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Abstract: In the case of three-phase arc furnaces, two types of asymmetry can be distinguished:
constructional and operational. The structural asymmetry is related to the construction of high-
current circuits supplying the arc furnace. The knowledge of the parameters of the high-current
circuit allows to determine the operating characteristics of the arc device. The author proposed a
method for calculating the real values of the resistance and reactance of the high-current circuit. For
this purpose, tests were made to short-circuit the electrodes with the charge. During the short-circuit,
with the use of a power quality analyzer, measurements of electrical indicators were carried out,
which allow to determine the parameters of the high-current circuit. A new method for determining
voltage operational unbalance is also presented in this paper. The theoretical considerations presented
in the article were verified in industrial conditions.
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1. Introduction

Voltage and current unbalance is one of the basic problems related to the power quality,
which can cause many negative effects on the power system. For many years, the main
causes of asymmetry were single-phase loads, which caused a different distribution of loads
in individual phases. The voltage asymmetry also caused the asymmetry of the currents
consumed by the symmetrical loads, which increased further asymmetry in the power
supply system. The assessment of the increase in voltage unbalance in the PCC, which is
the result of the interaction of many unbalanced loads, is presented in the publication [1].
The proposed method uses the voltages and currents consumed by individual consumers
recorded in real conditions. The publication [2] presents the assessment of the influence of
single-phase electric consumers on voltage asymmetry.

The attention was paid to disturbances caused by non-linear devices, including the
influence on the value of the current in the neutral conductor. The need to monitor electrical
power quality parameters was emphasized in order to set alarms to warn of exceeding the
limit values.

Currently, in power systems, there are more and more distributed energy sources,
mainly photovoltaic power plants. Photovoltaic installations affect the quality of the voltage
on the supply line to which they are connected. They cause, among other things, an increase
in voltage and voltage asymmetry. The assessment of the power quality of PV systems
supplied from distribution grids was presented in the publications [3–6]. Also [7] presents
an analysis of the impact of photovoltaic systems for power quality, including a voltage
imbalance. Dynamic models of the single-phase PV units are developed and utilized. Other
sources of voltage asymmetry that have emerged in recent years are charging stations for
electric cars [8–10] and energy storage [11,12].

The increasing number of devices and installations disturbing the power quality
forced the application of various remedial measures. An interesting method allowing to
reduce the voltage and current asymmetry is presented in [13]. The applied strategy is
particularly effective in smart grids and systems using electricity storage.
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The concept of dynamic programming of inverters, aimed at limiting voltage asym-
metry, has been presented in publications [14–16], and the use of STATCOM systems is
presented in publications [17,18].

Current and voltage unbalance is also caused by three-phase receivers. The asymmetry
is caused by the different load of the individual phases. We encounter a similar situation in
the case of arc furnaces [19]. One of the reasons for the operational asymmetry are different
values of currents in individual phases supplying the furnace transformer. As a result, there
is a voltage asymmetry. Through the steelworks supply networks, the voltage asymmetry
is propagated to the electrical system. Voltage asymmetry also causes disturbances in the
operation of the arc furnace.

The operational asymmetry is reduced by the use of the electrode position control sys-
tem [20,21] and additional devices aimed at improving the energy quality [22–25]. It should
also be mentioned that the arc furnaces is the source of fast voltage fluctuations [26–31].
This electromagnetic disturbance occurs with the asymmetry of currents and voltages.

The article presents issues related to current and voltage asymmetry caused by arc
furnaces. The publication is a continuation of the series of articles [32–34] presenting the
impact of electric arc furnaces on the power system.

The article presents the methods of determining voltage asymmetry and relates them
to the method proposed by the author (Section 4). Based on the analysis of power quality
indicators measured in the supply lines of the steelworks, the constructional and opera-
tional asymmetry caused by arc furnaces was analyzed. The method for determining the
parameters of the high-current path of the electric arc furnace is presented (Section 3).

