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Abstract

Electric arc furnaces (EAFs) used in the iron and steel manufacturing industry for melting and refining
scrap metals are one of the most disturbing loads that exhibit unbalanced and highly nonlinear
characteristics. Serious voltage fluctuations occur in the power system as a result of the rapid change in the
current drawn from the grid by the EAF. Voltage fluctuations lead to a power quality problem known as
flicker, which is defined as observable changes in light sources that affect the production environment,
cause eye fatigue in personnel, and lower the work concentration levels. To investigate the voltage flicker
problem, an accurate mathematical model describing the behavior of the EAF load is required. In this study,
a dynamic EAF model that can be adjusted to different operating conditions has been developed in the time
domain. The electric arc voltage has been modeled as an externally controllable voltage source. The
instantaneous arc voltage has been expressed as a function of the arc length independent of the current. The
arc resistance, which varies with time and is nonlinear, has also been calculated with differential equations
using the instantaneous arc voltage value. To measure the short-term flicker severity index caused by the
EAF in the power system, a flicker meter in compliance with the International Electrotechnical Commission
(IEC) 61000-4-15 standard has been designed. The current-voltage characteristics of the EAF, its effect on
the power system, and the flicker severity occurring at the point of common coupling (PCC) have been
analyzed with simulation studies using the PSCAD/EMTDC software. Besides, the simulation results of
the dynamic model of the EAF have been compared with the results obtained from the model based on the
measured field data.
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Elektrik Giic¢ Sebekesi’nde Gerilim Titresim Analizi icin Elektrik Ark Ocaginin
Dinamik Modeli ile Gercek Calisma Verilerinin Karsilastirilmasi

Oz

Demir-gelik imalat sanayinde hurda metallerin ergitilmesi ve rafine edilmesi igin kullanilan elektrik ark
ocaklar1 (EAF'leri), dengesiz ve oldukca dogrusal olmayan 6zellikler sergileyen en rahatsiz edici yiiklerden
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biridir. EAF'nin gsebekeden c¢ektigi akimin hizla degigsmesi sonucu gii¢ sisteminde ciddi gerilim
dalgalanmalar1 meydana gelir. Gerilim dalgalanmalari, 151k kaynaklarinda iiretim ortamimi etkileyen
gozlemlenebilir degisiklikler olarak tanimlanan, personelde gdéz yorgunluguna ve is konsantrasyon
diizeylerinin diismesine neden olan ve kirpisma olarak bilinen bir gii¢ kalitesi sorununa yol agar. Gerilim
kirpisma problemini arastirmak i¢in, EAF yiikiiniin davranigini agiklayan dogru bir matematiksel modele
ihtiyac vardir. Bu ¢aligmada, zaman domeninde farkli ¢aligma kosullarina gore ayarlanabilen dinamik bir
EAF modeli gelistirilmistir. Elektrik ark gerilimi, harici olarak kontrol edilebilen bir gerilim kaynagi olarak
modellenmistir. Anlik ark gerilimi, akimdan bagimsiz olarak ark uzunlugunun bir fonksiyonu olarak ifade
edilmistir. Zamanla degisen ve dogrusal olmayan ark direnci de anlik ark gerilimi degeri kullanilarak
diferansiyel denklemlerle hesaplanmistir. Gii¢ sisteminde EAF'min neden oldugu kisa siireli kirpisma
siddeti indeksini 6lgmek icin Uluslararasi Elektroteknik Komisyonu (IEC) 61000-4-15 standardina uygun
bir kirpigma 6lger tasarlanmigtir. EAF'nin akim-gerilim karakteristigi, gii¢ sistemine etkisi ve ortak baglanti
noktasinda (PCC) olusan kirpisma siddeti, PSCAD/EMTDC yazilimi kullanilarak simiilasyon c¢alismalari
ile analiz edilmigtir. Ayrica, EAF'nin dinamik modelinin simiilasyon sonuglari, 6lgiilen saha verilerine
dayali modelden elde edilen sonuglarla karsilastirilmistir.

