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ABSTRACT This paper proposes a mathematical model of an electric arc furnace (EAF) system based on
the voltage and current (V–I) field data. The proposed method is formulated using the ellipse equation, which
is derived from the measurement profile of real EAF systems. This paper also presents the harmonics and
power-pattern information corresponding to the smelting processes (boring, melting, and refining) in order to
realistically design an EAF for potential industrial applications. The third harmonic component significantly
affects the shape of the V–I curve in realistic EAF systems, while the periodic power fluctuation is closely
associated with the size of the ellipse. These characteristics can be formulated and designed by the proposed
method, and even in the absence of the V–I profile, an EAF model can be generated using the generalized
information provided in this paper. The electrical phenomenon in the proposed method is mathematically
verified using the PSCAD/EMTDC software.

INDEX TERMS Electric arc furnace, iron furnace, aluminum furnace, ladle melt furnace, ellipse formula.

I. INTRODUCTION
An electric arc furnace (EAF) generally exhibits random and
nonlinear characteristics that cause power quality problems
and threaten the stability of the connected power system in
severe cases. EAFs are considered as problematic loads with
respect to the power quality concerns because of their non-
linear characteristics, resulting in penalty payments for grid-
code violations. Specifically, the flicker is a critical concern,
as the EAFs irregularly consume large amounts of active
and reactive power [1], [2], and the asymmetrical operating
condition of the EAF system should be investigated in the
transmission system [3]. Additionally, the harmonics from
the EAF load is one of the main issue [1], [4]–[6], containing
particularly a significant third harmonic component [7]. The
interactions with the capacitance and reactance elements in
the network is investigated in [8], [9]. To ameliorate these
power quality problems, additional compensation equipment
such as passive filters [4], [10], active filters [11]–[13]
and static VAR compensators (SVCs) are studied [14], [16].

The associate editor coordinating the review of this manuscript and

approving it for publication was Shiwei Xia .

Various approaches have been proposed in previous stud-
ies to develop a model for the EAF systems to handle the
aforementioned issues. Since a simulation model that shows
the load characteristics of EAF is essential to analyze the
problem through case study [17], [18], existing techniques
have been reported such as the voltage–current (V–I) charac-
teristic method [19]–[23], time-domain equivalent nonlinear
circuit method [17], [24], and frequency domain analysis for
a nonlinear differential equation, and the random and chaotic
approaches [24], [25].

Regarding harmonics concerns, numerous approaches
have been introduced such as multiple synchronous frame
method [11], [26], wavelet transformation [27], Kalman
filter [12], spectral optimization [13], and data-driven strate-
gies [11], [28], [29]. To accurately calculate power con-
sumption of EAFs, advanced prediction methods [16], [30],
frequency domain estimation [31], and an improved
filter-based calculation [15].

Among them, this study focuses on the V–I characteri-
zation to develop an EAF model. Previously, V–I curve for
each phase is presented in [3], [24] to assess an unbalanced
problem due to EAF. Also, references [24], [32] investigate
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the power quality issues, including flicker and harmonics
with time-domain simulation.

Meanwhile, the measured V–I characteristics of the
industry EAF are embodied with time-varying equivalent
impedance values in [19], [33]–[35]. This approach is advan-
tageous as it allows for the formation of an impedance
model that can handle the power characteristics of the EAF
system according to industrial application. Also, this facil-
itates the analysis of the power system, including aspects
such as system protection, oscillation, and resonance issues,
since EAF systems involve grid impedance components [8],
[9], [36]–[38]. Furthermore, the proposed impedance model
can incorporate the characteristics for each manufacturing
process (boring, melting, and refining), and it is observed
that the proposed model comprehensively simulates the
EAF system.

Similar fashion to this V–I modeling method, previous
approaches such as stochastic modeling [22], [23], [35],
optimization technique [34], and data-training method [21]
have provided high-accuracy models to handle various
power quality problems associated with EAF; however,
these approaches have its own limitation to adjust the
model or build a new model due to their unavoidable
complex structures. Hence, we propose a method which
can create the model by simply applying the measurement
data.

