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Abstract. This paper presents an intelligent electrode motion regulation system for electric arc steelmaking furnaces based
on fuzzy logic control. The proposed system performs real-time regulation of electrode motion using direct measurements
of arc current and voltage obtained from a transreactor installed in the furnace short network. A multi-stage control
algorithm ensures stable maintenance of the arc length within optimal limits under nonlinear and rapidly changing operating
conditions. The developed approach improves arc stability, reduces electrode breakage, and enhances the overall energy
efficiency and technological performance of the steelmaking process.

INTRODUCTION

In the global steelmaking industry, increasing the efficiency of electrical energy consumption and identifying the
key factors influencing the specific energy consumption per unit of product are among the most pressing challenges.
One of the most essential factors affecting energy efficiency in electric arc furnace is the effectiveness of electrode
motion regulation and control, which directly determines arc stability and melting performance [1, 2].

In developed countries, the average electrical energy consumption required to melt one ton of steel typically ranges
from 380 to 420 kWh. In contrast, this indicator remains substantially higher in Uzbekistan, averaging 500—550 kWh
per ton, which is approximately 1,3 times greater than the global benchmark. This gap highlights the need for
technological improvements and advanced control solutions in domestic steelmaking processes [3,5].

In the global practice, extensive scientific research is being conducted to enhance electrode motion regulation and
control systems in electric arc steelmaking processes [6]. These studies primarily focus on increasing melting intensity
by accounting for the nonlinear characteristics of the technological process, ensuring stable regulation of electric arc
parameters within prescribed limits, and improving production efficiency by reducing unplanned operational
interruptions.

Also, reducing the frequency of electrode breakage remains a critical issue, as it is closely associated with the
energy efficiency and reliability of electrode motion regulation and control systems [7, 8, 9]. Consequently, the
development of advanced electrode regulation devices, comprehensive evaluation of their impact on technological
performance, and the design of intelligent control models based on fuzzy logic systems are regarded as highly relevant
and promising directions of modern research. In this context, particular emphasis is placed on the implementation of
resource-efficient technologies, the application of optimal control strategies, and the development of intelligent
electrode motion regulation methods aimed at reducing energy losses, improving process stability, and enhancing the
energy efficiency of electric arc steelmaking processes [10, 11].
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EXPERIMENTAL RESEARCH

To achieve the above-mentioned results, a schematic design of an automatic electrode motion regulation device
based on an intelligent control model was developed for the electric arc steelmaking process (Figure 1).

Figure 1 presents the functional schematic diagram of the automatic electrode motion regulation device. In this
scheme, the electric arc current and arc voltage are considered as variable input parameters, based on which the
electrode motion regulation task is performed in real time. The proposed system is designed to ensure stable control
of electrode movement in accordance with variations in arc parameters.

The scheme consists of three main functional components:

1. atransreactor connected in series to the short-circuited network on the low-voltage side of the special furnace

transformer;

2. asensitive unit responsible for detecting changes in arc current and voltage;

3. acontrol block incorporating a controller based on a fuzzy logic control mechanism.

This structural configuration enables effective interaction between the measured arc parameters and the control
system, providing adaptive and accurate regulation of electrode motion under the nonlinear operating conditions of
electric arc steelmaking furnaces.
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FIGURE 1. The functional schematic diagram of the electrode motion regulation system in the electric arc
steelmaking process

The core principle of the proposed system is based on measuring the electric arc current in the primary winding of
the transreactor, according to which the corresponding arc voltage generated in the secondary winding is automatically
acquired. To implement this process, three sensing units (SU, SU», and SU3) and three power switching units (PS;,
PS,, and PS3) installed in the control block are employed.

The actuating part of the system consists of the transreactor and the control block, which are connected as follows:
the transreactor is connected in series with the furnace electrode circuit, while the control block is connected in parallel.
This configuration ensures continuous signal exchange between the electric arc current and voltage of the electric arc
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FIGURE 2. Configuration of the sensing unit in the electrode motion regulation system for electric arc steelmaking

The sensing unit operates based on an optocoupler configuration. The anode of the optocoupler light-emitting
diode (LED) is connected to the first terminal of an auxiliary resistor, while its second terminal is connected to the
corresponding optocoupler terminal. The auxiliary resistor and diode are connected in series. The cathode of the
optocoupler LED is connected to the first plate of the capacitor through a resistor and the anode of a thyristor.

Structurally, each sensing unit consists of normally open optocoupler contacts, two thyristors, one diode, three
main resistors, and one auxiliary resistor. These components enable the detection of predefined percentage variations



in the arc voltage and convert them into control signals transmitted to the power switching units. The power switching
units (PSUs) in the control block are composed of a thyristor, a diode bridge, and a capacitor. The anode of the thyristor
is connected at a common node with the first and second diodes and is interfaced through the diode bridge. The cathode
of the thyristor is also connected to a common node with the diodes. The anode of the first diode is connected to the
cathode of another diode at a common node, through which the power stage is connected to the converter. The control
electrode (gate) of the thyristor is connected to the first plate of the capacitor via a resistor, while the thyristor cathode
is connected to the second plate of the capacitor. The remaining two power switching units are connected in an
identical manner.

