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TOM TAT

Phan tich thyc té cho thay dong dién 16 hd quang c6 chira nhiéu song hai gay anh huong xau dén chét lugng
dién nang. Co nhiéu bao cao trong va ngoai nudc vé mod hinh hoa va déanh gia anh huong ctia EAF dén ludi dién dya
trén cac mo hinh khac nhau. Tuy nhién viéc lua chon cong suat cia EAF dé nghién ciru va ap dung céc thiét bi cai
thién chat lwong dién ning pht hop véi mic cong sudt van chua duge dé cap, cac méd hinh nay chu yéu duoc xay
dung trén phan mém Matlab Simulink nén chii yéu mang tinh hoc thuat. PSCAD 1a mot trong nhitng phan mém
dugc sir dung rong rai cho viéc mo phong hé théng dién va dugc cac cong ty 16n st dung nhu ABB, tap doan dién
lue Han Québc Kepco. Xay dung mé hinh EAF bang phidn mém PSCAD s& lam ting kha nang 4p dung két qua mo
phong vao thuc tién. Muc tiéu cua bai bao di vao xay dung mo hinh 10 hd quang dién dua trén mé hinh bao toan
nang luong bang phin mém PSCAD, tir 46 danh gia su thay dbi ctia cac thong s trong mo hinh va anh hudng ctia
phu tai nay dén ludi dién trong qua trinh van hanh.

T khéa: Lo ho quang dién, chat liwong dién ndng, mé hinh phi tuyén, pscad.
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ABSTRACT

Actual analysis showed that the arc furnace current contains many harmonics that adversely affect the
power quality. There are many domestic and foreign reports on modeling and assessing the impact of EAF on
the grid based on different models. However, EAF's selection of capacity for research and application of power
quality improvement devices suitable to the power level has not been mentioned. These models mainly built
on Matlab Simulink software are primarily academic. PSCAD is one of the widely used software for electrical
system simulation and is used by large companies such as ABB, Korean power corporation Kepco. Building EAF
model with PSCAD software will increase the ability to apply simulation results into practice. The objective of
the paper is to build an electric arc furnace model based on the energy conservation model with PSCAD software,
thereby assessing the change of parameters in the model and the effect of this load on electricity grid during

operation.

Keywords: Electric arc furnace, power quality, nonlinear model, pscad.

1. INTRODUCTION arc furnaces also consume the active and reactive

Electric arc furnaces (EAFs) use the heat to power of the grid,

The EAF model is built on the arc
characteristic of the furnace, which represents the

fuse metal produced by an electrical discharge

between electrodes or between an electrode and
arc current and voltage value during operation.

The actual EAF model data is difficult to obtain
because the equipment working environment

a metallic material to melt. When the electric arc
furnace is in operation, the current causing the

arc current to constantly change with the molten ' . b |
) . is arc environment with very large currents.
metal, at the same time due to the operation of H . | y 1‘(]?’
. . owever, precise arc values are really necessa
the melted material that changes the distance p Y Y
i for the design process.
between the electrode and the material, when

adjusting the electrodes, blowing oxygen into
the furnace also makes the arc currents change

rapidly in a wide range and not stable. Electric

*Corresponding author
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2. ARC CHARACTERISTICS

The nature of the electric arc is radioactive
phenomenon with a very large current density.!
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Figure 1. Wave voltage and current of the arc

In alternating electric arcs, the supply
current and voltage fluctuate periodically with
the grid frequency. Since the arc is a nonlinear
resistance, the current and voltage of the arc are
in phase. From the actual measurement results
shown in Figure 2, the current has a waveform
that is almost like a sine wave, and the voltage
has two peaks in half a cycle corresponding to
the two values of the burn voltage (Uch) and the
off voltage (Ut) of the electric arc.!
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Figure 2. Volt-ampere characteristics of alternating
electric tanks.

During the first cycle, the arc voltage
increases rapidly to the burn value (according
to the supply voltage). When the arc burns,
the voltage gradually decreases. The current
increases from 0 to the point of fire, the current
increases sharply and when t = T/4, the current
reaches its maximum value and the arc voltage is

almost constant. Inthe following cycle, the current

gradually decreases, by the time of shutdown, the
arc voltage increases, then declines to zero and
the current also returns to zero.