The proposed modeling process collects the V–I mea-
surement data and represents the characteristics, including
the low-frequency oscillations and harmonics, as the ellipse
formula. It provides a mathematical foundation for the EAF
system modeling. Furthermore, this study presents a method
to form the time-varying impedance model with the given
data (in this paper) in the absence of the V–I profile, such
as in the planning stage.

The advantages and contributions of the proposed method
are summarized as follows:

• Formation of the time-varying impedance model for the
detailed manufacturing processes (boring, melting, and
refining) associatedwith theV–I profile of practical EAF
systems.

• Establishing a theoretical framework for EAF modeling
and creating an ellipse formula including the effects of
the low-frequency oscillation and third harmonic com-
ponents.

• Providing a framework for the EAF system modeling in
the absence of the measurement data for the industrial
applications.

The remainder of this paper is organized as follows.
Section II describes the manufacturing process and the
voltage–current characteristics. Section III introduces the
development of the EAF model with and without the
measurement data and provides a mathematical founda-
tion using the ellipse formula. Section IV presents the
case studies to verify the application of the proposed
method.

FIGURE 1. The furnace process including three steps (a) boring,
(b) melting, and (c) refining.

FIGURE 2. The single-line diagram of the network including EAF system
represented as the time-varying impedance.

II. DESCRIPTION OF ELECTRIC ARC FURNACE SYSTEM
A. SMELTING PROCESS
Owing to the random nature of an EAF, identifying the
pattern of the power consumption is difficult even for the
equivalent steel material. Therefore, an EAF model with
greater accuracy is required to assess the stability of the power
system, including the power quality concerns. In this paper,
the furnace types are iron furnace, aluminum furnace, and
ladle melt furnace (LF). Moreover, the smelting process is
further classified into three processes, i.e., boring, melting,
and refining, and a model corresponding to each process is
built to describe an accurate load characteristic.

Figure 1 shows the smelting process: boring, melting,
and refining. In the first step, the boring process causes
severe power quality problems such as significant harmon-
ics and flickers. The melting process is observed to be
more stable than the first step; however, the nonstationary
currents flow into the network because of the raw mate-
rials that have not been completely melted. Lastly, in the
refining stage, the arc length and the current magnitude
exhibit the least amount of change owing to the liquid
materials.

It must also be noted that EAF systems are interfaced
with electric power systems. Thus, it is beneficial to develop
an impedance model considering all of the above processes
owing to the interactions between EAF systems and grid-side
impedance components [9], [39].

Consequently, the entire system can be represented as
shown in Fig. 2. The filter banks for the harmonic rejec-
tion are included in the network. The network embodies the
EAF system as the time-varying impedance on the secondary
side of the transformer. This study presents the develop-
ment of the time-varying impedance components correspond-
ing to the type of furnace system and the steps described
above.
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FIGURE 3. V–I curve with field data of existing ladle furnace in
South Korea.

B. V–I MEASUREMENT DATA OF AN ACTUAL ARC
FURNACE SYSTEM
The availability of a modeling method based on the V–I field
data is considered in this section. Firstly, the V–I character-
istics of the EAF system are considered for the impedance
modeling.

The V–I curve is illustrated as shown in Fig. 3 using
the field measurement of an LF in South Korea. The LF
has a more stable process when compared to the EAFs,
due to which the current and voltage for fundamental fre-
quency exist dominantly among various harmonic compo-
nents. Therefore, the V–I characteristics approximate the
shape of an ideal ellipse.

To establish the mathematical foundation, the magnitude
and phase information of the fundamental frequency compo-
nent is obtained through fast Fourier transforms (FFT). The
V–I characteristic is then derived using the obtained informa-
tion of the fundamental frequency component as follows:{

v(t) =
√
2V1 sin(ωt + θv1)

i(t) =
√
2I1 sin(ωt + θi1)

(1)

where V1, θv1, I1, and θi1 are the values obtained through the
FFT, and v(t) and i(t) are the voltage and current functions
based on the measurement data, respectively.

