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Abstract: Electric Arc Furnaces (EAFs) are widely used in the steel manufacturing industry to melt
scrap steel by employing a large number of electric arcs. EAFs play an important role in ensuring
the efficient production of steel. However, their nonlinear and variable load characteristics have a
significant impact on power quality. Because the active power of an electric arc depends on its length,
a system for controlling the electrode positions is necessary. This paper presents a control system
based on a fuzzy logic controller for the active power control of an electric arc furnace. Individual
simulation scenarios were chosen with both reference values and the process taken into consideration.
The reference, constant value, step variation, and the sequence of step variation were investigated, as
well as step disturbances and the sequence of step disturbances from the viewpoint of the process.
Furthermore, the procedure of changing the tap on a transformer was investigated. The proposed
solution minimizes the time required for charge elaboration, but the main benefit is that there are no
additional costs in the implementation process because the installation remains identical, with the
only changes being improvements to soft control management.

Keywords: fuzzy logic; fuzzy logic controller; power quality; electric arc model; electric arc furnace
model; control system

MSC: 93C42; 94D05; 26E50

1. Introduction

In power systems, it is very important to analyze the voltage flicker issue; this subject
has been researched in many publications [1–11]. One piece of equipment that generates
a voltage flicker is the electric arc furnace [12–20]. The electric arc furnace is used in the
melting of different types of scrap, which is loaded into the furnace tank. In order to melt
these metals, an electric arc is used [21].

The electric arc furnace can be of an alternative current (AC) or direct current (DC)
type. In this paper, an AC electric arc furnace is analyzed. In the case of AC electric arc
furnaces, an electric arc that appears between each of the electrodes and the charging
material is used.

The main task for an electric arc furnace is to convert solid metal into liquid.
Steel is the most important iron alloy, with the main component of it being carbon, in a

concentration of a maximum of 2.11% of its weight. By using some alloying elements, the main
properties of steel can be modified, such as hardness, elasticity, resistance, flexibility, corrosion
resistance, flowing limit, acid resistance, etc. [22]. Many of the electric arc furnaces used at
present are high- and ultra-high power [23]. These types of furnaces have nonlinear loads
which vary over time and generally cause different power quality problems [24–27]. Of the
power quality problems, harmonic currents, unbalance in the three-phase system, considerable
reactive power, and flicker effects should be mentioned [28–31].

Because power quality is so important in power systems, it is necessary to take actions
in order to reduce these negative effects. That is one of the reasons that led us to study
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the behavior of the electric arc furnace. If the electric arc furnace is high-power or ultra-
high-power, the electric arc currents are of a very high amplitude, and it is difficult to work
directly with the electric arc furnace in order to test different action scenarios. This is the
second reason why it is necessary to model and simulate the behavior of an electric arc
furnace during its functioning, as this is when it produces the electric arc that is used to
melt the metal.

In an electric arc furnace, functioning can be categorized into two main stages: the
smelting and refining stages. The smelting stage is characterized by the negative effects
that are introduced in the power network system. In the refining stage, the scraps that
were loaded into the furnace tank are in a liquid state and the length of the arc can be kept
constant more easily than in the melting stage.

Although electric arc furnaces experience different power quality problems, they have
some advantages: good thermal efficiency, a short time in the elaborating of the charging
material, great real dissipated power, and a low electrode breakage rate.

The entire process of operations of an electric arc furnace is supervised by computers.
An AC electric arc furnace has three electrodes that are used to melt scrap. The electrodes
are made of graphite, and each electrode is made of three parts, which makes it easier to
change a consumed electrode. An AC electric arc furnace is supplied with energy provided
from a transformer.

Each of the three graphite electrodes has its own control system that contains a hydraulic
component, which is used to move the electrodes in the vertical plane so that the electric arc
length remains constant and so that the current of the electric arc remains constant.

The length of the electric arc influences the power of the electric arc. If the length of
the electric arc decreases, then the current of the electric arc increases. If the length of the
electric arc increases, then the current of the electric arc decreases.

This paper proposes a control system based on a fuzzy controller that can be compared
with a classical proportional derivative controller. The fuzzy controller is used to supply
constant power to the electric arc furnace by maintaining a constant length to the electric
arc from the electric arc furnace. The electric current will be kept constant too.

In this paper, a mathematical model of the electric arc that was proposed in [32] is used.
This model was validated by making comparisons between the values of the parameters
acquired from a real electric arc furnace and simulated values using the same parameters.

In the implementation of the control system, we included the modeling of the electric arc.
In order to model the arc devices, we used computer simulation programs [33–44]; in

this paper, in order to model and simulate the behavior of electric arcs and of the electric
arc furnace control system, computer simulation programs designed in Matlab/Simulink
2024a were used.

Current modeling concepts are based on achieving the lowest possible electric energy
consumption for the electric arc furnace and also on reducing the effects of disturbances
that can be introduced into the power network system, which can affect other consumers
connected to the same network.

In the literature, many models of electric arc behavior can be found: the Cassie–
Mayr model [27,45–48], hyperbolic model [49,50], combined hyperbolic and exponential
model [48,51], a current source controlled by a nonlinear resistance model [52], differential
equation model [53–55], chaos theory models [56,57], combined models based on chaos
theory and artificial neural networks [58,59], models based on a feedforward artificial
neural network [60,61], hybrid neuro-fuzzy models [62–64], fuzzy models [65], adaptive
neuro-fuzzy models [66], radial basis neural network models [67], and models based on
the voltage–current characteristics of the electric arc [68].

In order to develop a mathematical model for the full electric arc furnace, mathematical
models for the electric system and the electric arc must first be identified.