Anahtar Kelimeler: Elektrik ark ocagi, Kirpisma, Giig kalitesi, Kirpigma dlcer

imbalances, and severely changing reactive power
demand [3, 4]. Flicker is due to the fluctuation of
the voltage that exceeds a certain amplitude versus
frequency curve representing the eye—brain—lamp

1. INTRODUCTION

In recent years, the number of electric arc furnace
(EAF) installations has increased significantly due

to the abundance of scrap metal in the iron and steel
industry, the need for recycling waste metals, and
the possibility of high metal production at a
relatively low cost [1]. However, such loads have
adverse effects on power quality because of their
extremely nonlinear and time-variable (dynamic)

sensitivity, and has a negative impact on people [5].

Figure 1 shows a typical power system of an EAF
consisting of a utility grid, source impedance (Z),
high-voltage/medium-voltage (HV/MV) power
transformer, serial reactor, EAF transformer, and

features [2]. The EAF operation causes flicker, EAF with three electrodes [6].

harmonics, interharmonics, current/voltage
HV/MV MYV Dirty MV/LV
Utility Grid Power Transformer Busbar - Electrodes
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Figure 1. Power system of the EAF

EAF is an extremely hot enclosed space, where heat
is produced by means of an electrical arc for melting
scrap steel without changing its electrochemical
properties [7]. In the melting process, electrical
energy is converted to thermal energy by means of
an electrical arc created between the melted metal
and the electrodes. An electric arc is characterized
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by a high current and low voltage. The EAF
conditions vary significantly during the four
operating processes: charging, boring, melting, and
refining. The arc length increases from the boring
phase, where the metals start to melt, to the refining
phase, where the metals are completely melted, and
gradually becomes constant [8]. Charging is the
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first phase in which solid scrap metal is loaded into
the furnace. An electric arc is then created in the
middle of the scrap metal stack. The current exhibits
a rather stochastic behavior and a very high
deterioration in power quality occurs. When a hole
is formed in the middle of the scrap metal stack, the
arc becomes more stable (in the melting phase), and
15% of the scrap metal in the solid state becomes
liquid. The current remains unstable because the
scrap metal is still in a solid state and is not fully
melted. In the refining phase, which is the final and
most stable arc current behavior observed, the scrap
metal is completely melted so that the arc length and
demanded current do not vary significantly [9].

There are many publications in the literature related
to EAF modeling [10-29]. Different methods are
used to describe the electrical arc in these studies.
In [10,11], balanced steady-state equations, which
are highly beneficial in computational work, are
presented. However, only the balanced state of
three-phase currents is considered in these
equations [12]. A few models presented in the
literature have been adapted from the stochastic
characteristics of the EAF, which are suitable for
voltage flicker analysis [13,14]. In [15,16],
differential equations based on time-domain
methods are brought forward. In time-domain
analysis, the parameters are specified according to
the harmonic source voltages and unbalanced three-
phase currents. One of the preferred methods for
analyzing the arc model in the time domain is based
on the Cassie-Mayr equations [16]. Cassie and
Mayr's equations are utilized for the low voltage
and high currents of the arc, respectively. In [17],
different Cassie-Mayr model variants have been
investigated and two generalized types of the
original Cassie—Mayr model are developed using a
large number of recorded actual data. In [18], the
characteristics of the arc is evaluated using the
physical principles of Mayr with a new EAF model
developed using the Monte Carlo method in
ATP/EMTP simulation environment. In [19], a
dynamic model of an EAF is presented for the
estimation of voltage flicker in a power
transmission network. The model is based on
simulating the varying resistance of an electric arc
in the time domain. The frequency-domain
characteristics of the EAF is analyzed in [20]. In
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[21], a linearization and approximation method is
proposed and the performance of the EAF has been
analyzed. In this method, the arc voltage can be
deduced adaptively depending on the arc current by
examining the V-I characteristic of the arc furnace.
Esfahani and Vahidi [22] carried out a study using
the actual values of EAFs of the Mobarakeh Steel
Company and come up with a new stochastic model
of EAF based on Hidden Markov theory. The
effects of flicker have been investigated through a
designed IEC flicker meter. In [23], a mathematical
model has been constructed wusing the
experimentally obtained average dynamic Volt-
Ampere  characteristics. In [24], another
mathematical EAF model based on field data is
developed using an ellipse equation. In [25], a
detailed model of the EAF has been built up by
using a multibody dynamics (MBD) environment
with the finite-element method (FEM). The effects
of the arc dynamics and magnetic induction among
the phases have been analyzed through a
multiphysics approach. In recent years, the number
of studies [26-28] on EAF modeling by taking
advantage of artificial neural networks (ANN) and
field data has increased. In [26], a data-driven
neural-network-based nonlinear model has been put
forward for the EAF v-i characterization of the time
and frequency domains. In [27], an EAF model has
been addressed by considering the time-varying arc
length as the input parameter of the ANN to
generate the voltage and current waveforms of the
EAF. In [28], a hybrid discrete wavelet transform
(DWT) and radial basis function neural network
(RBFNN)-based approach has been introduced to
model the dynamic voltage-current characteristics
of the EAF. In [29], new models based on long
short-term memory (LSTM) networks that are
compatible with different operating conditions of
the EAF have been developed. In [30], two
improved EAF models based on the Schavemaker
model, in which the time-varying behaviors of the
model parameters are characterized by ARMA
models, have been derived. Two recently published
papers [31,32] focusing on the optimization of EAF
parameters are brought to the attention. In [31], a
multi-objective optimization technique has been
recommended for the estimation of the EAF
parameters under different conditions in a steel
plant in Saudi Arabia. In [32], several optimization
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algorithms have been combined and used to
increase the efficiency of the EAF and reduce
energy consumption by minimizing controllable
losses. In [33], the parameters and characteristics of
several time-domain methods, such as piecewise
linear, modified piecewise linear, hyperbolic, and
exponential, have been optimized using genetic
algorithm and particle swarm optimization for EAF
modeling and simulation.