Figure 4 shows the V–I curve (blue) based on (1) in com-
parison to the curve (gray) of the measurement data of an
existing LF system. It can be stated that the measurement
data present the V–I characteristics of the actual EAF since
the features of the two ellipses illustrated in Fig. 4 are almost
identical. Furthermore, it implies that the EAF system can
be simulated with time-varying impedance including the V–I
information.

III. ELECTRIC ARC FURNACE MODELS BASED ON ELLIPSE
FORMULA
A. IMPEDANCE MODEL BASED ON V–I MEASUREMENT
DATA
The characteristics of an existing EAF system are represented
as an ellipse with a formula in Section II. Consequently,
this study presents a method to formulate a time-varying
impedance based on the ellipse formula. The formulation
process for time-varying impedance is illustrated in Fig. 5.

FIGURE 4. V–I curve with field data and the ellipse with FFT data.

FIGURE 5. Modeling process for the time-varying impedance with V–I
measurement data of an actual EAF system.

The profile of the voltage and current must be collected
for an actual EAF system in order to form the time-varying
impedance as shown in Fig. 6. In this research, we installed
a field data measuring equipment on the secondary side of
the transformer at an real EAF site in South Korea and mea-
sured the voltage and current with the sampling frequency
of 100 kHz. Then, based on the real data of EAF voltage
and current profiles, we carry out the analysis using PSCAD
software and calculate the active power and reactive power,
and acquire the harmonic information.

The voltage source behind the impedance in Fig. 6 rep-
resents the harmonic voltages occurring inside the furnace.
The voltage, vharm, includes the nth-order harmonics, given
as follows:

vharm(t) =
n∑

h=1

√
2Vh(t) sin(hωt + θh(t)) (2)

where Vh, fh, and θh are the values obtained from the V–I
profile.

To sum all the harmonic components up to the nth order
(up to the 50th in this study), vharm represents the internal
harmonic voltage of the EAF systems.
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FIGURE 6. The impedance model of EAF system.

The voltage and current functions can then be obtained as
follows:

vMES(t) =
n∑

h=1

√
2Vh(t) sin(hωt + θv,h(t))

iMES(t) =
n∑

h=1

√
2Ih(t) sin(hωt + θi,h(t))

(3)

where Vh, Ih, θv,h, and θi,h are the RMS voltage, RMS current,
voltage phase angle, and current phase angle information for
each harmonics orders of actual measured data, respectively.

With these obtained information, the phase angle at which
the V–I characteristic can be implemented as a formula can
be derived in (4).

θARC,h(t) = θv,h(t)− θi,h(t) (4)

Based on (3) and (4), the information on the V–I can be
reorganized as shown in Fig. 7(a). The power calculation for
the EAF is performed using the above equations as follows:

PMES(t) =
n∑

h=1

Vh(t)Ih(t) cos θARC,h(t)

QMES(t) =
n∑

h=1

Vh(t)Ih(t) sin θARC,h(t)

(5)

The active and reactive powers are illustrated with the
angle at which the V–I characteristics are implemented,
as shown in Fig. 7(b).

Essentially, the active and reactive power values are
obtained to produce the time-varying impedance compo-
nents, including the resistance, RARC(t), and the reactance,
XARC(t). {

PMES(t) = [IMES(t) ]2RARC(t)
QMES(t) = [IMES(t) ]2XARC(t)

(6)

where IMES is the RMS components for iMES in (3).
In summary, the time-varying impedance components can

be derived as follows using the active and reactive power
calculations according to (3)–(6).

RARC(t) =
PMES(t)

[IMES(t) ]2

LARC(t) =
QMES(t)

ω[IMES(t) ]2

(7)

In other words, the time-varying impedance model of the
EAF system can be formed through (3)–(7) based on the field
measurement.