From the perspective of process control, hydraulic installations can be used to deter-
mine the movements of the electrodes at a certain speed and direction, leading to a constant
arc length and therefore a constant power [52,69].
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Many control strategies can be found in the literature, i.e., those based on fuzzy logic,
which maintain a constant impedance of the supply circuit [70], those based on the use
of a fuzzy PI controller tuned by a genetic algorithm, which maintain a constant electric
arc current [71], those based on fuzzy logic and on an interpolation algorithm, which
maintaining a constant electric arc current [72], those based on the use of a PID controller
tuned by a fuzzy logic to maintain a constant electric arc [4,73], those based on the use
of a PID controller tuned by a fuzzy controller to maintain a constant temperature inside
the furnace [74], adaptive control strategies and PI control strategies which maintain a
constant electric arc current [75], those based on the use of a PID controller tuned by
a backpropagation neural network [76], and those based on predictive models, which
maintain a constant electric arc current [77].

The novelty of this study is the design, simulation, and validation of a fuzzy logic
controller for active power regulation of an electric arc furnace. Simulations in a closed
loop employing a mathematical model of the electric arc as a nonlinear element were used
to analyze the functionality of the proposed control system. The mathematical model of
the electric arc was verified by comparing simulation results against measurement results
obtained from actual electric arc furnace installations.

The purpose of this research is to establish the structure of the fuzzy logic controller as
well as the values of the arc model parameters in order to provide an improved approach
for controlling the active power of an electric arc furnace.

Thus, the paper is organized as follows: Section 1 includes additional study on the
challenges generated by EAFs. Section 2 covers both the modelling of the electric arc
and the electrical installation of the electric arc furnace using the proposed fuzzy logic
controller. Section 3 describes the implementation of the fuzzy logic controller as well as the
simulation of the control system using seven scenarios provided by the reference and the
process. Section 4 presents the simulation results obtained from simulating the proposed
control system, as well as the conditions under which the main requirements can be met.
Section 5 presents the key findings of this study.

2. Materials and Methods
2.1. Modelling the Electric Arc Behavior

In order to model the behavior of an electric arc [78], this research employed a model
designed and validated by the author of this paper [33]. This model is based on the
linearization of the voltage–current characteristic of an electric arc and is described in (1).
In this model, the voltage–current characteristics are divided into three functional zones
for the positive and negative half periods.

varc =



R1·iarc, iarc ∈ [−i1, i1]
R2·iarc + vig·

(
1 − R2

R1

)
, iarc ∈ (i1, i2]

R2·i2 + vig·
(

1 − R2
R1

)
, iarc > i2

R2·iarc − vig·
(

1 − R2
R1

)
, iarc ∈ [−i2,−i1)

R2·(−i2)− vig·
(

1 − R2
R1

)
, iarc < −i2

, (1)

Equations (2) and (3) illustrate the relations used to obtain the values of parameters i1
and i2.

i1 =
vig

R1
, (2)

i2 =
vex

R2
− vig·

(
1

R2
− 1

R1

)
, (3)

In Equations (1)–(3):

• varc is the voltage of the electric arc;
• iarc is the current of the electric arc;
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• vig is the ignition voltage of the electric arc;
• vex is the extinction voltage of the electric arc;
• R1 is the line slope obtained when the voltage–current characteristic is approximated

with a line ranging within [−i1, i1);
• R2 is the line slope obtained when the voltage–current characteristic is approximated

with a line ranging within [−i2, −i1) or [i1, i2];
• −i1, i1 are the values of the electric arc current when −vig and +vig are reached, respectively;
• −i2, i2 are the values of the electric arc current when −vex and +vex are reached, respectively.

In all the performed simulations, the values of the model parameters are the following:
vig = 390 V, vex = 340 V, R1 = 0.05 Ω, R2 = −0.00076 Ω.

2.2. Modelling of the Electric Arc Furnace Process

The three impedances of short lines are unbalanced because of mostly mutual induc-
tances between the three phases. As a result, there are two methods for simulating how the
electrical installation of the electric arc furnace will function. The first method is to use the
three real impedances obtained by adequate measurements, with the same arc length on
each phase. The second method is to use three equal impedances with different arc length
values on each phase. The similarity of the two scenarios is ensured by the requirement
that phase currents on the same phase be equal. Both of these situations presented an
unbalanced three-phase power supply system, with varying active powers on each phase.

A simplified three-phased scheme assumes equal impedances and active power, as
shown in this paper. Based on all of these results, it can be concluded that the simplified
electrical supply system provides the same information about the functionality of a fuzzy
logic controller in power control through modifying the electric arc length.

To develop the Simulink model that accurately represents the behavior of the electric
arc, as well as the functioning of the electric arc furnace, a simplified electrical supply
system for a single phase of the power supply voltage, as shown in Figure 1, was used.
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Figure 1. Simplified electrical supply system of an electric arc furnace for a single phase.

In Figure 1:

• VS(t) is the supply voltage of the furnace;
• ZS is the power supply impedance;
• RS is the resistance of the power supply;
• LS is the inductance of the power supply;
• i(t) is the current of the electric arc;
• P is a point of measuring the values of the parameters;
• ZSN is the short network impedance;
• RSN is the resistance of the supply short network of electric arc furnace;
• LSN is the inductance of the supply short network of electric arc furnace;
• Electrode is one of the graphite electrodes used to melt scrap;
• Electric arc is the electric arc of the electric arc furnace that appears between the

electrode and the metal loaded in the furnace tank;
• Varc is the voltage of the electric arc;
• Furnace is the electric arc furnace.
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Equations (4) and (5) present the relations for computing the impedance of the power
supply for the impedance of the short network used to feed the electric arc furnace. In
these relations, XS is the power supply reactance and XSN is the short network reactance,
computed as illustrated in (6) and (7), respectively.