3. MATHEMATICS MODEL OF ARC
FURNACE

To study the properties of the EAFs, it is
necessary to build an accurate three-phase model
for steady-state analysis and oscillation analysis.
The arc melting is a fixed random process, so it
is very difficult to make an exact model which
leads to many different acrobatic models being
built to simulate electric arc furnaces.’

The factors that influence the operation
of the arc furnace are the molten or refined
materials, electrode position, electrode arm
control scheme, and the voltage and impedance
of the supply system. Therefore, the description
of the arc furnace load depends on the following
values: arc voltage, arc current, and arc length
(determined by the position of the electrode).
In general, different methods for arc furnace
modeling can be classified into "time domain"
and "frequency domain" methods.

Frequency domain analysis method
represents the arc voltage and arc current by
its harmonic components. These models use
several test parameters to reflect arc furnace
performance. Since these parameters are
experimental and inaccurate, these models are
not widely used

Since the arc current is a different
nonlinearity and time phenomenon, it is easier
to describe its behavior in the time domain than
in the frequency domain. The real-time method
is the basis for analyzing oscillation processes in
electric arc furnaces.

3.1. Hyperbolic model

In this model, the V - I characteristic of the EAF
is taken as a voltage function according to the
current V =V (I) as shown in Equation (1).**

V(i)=Vat+(C/D+1) (1)

where i and V are the arc current and voltage of
a given phase. In addition, Vat is the magnitude
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of the voltage at the time of the electrode
approach that increases current, which depends
on the arc length. Constants C and D are two
coefficients that depend on the arc power and the
arc current related to the sign of the arc current
derivative and they can have different values.
Since (1) is similar to the hyperbolic function, it
is named the hyperbolic model.

3.2. Exponential model

The V- I characteristic of the electric arc furnace
in this model is determined exponentially as
follows:*3

V(i)=Vat+(1-¢") )
In the equations describing this model,
constant current (I 0 ) is used to simulate the
slope of the positive and negative current, and
the exponential function is used to describe the
characteristic V - | of the arc. This model can
be used in the matter of EAF optimization and
reliability.
3.3. Energy conservation model

Because of the importance of the EAF, many
characterization models are offered throughout
the operation of the equipment. Each model will
give a characteristic under different conditions.
However, the simulation results of the reference®
are particularly useful with results that are close
to the actual model and can be easily built in
other software. Therefore, this model can be
applied in research conditions and this result can
be used for analysis and evaluation.

We build the dynamic model of the arc
according to the differential equations based on
the conservation of energy principle.

Equation of the power balance of the arc:
Pt PPy 3)
Where:

p,: Capacity to transfer heat from arc
furnace to the outside environment.

p, - The power inside the arc when the arc
energy changes, corresponding to the change in
the arc radius.

p,: Total power when the arc is formed
and converted to heat.

Based on formula (3) we see that the
cooling effect of the arc furnace depends only on
the radius r of the arc. Therefore:

p=kr' “)

This effect is, in fact, related to the
temperature of the arc, so this dependency is
considered negligible for the simplification of
the model. Hence the radius of the arc is treated
as a state variable. If the arc surroundings
are hot, cooling the arc can be considered
independent of the furnace radius. In this case
n = 0. If the ambient is not hot and the furnace
arc is considered to be long then cooling is
primarily its side surface and n = 1. If the arc
radius is short thenn=2."7

The power component is proportional to
the derivative of the energy within the arc radius.

dr
ar 5
> Q)

From there we have the final formula for

Dy =kyr

the total capacity:
ky /1" (6)

py=vi=———i
r

In this equation the resistivity of the arc is
assumed to be inversely proportional to where
m has a value between 0 and 2. This reflects the
fact that the arc inside the furnace can get hotter
if the tank radius optical larger.

