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Abstract: 
 
      Voltage flicker and harmonics are the power quality 
problems which are introduced to the power system as a result of 
nonlinear and stochastic behavior of the arc furnace operation. 
To analyze harmonic and flicker generated by an arc furnace, 
accurate arc furnace models are needed. In this paper, different arc 
furnace models with different level of complexity are reviewed. 

 
In the first part of this paper a new developed time domain 

static model based on a piece-wise linear approximation of the V-I 
characteristics of the arc furnace is presented. 
While static arc models are useful for harmonic studies, dynamic 
models are useful for power quality studies specially the study of 
voltage flicker.  

 
In the second part of the paper, dynamic model for an arc 

furnace using MATLAB (Simulink) is presented. In addition to 
this, the novelty of this simulation technique lies in the fact that 
the variation of power transmitted to the load by the arc furnace 
during the cycle of operation is considered, thus making the 
proposed model more accurate and dependent on the operating 
conditions of the load. 

 
Finally recommendations are made for the application of 

some of these models and the accuracy of the presented model to 
other models from the practical point of view by using MATLAB 
is shown. 
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1.   Introduction 

 
An AC arc furnace is an unbalanced, nonlinear and 

time varying load, which can cause many problems to the 
power system quality. An arc furnace load may cause 
unbalance, harmonics, inter-harmonics and voltage flicker.  

To study the behavior of an arc furnace, it is required 
to develop an accurate three-phase arc furnace model for 
the purpose of harmonic analysis and flicker compensation. 
Since the arc melting process is a stationary stochastic 
process, it is difficult to make an accurate deterministic 
model for an arc furnace load.  

 

The factors that affect the arc furnace operation are the 
melting or refining materials, the electrode position, the 
electrode arm control scheme, and supply system voltage 
and impedance. Thus, the description of an arc furnace load 
depends on the following items: arc voltage, arc current and 
arc length (which is determined by the position of 
electrode). 

 
In general, the different methods for arc furnace 

modeling may be classified into the "time domain" and 
"frequency domain" methods.  

 
The frequency domain analysis method represents the 

arc voltage and arc current by its harmonic components. 
Then a power system equivalent circuit for each frequency 
component is developed and the arc furnace modeled as a 
voltage source in the same frequency. The total system 
response is obtained from the superposition of system 
response in each frequency [1]. One of the requirements of 
the frequency domain analysis is to have some measured 
values for the arc voltage and current to obtain the 
harmonic voltage source model. So this modeling without 
measurement can not be used. In some references [2]-[4], a 
harmonic domain solution method of nonlinear differential 
equation is developed. These equations express the 
relationship between the arc radius and arc current. These 
models use some experimental parameters to reflect the arc 
furnace operation. Because of these experimental and non 
accurate parameters, these models are not used widely. 

 
Since the electrical arc is a nonlinear and time varying 

phenomenon, description of its behavior in the time domain 
is easier than in the frequency domain. Time domain 
methods are the basic methods for flicker study in electrical 
arc furnaces. Time domain methods can be classified into 
V-I Characteristic (VIC), and Equivalent Circuit Methods 
(ECM). 

 
The ECM methods can be obtained from arc operation; 

the periodic variation of arc voltage and the resistance that 
arc shows can be used to develop the arc furnace model [1]. 
Too much simplification in developing the model may 
affect the accuracy of the model. 
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The VIC methods are based on the V-I characteristic of 
arc furnace which is derived from the relationship between 
arc voltage and arc current using the V-I characteristics. 
This method is widely used for modeling the static and the 
dynamic operation of EAF. 

 
In the first part of the paper, four different 

mathematical arc furnace models with different degree of 
accuracy is obtained from the V-I characteristics. 
Simulation results are also provided. Then, the dynamic 
behavior of the reviewed models for flicker simulation is 
discussed. Finally, a new time domain model for an arc 
furnace is presented. The new method is studied using 
MATLAB (Simulink). 
 