The short network is compounded by three parts:

1. A group of bars representing the connection between the transformer secondary
winding and the output from the special chamber which contains the transformer;

2. Flexible cables made of copper that ensure the movement of the electrodes during the
elaboration of the steel;

3. Water-cooled pipes connected to the electrode support.

ZS = RS + j·XS, (4)

ZSN = RSN + j·XSN , (5)

XS = 2π· f ·LS, (6)

XSN = 2π· f ·LSN , (7)

where f is the frequency of the alternating current.
From Figure 1, Equation (8) can be obtained:

VS(t) = RS·i(t) + LS·
di(t)

dt
+ RSN ·i(t) + LSN ·

di(t)
dt

+ Varc, (8)

If notations (9) and (10) are used:

Rech = RS + RSN , (9)

Lech = LS + LSN , (10)

and replacing (9) and (10) in (8), we obtain (11):

VS(t) = Rech·i(t) + Lech·
di(t)

dt
+ Varc, (11)

which can be rewritten as (12):

Lech·
di(t)

dt
= VS(t)− Rech·i(t)− Varc, (12)

The voltage of an inductor is described in Equation (13):

UL(t) = L·diL(t)
dt

, (13)

that leads to (14):
diL(t)

dt
=

UL(t)
L

, (14)

By integrating Equation (14), we obtained Equation (15):

iL(t) =
1
L

∫
UL(t)dt, (15)

Using Equations (12), (13), and (15), we obtained a Simulink model for simulating the
electric supply system of an electric arc furnace for a single phase, as illustrated in Figure 2.
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Figure 2. Simulink model for simulating the electric supply system of an electric arc furnace for a
single phase.

In Figure 2, values of the parameters that correspond to the real values of the parame-
ters from an AC electric arc furnace are used. These values are as follows:

• VS(t) can vary between 449.07 and 783.83 V, values that correspond to phase voltages
for each tap of the transformer that are used in the melting process; line voltage can
vary between 550 and 960 V;

• f = 50 Hz;
• Rech = 0.47 mΩ;
• Lech = 5.5 mΩ;
• Source sample time = 1/10,000 s.

In Figure 2, ARC_Model represents the Matlab function for the model of the electric
arc illustrated in Equation (1). In this function, the input is the current of the electric arc
and the output is the voltage of the electric arc. In our simulation of parameters Rech and
Lech, we used Gain blocks from Simulink.

We then used Equation (16) to obtain the value for phase voltage while taking into
account the line voltage:

VS PHASE =
VS LINE√

3
(16)

To validate the mathematical model of the electric arc, two comparisons were per-
formed between the simulation and measurement results acquired using the data acquisi-
tion equipment described in [3].

The first comparison, shown in Figure 3, refers to the voltage and current waveforms
during the melting and refining stages.
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The second comparison, shown in Figure 4, refers to the voltage–current characteristic
of electric arc for the same stages of charge.
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Figures 3 and 4 show a strong similarity between the simulation and measurement results.

3. Control System Based on Fuzzy Logic

During the melting process at the stated plant, two kinds of regulation can be used.
One is given through changing the transformer tap, which leads to variable power values
that supply the electric arc furnace. The second kind of regulation is achieved by changing
the positions of the electrodes, leading to variable arc lengths. The first approach is
very useful in various melting phases, whereas the second is used throughout the melting
process, particularly during the melting stage, during which the majority of the disturbances
can occur.

In this paper, we propose an automated control system based on fuzzy logic to control
the electric arc power [79,80]. The proposed fuzzy logic controller was compared to a
conventional proportional derivative controller by considering the inputs, errors, and
derivatives of the errors [81]. The control system was tested in a closed loop.

Our fuzzy logic controller is suitable for systems that present nonlinearity and strong
random disturbances [13–15].

a. Implementation of the Fuzzy Logic Controller

This work proposes a fuzzy control with two inputs and one output, as shown in
Figure 5. The inputs include power error and error change. The output value represents the
direction and speed with which the electrode is moved. The speed of moving the electrode
decreases as the value approaches zero and increases as the value exceeds zero. Also, if
the value is negative, the electrode will be moved downward in the vertical axis from its
current position, whereas if the value is positive, the electrode will be moved upward in
the vertical axis. In this method, the arc length is held at a constant reference value.

For each of the fuzzy variables, we used seven fuzzy sets, i.e., NL, NM, NS, Z, PS, PM,
and PL, which correspond to Negative Large, Negative Medium, Negative Small, Zero,
Positive Small, Positive Medium, and Positive Large, respectively.

While designing the fuzzy controller, we considered membership functions of mixt
type. Therefore, we used trapezoidal membership functions for NL and PL and triangular
membership functions for the rest of the fuzzy sets.
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The Mamdani type fuzzy inference method, min–max inference engine, and centroid
type defuzzification processes were used.

The reference parameter of the control system was the power of the electric arc. The
hydraulic actuator represented the execution element, that in all the simulations was
considered as a system of PT1 type having the transfer function, H(s), illustrated in (16)
and time constant T = 0.75 s.

For each of the values of the reference parameter, we allowed an error of power
(controlled parameter) of 150 kW, a value that represents 8% of the total value of the
reference parameter.

Electric arc represents the process; it is a nonlinear element taking into account the
dependence between its voltage and current [77].

