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Abstract: The overrun of transient power quality index caused by the large-capacity electric arc furnace (EAF) has become a promi-
nent problem affecting the safe and stable operation of the power system. (1) In this paper, the relationship between arc furnace
voltage and current is derived based on the different stages of arc combustion, and the random variation of chaotic phenomenon of
the arc voltage are simulated. Established an EAF model suitable for the study of transient power quality problems. (2) Take 50t AC
EAF as an example to analyze the reactive power impact and the influence on the point of common coupling (PCC) voltage caused
by the three-phase short circuit of the electrode. The results show that the experimental results are consistent with the theoretical
analysis, verifying the correctness and effectiveness of the model. (3) When the three-phase short-circuit occurs, the reactive power
impact is nearly 6 times that of normal operation, the short-circuit current is 2.66 times that of normal operation, and the effective
value of the PCC voltage has dropped by 40.37%, which provides a theoretical basis for real-time compensation of impulsive reactive
power and improvement of the transient power quality of the EAF.
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1. Introduction

Non-linear load is the main pollution source of power quality. Among many non-linear loads, AC electric arc
furnace (EAF) is the most complicated and random pollution source. Steady-state power quality problems caused by
EAF have been the focus of research, such as voltage fluctuation [1,2], harmonic [2], and three-phase unbalance [3].
However, in the operation of the EAF, there are also transient power quality problems, such as the voltage sag caused
by the short-circuiting of the electrodes of the EAF. In the articles on the voltage problem of electric arc furnace, most
of them study voltage fluctuation [4-5], and rarely study voltage sag. Some papers attribute the voltage changes caused
by short-circuit electrodes to voltage fluctuations, which is not very accurate.

Many papers have established models to study the steady-state power quality of EAF [7-19]. Ref. [9] and Ref. [10]
study the internal and external factors that affect arc resistance according to the physical mechanism of the EAF during
the cycle of operation to obtain the arc resistance expression. Ref. [11] and Ref. [12] fits the volt-ampere characteristic
curve of the EAF, and considers the change of the active power to obtain the expression of arc voltage with respect to
arc current. Ref. [13] and Ref. [14] combine exponential model and hyperbolic model to describe the expression of elec-
tric arc furnace voltage with respect to current. Ref. [15] and Ref. [16] list the expressions of arc resistance according to
the volt-ampere characteristic curve of the EAF. Ref. [17] and Ref. [18] establish an EAF model by using the law of
energy conservation to list the differential equations. Ref. [19] believes that the voltage fluctuation caused by the EAF
is chaotic. In addition, there are modeling for harmonic analysis [20] and modeling of electric arc furnace with neural
network [21-23]. there are some limitations such as need to initial conditions for solving the differential equations, bal-
anced operating condition of the three phases of the EAF and use of sophisticated mathematical equations for the esti-
mation of the arc model.

According to the different states of arc combustion, this article lists the mathematical models of the EAF in different
combustion stages combined with the hyperbolic model and the exponential model. Then, white noise is added to sim-
ulate the random change of the arc and the Chua's circuit is used to modulate the arc voltage to obtain the final EAF
model. The model does not need to solve complex differential equations, is simple and accurate. What’s more, it does
not require initial conditions, has strong portability and wide applicability. It can simulate the electric arc furnace in
any arc state, and is suitable for studying the steady-state power quality of the EAF as well as the transient power
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quality of the EAF. Finally, the model is used to simulate the three-phase short circuit, the most serious short-circuit
phenomenon of the EAF, and compare with the analysis and calculation results.

2. EAF model

The EAF melts steel by the heat generated by arc combustion, and the arc impedance is nonlinear and time-varying.
It is difficult to obtain the arc impedance expression simply and accurately. However, when studying the influence of
the EAF on the power quality of the power supply system, we do not need to obtain a specific arc impedance expression,
as long as the external characteristics of the EAF can be accurately simulated. The arc is divided into three stages during
the operation of the EAF, and the external characteristics of each stage are different.
A. The stage of arc starting
In the arc furnace, the arc changes from nothing to the burning state, the arc voltage rises from zero to the reignition
voltage Uiy, and the arc ignites and enters the combustion stage. At this stage, there is no arc in the EAF. However, a
small leakage current exists, which flows through the foamy slag parallel with the arc, the foamy slag is assumed to be
a constant resistance R [15].
B.  The stage of arc combustion
After the arc voltage rises to the reignition voltage, the arc enters the combustion stage. With the continuous in-
crease of arc current and temperature, the ability of the electrode to emit electrons and the ionization ability of the
surrounding gas are enhanced. Therefore, the electrical conductivity of the gas increases and the arc resistance de-
creases. Under the same arc length, the arc voltage required to maintain the arc combustion decreases. The arc voltage
decreases with the increase of the arc current, and presents a hyperbolic relationship at this stage [13,14].
C. The stage of arc extinguishing
In the combustion stage, the arc voltage decreases with the increase of the arc current. After the arc voltage drops
to the arc extinguishing voltage, the arc extinguishes and enters the arc extinguishing stage. In the case of a certain arc
length, the arc voltage gradually decreases to zero as the arc current decreases. The relationship between arc voltage
and current at this stage is described by an exponential function [13,14].
Therefore, the relationship between arc voltage and arc current is:

Ri li|<U, /R

] C di .
u(i)=<V,+(——) —>0, li|l>U. /R
M=Vo+(C-5) &> li|>U, 1)

Vo(l-e™") %< 0, li|>U, /R

Vo is the threshold magnitude to which the electric arc voltage approaches as current increases, it is related to the
arc length. The constants C and D are related to arc power and arc current, respectively. [ is the arc length a is the sum
of the potential drops in the anode and cathode regions, taking a=40V, b is the potential gradient in the arc column,
b=10V/cm. 7 is a current constant used to model the steepness of the positive and negative phases of the arc current.

V, =a+bl 3)

Equation (1) describes the relationship between arc voltage and arc current under the condition of a certain arc
length. However, the surface of the slag smelted by the EAF is not even, so the arc length is constantly changing, and
the change is random. Generally, white noise is used to simulate the random change of the arc length.

| =1,(L+mN(t)) 6)

In actual operation, the load of the three-phase EAF is asymmetrical, and different lo can be set to model the load
asymmetry of the three-phase EAF. N(t) is a band-limited white noise.

In previous studies, the voltage fluctuation caused by the electric arc furnace was proved to be chaotic, so in order
to simulate the voltage fluctuation phenomenon more accurately, a chaotic signal was added to modulate the arc volt-
age. The chaotic signal is simulated by Chua's circuit with asymmetric nonlinear resistance.

Uarc = U(I) x (1+ NU¢pa0tic ) (6)


https://doi.org/10.20944/preprints202103.0305.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2021 d0i:10.20944/preprints202103.0305.v1

Uure is the arc voltage, uchaoticis the low-frequency voltage chaotic signal output by Chua’s circuit, n is the ratio of
the peak value of the low-frequency voltage chaotic signal to the peak value of the arc voltage. Chua’s circuit diagram
is shown in Figure 1.
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Figure 1. The diagram of Chua's circuit.

3. Simulation of EAF with power system
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Figure 2. the equivalent circuit diagram of a single-phase power supply system for a 50t AC EAF

Figure 2 is the equivalent circuit diagram of a single-phase power supply system for a 50t AC electric arc furnace.
Where Zi1 is the line impedance from the power supply to the PCC, Zi2is the line impedance and reactor impedance
from PCC to 35kV bus, r« and x4 are the resistance and reactance of the EAF short network, Uo and U: are the power
supply voltage and the secondary side voltage of the furnace transformer respectively, Zar is the arc impedance. The
parameters of EAF are shown in Table 1, and the parameters of EAF power supply system are shown in Table 2.

Table 2. The parameters of EAF and power supply system.

parameters value parameters value
C 350000 Rated voltage of T1 (kV) 220/ 35
D 5000 Rated capacity of T1 (MVA) 63
T 10000 Short-circuit impedance of T1 6.3%
lo(cm) 25 Load loss of T1 (kW) 270
Uo (kV) 220 X2 (Q) 3.196
X1 (Q) 1.452 Rated voltage of T2 (MVA) 35/0.996
Rated capacity of T2 (MVA) 50 r4=0.4077

The resistance of short network (mQ)

Load loss of T2 (kW) 250 xda=2.9786

The 50t AC EAF is simulated using the model proposed in this paper. Figure 3 is the EAF volt-ampere characteristic
curve without random modules and chaotic circuits, Figure 4 (a) is the waveforms of arc furnace voltage and current
without the random module and chaos circuit, and Figure 4 (b) is the waveforms of arc furnace voltage and current
after adding the random module and chaos circuit.
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Figure 3. the volt-ampere characteristic curve of EAF without random modules and chaotic circuits.
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Figure 4. The waveforms of EAF voltage and current: (a) Without random modules and chaotic circuits; (b) Adding ran-
dom modules and chaotic circuits.

The volt-ampere characteristic curve in Figure 3 accurately simulates the relationship between the voltage and
current of the EAF at different stages of the arc. Figure 4(a)shows that the waveform of the EAF voltage is similar to a
square wave, and a sharp wave appears after each current zero-crossing. The maximum value of the sharp wave is the
reignition voltage. After adding random modules and Chua's circuit, voltage fluctuations can be clearly seen in Figure
4(b). The simulated voltage waveform, current waveform and volt-ampere characteristic curve are similar to those in
the actual operation. Therefore, the model can accurately simulate the external characteristics of the EAF at different
stages for studying the influence on the power quality of the power supply system. Moreover, the model is established
based on the different combustion states of the arc, and the short-circuit or open-circuit of the arc corresponds to dif-
ferent combustion states, so it can be used for the study of transient power quality problems caused by EAF. By chang-
ing the parameters in the relationship between arc voltage and current, it can be used to simulate different EAF.