The Discussion (Section 4) presents the values of the voltage unbalance coefficients
K2U determined by various methods and compared with the method proposed by the
author—Table 1. Comments are presented in the Discussion and in the Conclusions.

Table 1. Values of the asymmetry coefficient calculated by various methods developed from [32].

Measured Voltages
Expressed in

Nominal Voltage (%)

K2U

Measurement IEC 61000-2-12 IEC 61000-4-30 IEC 61000-2-1
ANSI C84.1 GOST 13109-97 Nomogram I Nomogram II Author

105.85; 103.31; 104.68 1.45 1.402 1.401 1.247 1.3519 1.41 1.42 1.369
103.15; 101.41; 102.77 0.95 1.029 1.026 1.006 0.988 1.01 1.02 1.023
103.94; 101.73; 102.97 1.34 1.241 1.239 1.171 1.198 1.31 1.31 1.231
101.47; 101.36; 101.96 0.4 0.357 0.357 0.351 0.381 0.36 0.36 0.356

2. Methods of Determining Voltage Asymmetry

The method of symmetrical components can be classified as one of the most known
methods of determining the asymmetry coefficient [35].

In the first symmetrical system (positive or direct sequence component U1L1, U1L2,
U1L3), the voltage phasors are shifted by an angle of 120◦ and has the same phase sequence
as the asymmetrical voltage system UL1, UL2, UL3; the second symmetrical system (negative
or inverse sequence component U2L1, U2L2, U2L3) has the reverse phase sequence; in the
third symmetrical system (zero or homopolar sequence component U0L1, U0L2, U0L3), the
voltage phasors are in phase with each other:

- positive sequence
U1L1 = U1L1 = U1

U1L2 = a2U1L1

U1L3 = aU1L1

(1)

- negative sequence
U2L1 = U2

U2L2 = aU2L1

U2L3 = a2U2L1

(2)
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- zero sequence
U0L1 = U0L2 = U0L3 = U0 (3)

where a is the operator of rotation:

The phase voltages are the sum of the symmetrical components:

a = ej 2
3π = − 1

2 + j
√

3
2

a2 = ej 4
3π = e−j 2

3π = − 1
2 − j

√
3

2

(4)

UL1 = U1L1 + U2L1 + U0L1

UL2 = U1L2 + U2L2 + U0L2 = a2U1L1 + aU2L1 + U0L1

UL3 = U1L3 + U2L3 + U0L3 = aU1L1 + a2U2L1 + U0L1

(5)

The phase-to-phase voltages as a function of symmetrical components can be pre-
sented as the difference of the respective phase voltages:

UL12 = UL1 −UL2 = (1 − a2)U1L1 + (1 − a)U2L1
UL23 = UL2 −UL3 = (a2 − a)U1L1 + (a− a2)U2L1
UL31 = UL3 −UL1 = (a − 1)U1L1 + (a 2 − 1)U2L1

(6)

The complex factor K2U is:

K2U =
U2
U1

=
UL1 + a2·UL2 + a·UL3
UL1 + a·UL2 + a2·UL3

=
U2

U1
·ejΨu (7)

Ignoring the phase shift angle between the positive and negative components, we get:

|K2U| =
∣∣UL1 + a2·UL2 + a·UL3

∣∣
|UL1 + a·UL2 + a2·UL3|

=
U2

U1
(8)

To assess the voltage asymmetry level, the most common is the asymmetry coefficient
expressed in percent, which is the ratio the negative to the positive sequence:

K2U =
U2

U1
100% (9)

According to the EN 61000-4-30 [36] standard, the value of the K2U asymmetry coeffi-
cient is determined by the relationship:

K2U =

√
1−
√

3− 6·β
1 +
√

3− 6·β
100% (10)

where β:

β =
U4

L12 + U4
L23 + U4

L31

(U 2
L12 + U2

L23 + U2
L31)

2 (11)

and according to the norm IEC 61000-2-12 [37] formula:

K2U =

√√√√6(U 2
L12 + U2

L23 + U2
L31)

(U L12 + UL23 + UL31)
2 − 2 (12)

and by IEC 61000-2-1 [38], ANSI C84.1 [39], P29 [40] formula:

K2U =
∆Umax

Uave
100% (13)
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where:

∆Umax—maximum phase voltage deviation from the average value of three phase voltages
Uave—average value of three phase voltages.