H(s) =
1

Ts + 1
(17)

Figure 6 presents the membership functions for power input variable error. The
universe of discourse for this input variable is in the range of −5.78 × 105 to 5.78 × 105.
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Figure 7 presents the membership functions for input variable change of error. The
universe of discourse for this input variable is in the range of −5 × 105 to 5 × 105.

Figure 8 presents the membership functions for the output variable, i.e., a value that
represents direction and speed, in order to move the electrode up or down on the vertical
axis. The universe of discourse for this output variable is in the range of −40 to 40.

Table 1 presents fuzzy rule-based techniques for developing the fuzzy inference
structure for the fuzzy logic controller. A fuzzy rule-based process was implemented by
performing multiple experiments and incorporating human experience. These rules ensure
that the electrode position is modified in order to operate the electric arc furnace without
interruptions, as well as to eliminate the injection of harmonics into the power network and
problems that may arise during the melting process (for example, electrode breakages).
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Table 1. Fuzzy rule based process for developing the fuzzy inference structure for the fuzzy logic
controller. N—Negative; P—Positive.

Controller Output
Change of Error

N Large N Medium N Small Zero P Small P Medium P Large

Error

N Large P Large P Large P Large P Large P Medium P Small Zero
N Medium P Large P Large P Large P Medium P Small Zero N Small

N Small P Large P Large P Medium P Small Zero N Small N Medium
Zero P Large P Medium P Small Zero N Small N Medium N Large

P Small P Medium P Small Zero N Small N Medium N Large N Large
P Medium P Small Zero N Small N Medium N Large N Large N Large

P Large Zero N Small N Medium N Large N Large N Large N Large

b. Implementation and Simulation of the Control System

In industrial plants, the most widely used taps of the transformer in the melting
process are 14, 15, 16, 17, and 18, with corresponding line voltages of 837 V, 864 V, 894 V,
925 V, and 960 V.

To determine both the maximum active power for each of the transformer’s most
frequently used taps and the arc length needed to attain the maximum active power, a
Simulink model for simulating an electric supply system of the electric arc furnace for
a single phase (from Figure 9) was utilized. In this Simulink model, the arc length was
modified from 0 to 60 cm using a Simulink Ramp block, and the supply voltage was set
with the matching values for each transformer tap, as previously indicated. The slope of
this ramp was set at 50.



Mathematics 2024, 12, 3445 10 of 26

Mathematics 2024, 12, x FOR PEER REVIEW  10  of  28 
 

 

Table 1. Fuzzy rule based process for developing the fuzzy inference structure for the fuzzy logic 

controller. N—Negative; P—Positive. 

Controller Output 
Change of Error 

N Large  N Medium  N Small  Zero  P Small  P Medium  P Large 

Error 

N Large  P Large  P Large  P Large  P Large  P Medium  P Small  Zero 

N Medium  P Large  P Large  P Large  P Medium  P Small  Zero  N Small 

N Small  P Large  P Large  P Medium  P Small  Zero  N Small  N Medium 

Zero  P Large  P Medium  P Small  Zero  N Small  N Medium  N Large 

P Small  P Medium  P Small  Zero  N Small  N Medium  N Large  N Large 

P Medium  P Small  Zero  N Small  N Medium  N Large  N Large  N Large 

P Large  Zero  N Small  N Medium  N Large  N Large  N Large  N Large 

b. Implementation and Simulation of the Control System 

In industrial plants, the most widely used taps of the transformer in the melting pro-

cess are 14, 15, 16, 17, and 18, with corresponding line voltages of 837 V, 864 V, 894 V, 925 

V, and 960 V. 

To determine both  the maximum active power  for each of  the  transformer’s most 

frequently used taps and the arc  length needed to attain the maximum active power, a 

Simulink model for simulating an electric supply system of the electric arc furnace for a 

single phase (from Figure 9) was utilized. In this Simulink model, the arc length was mod-

ified from 0 to 60 cm using a Simulink Ramp block, and the supply voltage was set with 

the matching values for each transformer tap, as previously indicated. The slope of this 

ramp was set at 50. 

 

Figure 9. Simulink model used  to obtain  the values of both  the arc  length and maximum active 

power for each of the most used tap of the transformer during the melting process. 

Figure 10 shows  the variations  in arc  length, as well as  the active power obtained 

from furnace transformer taps 14, 15, 16, 17, and 18. 

It can be observed that the maximum active power for tap 14 was 15.9 MW, for tap 

15 was 17 MW, for tap 16 was 18.2 MW, for tap 17 was 19.5 MW, and for tap 18 was 21.1 

MW. 

At the same time, the value of the arc length corresponded to the maximum active 

power that could be obtained for each of the transformer’s five most commonly used taps: 

Tap 14 had an arc length of 26.39 cm, Tap 15 27.4 cm, Tap 16 28.39 cm, Tap 17 29.89 cm, 

and Tap 18 30.89 cm. 

These values need to be understood by the control system. 

Figure 9. Simulink model used to obtain the values of both the arc length and maximum active power
for each of the most used tap of the transformer during the melting process.

Figure 10 shows the variations in arc length, as well as the active power obtained from
furnace transformer taps 14, 15, 16, 17, and 18.
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It can be observed that the maximum active power for tap 14 was 15.9 MW, for tap 15
was 17 MW, for tap 16 was 18.2 MW, for tap 17 was 19.5 MW, and for tap 18 was 21.1 MW.

At the same time, the value of the arc length corresponded to the maximum active
power that could be obtained for each of the transformer’s five most commonly used taps:
Tap 14 had an arc length of 26.39 cm, Tap 15 27.4 cm, Tap 16 28.39 cm, Tap 17 29.89 cm, and
Tap 18 30.89 cm.