This paper presents a dynamic model of the EAF
based on nonlinear time-variant resistance in the
time domain for voltage flicker analysis in electrical
power systems. In the dynamic model of the EAF,
the arc length can be adjusted to simulate the current
and voltage waveforms under different EAF
operating conditions. A flicker meter in compliance
with the International Electrotechnical Commission
(IEC) standard has been designed to measure the
short-term flicker severity index caused by the EAF
in the power system. The suggested dynamic model
of the EAF is verified through simulation studies by
comparing it with the field data-based model.

The remainder of this paper is organized as follows.
Section 2 presents the design and modeling of the
EAF. In Section 3, the model of a digital
flickermeter designed in PDCAD/EMTDC
environment based on IEC standard 61000-4-15 is
described. The simulation results are discussed in
Section 4. Finally, Section 5 provides the
conclusions and significant contributions of this
study.

2. DESIGN AND MODELING OF THE
EAF

To simulate the stochastic behavior of the EAF, it is
necessary to have a dynamic and robust
mathematical model that can adapt to different
operating conditions such as charging, drilling,
melting, and refining. In this study, a mathematical
model based on the Cassie arc equation equipped
with arc-length modulation has been developed.
The EAF can be modeled by a variable arc
resistance R, for each phase, and can be described
dynamically by the following differential equations
[34]:
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where J. is represented as the de-ionizing time
constant (also called relative rate of conductance
decrease), Veqris defined as the instantaneous value
of the arc voltage, and V. indicates the asymptotic
arc voltage reached when the arc current (iu.) goes
to infinity as given in Eq. (3).

Ve = lim (V,,,) 3)

arc
Lare =

The arc length varies according to the power system
of the EAF to be modeled and is inversely
proportional to the arc current. Arc length consists
of two parts as the constant arc length and the arc
length modulation. The constant arc length is
adjusted to acquire the operating region at the rated
power of the EAF. The arc length modulation is
then applied to model the fluctuations in currents
occurred by the EAF and is the part representing the
"flicker" actually. In Eq. (4), Vae is expressed
independently of the arc current [35]:

V,.=A+Bl,+BAl(t)= A+ B(l,+Al(1)) 4)
where 4 is a constant denoting the voltage drop in
the anode and cathode electrodes of the EAF, B is
the voltage drop per unit length across the arc, and

I, is the arc length. The arc-length modulation is
realized by controlling 4l(?), as described in Eq (5).

Al(t)=Dsin27x f,t (%)

where D is the parameter that adjusts the flicker
level, and f;, is the modulation frequency.

