Comparative Analysis of Different Models of Electric Arc Furnace
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Abstract

The nonlinear and time varying nature of Electric Arc Furnace (EAF) causes
power quality problems such as harmonics, flicker and voltage /current
imbalances. In order to analyze the power quality of power system containing
EAF, mathematical model of arc furnace becomes useful and informative.
This paper presents different models of alternating current operated arc furnace
to analyze the power quality in electric power system. The behavior of these
models under static and dynamic conditions is studied. A comparison is also
made between these models of arc furnace. Simulation results in MATLAB/
SIMULINK shows the voltage/current wave forms and percentage harmonic
component in arc furnace system.

1. INTRODUCTION

The most common task of Electric Arc Furnace
is to convert the solid raw materials into liquid
crude steel. Arc is a phenomenon created by
current flow in a non- conducting media. Normally
a pair of electrode (high thermal capacity
materials) is used to create arc. The electrical arc
furnaces are broadly of two types: AC & DC arc
furnaces. AC arc furnaces can be single phase or
three phase electrode combinations. Single phase
can carry one third of power as compared to three
phase and therefore low power arc furnaces can
be realized by using single phase. A three phase
arc furnace is a highly unbalanced, time varying,
non-linear load causing problem to the power
system quality whereas single phase has all similar
property except the unbalancing problem. The
power quality is mainly affected by flicker, voltage
and current harmonics. Flicker causes voltage
fluctuations in the connected electrical network
which in turn can affect other users. The effect of
voltage flicker on the arc furnace voltage is in the
frequency range of human vision(4-14 Hz).These

effects also reduces the efficiency of power system
and also the life of other electrical equipment
connected in the electrical network. Increased
amount of losses, overheat, noise are other
problems are cause of flicker and harmonic
generation. Hence, modeling of EAF has attracted
many electrical engineers to study its effects on
power quality.

There are many methods to describe the electric
arc. The time domain methods based on the
differential equations are presented in [1,2]. The
balanced steady state equations to describe electric
arc furnace are used in [3,4]. Other methods such
as using non-linear differential equations [4,5],
V-1 characteristics [6-7], frequency response [7-
8] are used to model the electric arc furnaces.
Modeling of the electric arc furnace can be done
both in time domain and transform domain(s-
domain or frequency domain). Since the electric
arc furnace is a nonlinear and time varying load
its operation can be best studied in time domain. In
transform domain analysis include representation
of arc voltage and arc current by its harmonic content.
Device or system is normally characterized/
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modeled by its voltage/current behavior and it is
called VI characteristics (VIC).

This paper presents different linear
approximation of VIC of electric arc furnace.
These models have been used to study the effect
of electric arc furnace on power quality. Simulation
results are also provided.

2. ARC FURNACE ELECTRIC CIRCUIT

A single phase arc furnace connected to utility
grid at point of common coupling through internal
impedance of Z is shown in figl.

V(t) and Z_ represents the system voltage and
impedance respectively and bus AF is the low
voltage side of the transformer whose impedance
is given as Z,.

PCC

7, Arc Fumnace Bus

Fig.1: Arc Furnace system Configuration

The V-1 characteristic of AC Electric Arc
Furnace is empirically evaluated and is shown in
fig 2.
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Fig.2: Actual V-1 characteristic of EAF. [1]

The empirical VI characteristic of Electric Arc
furnace has four major regions of operation as
shown in fig 2.
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3. MATHEMATICAL MODELING OF V-
CHARACTERISTIC OF AN ELECTRIC
ARC FURNACE

Piecewise linearization method is normally
used to obtain models of EAF to approximate VI
characteristics as shown in fig 2. Different methods
are proposed in literature [12]. In this paper, three
models of EAF is taken for analysis and their
impact assessment. These are referred as Model
1, Model 2, and Model 3.

Voltage

Actual
Vig |- ¥ A Model
- # -
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c
Fig.3. Actual and piece-wise linear approximation of V-I
characteristic of EAF. [1]

3.1 Model 1

One of the models has been proposed by [12].
In this model the approximated characteristic
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spans between area between 1 and 2. The arc
voltage varies linearly with arc current till current
I, and slope of characteristic becomes negative for
line AB. This is also true for third quadrant. The
actual V-l characteristic of EAF can be
approximated by the following mathematical
linear model [12].

