in these
zones. Additionally, the analysis of the phase trajectory
has practical applications in developing a mathematical
model for automated control of the EAF’s electric mode
parameters.

Unlike the use of standard deviations of power and
actual values of electrode current and phase voltage
to assess the stability of the arc discharge, analyzing
the forms of phase trajectories and dynamic VAC charac-
teristics provides more illustrative information. It allows
for monitoring the thermal state of the furnace during
melting and timely applying control actions to the pro-
cess. To assess arc plasma instability over specific time
intervals, effective signal processing methods are used,
including short-time Fourier transform (STFT) [22].
The arc instability index

(1

employed by the authors represents the mean quadratic
deviation of the phase voltage signal from its averaged
Fourier representation #,, over several (8 — 12) periods,
normalized to the amplitude of the first harmonic (U)),
across the digital realization (i=1 ... N) of the signal
Uy The procedure for the averaged Fourier transform is
described in more detail in [23].

- EXPERIMENTAL TESTING OF THE METHODOLOGY

Fig. 2 shows the real and averaged dynamic VAC
characteristics and phase trajectories typical for vari-
ous stages of melting, from the beginning to the end
of the melting process. These were obtained by sampling
and analog-to-digital conversion of electrical voltage sig-
nals from the furnace transformer outputs and derivatives
of currents in the electrodes, sampled using Rogowski
coils. The dynamic VAC characteristic exhibits hysteresis
since it is constructed for the values of the total phase
voltage. It is evident that as the charge heats, melts, and
forms a single bath of liquid alloy, the thermal content
of the furnace increases, and the characteristics stabilize,
concentrating in an increasingly narrow area.

This process is reflected in the changes in the arc
instability indicators for individual phases, presented in
Fig. 3. The data were obtained on a heavy-duty EAF-135
during the smelting of a steel semi-product. The charge
was loaded in two stages, so the first section of the char-
acteristic corresponds to the melting of the first batch
of the charge, the second section to the melting of the sec-
ond batch and the refining period. The practical signifi-
cance of monitoring this indicator lies in providing advice
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to the steelmaker on changing the electric mode settings,
switching the voltage tap, and making decisions about
turning off the furnace for loading the second batch or
starting the oxidation stage of the process.

Timely decision-making will reduce the melting time
and specific energy consumption (SEC). It is also noted
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Fig. 2. Change in dynamic characteristics of a circuit

with electric arc at the stages of scrap melting (a),
liquid metal bath forming (b) and oxidative refining (c)

Puc. 2. VI3meHenne TMHAMAYECKUX XapaKTEPUCTHUK IIETIN
C 2JIEKTPUYECKOM AyTrol Ha CTaNSX IUIABJICHUS JoMa (),
TOpPEHMs IyTH HA BaHHY KUIKOTO MeTasua (b)
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Fig. 3. Changes in arc instability index during melting

Puc. 3. I3MeHeHus moKasaresist HecTaOMIIbHOCTH JyTH B XOJI€ TJIABKH

that there is a delay in voltage stabilization on the first
phase. Due to the asymmetry of the arc power, the insta-
bility indicator reaches values characteristic of the other
electrodes only after a few minutes. To compensate for
the energy deficit and accelerate the melting process, it is
necessary to increase the gas consumption in the burners
operating in the area of the lagging phase.

Regarding the development of the digital twin for
the electric mode control subsystem, its simplified sche-
matic can be presented in Fig. 4.

According to this scheme, signals of phase vol-
tage and currents in the electrodes (or, in the presence
of Rogowski coils, the derivatives of the current) from
each phase are fed into the subsystem. They are nor-
malized, digitized using an analog-to-digital converter,
subjected to discrete Fourier transform (DFT) with sub-
sequent determination of the arc instability index, and
processed using the dynamic VAC characteristic method.
The output characteristics — arc power and instability
index — are sent to the mode asymmetry determination
block and directly to the advisory block for the technolo-
gist. The advice formed based on the state of the object
includes recommendations for the operator on applying