FIGURE 7. V–I coordination and P-Q coordination with the angle of the
EAF system.

FIGURE 8. Ellipses illustrated by the impedance model configured by
(a) pure resistance and (b) pure inductance.

FIGURE 9. Ellipse illustrated by the time-varying impedance model for
EAF system.

FIGURE 10. Ellipses illustrated by (a) the time-varying impedance model
(proposed model) and (b) V–I measurement data.

B. MODELING BASED ON ELLIPSE FORMULA
REGULATION
The ellipse consists of the sinusoidal waveform of the current
(x-axis) and voltage (y-axis) represented in the Cartesian

155612 VOLUME 9, 2021



C. Lee et al.: Measurement-Based Electric Arc Furnace Model Using Ellipse Formula

FIGURE 11. Effects of the third harmonics components (ellipse illustrated
by V–I measurement data of iron furnace).

FIGURE 12. Ellipse illustrated by (a) V–I measurement data of iron
furnace and (b) FFT data including fundamental frequency and third
harmonic elements.

FIGURE 13. Effects of power oscillations: (a) ellipse illustrated by V–I
measurement data with power oscillations; (b) power oscillations on
active- and reactive power.

coordinates as shown in Fig. 3. To organize (1) into Cartesian
coordinates, it can be expressed as follows:{

x : i(t) = I sin(ωt + θi)
y : v(t) = V sin(ωt + θv)

(8)

where I , V , θi and θv are the RMS current, RMS voltage,
current angle and voltage angle for EAF system, respectively.
It facilitates the representation of the V–I characteristics as
an ellipse formula when the EAF system is modeled with the
time-varying impedance in (7).

Subsequently, the effect of the impedance components on
the V–I characteristics, that is, the shape of the illustrated
ellipse, is analyzed.

FIGURE 14. Modeling process for time-varying impedance with the
generalized data in tables in Appendix (without V–I measurement data).

FIGURE 15. Ellipse illustrated by the generalized data in tables in
Appendix.

When the time-varying impedance contains only the resis-
tance component, the ellipse is expressed as follows:x(t) =

V
R
sinωt

y(t) = V sinωt
(9)

The linear V–I characteristics are observed as shown in
Fig. 8(a) since the x-axis component and the y-axis compo-
nent are in the same phase as represented in (9).

As the time-varying impedance contains only the reactance
component, the ellipse is expressed as follows:x(t) =

V
ωL

sin(ωt − 90 ◦)

y(t) = V sinωt
(10)

A vertical ellipse is observed as shown in Fig. 8(b) since
the x-axis component and the y-axis component have a phase
difference of 90◦ as represented in (10).

By incorporating these two components, the ellipse model
with the resistance and reactance components is derived as
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FIGURE 16. Case study result of aluminum furnace system: comparison of the V–I curve (by
measurement data) with the ellipse (by the proposed model) for the three steps: (a) boring,
(b) melting, and (c) refining.

FIGURE 17. Case study result of aluminum furnace system: voltage and current waveform, VUFs, and harmonic spectrum for the three
steps: (a) boring, (b) melting, and (c) refining.
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FIGURE 18. Case study result of iron furnace system: comparison of the V–I curve (from measurement data) with the
ellipse (from the proposed model) for the three steps: (a) boring, (b) melting, and (c) refining.

follows: x(t) =
V√

R2 + (ωL)2
sin(ωt + θi)

y(t) = V sin(ωt + θv)
(11)

Based on these observations, the ellipse corresponding to
the EAF system can be formed with both resistance and
reactance as shown in Fig. 9. As observed in Fig. 9, the
x-intercept is the magnitude of the measured current, I (equal
to V/