These values need to be understood by the control system.
Active power control can be achieved in two ways: by changing the tap while keeping

the arc length fixed, or by preserving the tap while changing the arc length. Because tap
changing requires control of the primary contacts of a furnace transformer at currents
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ranging from 1.000 to 2.000 A, the second method of arc changing is frequently utilized
in the technological process. Based on this observation, the disturbances generated by arc
length changes can be calculated for the same tap curve. Figure 10 shows that modifying
the active power in the 16–20 MW domain led to an arc length modification of 20–25 cm for
tap 18. This carries an active power disturbance of 0.8 MW to a 1 cm arc length disturbance,
or 2.6% of the tap’s maximum active power.

Another reason for controlling the arc length is to prevent accidental variations in arc
length caused by breaking the electrodes or changing the distance between the electrodes
and scrap pieces during the melting process.

Figure 2 shows the model used to integrate the process into the control system. The
connection between the Simulink model for simulating the electric supply system of an
electric arc furnace for a single phase and the execution element from the control system
was achieved by using another input parameter, x, in the Matlab function; this was used
to model the behavior of the electric arc. The value of x is obtained from the execution
element and represents the movement of the electrode. This value was added to the initial
arc length. In order to do this, Equation (18), which describes the relation between the
extinction voltage of the electric arc and the length of the electric arc, was used.

Vex = A + B·Larc (18)

where A is a constant that has a value equal to the sum of the anodic and cathodic voltage
drop, i.e., A ∼= 40 V, and B is the voltage drop on the unity of the arc length, i.e., B ∼= 10 V/cm.

In the performed simulations, we chose the same values for the ignition and extinction
voltages for the two positive and negative periods of the supply voltage.

As mentioned before, in all the simulations, the execution element was considered as
a system of PT1 type having transfer function H(s), illustrated in (17), and time constant
T = 0.75 s. A Transfer Fcn block from Simulink was used in this case in the model.

In order to obtain the output power to be compared to the reference power, an Active
& Reactive Power block was used from Simulink library.

To make a connection between the fuzzy inference system and the fuzzy logic con-
troller, we used the Fuzzy Logic Controller block from Simulink, with the parameter of this
block being the name of the file containing the fuzzy inference system described previously
in this paper.

Several tests of the control system using different parameters are illustrated below.
These tests were used to evaluate the performance of the proposed control system in terms
of the timing of responses, overshoot, and response stability.

Individual simulation scenarios were chosen considering both the reference values and
the process itself. From the point of view of the reference, a constant value, step variation,
and a sequence of step variations were investigated. Step disturbances and a sequence of
step disturbances were investigated in terms of the process. Furthermore, the situation of
changing the tap of the transformer was modelled.

i. Control System for a Constant Reference

Figure 11 shows the Simulink model, which was used to simulate the functioning of
the control system as a reference.

In this control system, the reference value was set at 18.1 MW, which is suitable for
transformer tap 16. This signifies that the line voltage of the supply voltage that powers
the furnace was 894 V. This transformer tap is commonly used during the melting stage.

Figure 12 shows the system response using the Fuzzy Logic Controller, as well as
the variations in arc length considering a constant reference value. The system response
followed the reference exactly, and the arc length remained constant. At the same time, it is
important to note that the response did not oscillate.
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ii. Control System for Step Variation in the Reference

To simulate the functioning of the control system with step changes in the reference,
the Simulink model shown in Figure 13 was utilized.

In this control system, the reference value was first set to 18.1 MW, and the transformer
tap was set to 16. This signifies that the line voltage of the supply voltage that supplies
electricity to the furnace was 894 V. After 1 s of simulation time, the reference was updated
by decreasing it to 18 MW using a Simulink step block.

Figure 14 shows variations in the reference, the control system response, and the arc
length. When the reference changed, the Fuzzy Logic Controller detected the new reference
and sent commands to the execution element, increasing the arc length from about 29 cm
to approximately 30 cm. This led to the same output power as the reference.
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Figure 14. (a) Reference and response of the control system with a step variation in the reference;
(b) Arc variation when a step variation was used in the reference.

It can be seen that in this case study, the reaction of the system corresponded exactly
to the reference. At the same time, it is noticeable that the response was stable and showed
no oscillations.

iii. Control System for a Sequence of Step Variations in the Reference

To simulate the functioning of the control system for a sequence of step variations in
the reference, the Simulink model shown in Figure 15 was utilized. In this control system,
the transformer tap was set to 16. The sequence of step variations was simulated using
Simulink’s Manual Switch blocks. Four reference variations were considered.
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Figure 15. Simulink model for the control system for a sequence of step variations in the reference.

Figure 16 shows variations in the reference, the control system response, and the
arc length. It can be observed that the reference value was initially set at 18.1 MW. After
approximately 1.9 s of simulation time, the reference was adjusted, and it decreased to
17.9 MW. At 3.9 s, the reference power decreased again to 17.5 MW. At 6.5 s, the reference
power was increased to 18 MW, and at 8.2 s, it increased to 18.1 MW.
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Figure 16. (a) Reference and response of the control system for a sequence of step variations in the
reference; (b) Arc variation when a sequence of step variations in the reference was used.

When the reference changed, the Fuzzy Logic Controller detected the new value
reference and sent commands to the execution element to increase or decrease the arc
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length. Under this particular circumstance, the initial arc length was about 29 cm. After
the first variation of reference power, the arc length increased to about 30.9 cm. After the
second change in reference power, the arc length increased to about 32.3 cm. After the third
variation of reference power, the arc length decreased to approximately 30 cm, and after
the final change of reference power, it decreased to about 29 cm. This achieved the same
output power as the reference.

