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Abstract: Problem statement: The Electric Arc Furnace (EAF) is a non-linear |l@awl creates power
quality related problem. Therefore, accurate modetif the EAF is essentighpproach: In this study,

an optimal model for EAF in time domain called empotial-hyperbolicwas proposedo describe the
behavior of the EAF for all of the operating coratis and it does not need the initial conditionshey
needed for the existing methods of modeling ofEAé¢-. Then, the behavior of the proposed model of
EAF on the power system was studied using the PS&&fvare. In order to analyze the proposed
method, several characteristics for different ogegaconditions were investigate®Results: In the
simulation, the parameters were taken from the EARhe Mobarakeh Steel Making Company
(Isfahan-Iran). The results of the simulation aatelly showed the behavior of the EAF of the company
Conclusion: The finding of this study showed that the propos&gonential-hyperbolic model was
capable in modeling of EAF for different operattanditions.
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INTRODUCTION The important issue in the modeling of the arc is
the simulation of aft™. There have been several
The EAF is inherently nonlinear and time-variant methods to describe the electric arc. The balanced
loads and it can cause power quality problems sisch steady state equations are usétinThe time domain
voltage flicker, odd and even harmonics as well asnethods based on the differential equations are
unbalanced currents and voltages. These problenmesented by . The methods used 2™ are
should be solved in the EAF. In this regard, annoatt  based on the lineralized methods and approximation.
model is necessary to consider the mentioned pmable Other methods such as methods based on frequency
Also, it should be mentioned that the time respasfse respons€, V-1 characteristi¢*®], nonlinear differential
the EAF has a great effect on power quality. equationS'% are used to analyze electric arc of the
The dynamic specifications of the EAF at anyfurnaces. In the following, the advantages and
instant of time are affected by conditions of tbence  disadvantages of the mentioned methods are exglaine
at that time and previous instants of the time. Théboriefly.
reason for that is when the arc is created, thelesud The equations of steady state are very helpful in
change in the electrons, ions and gas temperatheé ( computational work. However, it deals only with the
may occur due to sudden change of current) ibalanced three phase currents. It also uses an
impossible. Therefore, the sudden change of theestur approximated step model for the waveform of Voltage
will not lead to sudden change of the arc charistier  Current Characteristic (VIC) of the EAF. In the &m
Thus, this phenomenon happens gradually. In faetet domain analysis, the parameters are determined usin
is a hysteresis phenomenon in the dynamic of the arthe harmonic source voltages and the unbalancee thr
characteristic due to the effects of the currenthe phase currents. This method also uses an appradmat
previous instants of time on the present time. riefp  step model for VIE!.. Other method in analyzing the
the time response of an electric furnace dependiemn arc model in time domain is formed based on thesi€as
length of arc, positions of electrodes and topoltwy Mayer equatiofi®. In this method, Cassi and Mayer
external circuit. equations are used for the low and high currerthef
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arc, respectivelyln the method of linearization and pcc 1,  PCoq, PS
approximation of the arc voltage is determined gisin heae | @ | @ |
the current of in the V-I characteristics of the/&r’. ’ Wi | MVILY l
When the EAF model in the time domain is YD
compared with the model in the frequency doffaiit EAF

can be concluded that modeling in the time domsin i )

more efficient in studying the arc furnace elemetd ~ Fi9. 1: Diagram of an EAF connected to rest of powe
the EAF performance. However, the frequency domain system

models are more suitable for harmonic analysishef t

. PCC=BUS1 BUS2
external network. The external network is the mazfel Ts

¢
2C

Te

a linear system at each harmonic. Xee [ o | Wiy Xe
In the above explained methods, there are some
limitations such as need to initial conditions émiving AC System

the differential equations, balanced operating ¢
of the three phases of the EAF and use of sopatstic = =

mathematical equations for the estimation of the ar _. L
g Fig. 2: Circuit diagram of an EAF connected to refst

model.
Considering the mentioned limitations, this study power system

presents a new model for the EAF in the time domain 300

The main aspect of the new model is modeling of the > ]

proposed method with a good approximation without 200} SN\

need to the initial conditions of the EAF performoan 2

Also, the proposed method can be used to desdribe t 100~ § Area2

different operating conditions of the EAF and power

system. Finally, the proposed method presents a 0  Carren. A

suitable model with a very good approximation foe t

VIC. In order to increase the accuracy of the load -1008

model, a random noise is employed to establishva ne 200k

model of the furnace load. Then, unbalanced sdnati Area 4

of the currents and voltages, the effects of thedce -300 .| L 1 1
100 -50 0 50 100

load and voltage flicker are studied in the new etold
should be noted that in this study directly consdae
effect of voltage flickering on the voltage arcrface,
in the frequency range of the human vision (betwéen ) ] )
14 Hz). In the simulation of this study, the datdongs In Fig. 2, % is the series reactance for

to a real EAF taken from Mobarakeh Steel Makingcompensation of voltage flicker. The elements @f X
Company (Isfahan-Iran) and R are the reactance and resistance of the

connected line between furnace electrodes and fis
impedance is the dominant part of the total impedan
seen by the arc furnace.

