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Abstract: Problem statement: The Electric Arc Furnace (EAF) is a non-linear load and creates power 
quality related problem. Therefore, accurate modeling of the EAF is essential. Approach: In this study, 
an optimal model for EAF in time domain called exponential-hyperbolic, was proposed to describe the 
behavior of the EAF for all of the operating conditions and it does not need the initial conditions as they 
needed for the existing methods of modeling of the EAF. Then, the behavior of the proposed model of 
EAF on the power system was studied using the PSCAD software. In order to analyze the proposed 
method, several characteristics for different operating conditions were investigated. Results: In the 
simulation, the parameters were taken from the EAF of the Mobarakeh Steel Making Company 
(Isfahan-Iran). The results of the simulation accurately showed the behavior of the EAF of the company. 
Conclusion: The finding of this study showed that the proposed exponential-hyperbolic model was 
capable in modeling of EAF for different operating conditions. 
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INTRODUCTION 

 
 The EAF is inherently nonlinear and time-variant 
loads and it can cause power quality problems such as 
voltage flicker, odd and even harmonics as well as 
unbalanced currents and voltages. These problems 
should be solved in the EAF. In this regard, an optimal 
model is necessary to consider the mentioned problems. 
Also, it should be mentioned that the time response of 
the EAF has a great effect on power quality.  
 The dynamic specifications of the EAF at any 
instant of time are affected by conditions of the furnace 
at that time and previous instants of the time. The 
reason for that is when the arc is created, the sudden 
change in the electrons, ions and gas temperature (that 
may occur due to sudden change of current) is 
impossible. Therefore, the sudden change of the current 
will not lead to sudden change of the arc characteristic. 
Thus, this phenomenon happens gradually. In fact, there 
is a hysteresis phenomenon in the dynamic of the arc 
characteristic due to the effects of the current in the 
previous instants of time on the present time. In brief, 
the time response of an electric furnace depends on the 
length of arc, positions of electrodes and topology the 
external circuit.  

 The important issue in the modeling of the arc is 
the simulation of arc[1-14]. There have been several 
methods to describe the electric arc. The balanced 
steady state equations are used in[1,2]. The time domain 
methods based on the differential equations are 
presented by in[3-5]. The methods used in[6,7,12-14] are 
based on the lineralized methods and approximation. 
Other methods such as methods based on frequency 
response[7], V-I characteristic[9,13], nonlinear differential 
equations[9,10], are used to analyze electric arc of the 
furnaces. In the following, the advantages and 
disadvantages of the mentioned methods are explained 
briefly. 
 The equations of steady state are very helpful in 
computational work. However, it deals only with the 
balanced three phase currents. It also uses an 
approximated step model for the waveform of Voltage-
Current Characteristic (VIC) of the EAF. In the time 
domain analysis, the parameters are determined using 
the harmonic source voltages and the unbalanced three 
phase currents. This method also uses an approximated 
step model for VIC[4]. Other method in analyzing the 
arc model in time domain is formed based on the Cassi-
Mayer equation[5,9]. In this method, Cassi and Mayer 
equations are used for the low and high current of the 
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arc, respectively. In the method of linearization and 
approximation of the arc voltage is determined using 
the current of in the V-I characteristics of the arc[2,13]. 
 When the EAF model in the time domain is 
compared with the model in the frequency domain[8], it 
can be concluded that modeling in the time domain is 
more efficient in studying the arc furnace elements and 
the EAF performance. However, the frequency domain 
models are more suitable for harmonic analysis of the 
external network. The external network is the model of 
a linear system at each harmonic.  
 In the above explained methods, there are some 
limitations such as need to initial conditions for solving 
the differential equations, balanced operating condition 
of the three phases of the EAF and use of sophisticated 
mathematical equations for the estimation of the arc 
model.  
 Considering the mentioned limitations, this study 
presents a new model for the EAF in the time domain. 
The main aspect of the new model is modeling of the 
proposed method with a good approximation without 
need to the initial conditions of the EAF performance. 
Also, the proposed method can be used to describe the 
different operating conditions of the EAF and power 
system. Finally, the proposed method presents a 
suitable model with a very good approximation for the 
VIC. In order to increase the accuracy of the load 
model, a random noise is employed to establish a new 
model of the furnace load. Then, unbalanced situation 
of the currents and voltages, the effects of the furnace 
load and voltage flicker are studied in the new model. It 
should be noted that in this study directly considers the 
effect of voltage flickering on the voltage arc furnace, 
in the frequency range of the human vision (between 4-
14 Hz). In the simulation of this study, the data belongs 
to a real EAF taken from Mobarakeh Steel Making 
Company (Isfahan-Iran). 
 