In this study, sinusoidal modulation has been
preferred, in which a single modulation frequency
(fm) is used to represent all fluctuations within the
worst case. Sinusoidal modulation can be
implemented by using a modulation frequency
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changing with time. To simulate a practical EAF
adequately, the characteristic arc-length
fluctuations have to be determined by taking field
measurements. Another way of controlling the
desired flicker level is to create random flicker

Tahsin KOROGLU

modulation with a band-pass-filtered white noise
signal. To band-limit the noise, a fourth-order-
band-pass filter with the cut-off frequencies of 4 and
14 Hz is used. The amplitude of the noise could then
be tuned to obtain the desired flicker level.

154 KV, 50 Hz

EAF Transformer
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E \%
o ~
e =
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f v \ I
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Figure 2. Simulation model of the arc equation and

The simulation model of the arc equation and arc-
length modulation implemented for a single phase
is demonstrated in Figure 2. The EAF is modeled as
a controlled voltage source (Veq). The arc voltage
(Vare) 1s obtained using Eq. (4) and is utilized in the
calculation of arc resistance (Ra.). The EAF voltage
is found by multiplying the measured arc current
(iare) with the calculated arc resistance (Ru-). The
initial value of R, is defined as 0.001 ohm, and the
integral time constant is 0.0003 s. The solution time
step is specified as 20 us in PSCAD/EMTDC.

The simulation parameters of the power system and
EAF are provided in Table 1. In the developed
model, the EAF has a rated power of 40 MW and is
connected to the PCC at a 34.5 kV voltage level
with a 0.75/34.5 kV distribution transformer and a
serial reactor. It is connected to the transmission
line with a 154/34.5 kV step-down transformer.

The transmission line impedance is calculated in

accordance with the actual system values, and the
parameters of the transformer are determined by

C. U. Miih. Fak. Dergisi, 38(3), Eyliil 2023

arc length modulation

taking the transformer label values used in field
applications as a reference.

Table 1. Simulation parameters

Parameter Value
Utility Grid (HV 154 KV, 50 Hz
source)
Grid Impedance (Zs) 0.158 Q +25.14 uH
HV/MV Power 154/34.5 kV, 60 MVA, %Uk=
Transformer 14%
MV/LV EAF 34.5/0.75 kV, 45 MVA,
Transformer %Uk= 9%
Serial Reactor 16.8 uH
Three Phase EAF 24 MVAr, pf=0.85
Arc length (/o)=33.7 cm
Frequency modulation (f)=
8.8 Hz
A=40 V, B=10 V/cm, D=5
3. IEC FLICKERMETER

A flickermeter is an apparatus that can detect any
fluctuation in the input voltage signal and calculate
an output (short-term and long-term flicker severity
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indices) representative of human visual sensation.
The flickermeter simulates the dynamic and
nonlinear characteristics of the lamp-eye-brain
response to define the level of flicker that causes
irritation to the human eye. This paper presents a
digital flickermeter designed in PSCAD/EMTDC

based on IEC standard 61000-4-15 [36], which is
widely used to assess flicker severity in practical
applications. The flickermeter consists of five
series-connected functional blocks, as shown in
Figure 3.

Simulation of Lamp-Eye-Brain Response

A
r h)
BLOCK 1 BLOCK 2 BLOCK 3 BLOCK 4 BLOCK 5
Detector and “Squaring aB
Gain Control Multiplier” 3 1 f--- Range .
® 0 | | Selector SEuETiE 1st order On-line B
u I~ 2 L it st
X H H H>H o . °H sliding [y statistic
Input [ e L= | o i %hY Muttiplier (1 - an fitter analysis [ p,
“Normalization” 0.05 35 Hz 88 Hz \ it
Statistical
Input voltage adapter Demodulator High Pass, Low Pass and Weighting Filters Squaring and Smoothing Evaluation
Lamp Model Eye Model Brain Model
Pinst(t)

Figure 3. Block diagram of flickermeter model based on the IEC 61000-4-15 [36]

Block 1 is a voltage adapter scales the input voltage
level down to an internal reference without
changing the voltage fluctuation. The output of
block 1 is the normalized signal obtained by
dividing the input voltage by its effective value
(RMS) at the grid frequency (50 Hz). Block 1
provides a flicker measurement independent of the
actual input carrier voltage level.