√
R2 + (ωL)2), and the y-intercept is the magnitude of

measured voltage, V , expressed as (8). It is thus confirmed
that the impedance components determine the shape of the
ellipse representing the EAF system. For instance, the size of
the impedance (θARC in (4)) determines the tilting angle of
the ellipse, as shown in Fig. 9.
The correlation between the impedance components and

the V–I characteristics is demonstrated with the actual mea-
surement data. In Section II, Fig. 4 already illustrated that
the two ellipses are similar in shape, that is, the model
based on the ellipse formula (1) corresponds to the existing

EAF system. The ellipse is then illustrated based on the
time-varying impedance model in (11), as shown in Fig. 10.
In summary, it is verified that the ellipse model, consisting of
the time-varying impedance, can appropriately describe the
characteristics of the actual EAF system, as shown in Fig. 10.

C. EFFECT OF THE THIRD HARMONIC COMPONENTS AND
POWER OSCILLATIONS
Among all the harmonic components in the V–I data for an
existing EAF system, the fundamental and the third-harmonic
components generally have a dominant magnitude [7]. For
instance, the actual measurement data for the iron furnace
system are presented in Fig. 11. The central part of the ellipse
is concave, owing to the third harmonic component. Based
on the information on the harmonic components, the ellipse
formula is obtained as follows:

{
v(t) = V1 sin(ωt + θv1)+ V3 sin(3ωt + θv3)
i(t) = I1 sin(ωt + θi1)+ I3 sin(3ωt + θi3)

(12)
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FIGURE 19. Case study result of iron furnace system: voltage and current waveform, VUFs, and harmonic spectrum for the three steps: (a) boring,
(b) melting, and (c) refining.

where V1, θv1, V3, θv3, I1, θi1, I3, and θi3 are the values
obtained through the FFT, and v(t) and i(t) are the volt-
age and current functions based on the measurement data,
respectively.

Illustrating the ellipse including the fundamental and the
third harmonic component information, the ellipse (gray)
determined from the V–I measurement is similar in size and
shape to the curve (blue) based on (12) as shown in Fig. 12.
This indicates that the third harmonic component can reshape
the ellipse formula for the EAF systems.

Meanwhile, the low-frequency oscillation of the power
waveform can also affect the size of the ellipse. Figure 13(b)
shows the low-frequency oscillations of the active and reac-
tive power waveforms. The overall size and tilting angle of
the ellipse is observed to be consistently fluctuating due to
the low-frequency oscillations, as shown in Fig. 13(a).
Considering the relationship in (7), the oscillation of power

affects the magnitude of the voltage and current, as it changes
RARC(t) and LARC(t). A time-varying impedance model is
developed in this study which includes the active and reactive
power components as shown in (7).

In summary, the developedmodel can include the effects of
harmonics and low-frequency oscillations of the EAF system.

D. MODELING METHOD WITHOUT V–I MEASUREMENT
DATA
This section considers the case in which the voltage and cur-
rent profiles are not given. The system planner often attempts
to create an electrical EAF model before constructing the

furnace. This study presents an appropriate modeling method
for the creation of a pre-study model for the EAF without the
field measurement data.

The low-frequency power oscillation and the third har-
monic component determine the overall shape of the ellipse
model, as explained in the previous section. Thus, these
data are required to perform the modeling of the EAF
system in advance. Consequently, the generalized data for
low-frequency power and harmonics are presented in this
study, which can be referenced in the modeling without the
field measurement data, particularly for the pre-study in the
planning stage.

The modeling process without the V–I profile is demon-
strated using the data provided in Tables 1, 2 and 3 (in the
Appendix). The overall process is illustrated in Fig. 14.
In contrast to the process starting from (3) in

Section III-A, this proposed method acquires the voltage and
current information from the data provided in this paper.

vm,h(t) =
15∑
h=1

√
2Vm,h(t) sin(hωt + θv,h(t))

im,h(t) =
15∑
h=1

√
2Im,h(t) sin(hωt + θi,h(t))

(13)

where Vm,h, Im,h, θv,h and θi,h are the values obtained from the
V–I profile in Table 2.