Fig. 3: The Actual V-l model of electric arc furresc

MATERIALS AND METHODS

The performance of electric diagram for the EAF:

Figure 1 shows the electric diagram of a sourceclwhi
supplies an EAF. In order to change the active tinpu
power of the arc furnace, a furnace transformey,iS

used. 'I_'his transfprmer is con_necte(_:i to p_oint 0 In the other word the modeling is based on the
connection, PC. This transformer is equipped witama system identification. As can be seen from Figth,

changer Iocc'_;lted at the secondary winding. This taR|ectric arc consists of four major parts as:
changer varies the voltage of the furnace. The arc

furnace is also connected to the point of common ,
coupling, PCC, through the substation transforrier, Areal{%> 0, V. .i,.> 0 (1)
The simplified diagram of Fig. 1 is shown in Fig. 2 dt

154(

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 mwdgis
falso based on Fig. 3.
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di . Vv, ([1-¢e"m) iz 0
Area2y —2¢ < Q,\,_, 0 2 N o) @ '
rea { dt < Ve Erc> ( ) V(|) = ' ‘ (6)
-V, 1-¢€""), i< 0
Area LI 0 i< O 3) . :
ot Ve vhe In the Eq. 6, the current time constantié used to

describe the positive and negative currents. The
di exponential function is also used to model the \6fC
Areaé{ﬁ> 0,V ,.< O (4) the arc. This model can be used in optimization and
stability issues of the EAF.

According to above equations, Eq. 1 is similar t0\qqe| 3: Proposed model: Exponential-hyperbolic
Eq. 4 and 2 is also similar to Eq. 3. However,slgn  ,q4el: |n this model the VIC of the EAF described
of voltage and the current in the similar ones argsing the following equations:

opposite. Thus, the arc voltage can be expressad as
function of the arc current in their region. Inghiase c
we can describe the arc voltage with two different Va
functions. In these descriptions, the arc voltage i, _
d V(I) - (7)
ependent on the arc current. ,
For this purpose in the following, the equatiofis o vV, (1-€e"") di 0,i>0
EAF are analyzed using three different models based dt
the VIC of the electric arc. Then, the best modebag

the three models which has description the perfooma In Eg. 7,1 is the current time constant in kA. As
of the furnace is selected. can be seen as in from this equation, for the pesit

current and regarding the hysterias property ofattoe

Model 1: Hyperbolic model: In this model the VIC of there are two cases. To increase and decrease the

the EAF is considered to be in the form of ¥Vl  current of the EAF, the hyperbolic equation and
and it can be described as: exponential-hyperbolic form of the equation ared,se

respectively. The proposed method has the capabfiit
describing the EAF behavior in time domain using
(5) differential equatiol¥. In addition, it is able to analyze
the behaviors in the frequency domain without sa@vi
the sophisticated differential equations.
where, } and \, are arc current and voltage of phase a. Moreover, the proposed method can describe
Also, V is the threshold magnitude to which voltage different operating conditions of the EAF such ritidl
approaches as current increases. This voltage depenmelting (scrap stage), mild melting (platting stagad
on the arc length. The constants C and D argefinement of the EAF. The results agree with dctua
corresponding to the arc power and arc currentconditions of the EAF in the steel industries.
respectively. These constants can take differehtega
which depend on the sign of the derivative of the a The Unbalanced situation in the proposed method:
current. Since Egq. 5 has a behavior similar toln order to investigate the effect of unbalanced
hyperbolic function, it is called hyperbolic model. situations on the proposed exponential-hyperbolic
There are two paths to increase or decrease ofrdurr model of load in the EAF, different values for the
The first path is related to the increasing stdtéhe  voltage \j in Eq. 7 are considered for different phases.
current and the second path is associated witlThe effect of the different values is more obselwatt
decreasing state of the current. In this regar@, ththe primary side of PCC. To consider the effectwdn
constants C and D are classified into two grougge T harmonics which are produced in the early stagief
constants for the first groufor first path) are Cand  charging the furnace, the different values of ¥re
D.. Also constants of the second grdop second path) considered for positive and negative part of eaudsp
areC, and Q3. current.