2.  Time Domain Static Models 
 

Figure 1 shows the actual V-I characteristics and its 
piecewise linear model an arc furnace [1], [5]. The arc 
ignition voltage  and the arc extinction voltage  are 
determined by the arc length during arc furnace operation. 

igv exv

 
By approximating the actual V-I characteristics of an 

arc furnace, different time domain models has been derived 
as follow: 

 

 
 

Fig.1. Actual and piece-wise linear approximation of V-I 
characteristic of an Arc Furnace Load 

 
A.   Model1 
 

The actual arc furnace model can be approximated by 
two linear equations. Let ,  be the slopes of the lines 
OA and AB. Thus, in this model the relationship between 
arc voltage and current for one cycle is expressed as, 
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Fig.2.V-I characteristic of model 1 
 

Figure2 shows the simulated V-I characteristic of 
model 1 using MATLAB (Simulink). 

 
 

B.    Model2 
 
A more accurate non linear approximation model can 

be developed by considering part of the characteristics in 
more details. Figure 3 shows the simulated V-I 
characteristic of the nonlinear model 2 [1]. 
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Fig.3. V-I characteristic of model 2 
 

In this model, the arc melting process is divided into 
three sections. In the first section, the voltage magnitude 
increases from extinction voltage exv− to ignition 
voltage  . In this part the arc furnace acts as a resistor, 

and the arc current changes its polarity from 
igv

3i− to .The 
second section is the beginning of the arc melting process. 
There is a sudden exponential voltage drop across the 
electrode, thus the arc voltage decreases from  to , 

and the arc current has a little increase from  to .The 
third section is the normal arc melting process. The arc 
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voltage drops linearly and slowly and smoothly from  
to .  

stv

exv
The equations showing these variations are given in 4.   
                                                                                           (4)  
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Where , and are the corresponding slopes of 

each section, and  
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Figure 3 shows the simulated V-I characteristic of 
model 2 using MATLAB (Simulink). 

 
C.   Model3 

 
By examining the actual V-I characteristics of the arc 

furnace, in general the arc melting process can be divided 
into three periods. In this modeling some approximations 
are made according to these three periods, which are 
explained below: [6], [7] 

 
In the first period, the arc begins to reignite from 

extinction. When the arc voltage increases to zero, the arc 
current also reaches its zero crossing point. As the arc 
voltage reaches to the reignition voltage , the equivalent 
circuit acts as an open circuit. However, a small leakage 
current exists, which flows through the foamy slag parallel 
with the arc. The foamy slag is assumed to have a constant 
resistance , and the reignition voltage is assumed to be 
proportional to the arc length. 

igv

gR

 
In the second period, the arc is established. A transient 

process appears in the voltage waveform at the beginning 
of arc melting process. The arc voltage drops suddenly 
from to a constant value . This process is assumed to 
be expressed as an exponential function with a time 
constant

igv dv

1τ . 
 
 During the third period, the arc begins to extinguish. 

The arc voltage continues to drop smoothly, except a sharp 
change after the arc extinction. This process is also 
assumed to be represented by an exponential function with 
a time constant 2τ . 
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Fig.4. V-I characteristic of model 3 
 
Following the above approximation, the EAF is 

modeled as a current controlled non-linear resistance and 
the V-I characteristics is shown in Fig 4. The mathematical 
representation of  EAF are given by (6). 

 
                                                                                    (6)                    

[ ]

[ ]
⎪
⎪
⎪
⎪

⎩

⎪⎪
⎪
⎪

⎨

⎧

<
+

−−+

>≥
−−−+

><≤

=

0;
)(exp)(

0,;
))((exp)(

0,0;

2

1

1

dt
dI

iI
Ivvv

dt
dIiI

I
iIvvv

dt
dIiIR

R

ig

tigt

ig
igdigd

ig

a

τ

τ
 

Where  
 

d
ig

t
ig

ig

dig

v
I

iI
v

R
v

i

vvtiI

⎥
⎦

⎤
⎢
⎣

⎡ +
==

==

max

max

1

15.1)(
                                   (7)  

 
The current-resistance curve is shows in Fig 5. 
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Fig.5. current-resistance curve 
 

 
D.  Model4 
 

Another type of modeling and simplification of the 
actual characteristic is shown in Fig 6. [1], [8]-[12] 
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Fig.6. V-I characteristic of model 4 
 

