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Abstract: Arc furnaces can be classified as electricity receivers, which largely affect the quality of
electricity in the power system. Voltage fluctuations are the main disturbance generated by arc
furnaces. The effects of voltage fluctuations include the phenomenon of flickering light. Apart from
voltage fluctuations, arc devices, to a lesser extent, are the source of current and voltage asymmetry,
voltage curve distortion, and voltage dips. The main purpose of theoretical considerations is to assess
the voltage fluctuations generated by arc furnaces. The article presents a model of an arc device in
which the arc has been replaced by a voltage whose value depends on the arc length. It presents also
the results of the analysis of measurements of the parameters characterizing voltage fluctuations and
flicker indicators.
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1. Introduction

The issues of voltage fluctuations in power systems and their mathematical description
are presented, among others, in the following publications [1-7]. The voltage fluctuations
generated mainly by arc furnaces have been published in [8-16]. The significant contribu-
tion of the UIE (International Union for Electricity) to the research on voltage fluctuations
as a source of the flicker phenomenon should also be emphasized. The effect of many years
of research was the development of the concept and implementation for production of a
flickermeter [17].

Voltage fluctuations are defined according to the standard [18] as cyclic changes of
the voltage envelope or a series of random changes of the root mean square (RMS) voltage
around the nominal value.

Voltage changes from Uy to Ug determine fluctuations:

AU = U, — U 1)

Ua —Usp
Un

or are expressed as a percentage of the supply voltage:

Arc furnaces are devices that use an electric arc between electrodes and the charge to
melt scrap. Arc devices are among the restless receivers of electricity. Due to the unstable
operation of the arc furnaces, rapid changes in power consumption when melting scrap
are experienced.

Very fast changes in the value of the furnace currents cause equally rapid voltage fluc-
tuations in the supply network. In the case of arc furnaces, voltage changes (fluctuations)
range from a few to several changes per second. Figures 1-3 show the voltage waveforms
recorded by the author in the networks supplying arc furnaces. Measurements were made
at different short-circuit powers of the mains supplying arc furnaces (steel mills), during
the various stages of smelting in the arc furnace, and at a different number of working
parallel arc furnaces.

AU = 100[%] ©)
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Figure 1. Voltage changes in the supply line to arc furnaces: voltage oscillogram (a), maximum
values of the oscillogram (b), U;ms voltage (c).

Figure 1a shows the voltage oscillogram recorded in the supply network of arc fur-
naces. Figure 1b in magnification shows the maximum values of the oscillogram. You
can see the change of the voltage oscillogram envelope. Figure 1c presents changes Urms
voltage. Urms voltage was calculated in 10 ms intervals.
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Both the value of the voltage curve (oscillogram) and the RMS voltage Uyyns are
presented in relation to the rated voltage of Equation (3). The rated voltage of the network
was adopted as U, = 100%.
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Figure 2. Voltage fluctuation changes in the arc furnace supply line in various phases of the melting
of scrap.
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Figure 3. Voltage changes as a function of furnace current changes.

For example, the RMS value was converted to the form expressed as a percentage:

Urms[V]
Un[V]

Urms|%] = 100% 3)

The advantage of such a solution is the unification of the analysis of measurement
results and model tests at various voltage levels.

In publication [19], standard deviation of the voltage SD(U) was used as a reliable
source for the evaluation of randomly changing voltage fluctuations:

SD(U) = \/ %il (U; = Umean)* @)
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where:

SD(U)—standard deviation of voltage
Ui—value for the i-th rms voltage sample
Umean—RMS voltage mean for n samples
n—number of voltage samples

In the case of arc furnaces, the range of changes in voltage fluctuations changes in
individual phases of the smelting. The greatest fluctuations occur during the initial scrap
melting phase. The arc furnace transformer works from an idle state with the electrodes
raised to a short circuit when the electrodes are in contact with the charge. With the melting
of the scrap under the electrodes, the arc stabilizes. This reduces the amplitudes of voltage
fluctuations.

The amplitude of voltage fluctuations AU is presented as a percentage of the nominal
voltage of the network—Figure 2.

Due to the non-linear nature of the electric arc, it is very difficult to estimate the
increase in voltage fluctuations with arc devices operating in parallel.

