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Abstract: A review of the control laws (models) of alternating current arc steelmaking furnaces’ (ASF)
electric modes (EM) is carried out. A phase-symmetric three-component additive fuzzy model of
electrode movement control signal formation is proposed. A synthesis of fuzzy inference systems
based on the Sugeno model for the implementation of the proposed additive three-component fuzzy
law of arc length control is performed. A structural computer Simulink model of the EM control
system in a high-power arc steelmaking furnace of the DSP-200 type with an ARDM-T-12 arcs power
regulator is created. Computer research into control dynamics indicators under the influence of
deterministic perturbations and also integral indicators of energy efficiency when handling stationary
random arc lengths fluctuations (corresponding to various technological stages of melting) are
carried out. A comparative analysis of dynamics indicators, energy efficiency, and electromagnetic
compatibility of the proposed fuzzy and known differential model of ASF arc lengths control is
carried out. The implementation of the proposed fuzzy three-component additive control model
in comparison with the existing deterministic differential one reduces the dispersion of voltages,
currents, and arcs powers, reduces electrical losses in an arc furnace high-power network by 10–22%
and increases the average arc power by 0.9–1.5%.

Keywords: fuzzy systems; regulators; automatic control; arc steelmaking

1. Introduction

Arc furnaces (AF) are powerful electrical units that play an important role in the
world’s strategic directions for steelmaking development. They are characterized by
significant electricity consumption. In the energy balance of metallurgical enterprises, the
share of electricity consumed by them is significant and in many cases exceeds 50%.

Today, AFs smelt more than a third of the world’s production of high-alloy steels,
including structural and electrical ones, as well as precision alloys. It is expected that,
by 2030, this share will exceed 50%. The spread of this technology occurs against the
background of the global trend of reduction in oxygen-converter smelting and, especially,
open-hearth smelting, which has been completely withdrawn from use [1,2].

The main advantage of electric steelmaking technologies, which stimulates their
accelerated spread, is the higher accuracy of implementing optimal temperature regimes
and physico-chemical transformations in the charge and melt [3,4].

One of the most important indicators of the energy efficiency of an arc furnace is the
consumption of electricity per ton of liquid steel. Depending on the design features of the
AF, the melting technology used, the means of intensification of melting, etc., the values of
specific costs range from 300–450 kW·h/t [3].
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Some organizational and technical measures are used to reduce the specific costs of
electricity, including pre-heating the charge with flue gases (Consteel process), increasing
the specific installed capacity of furnace transformers to 1.0–1.2 MW/t (intensification of
the electric regime at the stage of melting the charge), increasing the number of oxygen
lances and the rate of oxygen supply, increasing the proportion of liquid iron, increasing
the use of the latest “furnace-ladle” melting technology, etc. However, most of these or
other measures require significant financial costs [3–5].

Indicators of electromagnetic compatibility of arc furnace regimes and the electricity
grid, the losses in electric energy in a circuit (furnace electric circuit) of AF, and heat losses
are also important.

At the present stage, the problem of implementing energy-efficient control of electrical
regimes of powerful electrical installations in general and energy-efficient coordinate
control, in particular, is important and relevant. Such installations include arc steelmaking
furnaces whose installed capacities of power electrical equipment are within the range of
1–175 MVA and tend to increase. The specific capacity of their power electrical equipment
is also increasing. In view of this, it is important and relevant to develop algorithms for
energy-efficient control of the AF regimes.

As objects of control, arc furnaces belong to the class of complex phase-interconnected
asymmetric nonlinear stochastic electrical systems. In addition, the elements of the kine-
matic scheme of the mechanism of movement of the electrodes have limited stiffness,
backlash, and nonlinearity.

These features of the AF as control objects complicate the task of improving energy
efficiency and implementing strategies for adaptive optimal control of the electric mode
(EM) of the AF based on energy efficiency indicators, including criteria for minimizing
electrical losses, specific energy consumption, maximizing furnace performance, etc.

To improve energy efficiency, in [6], a model of optimal asymmetric control based
on the parameterization of balancing coefficients in the ER control system is proposed. A
method of synthesizing optimal values of balancing coefficients based on a mathematical
model of an arc furnace is proposed. The problem of improving the dynamics of EM
perturbations control is not considered. With this approach, the energy efficiency of the arc
furnace will not increase significantly.

In [7,8], solutions are proposed for the implementation of the fuzzy positional control
principle for objects with intense parametric desaturations, such as arc furnaces. This solu-
tion is effective for the significant increase in the control dynamic accuracy and stabilization
of the electrode position, but it requires the presence of an electrode position sensor, which
is a difficult technical problem in the arc furnace.