Input

‘ — u(0); i(7)
Specific
control actions
[ are of N tap
tion v, IZ, Y)
current
setpoints

ASymm [*7

Advice |
forma-

Gas flow

Fig. 4. Simplified block diagram of a digital twin of electrical mode
control subsystem in the “Advice to the technologist” function

Puc. 4. YnporenHnas 010k-cxema Lu(poBoro JBOHHUKA MOACHCTEMbI
YIIPaBJICHUS MEKTPHIECKUM PeKUMOM B QyHKINH «COBET TEXHONOTY»

specific control actions, such as changing the voltage tap,
adjusting current setpoints (conductance or phase impe-
dance), or altering gas flow intensity.

Regulating the electric mode is an important but
not the primary task in managing the steelmaking pro-
cess. The quality of the produced steel has always been
the highest priority among the main production goals.
With the continuously decreasing quality of scrap metal,
its importance only increases.

The quality of the steel produced in heavy-duty fur-
naces largely depends on the oxidation period during
melting. This period also impacts the energy efficiency
of the process, particularly the specific energy consump-
tion (SEC) and the furnace operating time. An under-oxi-
dized alloy increases the phosphorus content in the final
product, while excessive oxidation leads to higher con-
sumption of ferroalloys during the ladle furnace treatment
stage, extending this stage and increasing both oxygen
and specific energy consumption. Therefore, continu-
ous monitoring of the oxidation degree of the metal melt
during the refining period is crucial for effective process
management.

In practice, the oxidation of the metal is determined
episodically (2 — 3 times per melt) using disposable elec-
trochemical probes. Due to the irregularity of measure-
ments and frequent probe failures, this control method can
be considered as an estimate and not meeting the needs
of operational control. Hence, an alternative method
based on measuring an electrical parameter closely
related to the oxidation of the metal is required [24; 25].

This parameter is the constant component of the arc
voltage (CCAV), which arises in AC circuits due
to the difference in thermionic emission currents from
electrodes of different chemical compositions [26 —29].
The thermionic emission current density is described
by the Richardson-Dushman equation

= AT exp| — e |, 2
e a

where A4 is the emission constant; ¢, is the work func-
tion of the electron; & is the Boltzmann constant, and 7 is
the absolute temperature.

As the equation suggests, the difference in emission
currents is influenced by two factors: temperature and
chemical composition. Since the electrode temperatures
are limited by the sublimation of graphite and the evap-
oration of iron, the chemical factor — the difference in
electron work functions — exerts the greatest influence on
the current difference, especially since this parameter is
in the exponent. Impurities significantly affect the work
function. While the chemical composition of graphite
does not change during melting, the metal melt always
contains impurities whose concentrations vary. Thus,
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during the oxidation stage, changes in the CCAV will
most often be related to changes in the melt composition.

The refining stage of steel melting is organized such
that after the melting of the scrap, slag-forming mate-
rials and a reductant, in the form of coke or anthracite,
are added to the furnace. Coke is used to promote slag
foaming. The dissolution of carbon in the liquid metal
increases the work function of electrons from the melt,
thereby reducing the CCAV. Conversely, saturating
the melt with oxygen increases the CCAV.

Thus, continuous monitoring of the CCAV during
the oxidation period allows for real-time assessment
of the oxidation state of the metal in the furnace bath.
In works [30 — 32], the authors comprehensively describe
the methodology for determining oxidation based on
the CCAV. Here, only a brief description of the algorithm
for establishing the relationship between these character-
istics is provided, along with the resulting dependence

1200
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Fig. 5. Dependence of metal oxidation degree on oxygen consumption
at refining stage

Puc. 5. 3aBUCHMOCTb CTETICHN OKUCIICHUSI METAJUIMYECKOTO paciljiaBa
OT pacxo/a KUCIopo/a Ha ctaaun pahUHUPOBAHUS

of the metal oxidation degree on oxygen consumption
(Fig. 5). Furthermore, it is shown how this can be used in
the digital twin technology for the refining stage of steel
melting in heavy-duty furnaces.