Electric arc furnaces are classified as non-linear loads of electricity. Therefore, the
superposition method cannot be used to calculate voltage fluctuations in the operation of
several arc devices.

Figure 3 shows comparatively the voltage fluctuations recorded with one and two
operating arc devices. The standard deviation of voltage fluctuations for a different number
of arc furnaces is also presented.

The voltage fluctuations recorded in the networks supplying arc devices shows
how disturbing arc furnaces are for the power quality—Figure 3. Switching the furnace
causes voltage fluctuation whose amplitude can be determined by the standard deviation
(SD AU)1. Connecting another furnace causes an increase in voltage fluctuations, with the
amplitude of fluctuations SD(AU)2.

The article is a continuation of the issues of the impact of electric arc furnaces on
the supply network presented in publication [20]. Currently, the focus was mainly on the
voltage fluctuations.

The article presents a proposal of the arc furnace model with a power supply network.
The proposed model is a compromise resulting from the adopted initial assumptions and
the usefulness of the model in practical (engineering) applications.

Publication [21] presents an analysis of harmonics generated by arc furnaces. The
proposed DCMM (Data-driven Compartmental Modeling Method) considers the coupling
relationship among different frequencies of harmonics to enhance the modeling accuracy,
meanwhile, the dimensions of the harmonic dataset are reduced to improve computational
efficiency [21]. However, harmonic disturbances are not related to other disturbances,
for example, voltage fluctuations. Publication [22] discusses a method for selecting the
elements of a C-type filter working with a conventional LC-type filter for compensating
reactive power and filtering out higher harmonics generated by arc furnaces and ladle
furnaces. The assessment of the parameters of the power supply network for arc furnaces
based on the measurements of currents and voltages is presented in publication [23]. The
single-phase equivalent diagram of the arc furnace supply network is being considered
(similarly to the presented article). The disruptive influence of arc furnaces on the qual-
ity of energy in the power system is presented in the article [24]. The dependence of
voltage fluctuations (characterized by flicker indicators) on the short-circuit power of the
supply network was analyzed. The operation of arc furnaces is modeled with the use of
simulation programs. These programs already have applications or blocks that simulate
disturbances caused by arc devices. For example, in the article [25], to ensure sufficient
dynamics and accuracy, the model predictive direct power control was applied using the
MATLAB/Simulink Real Time Workshop environment implemented into the dSPACE™
control system DS1005. The article proposes a classical method of voltage fluctuation
modeling. The adopted assumptions constitute a compromise between the (acceptable)
accuracy of calculations and the possibility of using the model for practical applications.
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The disadvantage of the proposed method is the quasi-dynamic way of reflecting the
phenomena occurring in the supply network during individual melts in the arc furnace.
Using the proposed model, one can determine, among others, maximum values of voltage
fluctuations that will occur for the given short-circuit power of the network and the power
of the furnace transformer.

2. Modeling of Voltage Fluctuations in the Operation of a Single Arc Furnace

There are many methods of electric arc modeling. The most important methods
include dynamic [26-28], classic based on nonlinear differential equations [29], based on
resistance and inductance [30], using a voltage source variable in time, and defined as a
nonlinear function depending on the length of the electric arc [31-33]. For modeling arc
devices, computer simulation programs are widely used [34-42].

The method proposed in the article can be classified as quasi-dynamic. The proposed
model of the arc device allows for the estimation of the influence of the steel plant supply
conditions on the amount of voltage fluctuations generated by arc furnaces (by changing
the parameters of the Ry, and Xy, supply networks). The supply voltage Uy, represents an
ideal constant voltage sinusoidal source, which has been adopted as Up, = 100%.

The electric arc of the furnace is represented by the voltage Ua,.. The arc voltage Uac
varies depending on the arc length. In the research, only the first voltage harmonic was
assumed, which means that the shape of the arc voltage was ignored. The high-current
path with the furnace transformer is represented by resistance Rt and reactance Xr.

The performed measurements and statistical analysis of the actual voltage fluctuations
recorded in the networks supplying the arc furnaces allowed for the development of a
model of the furnace installation. The arc furnace, due to the nature of the electric arc,
is a non-linear receiver. After ignition, an electric arc occurs between the electrodes and
the molten scrap. The electric arc is represented by the voltage Ua,.. As a result of the
movement of the electrodes, the distance of the electric arc changes. The effect of changing
the arc length is the change of the voltage Ua,.. The arc voltage Ua,. was simulated using
a sinusoidal voltage source with an amplitude depending on the arc length, which is the
basic harmonic of the arc voltage.