In [9], taking into account the current trend of intensification of the solid charge
melting process to increase the energy efficiency of arc furnaces, there is substantiated need
to improve the control system of electrode positions by increasing speed and implementing
high dynamic accuracy of EM coordinates stabilization. For this purpose, a solution for
parametric optimization of the electric mode regime automated control system (EM ACS)
has been developed to reduce the specific consumption of electricity, reduce the power of
electrical losses in the furnace circuit and the cost of electrodes, etc.

In [10,11], the expediency of realization of an optimal control strategy based on the
criterion of maximizing the power of arcs while minimizing the dispersion of the EM
coordinates is substantiated. Qualitative stabilization of the EM coordinates is proposed to
be obtained by operative synthesis of adaptive optimal control according to the specified
criterion in the structure of the electrohydraulic electrode movement system. A simulation
program is proposed for this purpose.

The interrelation of phase control channels and the influence of this factor on the
dynamics of regulation of deterministic and stationary random perturbations are studied
in [12,13]. Based on the results of the model research, constructive and systemic solutions
for increasing the level of autonomy of phase perturbation control by weakening the
interphase interactions of regimes are substantiated.
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The above solutions to improve the energy efficiency and electromagnetic compatibil-
ity of AF and electricity grid regimes deserve attention. They are based on deterministic
models of optimization, adaptation, and management. However, arc furnaces, as men-
tioned above, are stochastic objects with intense parametric and coordinate perturbations,
and the control process takes place in conditions of uncertainty and incomplete information.
These features of the AF do not allow the achieving of the goals of regulation in full.

Moreover, we should note that the mathematical description of the regimes of such non-
linear stochastic phase-asymmetric and interconnected objects as AFs is too complex [14].
This significantly complicates and, in some cases, makes the procedure of parametric and
structural synthesis of their ACS based on the classical theory of automated control meth-
ods impossible to implement strategies of adaptive multicriteria optimal control according
to the above criteria of energy efficiency and electromagnetic compatibility.

In [15], several structural, system-technical, and algorithmic solutions for improving
EM control systems and coordinate control are proposed, including those based on the prin-
ciples and models of fuzzy logic, which for the above conditions of AF control, parametric
characteristics, and coordinate perturbations show perfect results.

In the two-loop structures of ACS of arc furnace ER, special laws of ER mismatch signal
formation are used [16,17]. In such ACSs, it is necessary to adapt the models Ur(Ua, Ia) to
the dependences of the artificial external characteristics Ia(Ua) of AF. The arc currents in
these structures are regulated by both circuits simultaneously. Therefore, due to the use of
arc currents, in the laws Ur(Ua, Ia), the phase autonomy of the EM perturbation regulation
is not achieved.

According to the above review, modern solutions to improve the dynamics and
increase energy efficiency are aimed at improving the control system of the electric mode
because it is the main control channel of the electric steelmaking technological process and
significantly affects the technical and economic performance of the electric arc furnace.

Given the above features of the AF as a control object, we consider that an appro-
priate approach to improve its energy efficiency is to improve the control system of the
EM based on the use of the principles and models of fuzzy logic since such control corre-
sponds to the nature of the processes, their structure, characteristics, perturbations, and
operating conditions.

The control systems for arc furnaces have evolved significantly in recent years, driven
by advancements in computing technology, sensing, and automation, and by the need for
improved productivity, quality, and safety.

There are several state-of-the-art developments in arc furnace control systems:

• Model-based control: advanced mathematical models are used to simulate the be-
havior of the arc furnace, allowing for more precise control of the process variables
such as temperature, chemistry, and slag viscosity. Model predictive control (MPC)
algorithms are commonly used to optimize the furnace operation and reduce energy
consumption [18,19].

• Artificial intelligence (AI): AI and machine learning techniques are increasingly being
applied to improve the performance of arc furnace control systems. These techniques
are used for anomaly detection, fault diagnosis, and predictive maintenance [20]. AI
algorithms are also used for optimizing the charging and tapping schedules to reduce
downtime and increase productivity. It can be indicated that for accurate operational
measurement of voltages on arcs and parameters of a short network of an arc furnace,
a device developed by the authors is used based on the use of neural networks [21].

• Real-time sensing: real-time sensing technologies, such as infrared cameras, laser
sensors, and acoustic sensors, are used to monitor the process variables in the furnace.
This information is used to adjust the furnace operation in real time to maintain the
desired temperature, composition, and quality of the molten metal [22,23].