Block 2, which contains a squaring demodulator to
remove the voltage fluctuation from the normalized
input signal at the grid frequency, is used to
simulate the behavior of an incandescent lamp. The
output of block 2 consists of a dc offset, flicker-
causing component, and some higher-frequency
signals [37].

Block 3 is composed of two filter (band-pass and
weighting) circuits in series with each other and
simulates the behavior of the human eye. The band-
pass filter incorporates first-order high-pass and
low-pass filter sections. The 1% order high pass filter
(3 dB, 0.05 Hz cutoff frequency as identified in the
standard) is used to eliminate the DC offset of the

of the high-pass filter is given in Eq. (6).
Subsequently, a low-pass filter (6" order
Butterworth filter with a 3 dB cutoff frequency of
35 Hz for 230 V, 50 Hz systems) is applied to
remove the double mains frequency ripple
components caused by the squaring demodulator
block. The transfer function of the low-pass filter is
expressed as Eq. (7) and the coefficients used in the
equation are provided in Table 2. The weighting
filter models the behavior of the lamp—eye system.
It is a band-pass filter at the resonant frequency of
8.8 Hz with a gain of 1 [38]. It simulates the
frequency response to sinusoidal voltage
fluctuations of a coiled filament gas-filled lamp (60
W-230V) combined with the human visual system.
The transfer function of the weighting filter is
defined in Eq. (8) and the coefficients used in the
equation are presented in Table 2 with respect to the
IEC standard [36]. The range selector specifies the
susceptibility of the flickermeter by modifying the
gain as a function of the amplitude of the voltage
fluctuation to be measured [39].

s
. G  (s)=— 6
demodulator (block 2) output. The transfer function i (5) s+ 270.05 (6)
1
Gluw(s) = 2 3 4 5 6 (7)
1+5, ESJ +b, (S] +b, [S) +b, [SJ + b, [SJ + b (SJ
WC WL‘ W(.‘ WC WC WC
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Table 2.The low pass and weighting filter
parameters
Coefficient |Value [Coefficient | Value
b; 3.864 |k 1.74802
b, 7.464 |2 2w (4.05981)
bs 9.141 wi 2w (9.15494)
by 7.464  |w; 2w (2.27979)
bs 3.864 |w; 2w (1.22535)
bs 1.000 |wy 2w (21.9)

The fourth block includes a squaring multiplier to
simulate the nonlinear perception of the flicker and
a first-order sliding mean filter to simulate the
memory effect in the human brain. The first-order
sliding mean filter is derived using Eq. (9), with a
time constant (t) of 300 ms. The output of Block 4
gives the instantaneous flicker sensation, Ping(t),
which is then used in the statistical analysis to
estimate the short-term flicker severity (Ps) and
long-term flicker severity (Pi).

1
1+7s

G.Yl[d[ng ()= ©)

A statistical assessment of the instantaneous flicker
has been implemented in Block 5 to come out the
short and long-term flicker severity, Ps and Py,
respectively. The designed flicker meter has been
validated by applying the test procedures described
in the IEC standard [36], and the error rates obtained
according to the performance test results are below
the specified tolerance range. The Py is evaluated in
a 10-minute time duration, while the Py is calculated
for a 2-hour time period. The statistical calculation
required to evaluate the 10-minute Py prescribed in
the IEC standard (IEC-61000-4-15) is given below
[36]:

(10)

st

+0.28 B, +0.08 P,

10s 50s

B \/0.03 14 B, +0.0525 P_+0.0657 P,
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where:

Py, :(P30+P50+P80)/3

Py, =(Pg+Py+P (+P;+P ) /5
P, =(P,,+P,+P,) /3

P =(Py; +P +P ;) / 3

(In

Here, 0.0314, 0.0525, 0.0657, 0.28 and 0.08 values
are the weighting coefficients [40]. Py is the xth
percentile of the Pin values logged during a
specified observation time interval, where x is 0.1,
0.7,1,1.5,2.2,3,4,6,8,10, 13, 17, 30, 50, and 80,
respectively [41].

The following formula can also be used to obtain
the long-term flicker severity, Py, for the last 120
minutes by taking 12 samples of Py:

(12)

where Py is the long-term flicker coefficient, Py is
the kth consecutive value of the short-term
coefficient, and N=12 is the number of Py levels
taken to compute the Py coefficient [41].