Firstly, the calculations for the active and reactive
power components are performed based on (14) and (15),
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FIGURE 20. Case study result of ladle furnace: comparison of the V–I curve (by measurement data) with the
ellipse (from the proposed model) for the three steps: (a) beginning, (b) transients, and (c) steady state.

similar to (5).

Pexam(t) =
15∑

h=0.1

Pm,h sin(2πht + θrand) (14)

Qexam(t) =
15∑

h=0.1

Qm,h sin(2πht + θrand) (15)

where θrand is the random angle value, and Pm,h and Qm,h are
the active and reactive power values for the low-frequency
components (from 0.1Hz to 15Hz in this paper), respectively.

These power components include the low-frequency infor-
mation in Table 3 since the low-frequency power is a major
factor in the determination of the V–I characteristics of the
EAF as shown in Fig. 13.
Based on (14) and (15), the power calculations are per-

formed for the EAF system. Using the generalized data in
Table 1, the power rating (Prated and Qrated) and the average
power values, (Pavg and Qavg) can be proportionally adjusted
corresponding to the rating of the target system. The values

can then be practically scaled depending on the system, as fol-
lows:

PDAT(t) =
(Pexam(t) + Pavg)Prated

Pbase
(16)

QDAT(t) =
(Qexam(t) + Qavg)Qrated

Qbase
(17)

As the current function in (13), the RMS current compo-
nent is obtained as follows:

IDAT(t) =
1
√
2

√√√√ 15∑
h=1

i2m,h(t) (18)

Similar to (7), the time-varying impedance components are
obtained as follows:

RARC(t) =
PDAT(t)

I2DAT(t)
(19)

LARC(t) =
QDAT(t)

ωI2DAT(t)
(20)

VOLUME 9, 2021 155617
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FIGURE 21. Case study result of ladle furnace system: voltage and current waveform, VUFs, and harmonic spectrum for the three steps: (a) beginning,
(b) transients, and (c) steady state.

To demonstrate the modeling process, the ellipse
with (14)–(20) based on the generalized data is presented in
Fig. 15. It is observed that the method accurately describes
the V–I characteristics of the EAF system. Most importantly,
this method enables system engineers to model and assess the
EAF system at the planning stage without the V–I profiles.

IV. CASE STUDY
A. ALUMINUM FURNACE SYSTEM
This section demonstrates the applications of the pro-
posed modeling method for an aluminum furnace sys-
tem. A time-varying impedance model is formulated in the
PSCAD/EMTDC simulation based on the V–I field data
of the aluminum furnace. As described in Section III, the
ellipse formulae are based on the process illustrated in
Fig. 5. A model is developed corresponding to each of the
three processes of aluminum smelting, i.e., boring, melt-
ing, and refining. The results of the case study are pre-
sented in Fig. 16. The ellipses (gray) drawn by the V–I
measurement data and the curves (cyan, blue, and pur-
ple) drawn through the simulation are identical in size and
shape.

Additionally, the voltage and current waveforms in the
time-domain for the V–I curve of Fig. 16 are presented in
Fig. 17. As shown in Fig. 17, the fluctuation of the cur-
rent waveform has a random characteristic. To assess the
unbalance condition for the proposed model of EAF sys-
tem, the voltage unbalance factors (VUF) are defined by
classified into the zero sequence (VUF0) and the negative

sequence (VUF2) [40].

VUF0 =
V0
V1
· 100[%] (21)

VUF2 =
V2
V1
· 100[%] (22)

where V0, V1, and V2 are the zero, positive and negative
sequence component of voltage, respectively.

The voltage unbalance factors (VUF0 and VUF2) accord-
ing to (21) and (22) are also analyzed in Fig. 17. In the com-
parison of FFT results of voltage and current, it is confirmed
that the harmonic spectrum in the proposed model matches
the spectrum in themeasurement profile. To compare the total
harmonic distortion (THD) values of the measurement profile
with the values of the proposed model, the THD values for
voltage (THDv) and for current (THDi) in the measurement
profiles are similar to the THD values of the proposed model
within an error of 0.7 %. This indicates that the proposed
impedance model contains the V–I characteristics of the alu-
minum furnace system.