The foundation of the digital twin mathematical model is
a statistical relationship linking the average values of CCAV
and metal oxidation. As shown in [31], its graph represents
a rather broad cloud of points stretched along an upward
linear trend. The correlation coefficient of this relationship
is low, not exceeding 0.5. Nevertheless, this approximation
is used in the model as a static characteristic, serving as an
initial approximation for the desired relationship.

The dependence shown in Fig. 5 initially represented
a time series that was smoothed using a moving average
filter, reflecting changes in CCAV during the oxidation
stage of the process and approximated by an exponen-
tial function (Exp). Based on the exponential nature
of the alloy decarburization process and the linearity
of the oxidation process, we use linear approximations
of the final segments to derive the function [O] = f1 (GOz)
from the initial Exp characteristic. By accounting for
changes in the oxygen lance parameters, the time axis is
transformed into an oxygen consumption axis.

Individual points on the graph represent the oxidation
values of the melt obtained using electrochemical sen-
sors. It is evident that these points, while qualitatively
mirroring the characteristic jump, lay significantly higher
than the initial Exp curve. However, after the transfor-
mations, they nearly matched the corrected function
[0] =/(G,,). The block diagram of the digital twin for
metal oxidation control and oxygen lance regulation is
presented in Fig. 6.

The digital twin receives electrical signals from all
phases (instantaneous values), the oxygen consumption
rate at the burners, time, and the mass of corrective charge

Furnace ”
shutdown . 1000 Input
No & u(t); i(?)
T Go,(0)
=) CaO
Yes MgO
0 — 0 CaF,
Furnace
operator
DB

Fig. 6. Simplified block diagram of a digital twin for regulating the oxidative stage parameters:
u(?); i(t) — input electrical signals of phase voltages and electrode currents; Gy () — oxygen consumption;
Ca0, MgO, CaF, — magnesia-lime additives; fluorspar; DB — database

Puc. 6. YnporuenHas 0510k-cxeMa r(poBOro JBOWHHUKA PEryITHPOBAHUS TAPAMETPOB OKHCIUTEIILHON CTaIMH Ipolecca:
u(?); i() — BXOJIHBIE JNEKTPHUUECKHE CUTHANIBI (DA3HBIX HANPSKEHUI U TOKOB 31EKTPOIoB; G, (f) — PacXojl KUCIopo/a;
Ca0, MgO, CaF, — marue3uanbpHO-U3BECTKOBbIE 00ABKH, IIABUKOBbIH mimnar; DB — 6asa nanubix
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materials. The algorithm determines the oxidation level
of the melt, checks if the current value meets the setpoint,
and provides advice to the operator, who then decides on
the control actions to take. Simultaneously, the information
is recorded in a database for further statistical processing
to refine the algorithm’s adjustable parameters. The param-
eter settings should be adapted to the specific unit, consider-
ing the quality of the raw materials, furnace characteristics,
the nature and magnitude of the response to control actions,
and possibly the grade of the product being produced.

- CONCLUSIONS

Effective management of the electric mode requires a
broader approach than simply ensuring the reliable opera-
tion of the power regulator at set voltage taps and control
parameter setpoints. Issues such as phase and arc active
power asymmetry, which remain unresolved even with
modern regulators, can be effectively addressed using
a digital twin of the electric mode control subsystem. This
will significantly expand both the range of controllable
parameters and the functional capabilities of the control
system.

The most rational way to monitor and regulate the oxi-
dation stage of the steel semi-product melting process is
by using a digital twin based on the relationship between
metal oxidation and the constant component of the arc
voltage, as well as analyzing its dependence on oxygen
consumption by the gas burners. This approach, com-
bined with the accumulation and systematization of sta-
tistical information in a database, will significantly reduce
the system’s adaptation time to a specific unit.

Digital twin technology is still a new and continuously
evolving field in process and equipment management
within the metallurgical complex. Its potential for saving
material and energy resources and improving the tech-
nical and economic indicators of production is vast and
particularly valuable as we transition from automated
control systems to automatic regulators of technological
modes and individual units in steelmaking production.
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