MATERIALS AND METHODS 
 
The performance of electric diagram for the EAF: 
Figure 1 shows the electric diagram of a source which 
supplies an EAF. In order to change the active input 
power of the arc furnace, a furnace transformer, TF, is 
used. This transformer is connected to point of 
connection, PC. This transformer is equipped with a tap 
changer located at the secondary winding. This tap 
changer varies the voltage of the furnace. The arc 
furnace is also connected to the point of common 
coupling, PCC, through the substation transformer, TS. 
The simplified diagram of Fig. 1 is shown in Fig. 2. 

 
 
Fig. 1: Diagram of an EAF connected to rest of power 

system 
 

 
 
Fig. 2: Circuit diagram of an EAF connected to rest of 

power system 
 

 
 
Fig. 3: The Actual V-I model of electric arc furnaces 
 
 In Fig. 2, XP is the series reactance for 
compensation of voltage flicker. The elements of XC 
and RC are the reactance and resistance of the 
connected line between furnace electrodes and TS. This 
impedance is the dominant part of the total impedance 
seen by the arc furnace. 
 

Modeling of the EAF's load: In this part, the modeling 
of the EAF is performed using the estimation of the 
voltage and current of the electric arc. This modeling is 
also based on Fig. 3. 
 In the other word the modeling is based on the 
system identification. As can be seen from Fig. 3, the 
electric arc consists of four major parts as: 
 

arc
arc arc

di
Area1 0, v ,i 0

dt
 > >


 (1) 
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arc
arc arc

di
Area2 0,v ,i 0

dt
 < >


 (2) 

 

arc
arc arc

di
Area3 0,v ,i 0

dt
 < <


 (3) 

 

arc
arc arc

di
Area4 0,v ,i 0

dt
 > <


 (4) 

 
 According to above equations, Eq. 1 is similar to 
Eq. 4 and 2 is also similar to Eq. 3. However, the sign 
of voltage and the current in the similar ones are 
opposite. Thus, the arc voltage can be expressed as a 
function of the arc current in their region. In this case 
we can describe the arc voltage with two different 
functions. In these descriptions, the arc voltage is 
dependent on the arc current.  
 For this purpose in the following, the equations of 
EAF are analyzed using three different models based on 
the VIC of the electric arc. Then, the best model among 
the three models which has description the performance 
of the furnace is selected. 
 
Model 1: Hyperbolic model: In this model the VIC of 
the EAF is considered to be in the form of Va = Va(Ia) 
and it can be described as: 
 

a a at
a

C
V (I ) V

D I
= +

+
 (5) 

 
where, Ia and Va are arc current and voltage of phase a. 
Also, Vat is the threshold magnitude to which voltage 
approaches as current increases. This voltage depends 
on the arc length. The constants C and D are 
corresponding to the arc power and arc current, 
respectively. These constants can take different values 
which depend on the sign of the derivative of the arc 
current. Since Eq. 5 has a behavior similar to 
hyperbolic function, it is called hyperbolic model. 
There are two paths to increase or decrease of current. 
The first path is related to the increasing state of the 
current and the second path is associated with 
decreasing state of the current. In this regard, the 
constants C and D are classified into two groups. The 
constants for the first group (or first path) are Ca and 
Da. Also constants of the second group (or second path) 
are Cb and Db. 
 
Model 2: Complete exponential model: In this model 
the VIC of the EAF is approximated by an exponential 
function as follows: 

i /
at

-i /
at

V (1 e ),       i 0
V(i)

V (1 e ),       i 0

− τ

τ

 − ≥= 
− − <

  (6) 

 
 In the Eq. 6, the current time constant (τ) is used to 
describe the positive and negative currents. The 
exponential function is also used to model the VIC of 
the arc. This model can be used in optimization and 
stability issues of the EAF.  
 