• Automation: automation technologies such as robotics and autonomous vehicles are
increasingly being used in the charging and tapping operations of arc furnaces. This
not only improves safety but also reduces downtime and increases productivity [24].
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• Energy efficiency: energy efficiency is a critical aspect of arc furnace control systems.
Advanced control algorithms are used to optimize the use of energy sources such as
electricity and fossil fuels. The use of renewable energy sources such as solar and
wind power is also being explored.

• Data analytics: data analytics tools are used to analyze the large amounts of data gen-
erated by the arc furnace control systems. This helps in identifying trends, optimizing
furnace operation, and improving the overall efficiency of the process [25,26].

Overall, the state of the art in arc furnace control systems involves the integration of
advanced mathematical models, sensing and automation technologies, AI and machine
learning techniques, and data analytics tools. These developments have led to significant
improvements in the efficiency, productivity, and safety of arc furnace operations.

The presented article reviews the structures and laws of electric mode control systems
of arc furnaces. The expediency of using fuzzy control models is substantiated and an
additive three-component fuzzy control law of electric mode is proposed. A structural
diagram for the implementation of this law based on the use of a fuzzy inference system is
developed and its synthesis is performed. A structural model of the electric mode control
system using the developed additive three-component fuzzy control law is compiled in the
Simulink environment. Computer experiments are performed and the obtained research
results are presented. Their analysis proves the improvement of the indicators of the
dynamics of coordinate regulation and the energy efficiency indicators of the electric mode
control when using the proposed additive three-component fuzzy control law of the electric
mode of the arc furnace.

The novelty of the work is the proposed mathematical model of the three-component
additive fuzzy law for autonomous (phase-independent) regulation of the coordinates of
the arc furnace EM.

The paper is organized as follows. Section 2 describes the basic laws of the electrical
mode control of arc furnace. The proposed method of using fuzzy control models and
an additive three-component fuzzy control law of electric mode is presented in Section 3.
Next is the discussion about the experimental results and a comparison of the introduced
method with state-of-the-art approaches. The conclusions and future research directions
are given in Section 4.

2. Overview of Electric Arc Furnace Mode Control Laws

To control the electric mode of the AF, the arc length automated control systems (ACS)
of electrode positions are used. Such systems are called arc power regulators, for example
with electromechanical (ARDM-T type) or electrohydraulic (ARDG type) drives for moving
electrodes. The quality of the dynamics of the arc length control with their use has a
decisive influence on the energy efficiency and electromagnetic compatibility of the AF.

In Figure 1, a functional diagram of the electromechanical ACS of electrode positions
of an arc furnace is shown. It is technically impossible to implement the continuous control
of arc lengths. Therefore, information about their change is obtained indirectly on the
basis of measuring the actual values of voltages and currents of arcs. This is done in the
phase channels of the ACS using the voltage sensors (VS) and current sensors (CS) of
the arc. As a function of these signals, in the comparison block (BC), a mismatch signal
Ur(Ua, Ia) is continuously generated ((Ua, Ia) are actual values of arc voltage and current)
in the EM, which gives quantitative information about the deviation of arc lengths from the
specified value.
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The functional dependence of the mismatch signal Ur(Ua, Ia), which is called the
law (model) of control of the ER, largely determines the dynamics of the movements
of the electrodes la(t) in the process of regulating perturbations. The mismatch signal
Ur(Ua, Ia) is fed to the input of the control signal forming block (CSFB), at the output of
which the control signal for the movement of the electrodes Ula

c is formed. By means of
the electric drive (ED), according to the thyristor converter-motor (TC-M) scheme and the
electrode movement mechanism (MME), this signal is converted into the corresponding
arc length increments ± la, which compensate for the deviation of the arc length from the
set value la.set.

The main function of ACS of AF arc lengths is the automatic ignition of arcs, the regu-
lation of extreme deterministic perturbations in minimum time and without overregulation
and qualitative stabilization (minimization of dispersion) of EM coordinates in the process
of random perturbation control.

In the above-mentioned power regulators of the ARDM-T and ARDG arcs, the mis-
match signal in the BC block is formed according to the differential law [27–29]:

Ur1(Ua, Ia) = a ·Ua − b · Ia, (1)

or according to its modified version:

Ur2(Ua, Ia) = a ·Ua − b · (Ia − Ia.set), (2)

where a, b are constant coefficients; Ia.set is the arc power regulator current setting.
Differential models (1) and (2) implement perfect laws of motion of electrodes in the

short-circuit modes and close to them. However, in the modes of medium and long arcs,
the quality of the dynamics is worse. This is due to the sensitivity of phase currents to
perturbations (currents) in other phases in three-circuit arc power supply systems. The
process of regulating the lengths of arcs in phases when using them is not autonomous,
which worsens the quality of regulation of both deterministic and random perturbations.