It can be seen that in this case study, the system response corresponded exactly to
the reference. At the same time, it is noticeable that the response was stable and showed
no oscillations.

iv. Control System for a Step Disturbance in the Process and a Constant Reference

The Simulink model shown in Figure 17 was used to simulate the manner in which
the control system functioned when a step disturbance was introduced into the process.
In this case, the reference value remained constant at 18.1 MW. In this control system, the
transformer tap was set to 16.
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Figure 17. Simulink model for the control system with a step disturbance in the process.

Problems in industrial plants can be caused by the movement of scrap in the furnace
tank during the melting stage. First, the scrap placed into the furnace tank changes in
design and form. After melting, a range of scrap shapes can be obtained for disposal in
the furnace tank. It is important to take into account this problem, because it may result in
damage to the furnace electrodes and cause the process to stop working.

Figure 18 shows variations in the reference, the control system response, and the arc
length. It can be observed that after 1 s of simulation time, a disturbance was injected into
the process using a Simulink step block, causing the arc length to change from the initial
value of 29 cm to about 27 cm. The Fuzzy Logic Controller detected this modification and
sent commands to the execution element, rejecting the disturbance and restoring the arc
length to 29 cm.

It can be noticed that in this case study, the system response corresponded exactly to
the reference. At the same time, it is noticeable that the response was stable and did not
exhibit oscillations.
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v. Control System for a Sequence of Step Disturbances in the Process and a
Constant Reference

The Simulink model shown in Figure 19 was used to simulate the functioning of
the control system for a sequence of step disturbances in the process. In this control
system, the transformer tap was set to 16. The sequence of step disturbances was simulated
using Simulink’s Manual Switch blocks. Four disturbances introduced into the process
were considered.
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Figure 19. Simulink model for the control system for a sequence of step disturbances injected into
the process.

Figure 20 shows the variation in control system response and arc length when several
disturbances were injected into the process.

The first disturbance was injected into the process at a simulation time of 1.8 s, causing
the arc length to increase from 29 cm to 31.5 cm and the system response to decrease from
18.1 MW to 17.7 MW.

A second disturbance was injected into the process at a simulation time of 2.8 s, causing
the arc length to decrease from 29 cm to 26.5 cm and the system response to increase from
18.1 MW to 18.4 MW.
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Figure 20. (a) Reference and response of the control system for a sequence of a step disturbances
injected into the process; (b) Arc variation when multiple step disturbances were injected into
the process.

A third disturbance was injected into the process at a simulation time of 6.8 s, causing
the arc length to increase from 29 cm to 35.3 cm and the system response to decrease from
18.1 MW to 16.4 MW.

A fourth disturbance was injected into the process at a simulation time of 9.2 s, causing
the arc length to decrease from 31 cm to 29 cm and the system response to increase from
18 MW to 18.1 MW.

The Fuzzy Logic Controller compensated for the effects of each disturbance injected
into the process and maintained the arc length at the selected initial value.

It can be seen that in this case study, the system response overcame all of the distur-
bances injected into the process and restored the arc length to its initial value. At the same
time, it is noticeable that the response was stable and showed no oscillations.

vi. Control System for a Sequence of Step Variations in the Process and the Reference

When the transformer is connected to a tap in an industrial plant, multiple reference
power values can be used. At the same time, disturbances may occur during the melting
stage at various moments in time. The Simulink model shown in Figure 21 was used
to simulate the functioning of the control system for a variety of step variations of the
reference for the same transformer tap, as well as injecting a sequence of step variations
into the process. The sequence of step variations was simulated using Simulink’s Manual
Switch blocks. Four reference variations were considered, and for each reference value,
multiple disturbances were injected into the process. The disturbances injected into the
process affected the length of the arc in a manner that was comparable to a real process.

Figure 22 shows variations in the reference, the control system response, and arc
length. It can be seen that the reference value was initially set at 18.1 MW. For this reference,
three disturbances in the process were injected. The first disturbance increased the arc
length from 29 cm to approximately 31 cm; the second disturbance decreased the arc length
from 29 cm to about 26.5 cm; and the third disturbance increased the arc length from 29 cm
to approximately 35 cm.

After 6 s of simulation, the reference power value was set at 17.9 MW. The controller
detected this change and adjusted the length of the arc so that the process output had the
same power value as the reference, i.e., so that the actual arc length was 31 cm. For this new
value, three disturbances were injected into the process. The first decreased the arc length



Mathematics 2024, 12, 3445 18 of 26

from 31 cm to around 25 cm; the second increased the arc length from 31 cm to around
34 cm; and the third decreased the arc length from 31 cm to around 29 cm.
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After 12.7 s of simulation, the reference power value was set to 17.5 MW. The controller
detected this change and adjusted the length of the arc so that the process output had the
same power value as the reference, i.e., so that the actual arc length was 32.5 cm. For this
new value, three disturbances were injected into the process. The first increased the arc
length from 32.5 cm to around 34.2 cm; the second decreased the arc length from 32.5 cm to
around 29.3 cm; and the third increased the arc length from 32.5 cm to around 38.2 cm.

After 19.2 s of simulation, the reference power value was set to 18 MW. The controller
detected this change and adjusted the length of the arc so that the process output had the
same power value as the reference, i.e., so that the actual arc length was 30.5 cm.

It can be observed that the Fuzzy Logic Control compensated for the influence of each
disturbance by obtaining the value of the reference power at the same arc length as the
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corresponding one. The system response was identical to the reference, with no oscillations
and a state of stability.