Since the arc voltage changes its polarity very fast, this 
model neglects the voltage rising time, which results in 
sudden change in the arc voltage when the arc current is at 
zero crossing. Thus the perfect cycle of VIC is expressed 
as, 
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Let " l " be the arc length, A and B are the coefficients from 
experimental formula, then 

lBAvat .+=                                                                      (9) 

Where  reflects the arc furnace operating condition. atv
 

 
3.  Dynamic Behavior of Time Domain Models 
 

Voltage flicker is a stochastic and time varying 
phenomenon that causes variation in voltage RMS in the 
frequency range (0.5-25 HZ). 

 
To analyze flicker generated by an arc furnace, the 

dynamic arc furnace model is needed. To generate the 
dynamic behavior of the arc furnace using different models, 
the slop of the V-I curve in figure 1 should be changed as a 
sinusoidal function.  

 
In models 1, 2, and 3 the dynamic load models 

considers periodic change of the arc resistance about the 
value given for each model. The arc resistance in the 
case of sinusoidal variation is defined as: 

1R
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Where  is the constant resistance of arc furnace when 
the arc is off and EAF acts as an open circuit,

1R

fω  is the 

flicker frequency, and is the modulation coefficient. m
In model 4, the dynamic load model is affected by the 

voltage  in equation 9, so voltage  can be considered 
as: 

atv atv
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4.    Purposed Method for Simulate Flicker by              
EAF 

 
In the models presented, the arc furnace dynamic 

model is generated by changing R1 (say R1 modulation). 
Referring to the VIC of arc furnace, the R1 is associated 
with the low current period of the furnace cycle, though R2 
is the period which is the active part of the cycle and more 
current is passing through the electrodes so more flicker is 
expected. 

 
If we use R2 modulation to generate the dynamic 

response of the furnace, more flickers is generated and the 
results seem to be closer to the real one. 

 
As more power is taken by the furnace in part AB of 

the VIC, more flickers is expected and using R1 
modulation leads us to a less generated flicker case which 
is not correct. 
The most flickers are generated when the length of the arc 
is changing and this period is in part AB in the 
characteristic. 
So the dynamic behavior of the furnace can be generated by 
R2 modulation as: 
 

))sin(1()( 22 tmRtR fω+=  
 
5.    Simulation Results 
 

To compare the different arc furnace models, a simple 
arc furnace system is studied in single phase. The system 
configuration is shown in Fig 7 . 

 

 
 

Fig.7. Test arc furnace system diagram 
 

In figure7, the system impedance is represented as , 
bus PCC represents the point of common coupling, and bus 
AF is the low voltage side of the transformer whose 
impedance is given as . 

sz

tz
Simulation diagram is shown in Fig 8 and the system 

parameters and the parameters of each model are presented 
in Table I.  

 
 
 
 
 
 
 



TABLE I. System and arc furnace model parameters 
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Using the parameters shown in table 1, the four 

different arc furnace models are studied, and the results are 
shown in Fig 9-12 respectively. The arc voltage, voltage at 
PCC and arc current are shown in each figure. All the 
current waveforms in the figures are scaled to 200, in order 
to match the voltage waveform. The harmonic component 
of arc voltage, arc current and PCC voltage for each model 
is given in table II.  

 
 

 
 

Fig.8. MATLAB diagram of EAF 
 

To determine the flicker introduced by EAF at PCC bus, 
the dynamic model of electrical arc furnace must be 
studied. The dynamic behavior is based on the arc length 
variations. The nonlinear and time varying characteristic of 
the arc length cause changes in arc resistance and so the 
slope of the V-I characteristic.  

 

TABLE II. Comparison of the harmonic component of different 
models 

 

 
The main reason to choose an appropriate modulation 
factor is to generate acceptable flicker and at the same time 
limit the variations in the slop of the V-I characteristics. 