Replacing these equations with equation
3, we get the differential equation of electric arc
furnaces like (7):

klr”+k2r%: kg 7)

rm+2

Arc Radius:

.2
o | O
k2 rm+3 k2

We have arc voltage:®

k
=t g ©)
r

Where: k, k,, k,, m, n are the constants
of the model, r is the radius of the arc in
centimeters.
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Conceptually, the arc furnace model will
simulate the random nature of the arc length.
The relationship between the voltage value and
the electric arc length is given by (10).3

e,.=a+bl (10)
Where :
€, - 1s the instantaneous voltage of the arc
a: is a constant with a value of 40V
b: is the amplification factor from 3.9 to 11.8V
1 :is arc length

4. MODEL OF ELECTRIC ARC FURNACE
SYSTEM

The schematic diagram of the power supply to
the EAF is illustrated in Figure 3. In this figure,
node 3 (PCC) is the low-voltage busbar that
powers the arc furnace and other equipment in
the system. To change the active input power
of the EAF, we use transformer T,, (MV / LV).
This transformer is equipped with a converter
located on the secondary winding so that it is
possible to change the voltage of the furnace.
In this figure, X is the supply reactance and
Z, is the impedance of the cable connected to
the transformer TF. The model parameters are

shown in Table 1.

Bus 1 Bus2 Bus 3 (PCC)
X Ly % |

Ry

MVILV

1
|
Source

Electric arc furnace

Figure 3. The schematic of the EAF connected to the
electrical system

Table 1. Parameter schematic EAF connected to
electrical system

Device Parameter
Source U=22kV; f=50Hz;
S, =100 MVA, X =3Q
Line R =0,783 Q/m; X, =3,9226 Q/m;

X, =4,08 MQ.m, L= 10 km

Transformer Sin =25 MVA; U, =22 KkV;

T, U, =0,4kV; Y/A; X =0,0636pu;
X.=0,2pu; I,=0,4%

Electric arc

k, =2.600, k, = 0,5, k, = 30 [9]
furnace

Based on equations (4) to (10) and
parameters in Table 1, building the model in
Pscad software, we have the results as shown in
Figure 4.
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Figure 4. Circuit diagram of electric arc furnace in
Pscad software

5. SIMULATION RESULTS
5.1. No voltage fluctuation

The arc furnace model in the paper is generally
built as a symmetric three-phase model. For
viewing convenience, the selected EAF voltage,
currentand V-I characteristic values are displayed
per phase. From the Formulas (7), (8), (9), after
running the simulation, we have arc properties as
shown in Figure 5.
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Figure 5. Features V - I electric arc furnace

Figure 6 shows the results of current,
voltage and arc resistance corresponding to the

model.
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Figure 6. Characteristics of voltage, current and
electric arc furnace resistance
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The arc voltage has a waveform similar
to the square pulse and the current is shaped
like a sine wave, but it includes the harmonic
components. As shown in Figure 7, the harmonic
composition consists of the 1% fundamental
harmonic and components Level 3, 5, 7. It has
been shown that the model has reflected in detail
the properties of electric arc furnaces and it can
be used for simulation in the three-phase case.

T‘“hmnﬂcs | ‘ J%'
)

Figure 7. Current harmonic order

With the value of current and arc power,
we have the results of active and reactive power
as shown in Figure 8. Based on the simulation
results, we can see that the arc furnace both
consumes active and reactive power. From
equation 8, we see that the arc radius depends
on the coefficients k , k,, k,. And when these
coefficients change, the active and reactive
power will change as shown in Figure 9.

Main : Graphs
8.0 -=Pha = Oha E
704 T
6.0 |
5.0 :
5 4.0
3
§ 3.0 //
= 20 /
1.0 1
0.0
-1.0 | =
sec 030 0.35 0.40 0.45 0.50

Figure 8. Active and reactive power of electric arc

furnaces
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Figure 9. Change the active and reactive power of the
electric arc furnace according to the k, value

The arc furnace voltage has a square
pulse shape, but the voltage on the primary side
of transformer TF has a near-sine waveform
as shown in Figure 10 and it contains the 3,
5% and 7% harmonic components as shown in
Figure 11.
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Figure 10. The voltage characteristic on the primary
side of transformer T,
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Figure 11. Voltage harmonic order

5.2. Parameter change in electric arc furnace
model

We know that arc furnaces' capacity in fact
depends on their size. However, to serve the
research and simulation process, from Equation
(7) we see that the arc furnace capacity is
related to the coefficients k , k,, k,. With k , k,
is constant related to the heat transfer capacity
from the arc furnace to the outside environment
and the power of the change in arc energy in the
furnace. When these values change, the furnace
parameters such as voltage, current, and capacity
will be affected.