In GOST 13109-97 the asymmetry coefficient K2U determined from the formulas [41]:

K2U =

√√√√√√ 1
12



√3UL12−

√
4U2

L23−
(

U2
L23−U2

L31
UL12

+UL12

)2
2

+

(
U2

L23−U2
L31

UL12

)2


√√√√√√ 1
12



√3UL12+

√
4U2

L23−
(

U2
L23−U2

L31
UL12

+UL12

)2
2

+

(
U2

L23−U2
L31

UL12

)2


100% (14)

where:

U1 =

√√√√√√ 1
12



√3UL12 +

√
4U2

L23 −
(

U2
L23−U2

L31
UL12

+ UL12

)2
2

+

(
U2

L23−U2
L31

UL12

)2
 (15)

U2 =

√√√√√√ 1
12



√3UL12 −

√
4U2

L23 −
(

U2
L23−U2

L31
UL12

+ UL12

)2
2

+

(
U2

L23−U2
L31

UL12

)2
 (16)

Using the Kowzan method based on nomographs, described in [42], the asymmetry
coefficient is determined from the formula (17):

AC

AA
=

UL31

UL12
;

AB

AA
=

UL23

UL12
(17)

then K2U is read from the nomogram.
Another method using nomographs was developed at the Institute of Energy of

Ukraine [42]. The asymmetry coefficient K2U was determined according to the
dependence (18).

x =
UL12

UL31
; y =

UL21

UL31
(18)

As in the previous method, K2U is read from the nomogram. Examples of nomograms
are presented in the publication [42].

The article presents a new method for determining voltage asymmetry. Knowing the
voltage modules UL12, UL23, UL31, the squares of the modules can be determined U2

L12,
U2

L23, U2
L31.

U2
L12 = U2

M + WU2 ·cosαU2 (19)

U2
L32 = U2

M + WU2cos(αU2 − 120o
)

(20)

U2
L31 = U2

M + WU2 ·cos(αU2 + 120o
)

(21)

For the voltages UL12, UL23, UL31, the mean value of the squares of the voltages was
calculated U2

M:

U2
M =

U2
L12 + U2

L23 + U2
L31

3
(22)

WU2 ·cosαU2 = U2
L12 −U2

M (23)

WU2 ·sinαU2 =
1√
3
(U 2

L23 −U2
L31) (24)
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and a differential module WU2 asymmetry, in the form of:

WU2 =

√
2

3

√
(U2

L12 −U2
L23)

2
+ (U2

L23 −U2
L31)

2
+ (U2

L31 −U2
L12)

2
(25)

αU2 = arctg
U2

L23 −U2
L31√

3(2U2
L12 −U2

L23 −U2
L31)

+
[
1− sign(2U2

L12 −U2
L23 −U2

L31)
]
·90o (26)

To evaluate the asymmetry of the voltage squares, the difference-angle factor of the
asymmetry would be used:

kU2 = kU2ejαU2 (27)

Then, the asymmetry differential coefficient was determined kU2

kU2 =
WU2

U2
M

=
√

2

√
(U2

L12 −U2
L23)

2
+ (U2

L23 −U2
L31)

2
+ (U2

L31 −U2
L32)

2

(U2
L12 + U2

L23 + U2
L31)

(28)

It is found that 3− 6·β = 1− k2
U2 . Consequently, the voltage asymmetry factor will be:

K2U =

√√√√ 1−
√

1−k2
U2

1+
√

1−k2
U2

=

√√√√ (
1−
√

1−k2
U2

)2(
1−
√

1−k2
U2

)(
1+
√

1−k2
U2

)
=

1−
√

1−k2
U2√

1−
(

1−k2
U2

) =
1−
√

1−k2
U2

k2
U2

(29)

In the case of a small value of voltage unbalance, the K2U coefficient can be described
by the Equation (29):

K2U ≈ 0.5kU2 (30)

3. Asymmetry Caused by Arc Furnaces

In the case of three-phase arc furnaces, two types of asymmetry can be distinguished:
constructional and operational.