 
Figures 13-16 shows the dynamic V-I characteristic. The 
measurement of voltage flicker involves the derivation of 
system RMS voltage variation and the frequency at which 
the variation occurs, so the percent voltage flicker 

( %
V
VΔ

)and flicker frequency are important [13]. The 

mathematical relationships and definitions for cyclic 
voltage flicker are described in reference [13].   

From the calculations,  %
V
VΔ  at 10 hertz for 4 models is 

represented in Table III. 
 
 

Item Harmonic Model 
1 

Model     
2 

Model 
3 

Model 
4 

Fund(KA) 
 72.226 81.824 80.727 65.56 

3 rd (%) 
 0.1846 0.15068 0.13644 0.20636 

5th (%) 
 .06081 .05095 .043556 .07135 

7th (%) 
 .02577 .02125 .017429 .0319707 

9th (%) 
 .01221 .012324 .0091264 .0162088 
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11th (%) 
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11th (%) 
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11th (%) 
 .00581 .006709 .005253 .008902 
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Fig.9. Voltage and current waveform from model 1in static state 
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Fig.10. voltage and current waveform from model 2in static state 
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Fig.11. Voltage and current waveform from model 3 in static state 
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Fig.12. Voltage and current waveform from model 4 in static state 
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Fig.13. Dynamic V_I characteristic of model 1 
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Fig.14. Dynamic V_I characteristic of model 2 
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Fig.15. Dynamic V_I characteristic of model 3 
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Fig.16. Dynamic V_I characteristic of model 4 
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Fig.17.V-I characteristic from model 2 with modulation 1R
 

 
 

Fig.18. PCC voltage with m=0.3 for  1R
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Fig. 19.V-I characteristic from model 2 with modulation 2R
  

 
 

Fig.20. PCC voltage with m=0.3 for  2R
 
 
 



Table III.  %
V
VΔ

  at 10 Hz for sinusoidal variation of arc 

Model type %
V
VΔ  

Model 1 0.2207 % 
Model2 0.5956 % 
Model3 0.00887 % 
Model4 3.047 % 

 
6.   Conclusion 

 
Arc furnace is usually modeled in frequency and time 

domain. Modeling in frequency domain needs some 
measurements that in most cases is not provided that is why 
time domain modeling is more favorable.  

 
In this study, different models for arc furnace in the 

time domain are reviewed. The modeling is based on V-I 
characteristic approximation. Four major models for flicker 
evaluation of arc furnace are studied in this paper. 

 
In the models 1, 2, and 4 arc furnace is modeled as a 

current controlled voltage source, however, in the model 3 
the arc furnace has been modeled as a current controlled 
nonlinear resistance. 

 
In whole models mathematical relationship for perfect 

performance cycle is obtained with assumption that V-I 
curve is symmetric with respect to origin of axis. So all the 
models only generates odd harmonics. However actual arc 
furnace generates even harmonics. 

 
Referring to Fig1, the actual V-I characteristic of arc 

furnace has three parts. In the first period, the arc begins to 
reignite from extinction.  When the arc voltage reaches to 
the  reignition voltage , the equivalent circuit acts as an 
open circuit.  In the second period, the arc is established 
and the arc the voltage drops from  to increase the 
electrical conductivity of the arc (AB path). During the 
third part, the arc begins to extinguish. The arc voltage 
continues to drop smoothly (BO path). 

igv

igv exv

 
Models 1 and 4 are not able to simulate the third part 

so the response of models 1 and 4 are different from the 
actual performance of arc furnace. From the results of 
simulation, we conclude that the models 2 and 3 are more 
accurate present better results. 

 
Purposed method in this paper, use the active part of 

the characteristics for arc furnace flicker simulation. This 
idea implemented for model 1 by the variation of the active 
arc resistance .Figures 17 and 19 show the V-I 
characteristic with sinusoidal change in  
respectively. Comparing the voltage waveform at PCC for 
modulation by using  as the modulation 
coefficient in simulation (Fig 18, 20), we can conclude that 

using R2 modulation to generate the dynamic response of 
the furnace, generate more flicker and the results seems to 
be closer to the real one. As more power is taken by the 
furnace in part AB of the VIC, more flicker is expected and 
using R1 modulation leads us to a less generated flicker 
case which is not correct. 
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