We will examine two change cases k|
and k, starting the simulation with the values
k, = 1000, k, = 0.5, k, = 30 and then making
incremental adjustment k, with the values: 2.000,
3.000, 4.000, 5.000. For easy assessment, ki's
impression rate is 1/500 and Vhq_A's impression
rate is increased by 10 times. We have the result
as shown in Figure 12.
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Figure 12. The influence of k, on EAF parameters

Based on the graph in Figure 12 we see that
when k, increases from 1.000 to 3.000 current
and active power will decrease. Meanwhile the
arc voltage and reactive power will increase.
However, when k| increases to a value greater
than 3.000, the arc voltage will not increase
but it remain at a constant value and the active
power, reactive power and current will decrease
to a very small value.

Similar to k,, we also start the simulation
with k, = 2.600, k, = 0.5, k, = 30 then let k,
increase with different levels and we have the
results as shown in Figure 13.
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Figure 13. The influence of k, on EAF parameters

When k2 increases from 0.5 to 2, current
and power will decrease, but when k, is greater
than 6, active current and power tend to increase
again and reactive power continues to decrease.
During the k, increase, the arc voltage does
not change.

5.3. Voltage fluctuations

One of the most common negative effects an
arc furnace causes is voltage flicker or flicker.
Flicker is caused by rapid change in the load
side, namely the operating characteristics of the
arc furnace. During the arc furnace operation,
the electrodes are short-circuited and generate an

extremely large peak current, which then flows
into the distribution system and causes extremely
rapid fluctuations and voltage instability.

Follow Equation (10) changing the
arc length will cause voltage fluctuation. The
change of parameter r will affect the parameters
during the simulation. The amplitude of r will
be adjusted to a sinusoidal signal combined with
the noise we can tune. After r changes, the arc
voltage value will be recalculated and fed into
the system.

* The oscillating component is cyclic

The variation of the parameters in the
model will depend on the sinusoidal signal as
shown in Equation (11).

7, :r.[1+mx.sin(a)t)] (1)
Where :
m, : Range of oscillation.
o : Vibration frequency.
* Random oscillation

The model reflects the random change
of the arc length close to the Gaussian change
due to the fact that metal materials contained in
the arc furnace are considered to be randomized
even if melting is considered metal caused by
the electrode.

Hence a random signal characterizing this
arrangement will be used to adjust the amplitude
of the arc radius obtained from Equation (12)
based on (11)

, =1;,.[l+mg.gn] (12)

This randomized signal has a Gausser
distribution of g, and an amplitude of m2,. After
running the simulation, we get the results of
voltage fluctuations according to the cyclical
component (Figure 14), and the case of the

periodic oscillation with random oscillation
(Figure 15).
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Figure 14. Characteristics of voltage, current and
electric arc furnace resistance when the arc radius
oscillates are in a sinusoidal cycle
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Figure 15. Electric arc furnace voltage, current
and resistance characteristics when the arc radius
oscillates are in a sinusoidal cycle combined with
random oscillation

This change in arc radius also causes
voltage and current at the connection point to
fluctuate as well. As shown in Figures 16 and 17.

i i

11 N WL

o Al TR A T A A
- WA AT RVATAIRSATE VTR AVAA)

18] R A

8 I

Figure 16. Current characteristics of the primary side
transformer when fluctuating voltage
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Figure 17. Current characteristics of the primary side
transformer when fluctuating voltage

From the simulation results of current
and voltage at the connection point as shown in
Table 2, we see that the power quality is greatly
affected, the voltage THD value difference is
about 1,248. THD value of current has a large
change about 8.6325. This will affect other
devices that connect to this PCC point and cause
them to fail quickly.

Table 2. Harmonics results in normal operating state
and voltage fluctuation

THD value
Normal changes
1
THD operating Vo tag.e with
fluctuation
status voltage
fluctuation
Voltage 51.6088 52.856 1,248
Electric 23.63 32.2652 8,6325

6. CONCLUSION

From the simulation results, it was shown
that the operation states of the photovoltaic
furnace are based on power balance and voltage
fluctuation when the arc radius changes.

In the normal operating state, the electric
arc furnace both consumes active and reactive
power, and harmonic components when the
furnace is operating are also brought to the grid.
These values will be large when the arc radius
changes, causing voltage fluctuations.

To improve the power quality of electric
arc furnaces we can use passive, active filters at
low voltage levels such as 22, 0.4 kV and use
SVC at higher voltage levels.
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