3. Analysis and Simulation of Three-phase Short Circuit in EAF

When the arc furnace electrode is short-circuited, a large short-circuit current is generated, which causes a reactive
power impact on the power grid, and the PCC voltage sag. After a short circuit occurs, the electrode adjustment system
will adjust the electrode position to restore the EAF to normal. Generally, the duration of a short-circuit fault in the EAF
is 0.01s to 0.02s. The most serious short-circuit phenomenon should be simultaneous short-circuit of the three phase
electrodes. Of course, the probability of a three-phase short-circuit in modern EAF is small, but the situation is serious,
so it cannot be ignored.
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ro+jxo is the sum of system impedance, line impedance, reactor impedance, and transformer impedance converted
to the secondary side of the furnace transformer. When a three-phase short circuit occurs in an EAF, the three-phase
circuit is symmetrical and Ua=0.

The arc voltage is derived from the arc current to obtain the arc furnace impedance.

R lij<uU, /R
V, C di .
Zarc: TO"rﬁ a>0, |I|>Uig/R

| U, /3
\/(ro 1+ 2, -COSP) + (Xg + Xy + 2y -SIN Q)
Reactive power: Q=317-(X, + X, +Z,,. -SiNg),

Arc current:

Active power: P=31%-(r, +1, +Z,, -COSp)
The voltage of PCC: Upee =1 % (1, +%;),

PR+ QX
The amplitude of voltage sag at PCC: AU = PR+OX

Table 3 is the calculation results and simulation results when a three-phase short circuit occurs in the EAF., Figure
5 is the waveforms of the voltage and current at the PCC, respectively, and Figure 8 is the waveforms of the active
power and the reactive power at the PCC When a three-phase short circuit occurs in the arc furnace at 0.04s-0.05s.

Table 3. The calculation results and simulation results when a three-phase short circuit occurs in the EAF

Parameters calculation results  simulation results
Short-circuit current on secondary side of T2 (kA) 45.76 44.83
Short-circuit current on 35kV bus (kA) 1.32 1.29
Short-circuit current on PCC (A) 420.38 409.84
Upee (kV) 36.45 34.6
Q'(MVA) 4253 36.71
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Figure 5. when a three-phase short circuit occurs in the EAF. (a) The waveform of voltage; (b) The waveform of current;(c)
The waveforms of active power and reactive power

It can be seen from Table 3 that the error between the calculation results of short-circuit current, reactive power
and PCC voltage and the simulation results is very small when a three-phase short-circuit occurs, indicating that the

model can be used to simulate the short-circuit phenomenon of EAF and analyze the transients power quality caused
by EAF.
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It can be seen from Table 3 and Figure 5 that when a three-phase short circuit occurs, a large current inrush and
reactive power impact are generated. The short-circuit current is 2.66 times the current during normal operation, the
reactive power has increased from a dozen MV A to 63.85MVA, the effective value of the PCC phase voltage has dropped
from 58.02kV to 34.6kV, a decrease of 40.37% drop, and the peak value of the PCC phase voltage has dropped from
87.79kV to 64.09kV, a decrease of 27%. The drop of PCC voltage belongs to the phenomenon of voltage sag in transient
power quality.

4. Discussion

The voltage problem caused by the EAF has always been a hot research topic. The random change of arc length
during the operation of the EAF causes the voltage fluctuation of the PCC, many papers have put forward solutions to
the voltage fluctuation problem. However, the drop of voltage caused by the short-circuit problem of the EAF is very
large, which is no longer a voltage fluctuation, but a voltage sag.

The International Institute of Electrical and Electronic Engineers (IEEE) defines voltage sag as the phenomenon
that the effective value of the supply voltage drops rapidly to 90%~10% of the rated value and the duration is 0.5 cycles
~1minute. In the latter stages of the melting period, short-circuiting often occur in the EAF because the furnace material
collapses in contact with the electrodes. After the electrode control system detects the short circuit, it will quickly raise
the electrode to restore the normal operation of the EAF. The short-circuit time of the electrode is about 0.01~0.02s. It
can be seen from the simulation results that the EAF short circuit causes the PCC voltage to drop by 40.37%, which
meets the defined range of voltage sag. Obviously, the short-circuiting of the electrode causes the voltage of the point
of common coupling (PCC) to fall, which is a voltage sag. Voltage sags are more harmful to the grid than voltage fluc-
tuations, so we need to arouse our attention to improve this phenomenon

5. Conclusions

This paper established an EAF model for steady-state power quality problems and transient power quality prob-
lems. The results shown:

(1) The new EAF model can simulate the external characteristics of EAF at different stages accurately without
initial conditions and complex differential equations. This model will be a new way for analyzing steady-state
power quality problems and transient power quality problems.

(2) The phenomenon of short circuits and open circuits occur frequently in EAF during the melting period. When
these phenomena occur, the impact on the power quality of PCC is even more serious. Therefore, it is neces-
sary to analyze the impact of PCC power quality under different conditions and make improvements more
targeted.

(3) The drop of PCC voltage caused by the short circuit of EAF is voltage sag rather than voltage fluctuation. The
transient power quality problem is more complicated than the steady-state power quality problem, which
needs further research.
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