Let V be the arc voltage at any point on VI
characteristic as shown in fig 3.

rli - i]_ S | < il
. ro . . .
V= ral + Vig(l — H) n<1<i (5)
krzi—Vig (1—%) —i2Si<—i1
Where r, r, are the slope of lines OA and AB

respectively.i and i, are boundary current and Vi
V__are arc ignition and arc extinction voltage

e

respectively.
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Fig.4: Static V-I characteristic for model 1

EAF is modeled by equation (5), (6) and (7)
and simulated in MATLAB. Fig 4 shows the static
V-1 characteristic of arc furnace obtained from
above equations. This fig also shows that arc
resistance for model 1 varies linearly.

3.2 Model 2
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Fig.5:V-I characteristic of arc furnace for model 2

A more approximate model of arc furnace is
proposed in [12] and it is given in fig 5. In this
mathematical model arc melting process is divided
into three parts. In the first part the voltage
magnitude increases from extinction voltage - V.
to ignition voltage Vi The arc current changes its
polarity from - i,to i.. In the second part there is a
sudden exponential voltage drop across the
electrode and voltage drops from V toV.In this
part current there is a very little increase in current
from i to i,. In the third part normal arc melting
process takes place. The arc voltage drops linearly
and slowly fromV_to V_.

The mathematical equations for the model 2
are shown below [12].

7y (—izg <i<iy, inc)or
(=i < i < ig, dec)
Ve + (Vig = Vo) oxp (2=) in < i < iy ime
Ve + (i — i)
V= Vex + (i - i3)T3
Ve + (Vee = Vig)eXp (ﬂ) —ip <i<-—i,dec
ir

i > iy, inc
i >3, dec

_Vst + (l + iZ)TZ i< —i2 ,dec (8)
_Vex + (l + i3)1"3 i< —i3 ,inc
Where,
Vi
P9
h="" 9)
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i =150 (10)
i, = 3i (12)
Iy = Ye (12)
r-1
where r,, 1,, r, are the corresponding slope of

each section. |1, . 1, 1,are boundary currents and
V., V,, are arc ignition and arc extinction voltage
respectively.

3.3 Model 3

A third method is proposed in [12] and is shown
in fig 6. The Arc melting process can be divided
into three parts. In the first part the arc begin to
reignite from extinction. The arc voltage and arc
current simultaneously reaches at zero crossing
point. As the arc voltage equals the reigniting
voltage the equivalent circuit act as open circuit.
In the second part the arc is ignited and a sudden
change is noticed in the voltage waveform at the
beginning of arc melting process. The arc voltage
falls from V,, to a constant voltage V,. This part
of the process is approximated to exponential
function with time constant T,. In the third part of
the process the arc begins to extinguish. The arc
voltage continues to drop smoothly. This part of
the process is also approximated to exponential
function with time constant T,.In this model the
EAF is modeled as a current controlled non-linear
resistance.
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Fig.6: V-I characteristic of arc furnace for model 3

102

These are the mathematical equations for
model 3[12].

Let R, be the arc resistance at any point in the
VI characteristic of EAF as shown in fig 1.

|(Tl O < 1< iig % > O
Va+(Vig —Vd) exp ( Iig) ) dl
{I TN ¢
t ¢ (ty‘I:l):Xp( )%<0
Where,
I=1]i (Ol (14)
V, =115V, (15)
Vig
iy = r (16)
Imax + i
O e 1 (17)

4. EQUIVALENT ARC RESISTANCE

Variation of current dependent arc resistance
is studied for three models. The arc resistance of
model 1 varies linearly with arc current. Arc
resistance for model 2 and model 3 varies in
somewhat similar manner as shown in fig 8.
However regions of operation in this curve are
difficult to show because of overlapping. Let R
be the current dependent arc resistance and | be
the arc current then

R=f (I) Where (1) is non-linear function of current.