Some regulators also use the law of regulation of arc lengths for the deviation of arc
voltage Ua from the set voltage Ua.set [28,29]:

Ur3(Ua) = ku · (Ua −Ua.set), (3)

where ku is the constant coefficient.
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Due to the fact that the arc currents in model (3) are absent and the arc voltage is
functionally independent of arc currents: Ua = α + β · la, where α, β are the voltage drop
at the anode and the arc voltage gradient, respectively. This law is characterized by a high
level of phase-based autonomy of the regulation of electrode position perturbations EM.
Therefore, to minimize the dispersion of the EM coordinates, it is advisable to use it to
regulate perturbations in the modes of mean deviations of arc lengths, i.e., their regulation
within the vicinity of a point of a given electric mode.

Arc furnaces manufactured by companies Danieli, Siemens, are equipped with control
systems with impedance and admittance models of arc length control [9,10,27–31]:

Ur4(Ua, Ia) = kZ · (Ua/Ia −Ua.set/Ia.set), (4)

Ur5(Ua, Ia) = kY · (Ia/Ua − Ia.set/Ua.set), (5)

where kZ, kY—are constant coefficients.
In [9,30,31], the improved hydraulic drive of the mechanism of movement of electrodes

with the servo valve with nonlinear control characteristics and adaptive nonlinear model
of admittance is considered. We should note that as in impedance model (4), in admittance
model (5), as well as in models (1) and (2), the EM mismatch signals are formed using
the actual values of arc currents, the values of which in three-circuit arc power supply
systems depend on the loads of other phases. Therefore, when regulating perturbations in
the area of middle arc lengths in such ACS, the phase autonomy of arc length regulation is
not provided.

To increase the dynamic accuracy of the EM coordinates stabilization, a mismatch
signal formation model, based on the combined law, is proposed in [32]. In rational modes,
the dynamics improves, but in the modes of arc breaks in three-wire arc power supply
circuits, the reliability of arc ignition deteriorates when it is used.

In [33–35], a number of organizational and constructive solutions for improving
the energy efficiency of the arc furnace based on the reduction in heat and electricity
losses are proposed. In [34], solutions are obtained on the basis of the neural network
methods of monitoring and forecasting. We believe that the proposed solutions are partial
because a significant improvement in energy efficiency can be obtained only on the basis
of an integrated approach, which involves improvement of the EM perturbations control
dynamics quality.

In [15], it is proposed to use a parallel fuzzy corrector of the comparison block (BC)
signal and, in [36], a neurocontroller to generate an EM mismatch signal. Their use improves
the dynamic accuracy of the EM coordinates stabilization, but the correlation of the arc
length control phase channels in certain states of the EM is not eliminated. Therefore, the
EM coordinates dispersion is not minimized.

It follows from the above that laws (1)–(5) show their perfect dynamic properties
in some states of the EM, while in other states their use in terms of implementing the
phase-by-phase autonomy of regulation is imperfect.

The performed analysis shows that the expedient adaptation of the model of the
formation of the EM coordinate mismatch signal Ur(Ua, Ia) to the change of EM states in
phases (three-phase arc combustion states) is an expedient approach for the qualitative
stabilization of EM coordinates at the level of set values, i.e., the way of minimization of
their dispersion.

The adequacy of the used Simulink computer model of the electrical modes of the arc
furnace was proven by comparing the experimental and computer time dependences of
the coordinates of the electrical mode of the DSP-200-type arc furnace when controlling
deterministic and random disturbances, which have been published in research [37,38].
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3. Study of Dynamics and Energy Efficiency Indicators

In view of this, to increase the dynamic accuracy of the EM coordinate control, an
additive three-component fuzzy law of formation of the EM mismatch signal Ur(Ua, Ia) is
proposed, which is based on the use of three partial laws, (1), (3) and (4), and which quickly
adapts to changes in current EM states:

Ur(Ua, Ia) = k1 ·Ur1(Ua, Ia) + k2 ·Ur3(Ua, Ia) + k3 ·Ur4(Ua, Ia), (6)

where k1, k2, k3 are the EM state coefficients whose values are promptly calculated according
to the fuzzy models.