3.1. Constructional Asymmetry

As a result of different impedance values of the individual phases in the high-current
path of the electric arc furnace, a constructional asymmetry arises. Knowledge of the
parameters of the high-current circuit allows for the determination of the operating char-
acteristics of the arc furnace and is necessary to determine the settings of the electrode
position regulator.

Figure 1 shows the measurement system with the connection point for power quality
analyzers. During the recording of electrical parameters (currents, voltages, power), the
electrodes were shorted several times with the charge of the arc furnace. The method of
determining the parameters of the high-current path, based on the data obtained during
measurements with the use of power quality analyzers, has been patented and verified in
real conditions [43].

After the electrodes are immersed in the molten metal, they are immobilized. During
this time, complete short circuit of the electric arc supply system in the electric arc furnace.

Figure 2 shows the changes in active and reactive power recorded during smelting,
when the electrodes were short-circuit with the charge, and Figure 3 shows a circle diagram
for the furnace during the short-circuit test. Records of currents, voltages and power
(necessary to determine the reactance and resistance of the high-current circuit) were made
using a 3-phase power quality analyzer-Memobox 800—Figure 1. Figure 4 shows the
changes in voltage and current recorded in one of the phases on the primary side of the
furnace transformer (supply line to the steel plant) during the short-circuit test.
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The following part of the article presents an example of determining the impedance of
a high-current circuit on the basis of measurements of power, voltage and current when
the electrodes are short-circuited with the charge. The calculations, as an example, show
the determination of high-current path parameters for one phase.

The impedance is calculated from the formula:

Z1 =
UL1

IL1
(31)

and the resistance from the formula:

R1 =
P1

I2
L1

(32)

The reactance can be determined from formula:

X1 =
√

Z2
1 − R2

1 (33)

The transformer parameters are based on its rated data. In the calculations, they
were related to the primary side, and then the final calculations were converted to the
secondary side.

The transformer impedance is:

ZT =
∆USCV·U2

n
100·Sn

(34)

resistance is as follows:

RT =
∆PCu·U2

n

S2
n

(35)

and transformer reactance:
XT =

√
Z2

T − R2
T (36)

The resistance and reactance of the high-current circuit related to the upper voltage
are as follows:

Rhct = R1 − RT (37)
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Xhct = X1 − XT (38)

After converting to the secondary side at the kT ratio, we get the values of resistance
and reactance of the high-current path (without reactance and resistance of the transformer):

R2hct =
Rhct

k2
T

(39)

X2hct =
Xhct

k2
T

(40)

where:

Sn—rated apparent power (MVA);
kT—ratio of the nominal voltage U1H of the upper voltage winding to the rated voltage
U1L of the lower voltage winding;
∆PCu—rated active power losses in transformer windings (MW);
∆Uscv—short-circuit voltage as a percentage of the rated voltage (%).

The further part of the article presents the calculations of the high-current path pa-
rameters for an exemplary furnace installation, the supply diagram of which is shown in
Figure 1.

Calculations of the resistance and reactance of the high-current track with the furnace
transformer related to the primary side of UL1 are as follows:

Z1 =
UL1

IL1
=

18411.7V
145.2A

= 126.80Ω (41)

R1 =
P1

I2
L1

=
0.635MW

(145.2 A)2 = 30.11Ω (42)

X1 =
√

Z2
1 − R2

1 =
√

126.82 − 26.092 = 123.17Ω (43)

The rated data of the furnace transformer are as follows:

Sn—rated apparent power (MVA); Sn = 10.606 MVA;
kT—ratio of the nominal voltage U1H of the upper voltage winding to the nominal voltage
U1L of the lower voltage winding; kT = 200
∆PCu—nominal active power losses in transformer windings (MW); ∆PCu = 0.179885 MW
∆Uscv—short-circuit voltage as a percentage of the rated voltage (%). ∆Uscv = 14.91%

The transformer impedance is:

ZT =
∆Uscv·U2

n
100·Sn

=
14.91·(30kV)2

100·10.606VA
= 12.65Ω (44)

resistance is as follows:

RT =
∆PCu·Un

S2
n

=
0.179885MW·(30kV)2

(10.606 MVA)2 = 1.44Ω (45)

and transformer reactance:

XT =
√

Z2
T − R2

T =
√

12.652 − 1.442 = 12.57Ω (46)

The resistance and reactance of the high-current circuit related to the upper voltage are:

Rhct = R1 − RT = 30.11− 1.44 = 28.67Ω (47)

Xhct = X1 − XT = 123.17− 12.57 = 110.6Ω (48)
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After conversion to the secondary side at the ratio kT = 200, the values of resis-
tance and reactance of the high-current track (without reactance and resistance of the
transformer) are:

R2hct =
Rhct

k2
T

=
28.67Ω

2002 = 0.717mΩ (49)

X2hct =
Xhct

k2
T

=
110.6Ω

2002 = 2.76mΩ (50)

For comparison, alternative calculations of the parameters of the high-current path
proposed in the standard are presented [44].

The calculations of the high-current track reactance were made without taking into
account the resistances, which in furnace devices do not have a significant impact on the
short-circuit currents.

The short-circuit power of the network at the connection point of the furnace trans-
former is SSC = 500 MVA.

The parameters of the furnace transformer on the “+”, “0” and “−” taps are as follows:

Sn—rated apparent power: 20/20 − 15.935 − 8.314 MVA,
In—nominal currents:0.3849 − 0.3067 − 0.16/27.169 − 32.00 − 32.00 kA,
kT—nominal ratio of transformer:30 kV/425 − 287.5 − 150 V,
∆Uscv—short-circuit voltage as a percentage of the nominal voltage: 5.33 − 8.99 − 20.66%.

The multiplicity of the set short-circuit current of the transformer supplying the arc
furnace isc is expressed by the relationship:

isc =
100

xhct + xscv + xs
(51)

where:

xhct—reactance in (%) of high-current path of arc furnace,
xscv—transformer short-circuit reactance (equal to short-circuit voltage) in (%),
xs—network reactance in (%) “seen” from the transformer terminals.

The short-circuit loop reactance presented (excluding the transformer itself, for which
they are set values) determine the dependencies:

xhc =
ILV·Xhct

ULV
·100% (52)

where:

ILV—nominal phase current of the LV side of the transformer corresponding to the given tap,
Xhcv—high-current circuit reactance,
ULV—nominal voltage of the given tap on the LV side of the transformer.

HV network reactance:
xs =

Sn

Ssc
·100% (53)

where:

Sn—transformer rated apparent power at a given tap in (MVA),
Ssc—short-circuit apparent power of the network in (MVA).

In the case under consideration, the short-circuit current factor iscf = 1.133, correspond-
ing to the ratio of the current measured during the transformer short-circuit test and the
transformer’s rated current corresponding to a given tap, was assumed for calculations.

iscf =
201.22A

204A
= 0.9863 (54)

xsct = u% = 15.09% (55)
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xs =
10.606MVA

500MVA
·100% = 2.12% (56)

iscf =
100

xhct + xsct + xs
(57)

xhct =
100− iscf·(x sct + xs)

iscf
(58)

xhct =
100− 0.9863·(15.09 + 2.12)

0.9863
= 84.18% (59)

xhct =
ILV·xhct

ULV
·100% (60)

Taking account the expression in relative result the high-current circuit reactance:

Xhct =
xhct·ULV

ILV·100%
=

84.18%·110.45V
32.0kA·100%

= 2.905mΩ (61)

3.2. Operational Asymmetry

Operational asymmetry results from the change in arc resistance caused by a different
arc length during the smelting process.