Model 3: Proposed model: Exponential-hyperbolic 
model: In this model the VIC of the EAF described 
using the following equations: 
 

at

i /
at

C di
V 0, i 0

D i dt
V(i)

di
V (1 e ) 0, i 0

dt
− τ

 + ≥ > +


= 

 − < >


 (7) 

 
 In Eq. 7, τ is the current time constant in kA. As 
can be seen as in from this equation, for the positive 
current and regarding the hysterias property of the arc, 
there are two cases. To increase and decrease the 
current of the EAF, the hyperbolic equation and 
exponential-hyperbolic form of the equation are used, 
respectively. The proposed method has the capability of 
describing the EAF behavior in time domain using 
differential equation[5]. In addition, it is able to analyze 
the behaviors in the frequency domain without solving 
the sophisticated differential equations.  
 Moreover, the proposed method can describe 
different operating conditions of the EAF such as initial 
melting (scrap stage), mild melting (platting stage) and 
refinement of the EAF. The results agree with actual 
conditions of the EAF in the steel industries.  
 
The Unbalanced situation in the proposed method: 
In order to investigate the effect of unbalanced 
situations on the proposed exponential-hyperbolic 
model of load in the EAF, different values for the 
voltage Vat in Eq. 7 are considered for different phases. 
The effect of the different values is more observable at 
the primary side of PCC. To consider the effect of even 
harmonics which are produced in the early stage of the 
charging the furnace, the different values of Vat are 
considered for positive and negative part of each phase 
current.  
 
Investigation the effect of random voltage flicker in 
the proposed method: In order to study the effect of 
voltage flicker on the systems with the EAF, it is 
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sufficient to consider Vat in the time-variant form of. 
This section considers the random variations for the 
voltage Vat. In this regard, the voltage Vat is modulated 
with a random signal at different phases. This signal has 
the mean of zero with the frequency band in the range 
of 4-14 Hz. Thus, in this case the voltage Vat for 
different phases can be written as 
 

at1 at01 1 1

at 2 at02 2 2

at3 at 03 3 3

V V k N (t)

V V k N (t)

V V k N (t)

= +
= +
= +

 (8) 

 
where, Nj(t), (j = 1,2,3) is a band limited white noise 
with zero mean and variance of 1. Also, the modulation 
index and variance of the random signal are shown by 
kj(j = 1,2,3) and kjNj(t), respectively. It should be noted 
that the flicker intensity can be changed by kj. 
 

RESULTS 
 
Comparison the different models of the furnace 
load: In order to compare the proposed exponential-
hyperbolic model with the other models, firstly the 
results of simulations hyperbolic load model are 
presented. In Model 1, the parameters of EAF 
characteristics are chosen as: 
 

at

a

b

a b

V 250V

C 190000W

C 39000 W

D D 5000A

=
=
=
= =

 (9) 

 
 The values in Eq. 9 are chosen with respect to a 
real EAF taken from Mobarakeh Steel Making 
Company (Isfahan-Iran). Using these parameters, the 
VIC of the EAF is derived and shown of Fig. 4. The 
waveforms of the current and voltage of the arc are 
illustrated in Fig. 5. 
 The second simulation is associated with 
exponential  model.  This  model is formed based on 
Eq. 6. The constant  parameters in this model are 
chosen as: 
 

atV 250V

10kA

=
τ =

 (10) 

 
 With the above values for the parameters, the VIC 
of the arc is obtained as shown in Fig. 6. Also, the 
waveforms of the current and voltage of the arc are 
given in Fig. 7. 

 
 
Fig. 4: The VIC of the arc the in the hyperbolic model 
 

 
 
Fig. 5: Waveforms of the arc voltage and current in the 

hyperbolic model 
 

 
 
Fig. 6: The VIC of the arc the in the exponential model 
 
Results for the proposed exponential-hyperbolic 
method:  In this part, the results for the proposed 
exponential-hyperbolic method are studied. In the 
proposed exponential-hyperbolic model, the parameters 
are a combination of Eq. 9 and 10. The derived VIC of 
the arc is depicted in Fig. 8. At the points of this 
characteristic where the length of the arc is not varied 
with time, this characteristic is assumed to be constant (at 
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Fig. 7: Waveforms of the arc voltage and current in the 

exponential model 
 

 
 