The model of proposed fuzzy law (6) is implemented within the BC comparison block
(Figure 1). The block diagram of the Simulink model of proposed fuzzy law (6) is shown
in Figure 2.
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of the formation of a mismatch signal.

Some partial control laws, (1), (3) and (4), are implemented in blocks 1, 2, and 3,
respectively. Prompt determination of the values of the coefficients k1, k2, k3 of model (6)
is realized in the fuzzy output systems, FIS1, FIS2, and FIS3, respectively. Prompt calcula-
tion of their values is performed as a function of actual voltage values on the arcs Ua of
the corresponding phase. Operational control of arc voltages Ua(t) is performed by the
device [30] based on an artificial neural network. The components of additive functional (6)
are continuously formed at the outputs of multiplication blocks Prod1, Prod2, and Prod3,
which are fed to output adder S, where, according to model (6), the EM mismatch signal
Ur(Ua, Ia) of the corresponding phase is formed.

Based on the analysis of the functional properties of laws (1), (3) and (4), it is proposed
to implement each of them in the process of regulating arc lengths in certain ranges of arc
voltage changes (EM states): differential law (2) in the range of short arcs (including the
modes of operational short circuits); the law of voltage (3) works in the zone of middle
lengths of arcs; and the law of impedance (4) in the interval of long arcs (also in the modes
of arc breaks). The input linguistic variable of the FIS blocks (Figure 2) is the arc voltage of
the corresponding phase Ua, and their output linguistic variable is the value of weights
k1, k2, and k3.

Figure 3 shows external characteristics Ia(Ua) and power characteristics Pa(Ua) of the
arc furnace DSP-200, which are reproduced in its Simulink model. The same figure shows
the graphical dependences of membership functions µ(Ua) of the fuzzy sets, short, medium,
and long, of the input linguistic variable Ua of the fuzzy inference system FIS2. The fuzzy
sets of this linguistic variable are used to describe (identify) areas of short, medium, and
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long arcs. The fuzzy sets of short, medium, and long of the input linguistic variable Ua is
described by gauss2mf-type membership functions.
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Figure 4 shows the membership functions of input linguistic variable Ua of fuzzy
inference systems FIS1 (a), FIS2 (b), and FIS3 (c) of each phase of the BC (Figure 1).
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To implement the above fuzzy model of changing partial laws (1), (3) and (4) using
the additive functional (6) in the process of perturbation control, the following base of rules
of fuzzy inference systems (7)–(9) is compiled and implemented in the models of fuzzy
inference systems Sugeno: FIS1, FIS2, and FIS3, respectively (Figure 2):

1. i f Ua ∈ short then k1 = [1 · · · 1];
2. i f Ua ∈ medium then k1 = [0 · · · 1];

3. i f Ua ∈ long then k1 = [0 · · · 1].
(7)

1. i f Ua ∈ short then k2 = [0 · · · 1];
2. i f Ua ∈ medium then k2 = [1 · · · 1];

3. i f Ua ∈ long then k2 = [0 · · · 1].
(8)

1. i f Ua ∈ short then k3 = [0 · · · 1];
2. i f Ua ∈ medium then k3 = [0 · · · 1];

3. i f Ua ∈ long then k3 = [1 · · · 1].
(9)

Figure 5 shows the input–output characteristics of the fuzzy inference system Sugeno:
FIS1, FIS2, and FIS3.

Perturbations that occur in the arc intervals and electric circuit of the AF can be
divided into two groups: extreme deterministic perturbations, close to single ones, causing
in phases the operational short circuits or arc breaks; and continuous random perturbations,
the statistical characteristics of which change during melting. These perturbations are
phase-asymmetric and arise because of the fluctuations of arc lengths, parameters of arc
intervals, and parameters of power elements of the arc furnace electric circuit.
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Therefore, the study of the dynamics indicators of the EM coordinates using developed
fuzzy model (6) of arc length control has been performed for the action of phase-asymmetric
deterministic extreme perturbations and those close to them and under the action of
stationary random perturbations. Random perturbations were formed in the model with
statistical characteristics taking place in the main technological stages of melting: melting
of wells, charge deboning, oxidation, and reduction in the melt.

Figure 6 shows the processes of testing phase-asymmetric extreme deterministic per-
turbations fa,j(t) (Figure 6a), control signals Ur,j(t) (Figure 6b), of the electrode movement
drive and the corresponding processes of changing voltages Ua,j(t), currents Ia,j(t), and
power of arcs Pa,j(t), (j = A,B,C) (Figure 6c–e) obtained by the created computer model,
as well as the power of electrical losses Pel,j(t) in the AF electric circuit (Figure 6f) using
proposed fuzzy model (6) of arc length control.
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Figure 6. Time dependences of deterministic perturbations for each three phases: (a) mismatch
signals; (b,c) voltages; (d) currents; (e) power of arcs; (f) power of electric losses—when using fuzzy
model (6).