Due to various changes in the parameters of the electric arc in the individual stages
of the smelting, the currents flowing in the supply line of the arc furnace also change.
The effect of current asymmetry is the voltage asymmetry, which may affect the correct
operation of other devices.

The value of the unbalance factor K2U is largely influenced by the relationship between
the short-circuit power of the supply network and the furnace transformer power. This
dependence can be written by the formula:

K2U = K2I
1.1Sn

Ssc
(62)

where:

K2U—voltage asymmetry factor
K2I—current asymmetry factor
Sn—rated apparent power of arc furnace transformer
Ssc—short-circuit apparent power of the supply network

Based on the measurements carried out in the supply networks of the arc furnaces, it
was found that the current asymmetry coefficient rarely exceeds the value of 30% [45].

Assuming according to [46,47] K2U ≤ 1% for lines with voltage above 110 kV and
K2U ≤ 2% for lines up to 110 kV, it is possible to define the conditions under which unac-
ceptable voltage asymmetry will not occur.

For lines with a voltage of 110 kV and above:

0.3
1.1Sn

SSC
≤ 0.01 (63)

which corresponds to:
Sn

SSC
≤ 0.03 (64)

For lines with a voltage of up to 1kV:

0.3
1.1Sn

SSC
≤ 0.02 (65)
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which corresponds to:
Sn

SSC
≤ 0.06 (66)

The changes in the voltage unbalance factor K2U recorded in the weekly measurement
cycle are shown in Figure 5. Measurements were made in the supply line to the steelworks
(110 kV) and in the supply line for the furnace transformer (30 kV).
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the supply lines of the steel plant (110 kV) and the furnace transformer (30 kV).

The short-circuit apparent power of the network in relation to the rated apparent
power of the furnace transformer at the measurement points is so high that the arc furnace
does not significantly affect the voltage asymmetry. The momentary increase in the voltage
unbalance factor at the level of medium voltage (30 kV) is the result of disturbances caused
by the arc furnace in the initial stage of smelting.

According to formula (63), the short-circuit apparent power of the supply network
should be about 33 times greater than the rated apparent power of the furnace transformer,
so that the voltage unbalance factor does not exceed 1%.

Figure 6 shows the changes in the currents and the asymmetry coefficient (average
values measured over a measuring interval of five seconds) recorded in the steel plant
supply network during one smelting.

In the initial stage of smelting, the values of the currents are the highest and differ in
particular phases. Before the ignition of the electric arc, there are moments of short-circuit
of individual electrodes with the charge, and these may be short-circuits of one, two or
three electrodes. At this time, the asymmetry factor reaches its greatest values. Along with
the melting of the charge, when the currents flow more and more steadily, the voltage
asymmetry decreases.

The structural and operational asymmetry caused by the operation of the arc furnace
leads to: asymmetric distribution of heating powers emitted in the electric arcs in individual
phases, uneven thermal load on the internal walls of the furnace and faster wear of the
electrodes in the phase in which the highest current flows. The purpose of the electric arc
regulators (electrode position regulators) is to symmetrize the power dissipated in the arcs
of individual phases, therefore they do not reduce the current asymmetry.

The method presented in the article, based on the data recorded during the short-
circuit test of the electrodes with the charge, allows to calculate the actual parameters of the
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high-current circuit. Knowing the values of the high-current circuit parameters is helpful
in determining the settings of the electrode adjuster.
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4. Discussion
4.1. Comparison of the Asymmetry Coefficient Determined by Various Methods

The voltage asymmetry in the supply line of arc furnaces can be determined in
two ways: based on the analysis of the measurement results of the asymmetry index or
calculated based on known voltage values. Assessing the asymmetry on the basis of data
recorded with the use of energy quality indicators seems to be the best method of assessing
the K2U coefficient, because the voltage and current asymmetry value changes during
the smelting process. The proposed method of determining the asymmetry factor K2U,
Formulas (29) and (30), allows to determine the voltage asymmetry on the basis of known
voltage values.