Fig. 8: The VIC of the arc the proposed exponential-

hyperbolic model 
 
refining process). In this situation, the EAF does not 
create any flicker at PCC. At this stage, the EAF 
produces only odd harmonics in voltage and current, 
because the VIC has a symmetric behavior. This 
situation describes the actual performance of the EAF 
at the plating period. In this period, the level of 
melting material is nearly constant and the melting is 
distributed uniformly in the furnace. Figure 9 shows 
the waveform of voltage and current for the proposed 
exponential-hyperbolic model of the EAF. Also, the 
arc conductance and three phase current of the 
primary side of PCC are shown in Fig. 10 and 11, 
respectively. The results indicate that if the furnace 
load does not produce any flicker, then the arc 
voltage, current and voltage and current of the primary 
side of PCC oscillate similarly. These waveforms 
present the actual performance of the electric system 
supplying the arc system. When the EAF is in the 
melting process (or scarp stage), the VIC of the arc is 
in the form of Fig. 12. Finally, for the refining stage of 
the arc material (at the melt down stage), the VIC of 
the furnace is given in Fig. 13.  

 
 
Fig. 9: Waveforms of arc voltage and current in the 

proposed exponential-hyperbolic model 
 

 
 
Fig. 10: Waveform of the arc conductance in the 

situation of the proposed exponential-
hyperbolic model 

 

 
 
Fig. 11: Waveform of the three phase current at the 

primary side of the PCC bus in proposed 
exponential-hyperbolic model 

 
Results for unbalanced three phase furnace load: 
performance in the unbalance load situation which 
mostly happens in the initial working condition of the 
EAF (at the scrap melting stage).  
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Fig. 12: The VIC of the arc in the scrap stage (or 

melting process in the proposed exponential-
hyperbolic model 

 

 
 
Fig. 13: The VIC of the arc in the refining stage (or 

melt down process) stage in the proposed 
exponential-hyperbolic model 

 
 In order to study the unbalanced situation in the 
proposed exponential-hyperbolic model, the voltage Vat 
in different phases are considered as: 
 

ata

atb

atc

V 250V

V 350V

V 450V

=
=
=

 (11) 

 
 The waveforms of the three phase currents at the 
primary  side  are  obtained using the values given in 
Eq. 11. The obtained currents are shown in Fig. 14.  
 Also, in order to show the even harmonics and 
asymmetry of the arc, the voltages Vat for positive and 
negative current are chosen as: 
 

at1

at2

V 250V

V 120V

=
=

 (12) 

 
where, Vat1 and Vat2 are associated with positive current 
and negative current, respectively. With these values, 
the waveform of the arc voltage and current are 
determined and they are shown in Fig. 15. 

 
 
Fig. 14: Waveform of the three phase current at the 

primary side of the PCC bus in the unbalanced 
situation for different voltages for three phase 
in the proposed exponential-hyperbolic model 

 

 
 
Fig. 15: Waveforms of the arc voltage and current in 

the case of even harmonics generation with 
different voltages Vat in proposed exponential-
hyperbolic model  

 
Results for analysis of voltage flicker: In this part, the 
simulation of the voltage flicker using the random 
voltage is carried out based on Eq. 8. The values for the 
parameters used in Eq. 8 are: 
 

at01 at 02 at 03

1 2 3

V V V 250V

k k k 1

= = =
= = =

  (13) 

 
 Also in Eq. 8, N1(t), N2(t) and N3(t) are three white 
noise voltages with zero mean and variance equals 1 in 
the limited band (between 4-14Hz).  
 The results of the simulation are plotted in Fig. 16-
20. Figure 16 shows the time variations of the random 
flicker. The VIC of the arc in the situation of random 
flicker is given in Fig. 17. The arc voltage and current 
depicted in Fig. 18. Figure 19 shows the waveform of 
the arc conductance in this situation. Also, Fig. 20 
illustrates the waveforms of the three phase current, at 
the primary side of the PCC bus for the situation. 
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Fig. 16: Waveform of variations of the random flicker 
 

 
 
Fig. 17: The VIC of the arc in situation of random 

flicker 
 

DISCUSSION  
 
Discussion for the unbalanced three phase furnace 
load: The simulation results presented in Fig. 14 and 15 
shows that when three phases for the furnace load 
become unbalanced, the three phase currents at the 
primary side of PCC also becomes unbalanced, 
remarkably. However, as shown in Fig. 15, the three 
phase voltages at the primary side of PCC are not 
nearly changed as shown in Fig. 15. Also, different 
values for thee phase voltages of the furnace load are 
chosen in the situations that current increases or 
decreases, the asymmetry situation occurs of increasing 
and decreasing current leads to asymmetry in the 
voltage and current of the furnace. Consequently, this 
results in producing even harmonics as can be seen in 
Fig. 15. 
 