4. SIMULATION RESULTS AND
DISCUSSION

The EAF has been modeled as a voltage-controlled
nonlinear load on the secondary side (0.75 kV) of
the EAF transformer. The arc length (/y) has been
chosen as 33.7 cm, the frequency modulation has
been determined as 8.8 Hz and the parameters of the
arc modulation have been assigned with respect to
the values given in Table 1. The voltage and current
waveforms of the EAF on the low-voltage side of
the EAF transformer are displayed in Figure 4. The
variation in the arc resistance over time and the i-v
characteristic waveform of the EAF at the
secondary side (0.75 kV level) of the transformer
during balanced operation are depicted in Figure 5
and 6 respectively.
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Figure 4. (a) EAF voltage (V.,) waveform at 0.75
kV level of the EAF transformer (b) Arc
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of the EAF transformer
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Figure 6. i-v characteristic waveform of the EAF at
the secondary side (0.75 kV level) of the
transformer
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The current and voltage waveforms of the EAF seen
from the high-voltage side of the EAF transformer
and the i-v characteristic curve obtained at the
primary side of the EAF transformer during
balanced operation are illustrated in Figure 7 and 8
respectively.

The short-term flicker severity (Ps) during stable
operation of the EAF is shown in Figure 9. The Py
has been obtained as 5.253 when the arc length is
33.7 cm and the flicker level affecting the arc length
modulation is 5.

(@)
Vet (kV) /= Ph-Am Ph-B = Ph-C

[Between time interval
1.0and 1.1 s]

P [Zoom in]
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Figure 7. (a) EAF Voltage (V.. waveform at 34.5
kV level of the EAF transformer (b) Arc
Current (i,.) waveform at 34.5 kV level
of the EAF transformer
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Figure 8. i-v characteristic waveform of the EAF at
the primary side (34.5 kV level) of the
transformer
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The harmonic content of the arc current for phase A
and the total harmonic distortion (THD) during
stable operation of the EAF are provided in Table 3.
It can be inferred that the amplitudes of the 3™ and
5™ low-order harmonics are high in the arc current
at the primary side of the EAF transformer, and the

Tahsin KOROGLU

resistance, the arc voltage, and the power factor
increase. Figure 11 shows that the short-term flicker
severity sets from 3.145 to 6.251 during the arc
length and flicker level change.

Table 3.Harmonic content of the arc current

THD is 10.63%. (Phase-A)
Harmonic Percent | Harmonic Percent
16 Py 1,=33.7 cm, D=5 ;rder (%) order (%)
141 undamental | 100 17 0.104
15 2 2233 |18 0.367
1g 1 2253 3 4.834 19 0.309
2] % 4 1241 |20 0.365
4 - T 5 8.534 21 0.228
g 1 ' 6 0.514 22 0.389
0 1 2 3 4 5 6 7 8 7 2.074 23 0.302
Time (s) 8 0.465 24 0.393
Figure 9. Short-term flicker severity during the 9 0.908 25 0.273
stable operation of the EAF 10 0.645 26 0.387
11 0.976 27 0.416
Figure 10 represents the simulation results for the 12 0.373 28 0.490
arc length and flicker-level change. When the arc 13 0.428 29 0.508
length increases from 33.7 cm to 37.5 cm and the 14 0.406 30 0.626
flicker level changes from 3 to 5 at t=3 s, it is clearly 15 0.279 31 0.667
> 16 0.460 THD 10.63

seen that the arc current, the active and reactive
powers of the EAF decrease while the arc

1,=33.7 cm, D=3 -» 1,=37.5 cm, D=5 1,=33.7 cm, D=3 - 1,=37.5 cm, D=5
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Figure 10. Simulation results during the arc length and flicker level change (a) Arc current (i) waveform
at 0.75 kV level of the EAF transformer for phase-A (b) EAF voltage (V..) waveform at 0.75
kV level of the EAF transformer for phase-A (c¢) The arc resistance (R..) for phase-A (d) The
active power of the EAF (e) The reactive power of the EAF (f) The power factor of the system
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Figure 11. Short-term flicker severity during the
arc length and flicker level change