The operating principle of the proposed scheme can be described as follows. When the electrodes come into contact
with the primary charge, an electric current flows through the short network, which induces an arc voltage in the
secondary winding of the transreactor. Simultaneously, a control voltage appears at the gate terminals of the thyristors
within the sensing unit, activating the optocoupler by turning on its light-emitting diode. As a result of the closure of
the normally open optocoupler contacts, the auxiliary resistor is shunted, leading to a reduction in the return coefficient
of the power switching units. Subsequently, the charged capacitor triggers the thyristors in the power stage. In response
to the thyristor conduction, the converter becomes active and transforms the analog voltage signal into a digital
representation.

The resulting digital voltage signal is then compared with a predefined reference value stored in the controller. If
the measured voltage is detected to be below the specified threshold, the controller generates a corresponding control
command, which is converted back into an analog signal via the driver circuit and transmitted to the electric actuators.
In this manner, sufficient driving voltage is supplied to the actuators, enabling automatic regulation of electrode
motion within the optimal limits of the electric arc length. Figure 3 illustrates the structural diagram of the electrode
motion control system, including the conversion of signals from the power switching unit into digital form and their
subsequent processing by the controller.
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FIGURE 3. Structural diagram of the intelligent electrode motion control system in the electric arc steelmaking
process

Figure 3 illustrates the schematic of the automatic intelligent control unit for electrode motion in the electric arc
steelmaking process. The operation of the system begins with a 220 V mains supply, which is converted into a low-
voltage power supply by the power supply unit (PSU). The stabilized low-voltage output of the PSU provides power
to the controller (Arduino-U-P) through its VCC and GND terminals.

Input signals are fed to the controller via pins pinl and pin2. These signals originate from sensors or signal
converters that represent variations in the electric arc current or voltage. Based on the received input signals, the
control algorithm preloaded into the controller is activated and executed. The control signal generated by the controller
is then conditioned through a converter to obtain the required signal level and form, after which it is transmitted to the
driver (D). The driver is responsible for controlling the electric actuators.

At the output of the driver, the generated control signal is supplied to the actuating mechanism responsible for
electrode movement. As a result, the electrodes move upward or downward, maintaining the electric arc length within
optimal limits. Thus, the proposed scheme enables automatic regulation of electrode motion in accordance with the
electric arc state parameters, ensures arc stability, and contributes to improving the energy efficiency of the
steelmaking process.



RESEARCH RESULTS

In order to evaluate the effectiveness of the proposed electrode motion regulation scheme, the operating logic and
control sequence of the developed intelligent system were analyzed [12]. Based on the developed control algorithm,
the electrode motion speed and direction are determined in compliance with predefined technological constraints,
providing stable maintenance of the arc length within optimal limits throughout the steelmaking process. The
operational sequence of the electrode motion regulation device and control system in the electric arc steelmaking
process is illustrated in Figure 4. The algorithm presented in Figure 4 operates as follows.

At the initial “start” stage, the system is activated and the initial parameters are set: the reference voltage Uy=380
V, the initial electrode position ly, and the maximum permissible arc length In.=35+1 cm. According to the predefined
condition, the arc current value in the short network is continuously monitored to determine whether it is equal to or
exceeds 17 kA, while ensuring that the arc length remains within its optimal limits.

If the arc current reaches or exceeds 17 kA, a sufficient voltage level is generated in the sensing unit and transmitted
to the control block of the device. Based on this signal, the electrode motion speed is regulated in three discrete stages,
and the corresponding control command is sent to the driver via the controller. If the arc current is insufficient to
sustain the melting of the charge, the algorithm transitions to the state K=False, and the control process is terminated.
Otherwise, the electrode motion regulation process continues at 1 second intervals, maintaining the arc length within
the optimal range and ensuring stable operation of the electric arc steelmaking process.
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FIGURE 4. Operating algorithm of the electrode motion regulation scheme in an electric arc steelmaking
process

Based on the presented algorithm, the operational logic and sequential control actions of the electrode motion
regulation device in the electric arc steelmaking process were developed. The proposed control system continuously
monitors the voltage of the 380 V bus bar of the special furnace transformer and the electric arc current parameters,
and automatically adjusts the speed and direction of electrode motion accordingly. As a result, the arc length is stably
maintained within predefined optimal limits, thereby improving the reliability, stability, and overall technological
efficiency of the steelmaking process.

CONCLUSIONS

In conclusion, analysis of the operating sequence of the electrode motion regulation and control scheme shows
that the proposed system enables regulation of electric arc current and voltage within narrow ranges. This approach
reduces electrode breakage and ensures stable control of electrode motion, thereby enhancing the stability of the



process and improving the overall intensity and efficiency of the electric arc steelmaking operation under normal
operating conditions.

First of all the proposed system enables stable regulation of electric arc current and voltage within narrow operating
ranges, even under conditions of rapid and nonlinear parameter fluctuations. Continuous monitoring of arc current
(=17 kA) and real-time adjustment of electrode motion ensure that the arc length is maintained within the optimal
range of 35 + 1 cm, which directly contributes to arc stability during primary charge melting.

Second, the three-stage discrete control of electrode motion speed, implemented through the transreactor—sensing
unit—controller architecture, provides faster system response and improved regulation accuracy compared to
traditional PLC-based or purely electromechanical solutions. This reduces delayed control actions that typically lead
to arc instability and electrode—charge contact.

Third, the integration of a fuzzy logic—based controller allows the control system to adapt dynamically to changing
technological conditions, resulting in reduced electrode breakage risk and improved operational reliability. By
preventing excessive electrode movement and maintaining optimal arc conditions, the system minimizes unplanned
process interruptions.
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