The sequence of disturbances injected into the process can be of a random nature, with
the controller managing to compensate for the effect of each.

vii. Modifying the Tap of the Transformer by Injecting a Sequence of Step Variations into
the Process for Each Tap

A control system to regulate the behavior of an electric arc when changing the tap
transformer is crucial, as demonstrated in a previous study [82].

There are two types of regulation that relate to the industrial plant under study. One
is utilized for the same melting stage, with the goal of maintaining the transformer tap on
the same plot and adjusting the value of the reference around the maximum power that
can be obtained for this tap. The second is used during different melting phases (melting,
refining, etc.) when the transformer tap is changed, resulting in varied reference powers.
At the same time, disturbances might occur during the melting stage at different moments
in time.

The Simulink model shown in Figure 23 was used to simulate the implementation
of a control system for a sequence of step variations of the reference for different taps of
the transformer, as well as to inject a sequence of step variations into the process. The
sequence of step variations was simulated using Simulink’s Manual Switch blocks. Five
transformer taps were investigated, leading to five variants of the reference. For each
reference value, various disturbances were injected into the process. As with the real
process, the disturbances injected into the process affected the length of the arc.
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Figure 23. Simulink model when the tap of the transformer was changed and a sequence of a step
variations in the process for each tap was injected.

Figure 24 shows variations in the reference, the control system response, and arc
length. The reference value was initially set on transformer tap 14, with a reference power
value of 15.5 MW. Four disturbances in the process were injected for reference. The first
disturbance increased the arc length from 29 cm to about 31 cm, the second decreased the
arc length from 29 cm to about 27 cm, the third increased the arc length from 29 cm to about
35 cm, and the fourth decreased the arc length from 29 cm to about 24.7 cm.

After 10 s of simulation, the transformer tap was changed from tap 14 to tap 18,
resulting in a reference power value of 20 MW. In this case, the arc length was modified so
that the process output would have the same power value as the reference, i.e., the real arc
length was 36 cm. For this new value, four disturbances were injected into the process. The
first disturbance increased the arc length from 36 cm to about 37.5 cm; the second decreased
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the arc length from 36 cm to about 33 cm; the third increased the arc length from 36 cm to
about 42 cm; and the fourth decreased the arc length from 36 cm to about 32 cm.
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After 20.5 s of simulation, the transformer tap was changed from tap 18 to tap 17,
leading to the reference power output of 18 MW. In this case, the length of the arc was
modified to ensure that the process output had the same power value as the reference, i.e.,
so that the real arc length was 33 cm. Three disturbances were injected into the process
to achieve this new value. The first disturbance decreased arc length from 33 cm to about
32 cm; the second increased the arc length from 33 cm to about 38.5 cm; and the third
decreased the arc length from 33 cm to about 27.5 cm.

After 27 s of simulation, the transformer tap was changed from tap 17 to tap 16,
leading to a reference power value of 16.5 MW. The tap was changed before the process had
completely compensated for the prior injected disturbances. The controller detected this
change and adjusted the length of the arc so that the process output had the same power
value as the reference, i.e., so that the real arc length was 30.2 cm. Five disturbances were
injected into the process to accomplish this new value. The first disturbance decreased the
arc length from 30.2 cm to about 29 cm; the second increased the arc length from 30.2 cm to
about 33.5 cm; the third decreased the arc length from 30.2 cm to about 27 cm; the fourth
increased the arc length from 30.2 cm to about 36 cm; and the fifth decreased the arc length
from 31 cm to about 25.5 cm.

After 32 s of simulation, the transformer tap was changed from tap 16 to tap 15, leading
to a reference power output of 15.5 MW. The controller detected this change and adjusted
the length of the arc so that the process output had the same power value as the reference,
i.e., so that the actual arc length was 31 cm. Three disturbances were injected into the
process to achieve this new value. The first disturbance decreased the arc length from 31 cm
to about 29 cm, the second increased the arc length from 31 cm to about 34 cm, and the
third increased the arc length from 31 cm to about 29 cm.
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It can be observed that the Fuzzy Logic Control compensated for the effect of each
disturbance by determining the value of the reference power required to maintain the same
arc length.

At the same time, for each tap of the transformer, the control system response precisely
matched the reference and did not show oscillations, remaining stable.

The sequence of disturbances injected into the process could be of a random nature,
with the controller managing to compensate for the effect of each. Even if a new disturbance
was injected into the process before the previous one had been compensated for, or if the
disturbances were of the same type (increasing or decreasing arc length), the controller had
the ability to compensate for their effect.

4. Results and Discussion

The electrode regulator system is essential for the functioning of an electric arc furnace.
The control system performance of an electric arc furnace impacts both the energy usage
and product quality. This is why it was essential to develop a control system for controlling
the electrode position.

Electrode regulation is utilized to compensate for disturbances that may be injected
into the process during electric arc furnace operation, as well as to maintain the value of
the reference parameter under consideration.

The electrode regulator system of an electric arc furnace is used to improve the
power and energy consumption of the furnace by adjusting the arc length in order to
maintain a constant arc resistance. The main issues include electrode breakage, voltage
fluctuations, imbalances in the three phases of the supply voltage, high reactive power, and
harmonic currents.

To test the proposed control system, the maximum active power of the electric arc
and the corresponding arc length were determined for each of the most commonly used
transformer taps in the melting process, as these values are important for the control system.

The process was integrated into the control system, and multiple tests were carried
out. For the first test, the power reference value was maintained constant, the process
functioned well, and the initial arc length was 29 cm. The results of this test showed that
the control system response completely matched the reference. Furthermore, the system
performance was evaluated in terms of overshoot, tuning time, steady-state precision,
and resilience.