Table 1 shows the values of the voltage unbalance coefficients K2U determined by
various methods and measured in the steel plant supply network.

The method of differential coefficients proposed by the author allows for the deter-
mination of the asymmetry coefficient with an average error, in relation to the reference
values, averaging 0.87%, which is close to the error in the method presented in GOST
13109-97 [41] 0.94%.

Table 2 presents the values of the voltage asymmetry coefficients K2U proposed in [42]
and determined by various methods, including the method proposed by the author.

Table 2. Values of the asymmetry coefficient calculated by various methods and developed from data from [42].

Voltages (%)
According to Data

from [42]

K2U

Calculation IEC 61000-2-12 IEC 61000-4-30 IEC 61000-2-1
ANSI C84.1 GOST 13109-97 Nomogram I Nomogram II Author

94.54; 103.18; 89.55 8.6 8.318 8.427 7.53 8.437 8.62 8.61 8.343
102.67; 109.33;

96.00 7.6 7.498 7.521 6.491 7.522 7.55 7.51 7.456

4.2. Power Asymmetry

When using arc furnaces, the aim is to evenly distribute the power in the electric
arcs of individual phases (active powers). Figure 7 shows the changes in active power
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registered during one melting in the arc furnace. The mean values of active powers were
determined in ten seconds measuring intervals.
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The correlation coefficients between the active power recorded in individual phases
are as follows:

rP1P2 = 0.862; rP1P3 = 0.890; rP2P3 = 0.906 (67)

Figure 8 shows correlation between the active power recorded in phase L1 and
phase L2.

The electrode position controller is responsible for maintaining the symmetry of the
heating power (the power generated in the electric arcs). The electrode position control
system is characterized by a certain inertia. In the initial phase of melting the scrap, the
electric arc is unstable. The currents in individual phases change dynamically, causing
operational voltage asymmetry. The electrode position controller is not able to react quickly
to changes in electric arc voltage. As a result, there are equally large changes in active power.
Figure 9 shows the changes in the average, maximum and minimum power recorded during
the smelting of steel in the arc furnace (for ten seconds measuring intervals).
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Based on the analysis of measurement data, it can be concluded that the size of voltage
unbalance is decisively influenced by the short-circuit power of the network in relation to
the power of arc devices. Especially in the initial stage of the smelting, when the electric
arc is initiated, rapid changes in the asymmetry coefficient were registered.

4.3. Author’s Contribution

The author’s task was to develop methods to estimate the asymmetry caused by arc
furnaces:

- Contribution to the theoretical issues related to the operation of arc furnaces is the pro-
posed method for determining the voltage asymmetry coefficient based on differential
module and differential angle—Formulas (25) and (26).

- The calculated voltage unbalance factors K2U using the method proposed by the author
were compared with the values of K2U determined by other methods, Tables 1 and 2.

- The proposed method for determining the parameters of the high-current circuit
(structural asymmetry of the high-current circuit) based on measurements of electrical
quantities in the network supplying arc furnaces has been verified in industrial
conditions and has been patented.

- The waveforms of power quality parameters presented in the article were recorded by
the author during several dozen measurement cycles in the networks supplying arc
furnaces. This contributes to the expansion of practical knowledge about the impact
of electric arc furnaces on the power system.

5. Conclusions

The method has been patented and verified in real conditions. The operational
asymmetry is limited thanks to the electrode position control system. For the efficient
operation of this system, it is necessary to know the actual parameters of the high-current
circuit. The method of their determination developed by the author is based on data
obtained from analyzers of electric energy quality parameters when the electrodes are
short-circuited with the charge. The high-current circuit reactance determined by the
author, in relation to the reactance determined by the electrode supplier, differs by approx.
1%, and in relation to the one calculated according to the standard [44] by 4.12%, where the
high-current circuit resistance is neglected.

In the further part of the research on the asymmetry caused by arc furnaces, the author
plans to determine the effect of compensating devices on reducing the asymmetry coefficient.
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