- on,i>0
D +i dt

C

Va(la) =Val+ D+I

Model 2: Complete exponential modelin this model Investigation the effect of random voltage flickerin
the VIC of the EAF is approximated by an exponéntiathe proposed method:In order to study the effect of
function as follows: voltage flicker on the systems with the EAF, it is
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sufficient to consider ¥ in the time-variant form of. 300
This section considers the random variations fa& th
voltage V4. In this regard, the voltage,Ms modulated
with a random signal at different phases. This alidpas 100
the mean of zero with the frequency band in thgean
of 4-14 Hz. Thus, in this case the voltagg; Yor
different phases can be written as

200

0

-100

Voltage (V)

-200

Vau =V aort k N (t) 200 "1
V. =Vaetk N (1) (8) -3000 2000 -100 0 100 200 300

Vat3 =V atost k N &t) Current (ld)

Fig. 4: The VIC of the arc the in the hyperbolicded
where, N(t), ( = 1,2,3) is a band limited white noise = P

with zero mean and variance of 1. Also, the modaat 400 . , : ,
index and variance of the random signal are shownb . | Voltage (V) —orrevree Current (k&) |
ki(j = 1,2,3) and W;(t), respectively. It should be noted (SN I NS Y NS Y SR N S—
that the flicker intensity can be changed by k 200

100 |

RESULTS off

-100 1 . Y ’
Comparison the different models of the furnace :
load: In order to compare the proposed exponential- 200 N I A I N B
hyperbolic model with the other models, firstly the -30%4 e o T e o5
results of simulations hyperbolic load model are ' ' ' Time (sec) ' '

presented. In Model 1, the parameters of EAF

characteristics are chosen as: Fig. 5: Waveforms of the arc voltage and currerthia

hyperbolic model

V, =250V
C, =190000W ©) 300
C, =39000 W 200 -

D, =D, =5000A

100

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 =~ 19
VIC of the EAF is derived and shown of Fig. 4. The

Voltage (V)
[l

waveforms of the current and voltage of the arc are I,
illustrated in Fig. 5. 300
The second simulation is associated with -300  -200 -100 0 1o 200 300
exponential model. This model is formed based on Current (k)
Eq. 6. The constant parameters in this model are
chosen as: Fig. 6: The VIC of the arc the in the exponentialdal

Results for the proposed exponential-hyperbolic
(10) method: In this part, the results for the proposed
exponential-hyperbolic method are studied. In the
proposed exponential-hyperbolic model, the paramete
With the above values for the parameters, the VIGare a combination of Eq. 9 and 10. The derived 9iC
of the arc is obtained as shown in Fig. 6. Als® th the arc is depicted in Fig. 8. At the points ofsthi
waveforms of the current and voltage of the arc areharacteristic where the length of the arc is resied
given in Fig. 7. with time, this characteristic is assumed to bestaont (at

1542
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Fig. 7. Waveforms of the arc voltage and currerth#®  Fig. 9: Waveforms of arc voltage and current in the

exponential model proposed exponential-hyperbolic model
300
N 800
200 ~
/ £ 600
o]
Qo
5 0 % 400
: g
© 100 3
2 200
200 / O
] |
300 01 02 03 04 03
300 200 100 0 100 200 300 Titne o)
Voltage (V)

Waveform of the arc conductance in the
situation of the proposed exponential-
hyperbolic model

Fig. 8: The VIC of the arc the proposed exponential Fig. 10:
hyperbolic model

refining process). In this situation, the EAF doext

create any flicker at PCC. At this stage, the EAF ! !
produces only odd harmonics in voltage and current, i
because the VIC has a symmetric behavior. This
situation describes the actual performance of tA& E

at the plating period. In this period, the level of
melting material is nearly constant and the melimg
distributed uniformly in the furnace. Figure 9 slsow
the waveform of voltage and current for the propglose
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, 0.35 04 0.45 0.5
respectively. The results indicate that if the ame TieiERG

load does not produce any flicker, then the arc

voltage, current and voltage and current of thenpry ~ Fig. 11: Waveform of the three phase current at the
side of PCC oscillate similarlyThese waveforms primary side of the PCC bus in proposed
present the actual performance of the electricesyst exponential-hyperbolic model

supplying the arc system. When the EAF is in the

melting process (or scarp stage), the VIC of theigr Results for unbalanced three phase furnace load:

in the form of Fig. 12. Finally, for the refiningege of  performance in the unbalance load situation which
the arc material (at the melt down stage), the ¥fC mostly happens in the initial working condition thie

the furnace is given in Fig. 13. EAF (at the scrap melting stage).