In the second test, the simulation was initiated for a specified value of the reference,
and at different moments in time, step variations in the power reference were introduced;
the process functioned normally, and the initial arc length was 29 cm. During the duration
of this test, it was found that the control system response remained exactly the same, even
when the reference value was changed. In addition, the system performance was evaluated
in terms of overshoot, tuning time, steady-state precision, and robustness.

In the third test, the simulation was started for a particular reference value, and at a
particular moment in time, a step variation in the power reference was injected; the process
functioned normally, and the initial arc length was 29 cm. This test demonstrated that the
control system response remained exactly the same, even after the reference value had been
changed multiple times. Furthermore, the system performance was examined in terms of
overshoot, tuning time, steady-state precision, and robustness.

In the fourth test, the reference was maintained constant, and in the process, a step
variation was introduced, with the initial arc length being 29 cm. While performing this
test, it was noted that the controller compensated for the effect of the injected disturbance
in the process. The performance of the system was obtained taking into consideration
overshoot, tuning time, steady-state precision, and robustness.

In the fifth test, the reference was maintained constant, and in the process, multiple
step variations were introduced at different moments of time, with the initial arc length
being 30 cm. While performing this test, it was noted that the controller compensated for
the effect of all the injected disturbances in the process. Also, the performance of the system
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was evaluated taking into consideration overshoot, tuning time, steady-state precision,
and robustness.

In the sixth test, the simulation was started for a specific value of the reference; at
different moments of time, the value of the reference was changed, and in the process,
multiple step variations were introduced at different moments for each of the new values
of the reference. When we started the simulation, the initial arc length was 30 cm. In this
case, we used multiple values of the reference power for the same tap of the transformer.
While performing this test, it was noted that the controller compensated for the effect of all
the injected disturbances in the process, and also that the response of the system followed
the reference precisely. Also, the performance of the system was evaluated taking into
consideration overshoot, tuning time, steady-state precision, and robustness.

In the last test, a simulation was started for a specific value of the reference; at different
moments of time, the value of the reference was changed, but also the tap of the transformer
was changed, and in the process, multiple step variations were introduced at different
moments in time for each of the taps of the transformer. In this way, we simulated multiple
steps that were executed during the melting process (different melting stages). When we
started the simulation, the initial arc length was 30 cm. While performing this test, it was
observed that the controller compensated for the effect of all the injected disturbances in
the process, and also that the response of the system precisely followed the reference. Also,
the performance of the system was evaluated taking into consideration overshoot, tuning
time, steady-state precision, and robustness.

5. Conclusions

A mathematical model to simulate the behavior of an electric arc was developed by
the authors. This model is based on the electric arc’s voltage–current characteristics. To
simulate the electric arc furnace process in Matlab, a simplified electrical supply system for
a single phase power supply voltage was implemented, as is commonly used in practical
simulations. The Matlab model used the same characteristics as an industrial plant.

In this paper, we have proposed a novel control strategy for electrode regulation using
fuzzy logic controller that can be compared with a conventional proportional derivative
controller. It is very important that the mathematical model of the process be included in
the closed-loop control system.

Fuzzy logic was suitable for the considered system because it reflects nonlinearity.
In this paper, a fuzzy logic controller was used to control the power of an electric arc

furnace. The reference was the power of the electric arc, and the fuzzy logic controller had
two inputs and one output. There were two inputs: error and change of error. The output
value represented the direction and speed used to move the electrode.

This study simulated electrode regulation for a single phase because, in an industrial
plant, each of the three electrodes has its own control system. Adjusting the electrode
position affects the power of an electric arc. Hydraulic actuators are utilized in real plants
to move electrodes up and down on the vertical axis.

The proposed control system was also utilized to compensate for the effects caused by
disturbances that may occur in electric arc furnaces and be injected into the power network
system, affecting other equipment connected to the same network. Another objective for
the proposed control system was to achieve the lowest possible electric energy consumption
for the electric arc furnace.

Based on the simulation results obtained by using fuzzy logic control for electrode
regulation, it is obvious that the proposed control system has several benefits, including
high steady-state precision, extremely small system overshoot, fast tuning time, and a high
level of robustness.

Using the proposed control system, another parameter, such as electric current, can
be used as a reference. The fuzzy inference system can also be adapted to include the
corresponding discourse universe for various control systems. This study has demonstrated
that the fuzzy logic controller represents a better method for controlling active power by
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adjusting the electric arc length. One effect is the reduction in the time required for
charge elaboration, which represents an unquantifiable cost advantage. Another benefit of
controlling the arc length is that it prevents accidental fluctuations in arc length produced
by breaking the electrodes or changing the distance between the electrodes and scrap pieces
during the melting process. Obviously, such accidents might result in costs, which could be
avoided by applying this method.

It is important to mention that these advantages may be obtained at almost no extra
expense, because the actual installations remain identical, with the only changes being
improvements to the soft control management.

The use of a fuzzy logic controller ensures the continuous functioning of the furnace,
eliminating harmonic currents from the power supply system and preventing damage
that may occur during the steelmaking process, such as electrode breakages. All of these
variables contribute to the increased reliability of the electrical installation of the electric
arc furnace.

Overshoot, tuning time, and steady-state accuracy were all tested, and it was found
that the fuzzy logic controller minimized overshoot while preserving the desired properties.
The controller fine-tuned the arc lengths to ensure constant power, and it compensated for
disturbances and fluctuations in voltage with great accuracy and stability.

The authors considered implementing fuzzy logic control systems for electrode control
because of the higher robustness and efficiency of such a model. Future research might
focus on improving power quality issues such as harmonics, flicker, and voltage unbalances.
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