The computer model of EM ACS of the DSP-200 furnace is implemented in the
Simulink application of the Matlab 17b [32,38,39]. The model is constructed in three-
phase instantaneous coordinates and is set to the parameters of the DSP-200-type arc
furnace with a typical arc power regulator of the ARDM-T-12 type. The proposed three-
component additive model (6) of the EM mismatch signal formation is implemented in the
BC comparison block of this computer model.
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Figure 7 shows the changes of the above-mentioned coordinates of the DSP-200 furnace
obtained on the Simulink model in the following modes: short circuit in phase A and arc
break in phase C, t ∈ 0.25–1.25 s; short circuit in phase B, t ∈ 1.25–2.25 s; arc break in
phase C, t ∈ 2.25–3.25 s; short circuit in phase B and arc brêk in phase A, t ∈ 3.25–4.2 s,
and two-phase short circuit in phases A and C, t ∈ 4.2–5.0 s, caused by the corresponding
phase-asymmetric extreme unit single perturbations using model (1).
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Figure 7. Time dependences of deterministic perturbations: (a) mismatch signals; (b,c) voltages;
(d) currents; (e) power of arcs; (f) power of electric losses when using differential model (1)
(ARDM-T-12).

Comparative analysis of the obtained processes of change of EM coordinates (Figures 6 and 7)
shows that in a three-circuit power supply system without a zero conductor using the
proposed three-component additive fuzzy model (6) are implemented phase-independent
(autonomous) processes of EM perturbation control. In the phase (phases) where there are
no perturbations, the mismatch signal is zero, Ur(t) = 0, i.e., the regulation of arc lengths
being invariant to the perturbations in other phases is realized, which prevents erroneous
movements of the electrodes. Due to this, with other conditions being equal, compared to
serial regulator ARDM-T-12 (model (1) of the mismatch signal formation), under the fuzzy
control according to model (6), we observe a 15–20% reduction in the time of regulation
of deterministic extreme perturbations, as well as a 2–4% decrease in the dispersion of arc
currents and, accordingly, reduction in the power of electrical losses in a short network of
the AF.

To reproduce the processes of arc voltage changes during control of both deterministic
and random perturbations in the Simulink model of furnace DSP-200 EM, we used a model
based on the arctangent function:

ua(t) =
2 ·Um(t)

π
arctan(k · ia(t)), (10)

where k is the constant coefficient determining the type of dynamic volt-ampere charac-
teristic of the arc: Um(t)–voltage amplitude on the arc; ia(t)—instantaneous values of the
arc current.
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The time dependences of changes in arc currents and voltages shown in Figure 8 at
the interval t∈0.4–0.5 s illustrate the possibilities of adequate reproduction in the created
Simulink model of the coordinates of the electrical regime at the level of instantaneous
values, as well as the possibility of implementing various models of dynamic voltages
amperage characteristics of arcs, which are different at different technological stages of
melting. Figure 8 uses a trapezoidal dynamic current–current characteristic of arcs. A short
circuit in phase A and an arc break in phase C are eliminated (Figure 6).
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Implementation of the optimal dynamics of the regulation of extreme deterministic
perturbations increases the reliability of the ignition of arcs and improves the conditions
of their combustion. However, for the indicators of energy efficiency and electromagnetic
compatibility of the arc furnace as a powerful electro-technological unit, integrated indi-
cators of the quality of control of random perturbations that occur continuously in arc
intervals and short network of the AF throughout the melting are equally important.

To obtain estimates of these integrated indicators of the dynamics of EM ACS using
the proposed three-component additive fuzzy model (6), based on the created Simulink
model, a study of the dynamics of the regulation of stationary random perturbations has
been conducted. The study has been conducted with different statistical characteristics of
random perturbations, which are inherent in the perturbation of the main technological
stages of melting of the charge. In the model, such random perturbations were formed on
the basis of filtering the output signals of random process generators with the properties of
“white noise”.

Figure 9a shows the logarithmic amplitude-frequency response of a low-pass filter
with the transfer function (10), and Figure 9b,c show the correlation functions and the
spectral density functions of the perturbations in the phases formed by this filtering model.
These functions were calculated by expressions (11) and (12), respectively. Sampling time
of random perturbation processes ∆t = τ = 0.05 s.