154:
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Current (k&)

Fig. 12: The VIC of the arc in the scrap stage (offig- 14: Waveform of the three phase current at the
melting process in the proposed exponential- primary side of the PCC bus in the unbalanced
hyperbolic model situation for different voltages for three phase

in the proposed exponential-hyperbolic model
500
400 — EL ]
Voltage (V) Current (Jci)
250 L1
- . - s & by b 4
5 100 | -'-]]il||.‘|]
(At
= 500 . | | |
350 ] I ' |1 ‘ \ 1
500 ELﬁE IRER HL

200 <150 <100 -50 0 50 100 150 200 .
Current (i) 0.1 0.2 03 0.4 05
Time (sec

Fig. 13: The VIC of the arc in the refining stage ( )
melt down process) Stage in the proposedzlg. 15: Waveforms of the arc VOItage and current i

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

In order to study the unbalanced situation in the hyperbolic model
proposed exponential-hyperbolic model, the voltdge
in different phases are considered as: Results for analysis of voltage flicker:n this part, the
V. =250V simulatiqn of _the voltage flicker using the random

aa voltage is carried out based on Eqg. 8. The valoethe
V=350V (11)  parameters used in Eq. 8 are:
V., =450V
Vo1 =V a0=V 40=250V
The waveforms of the three phase currents at th%f‘ilkz :;223 -1 e (13)

primary side are obtained using the values given

Eq. 11. The obtained currents are shown in Fig. 14. . .
Also, in order to show the even harmonics and Also in Eqg. 8, N(f), N(t) and N(t) are three white

asymmetry of the arc, the voltagesg ¥or positive and noisg \(oltages with zero mean and variance equals 1
negative current are chosen as: the limited band (between 4-14Hz).

The results of the simulation are plotted in Hi-

V,, =250V 20. Figure 16 shows the time variations of the cand
V., =120V (12) " fiicker. The VIC of the arc in the situation of dom

flicker is given in Fig. 17. The arc voltage andreat
where, \4; and Vy, are associated with positive current depicted in Fig. 18. Figure 19 shows the wavefofm o
and negative current, respectively. With these aslu the arc conductance in this situation. Also, Fi§. 2
the waveform of the arc voltage and current ardllustrates the waveforms of the three phase curn
determined and they are shown in Fig. 15. the primary side of the PCC bus for the situation.
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Fig. 18: Waveform of the arc voltage and currerthim

Fig. 16: Waveform of variations of the random fleck R .
situation of random flicker
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Fig. 17: The VIC of the arc in situation of random _. .
g flicker Fig. 19: Waveform of the arc conductance in the

situation of random flicker
DISCUSSION

0.3

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 &ad
chosen in the situations that current increases or
decreases, the asymmetry situation occurs of istrga :
and decreasing current leads to asymmetry in the ‘Tme (5e0)
voltage and current of the furnace. Consequerttiig, t
results in producing even harmonics as can be geen Fig. 20: Waveform of the three phase current at the
Fig. 15. primary side of the PCC bus in the situation of
random flicker

urrent (kA

C

Discussion for voltage flicker: Similar to the

previous part and based on Fig. 16-20, when theonductance and the three phase current of theaprim
random flicker is applied, the load specificationfs side of the PCC bus, are varied randomly. Howether,

EAF are varied randomly. Thus, voltagerrent, variations of the voltage at the primary side & BCC
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bus are not nearly varied. In the other word, ia tase, CONCLUSION
furnace load flicker leads to a little variation the ) ] . . o
voltage of the bus supplying the EAF. This study, firstly investigates the existing

hyperbolic and exponential models for EAF. Afteatth

Discussion for harmonic analysis for different the expé)nen(tjlall-ﬂyperbc:_hc_t TOdelft'E prqptqsedeﬁ The

models: In this part, the results of harmonic analysis forProposed model has no fimitation ot thé exis mgj. o

the different models of the EAF are discussed.and does not réquire any initial conditions or .Epjec

Moreover, the effects of furnace load on voltageneedS for modeling of th_e arc. Most of the spesfiins

harmonics are investigated using the proposec?f the EAF can be described by the proposed method.
This study also proposes a three phase strucfure o

exponential-hyperbolic model. So, Table 1 illussat he electric EAF which lit .
the generated voltage harmonics at the mild meltin € electric which covers power qualily aspects
uch as: voltage flicker and voltage and current

stage for the different models; hyperbolic, expdian O ; . .
and proposed exponential-hyperbolic model. BecausiPalanced situation. Since this model considees th
reactance and resistance of the flexible cables, th

of the presence of the odd symmetry in the modhls, ) .
even harmonics is present in the arc voltage proposeq ”?Ode“”g has high accuracy. The pr_oposed
emethod is simulated on a parameter correspondirgy to

Also, Table 2 shows the voltage harmonics of th i ;
EAF for different operating condition. As can bewin real EAF and the results of the simulation show the
i outstanding aspects of the proposed method in well

in Table 2, because of lack of odd symmetry in the L .
electric arc, the even harmonics are present inathe describing the behavior of the EAF when compared to

voltage. Thus, these even harmonics are injectedeto the existing methods.
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