B. IRON FURNACE SYSTEM
The application of the proposed modeling method to an iron
furnace system is demonstrated in this case study. The shape
of the ellipse is remarkably distorted as it causes severe har-
monics, especially the third harmonic component as shown in
Fig. 18. Nevertheless, it is verified that the proposed method
can include nonlinear features as shown in Fig. 18. The
ellipses (gray) drawn by the V–I measurement data and the
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TABLE 1. Rating and average power for each case.

curves (cyan, blue, and purple) drawn through the simulation
are identical in size and shape.

Moreover, the voltage and current waveforms in the
time-domain for the V–I curve of Fig. 18 are analyzed in
Fig. 19. The fluctuations of the waveforms of the current
and voltage has a quite nonlinear characteristic as shown in
Fig. 19. As discussed in Section 1, in the refining stage, the
current and voltage magnitude exhibit the least amount of
change compared to the two previous stages. The voltage
unbalance factors according to (21) and (22) are also provided
in Fig. 19. In the comparison of FFT results of voltage and
current, it is confirmed that the harmonic spectrum in the
proposed model matches the spectrum in the measurement
profile. Also, THDv and THDi in the proposed model are
similar to the THD values in the measurement profile within
an error of 0.76 %. This demonstrates that the proposed
impedance model contains the V–I characteristics of the iron
furnace system.

C. LADLE FURNACE SYSTEM
The case study of the LF system demonstrates the appli-
cation of the proposed modeling method. The time-varying
impedance model is formulated in the case study using the
V–I measurement data of the real LF system. A model is
developed corresponding to each of the three processes for
a ladle melt furnace: beginning, transient, and steady state.
The results of the case study are analyzed in Fig. 20. The
ellipses (gray) drawn by the V–I measurement data and the
curves (cyan, blue, and purple) drawn through the simulation
are identical in size and shape.

In addition, the voltage and current waveforms in the
time-domain for the V–I curve of Fig. 20 are analyzed in
Fig. 21. As shown in Fig. 21, the fluctuation of the current
waveform has a random characteristic. The values for the
voltage unbalance factors according to (21) and (22) are also
presented in Fig. 21. Compared to the aluminum furnace and
iron furnace, the overall harmonic component is relatively
small, and therefore THDv and THDi also have lower values
as shown in Fig. 21. In the comparison of FFT results of
voltage and current, it is confirmed that the harmonic spec-

TABLE 2. Main harmonics information for EAFs.

trum in the proposed model matches the spectrum in the
measurement profile. THDv and THDi in the proposed model
are also similar to the values in the measurement profile
within an error of 0.34 %. This verifies that the proposed
impedance model includes the V–I characteristics of the real
LF system.

V. CONCLUSION
This paper presents a methodology for modeling the EAF
systems using the V–I profile, which is verified through case
studies using the measurement data of the existing EAFs.
The measurement-based model includes the realistic char-
acteristics of the EAF system for three processes: boring,
melting, and refining. A detailed EAFmodel is established by
associating with the ellipse formula, which includes the
effects of the power oscillations and the harmonic com-
ponents. Furthermore, this study introduces the concept of
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TABLE 3. Real field data of industry EAF for low-frequency power. generating an EAF model without the V–I measurement
data. Based on the data presented in this paper, the EAF
model can be formulated at the planning stage using the
proposed method. The proposed model is observed to accu-
rately present the detailed characteristics of the EAF system,
as demonstrated through the realistic case studies. Therefore,
the findings of this research significantly contribute to the
development of EAF systems and help in modeling and ana-
lyzing EAF systems.

APPENDIX. GENERALIZED DATA FOR EAF MODELING
The generalized data used to formulate an EAF model with-
out the field measurements are listed in Tables 1, 2, and 3.
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