W1(s) =
1

0.35s2 + 0.32s + 1
, (11)

Rj(k) =
1

N − 1− k

N−1−k

∑
i=0

[(
fi,0 − f

)(
fi+k,0 − f

)]
, (12)

Sj(ω) =

∣∣∣∣ 20
∑

k=0
Rj(k) · e−jkω

∣∣∣∣, (13)

where N = 600; k = 0, 1, . . . ,20; ω = 0, 0.05 . . . 2; j = A, B, C.
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As an example, Figure 10 shows the 30 s fragments of the EM coordinate change
process obtained during testing the stationary random perturbations inherent in the energy-
intensive regime of melting of wells in a solid charge using the proposed three-component
additive fuzzy model (6); meanwhile in Figure 10, for comparison, this process is depicted
during the involvement of regulator ARDM-T-12, which implements the control process
based on differential model (1) of the formation of the EM mismatch signal. These figures
show the processes of changing the same coordinates of the EM of the DSP-200-type arc
furnace as in Figures 6 and 7, respectively. For the correctness of the comparison, the study
of dynamics using the proposed fuzzy model (6) and the known differential model (1)
was carried out with the same phases of realizations of random perturbations shown in
Figures 10a and 11a.

A comparative analysis of the time dependences of Figures 10 and 11 has shown
an improvement in the dynamics when using the proposed fuzzy model (6) and when
using the regulation of random perturbations. This is confirmed by the values of being
phase-averaged integrated quality indicators of the random perturbation control dynamics
(Table 1), which have been obtained by processing the time dependences Figures 10 and 11
(δ, % is improvement of the indicator using model (6) compared to model (1)).

In addition, the investigation of the efficiency of using the proposed fuzzy model (6)
also has been carried out in the regulation of random perturbations for other amplitude
and frequency characteristics that occur in other technological stages of melting in the
DSP-200 furnace. Characteristics of perturbations inherent in different stages of melting are
obtained by the results of experimental investigations of the regimes of this furnace.
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Table 1. Indicators of dynamics quality and energy efficiency during random perturbations control
at the stage of penetration of wells in solid charge.

Regulation Model Indicator Fuzzy Additive Model (6) Differential Model (1) δ, %

Dispersion of arc voltages DUa , V2 2.392 × 103 3.289 × 103 27.3

Dispersion of arc currents DIa , A2 4.639 × 107 5.196 × 107 9.0

Dispersion of arc power DPa , W2 3.057 × 1012 4.355 × 1012 29.5

Power of arcs Pa, W 8.353 × 106 8.236 × 106 1.42

Dispersion of power of electric losses DPel , W2 1.261 × 1011 1.572 × 1011 19.8

Power of electric losses Pel , W 1.161 × 106 1.255 × 106 7.49

The formation of random perturbation processes in the Simulink model, corresponding
to various technological stages of melting, was performed by readjusting the transfer
functions of the forming filters (10). To study the dynamics of the perturbation control
processes at the beginning of the first stage of melting, the transfer function of forming
filters was given by expression (14), the logarithmic amplitude-frequency characteristic of
which is shown in Figure 8a:

W2(s) =
1

0.55s2 + 0.75s + 1
, (14)

Perturbations at this technological stage of melting have a larger amplitude and their
frequency range is narrower.

Figures 12 and 13 show the computer model EM coordinate changes in the arc furnace
of the DSP-200 type during the first technological stage of melting using the proposed
fuzzy model (6) and differential model (1).
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for first technological stage of melting.

Table 2 shows the integrated indicators of the dynamics quality and energy efficiency
of perturbations control at the first technological stage of melting obtained on the computer
Simulink model.

Table 2. Indicators of dynamics quality and energy efficiency of random perturbations control at the
first technological stage of melting.