5. COMPARISON WITH
OPERATION DATA

ACTUAL

To show the effectiveness of the dynamic model of
the EAF, another model based on actual operation

data is developed in PSCAD/EMTDC, as presented
in Figure 12. Field data is collected from an iron and
steel factory located in Iskenderun, Turkey, with a
sampling rate of 3.6 kS/s. It consists of variable
resistance and inductance, which are computed
using the measured values of the instantaneous line-
to-neutral voltage and line current of the EAF on the
MYV side. Hence, the real dynamic behavior of the
EAF is represented by a variable resistor and an
inductor in each phase. The field data is recorded
within one minute duration when the EAF is in the
refining operation mode. Figure 13 shows the
variation in the arc resistance and inductance for
each phase over time.

—0
Ra
FIELD DATA Ro
Re
La
Lb
mop Le
g Q data.txt @
o |3 data.txt
—4, —4,
iL v I
0.158 [ohm] Ra La
S A A la A laf
15KV 50 Hz TR 100.0 [MVA]
’ R=0 0.158 [ohm] 002514 [H] VA Ea Sy o
(9" BB — 1S 8#1\(&2 lf b
0.02514[H] VB Ep Rb Lb
Qe c 0'1mhm] dl . Tl clsom C i
N 345[KV]
002514[H] Vg Ec 4 4
: l |u
< 5 0 = Re Lc
73
alg
ﬂolj Iiﬁ FIELD DATA BASED ELECTRIC ARC FURNACE MODEL
Ps Qs

Figure 12. Simulation model of the EAF based on the field data

As in the dynamic model of the EAF, the network
is designed to be 154 kV, 50 Hz and the short-circuit
power is taken as 3000 MVA. The step-down
transformer is modeled as having a conversion ratio
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of 154/34.5 kV, a rated power of 100 MVA, and a
%Uk (the transformer short-circuit impedance
voltage) of 12%. time.
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Figure 13. Arc resistance and inductance values for each phase
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Figure 14. Current, active power and reactive power waveforms of the EAF
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The three-phase currents drawn by the EAF (Zy; 1y,
and /), active power of the EAF (P.,), and reactive
power of the EAF (Q.y) are shown in Figure 14.
When the current waveforms are examined, it is
clear that a random flicker occurs instead of a
sinusoidal flicker, unlike the dynamic arc furnace
model. However, it is understood that the i-v
characteristic of the EAF obtained from the model
based on the field data, which is presented in Figure
15, is similar to that of the developed dynamic
model.

Veaf (kV)

15 - 0.5 0 05 1 15

iarc (kA)

Figure 15. i-v characteristic waveform of the EAF
with field data

6. CONCLUSION

An accurate and dynamic mathematical model of
the EAF, whose parameters can be adjusted
according to different operating conditions, is
needed to analyze the voltage flicker problem and
offer solution alternatives. In this study, a dynamic
EAF load model in the time domain has been
developed by considering the rapidly changing,
unstable, and nonlinear behavior of the electrical arc
over time. The EAF model has been verified
through  simulation studies performed in
PSCAD/EMTDC environment. Moreover, the
simulation results of the dynamic model of the EAF
have been compared with the results obtained from
the model based on the field data collected from an
iron and steel factory located in Iskenderun. The
current-voltage characteristic of the dynamic EAF
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model clearly shows the stochastic change of the arc
length. The arc caused by the EAF load at the
busbar voltage was evaluated by measuring the
short-term flicker intensity index using a flicker
meter designed in accordance with the IEC 61000-
4-15 standard. It has been shown that the developed
EAF model and designed flicker meter can be used
to identify and analyze voltage flicker problems. It
is envisaged that the developed EAF model will
constitute a preliminary step for practical
applications and assist in evaluating solutions that
will alleviate the effect of EAFs on power systems.

Further research will focus on modeling the ladle
furnace (LF) load and analyzing different power
quality ~ problems such as  harmonics,
interharmonics, and current/voltage imbalances
caused by EAF and LF loads in the power system.
In addition, studies will be carried out on C-type
harmonic filter designs and modeling of custom
power devices such as Static Var Compensator or
Static Synchronous Compensator to solve these
problems.
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