CAn ik |
R B m W

Fig.7: Variation of arc resistance for model 3
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5. EFFECT OF NON-LINEARITY OF AN
ELECTRIC ARC FURNACE

An EAF connected to utility grid at point of
common coupling (PCC) through internal
impedance as shown in fig 1. The simulated results
are presented as a comparison of three models of
EAF-model 1, model 2, model 3. From fig 9, 10
and 11 we noticed that arc voltage and arc current
are out of phase. When arc current reaches at its
peak value there is a dip in arc voltage at this
instant. In fig 9, 10, 11 source current is scaled to
match source voltage and arc voltage. The dip in
arc voltage of model 3 is somewhat less than other
two models.
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Fig.8: Source Voltage, Source Current and Arc Voltage
for model 1.
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Fig.9: Source Voltage, Source Current and Arc Voltage
for model 2.
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Fig. 10: Source Voltage, Source Current and Arc Voltage
for model.

6. IMPACT ON REAL POWER (P)/
REACTIVE POWER (Q)

The impact on real/reactive power is studied
and is shown in fig 10, 11 and 12. The power flow
diagram of model 2 is considered to be more
accurate as model 2 best fits to EAF VI
characteristic. The magnitude of active/reactive
power of model 1 is less than of model 2. For
model 3 the power flow profile is somewhat
similar to model 2. Table I shows the magnitude
of active/reactive power for three models taken
in this paper. The transient condition for model 1
extends more than model 2 and 3 as shown in fig
below.

| | | |
2 i u in k-
R

Fig.11: Active Power (P) and Reactive Power (Q) flow
of model 1.
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Fig.17: Simulated harmonic content of Voltage V _for
model 1.
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Fig.14: Simulated harmonic content of Arc Voltage of

model Fig.18: Simulated harmonic content of Voltage V_for
model 2.
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Table-3: Arc Current Harmonic content as a percentage of

Bag 1% o fRowd ome il
i - 3 "

Fudan i D<= 5380, THER L0 fundamental.
7 . | Harmonic Model 1 Model 2 Model 3
4 Fundamental 151.8 168.8 1295
(KA)
3™ (%) 0.38 0.34 0.33
4 gth (%) 0.07 0.09 0.07
7" (%) 0.04 0.04 0.02
gth (%) 0.03 0.03 0.02
11" (%) 0.01 0.02 0.01
13" (%) 0.01 0.01 0.01
Fig.19: Simulated harmonic content of Voltage V__ for
model 3. Table-4: THD- Voltage at Vi
Model Model Model
1 2 3
Table-1: Arc Voltage Harmonic content as a percentage % THD 3.55 451 3.14

of fundamental.
Harmonic Model Model Model
1 2 3
Fundamental(V) 290 272.7 266
37 (%) 0.35 0.38 0.36
5" (%) 0.1 0.15 0.11
7" (%) 0.08 0.08 0.05
9" (%) 0.07 0.08 0.06
11"(%) 0.05 0.06 0.05
13" (%) 0.04 0.05 0.02

Table-2 : Harmonic content of Voltage at point of

common coupling (V,..) asa percentage of fundamental.

Harmonic Model Model Mode 3
1 2
Fundamental(V) 378.3 377.2 373.9
3 (%) 0.02 0.02 0.02
5" (%) 0.01 0.01 0.01
7" (%) 0.01 0.02 0.02
9" (%) 0.01 0.01 0.01
11"(%) 0.01 0.01 0.01
13" (%) 0.01 0.01 0.01

Note- All the values are with respect to base value
taken as their fundamental.

8. CONCLUSION

This study, firstly investigate three models of
electric arc furnace. Piecewise linearization
method is used to obtain the approximate models.
These models do not require any initial conditions.
In model 1 and model 2 arc voltage is taken as a
function of arc current, whereas in model 3 arc
resistances is taken as non-linear function of arc
current. From figure 5, 6 and 7 we conclude that
model 2 best fits to ideal V-1 characteristic. Electric
Arc Furnace can be best modeled as non-linear
resistance using model 2. If we use Models 1 and
3 can to model EAF, compensator 1 need to be
over-compensated. Harmonic analysis for source
voltage and arc voltage is also done. For designing
compensator 1 harmonic analysis of voltage at
point of common coupling is essential. Similarly,
for compensator 2 harmonic analysis of arc voltage
is required.
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