Regulation Model Indicator Fuzzy Additive Model (6) Differential Model (1) δ, %

Dispersion of arc voltages DUa , V2 1.907 × 103 2.590 × 103 26.4

Dispersion of arc currents DIa , A2 3.841 × 107 4.096 × 107 6.23

Dispersion of arc power DPa , W2 2.462 × 1012 3.563 × 1012 30.9

Power of arcs Pa, W 8.482 × 106 8.333 × 106 1.79

Dispersion of power of electric losses DPel , W2 1.034 × 1011 1.267 × 1011 18.4

Power of electric losses Pel , W 1.186 × 106 1.252 × 106 5.27

Studies have shown that when using the proposed fuzzy model (6) to control random
perturbations at different stages of melting, the dispersion of arc voltages decreased by
11–30%, arc currents dispersion by 5.5–10%, arc power dispersion by 19–33%, and the
dispersion of power losses in the short network by 15–22%. In comparison with the use of
model (1), the average power of arcs increased by 0.9–1.9%, and the power of electric losses
in the furnace short network decreased by 5–9.5%. At the same time, lower efficiency when
using fuzzy model (6) was observed at the last non-energy-intensive stages of melting,
at which the amplitude of perturbations is much lower than at the initial ones, and their
frequency range is broader. This is explained by the maximum frequency of this range
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being already outside the range of frequencies that can be handled by the electromechanical
system of electrode movement.

By increasing the dynamic accuracy of the stabilization of the EM coordinates using
fuzzy model (6), energy efficiency has been improved, namely the productivity of the fur-
nace and the specific costs of electricity. According to the known method (nomograms) [40]
and studies [41–44], the obtained reduction in the dispersion of arc currents leads to a
decrease in specific electricity consumption by 3–4% and to an increase in furnace produc-
tivity by 2.1–3.3%. Reducing the dispersion of arc power contributes to uniform heating of
the charge and melt and prevents local overheating of the melt, which has a positive effect
on the quality of electrical steel and reduces the intensity of formation and the emissions of
environmentally impure and highly toxic compounds.

Reducing the dispersion of arc currents also improves a number of indicators of
electromagnetic compatibility of the arc furnace with the electrical network: it reduces the
fluctuations and deviations of mains voltage, reduces the flicker dose, reduces reactive
power consumption, and increases the arc furnace power factor.

The following conclusions can be drawn from the conducted research:

1. The model of the three-component additive fuzzy law of the EM control, based on the
Sugeno fuzzy inference system, is proposed and executed.

2. The structural Simulink model of a fuzzy system of arc lengths control for the DSP-200
furnace is constructed and the investigation of dynamics during the handling of
deterministic and random perturbations is carried out.

3. The obtained results of model research have shown an increase in EM coordinates
stabilization dynamic accuracy and improvement in by-phase autonomy during
perturbation control when using the proposed fuzzy three-component arc lengths
control model, in comparison with the legacy ARDM-T-12 arc power regulator in the
DSP-200 arc furnace.

4. During the operation of the developed fuzzy model (6), the oscillations decrease, and
the time to control extreme deterministic perturbations decreases.

5. When controlling stationary random perturbations using fuzzy model (6), the dis-
persion of main EM coordinates decreases: arc voltages by 11–30%, arc currents by
5.5–10%, arc power by 19–33%, and the power of electric losses in a short network by
15–22%. In addition, the mode of reactive power consumption stabilizes, the power
factor increases, and the fluctuations and deviations of the mains voltage are reduced.

6. Due to the increase in EM coordinates stabilization dynamic accuracy when using
the fuzzy perturbation control model, the arcs power increases by 0.9–1.9% and the
electric losses in a furnace high-power network decrease by 5–9.5% in comparison
with the use of ARDM-T-12 power regulators.

7. Practical use of the offered fuzzy control model is possible and expedient for both the
modernization of the existing control systems of the arc furnaces electric mode and
design of new ones. Its implementation requires minimal capital investment.

8. Further works and computer experiments will investigate the effectiveness of using
the developed additive three-component fuzzy law (6) of electric mode control in
regulating electric mode disturbances with various stochastic characteristics that differ
significantly at different technological stages of melting.

4. Summary

Control of arc furnace EM coordinates based on fuzzy models corresponding to
the nature of processes in the melting space and furnace electric circuit is an effective
solution for obtaining high-quality EM coordinates stabilization in conditions of intense
random perturbations. It also helps to increase the efficiency of optimal adaptive multi-
criterion melting modes control strategies implementation. This follows from the fact that
the qualitative stabilization of the EM coordinates at the levels of optimal settings is an
additional factor in improving the accuracy and efficiency of optimal control.



Energies 2023, 16, 3451 17 of 20

Computer studies have shown that the use of the proposed three-component additive
fuzzy model (6) to control the EM perturbations in comparison with the known (1) increases
the dynamic accuracy of the EM coordinates stabilization at setpoints. This allows the
comprehensive improvement of the energy efficiency and electromagnetic compatibility of
furnace and power mains.

The proposed additive three-component fuzzy model (6) of EM coordinates control is
expedient and realistic for practical implementation on low-, medium-, and high-power arc
furnaces and requires small investments.
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