Discussion for voltage flicker: Similar to the 
previous part and based on Fig. 16-20, when the 
random flicker is applied, the load specifications of 
EAF    are   varied   randomly.   Thus,  voltage,  current, 

 
 
Fig. 18: Waveform of the arc voltage and current in the 

situation of random flicker 
 

 
 
Fig. 19: Waveform of the arc conductance in the 

situation of random flicker 
 

 
 
Fig. 20: Waveform of the three phase current at the 

primary side of the PCC bus in the situation of 
random flicker 

 
conductance and the three phase current of the primary 
side of the PCC bus, are varied randomly. However, the 
variations of the voltage at the primary side of the PCC 
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bus are not nearly varied. In the other word, in this case, 
furnace load flicker leads to a little variation in the 
voltage of the bus supplying the EAF.  
 
Discussion for harmonic analysis for different 
models: In this part, the results of harmonic analysis for 
the different models of the EAF are discussed. 
Moreover, the effects of furnace load on voltage 
harmonics are investigated using the proposed 
exponential-hyperbolic model. So, Table 1 illustrates 
the generated voltage harmonics at the mild melting 
stage for the different models; hyperbolic, exponential 
and proposed exponential-hyperbolic model. Because 
of the presence of the odd symmetry in the models, no 
even harmonics is present in the arc voltage. 
 Also, Table 2 shows the voltage harmonics of the 
EAF for different operating condition. As can be shown 
in Table 2, because of lack of odd symmetry in the 
electric arc, the even harmonics are present in the arc 
voltage. Thus, these even harmonics are injected to the 
power system. In addition, when there is a voltage 
flicker, the harmonics of the electric arc voltage are 
present. As can be shown in Table 2, the magnitude of 
harmonics is influenced the type and intensity of the 
flicker. 
 
Table 1: Comparison of the harmonic magnitude between different 

models of furnace load in the plate stage (in volt) 
 Model 
 -------------------------------------------------------------------- 
   Bulk d proposed model: 
Harmonic Hyperbolic Exponential Exponential-hyperbolic  

H1 251.62 258.32 255.33 
H3 85.18 91.34 92.22 
H5 50.71 58.68 61.57 
H7 40.55 46.91 52.33 
H9 29.42 35.12 48.19 
H11 26.33 31.32 36.52 
H13 19.12 29.34 30.13 

 
Table 2: Comparison of harmonic magnitude between different 

operating conditions with proposed model (in volt) 
 State 
 ---------------------------------------------------------------- 
Harmonic Balanced  Unbalanced Random flicker  
H1 251.62 255.32 261.32 
H2 - 16.68 14.36 
H3 92.22 85.34 88.74 
H4 - 15.91 8.65 
H5 61.57 58.36 65.26 
H6 - 15.42 8.22 
H7 52.33 40.12 49.36 
H8 - 14.96 8.46 
H9 48.19 35.16 51.33 
H10 - 14.55 7.98 
H11 36.52 29.11 40.34 
H13 30.13 18.51 34.61 

CONCLUSION 
 
 This study, firstly investigates the existing 
hyperbolic and exponential models for EAF. After that, 
the exponential-hyperbolic model is proposed. The 
proposed model has no limitation of the existing models 
and does not require any initial conditions or special 
needs for modeling of the arc. Most of the specifications 
of the EAF can be described by the proposed method.  
 This study also proposes a three phase structure of 
the electric EAF which covers power quality aspects 
such as: voltage flicker and voltage and current 
unbalanced situation. Since this model considers the 
reactance and resistance of the flexible cables, the 
proposed modeling has high accuracy. The proposed 
method is simulated on a parameter corresponding to a 
real EAF and the results of the simulation show the 
outstanding aspects of the proposed method in well 
describing the behavior of the EAF when compared to 
the existing methods. 
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