Based on the analysis of measurement data, a power supply scheme for the arc furnace
has been proposed. The arc furnace power supply system is shown in Figure 4.

P 1 RL XL S Rt Xt
D E— «— < <
QLI Ur, Ux, !SI Ury Uxr IQA'C
s °

Figure 4. Single-phase power supply scheme for an arc furnace.

The range of current changes directly affects the amount of voltage fluctuations in
the supply line of the arc furnace. After ignition of the arc between the electrodes and
the charge, as a result of the changes in the arc length, the current I changes its value
dynamically. For arc furnaces, the scrap (charge) melting current typically varies around
120% of the rated (I nominal current) current. In the initial stage of smelting, the current
changes are the highest and it is assumed that they take place between the values specified
by I and Ig, where I is 90% Iy and I is 150% Iy. The changes in current between I
and Ip, as defined Alsg, cause voltage changes between U, and Ug, defined as voltage
fluctuations and marked AU sp—Figure 5.



Appl. Sci. 2021, 11, 3056

6 of 25

106

104 fotet

g ......................... .
@ | g
; — S N A o
Emz I . .
% o e A *® Qe
=] . (W) Ua
; o e
f R O
%100 . R AN S
£ @ i b ." ,.'\._. . o.°. .
e Wgce S nte, 000 0 AUxe
[ S e s
é‘ - o o 8 :-.’ o.o} &
£ o oy L
: Ry oo
o e o3 *o*
%- ".;}'.
a = .o ':’ '.
Arc furndce current [%]
94
0 20 40 60 80 100 120 140 160 180
Ia Alas Ie

Figure 5. Voltage changes as a function of furnace current changes.

For the single-phase power supply scheme for the arc furnace shown in Figure 4
and the current changes with the assumed values of I and Ig, a vector diagram can be
drawn—Figure 6.

Figure 6. Vector diagram of the currents and voltages of the arc furnace.

Based on the vector diagram of the arc furnace currents and voltages shown in Figure 4,
Uarca and Up,cp arc voltages can be calculated as:

UAre, = \/U% — 14 (X, +X1)* — (R +Ry)I, &)
UArCB = \/U% - I2B (XL + XT>2 - (RL + RT)I B (6)
and voltages USp and USg:

2 2 2
Us, = 1/ (Uppe, + RTIA> +3X3 @)
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2y
Usy = |/ (Upre, + Rels) + 14 ®)
Voltage changes from USy to USg determine fluctuations in point S—Figure 4:
AUSl = USA - USB (9)

or expressed as a percentage of the Uy, reference voltage:

Us, — U
AUs; = SAUiLsBloO% (10)
or as a standard deviation voltage:
AU
SD(Ug,) = 251 (11)

The assumed changes in the current from I, to I, around the melting current Iy,
represent the greatest disturbances occurring in the initial phase of melting the scrap—
Figure 5.

As the amount of molten scrap increases, the changes in the current consumed by the
arc furnace decrease. It is influenced by the stabilization of the electric arc between the
electrodes and the charge (molten scrap). The reduction of the range of current changes is
represented by different histograms corresponding to the various phases of melting in an
arc furnace.

Figure 7 shows sample histograms corresponding to changes in the furnace current in
the various stages of the smelting. In the initial phase of scrap melting, the greatest changes
in the furnace current occur between the I4 and Ig values. These changes are characterized
by a histogram (red), for which the standard deviation is SD(I) = 3. After melting a part of
the scrap, the current assumes the values I, Ig, Ic, Ip. The probability of the occurrence of
currents is characterized by the histogram (blue), where SD(I) = 1.732. In the further part
of the smelting in the arc furnace, the electric arc between the electrodes and the charge
(molten scrap) is stabilized. The current fluctuates between I¢ and Ip, which corresponds
to the histogram (yellow), for which SD(I) = 1.

[%]
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Figure 7. Histograms of arc furnace current changes in various stages of melting scrap.

Figure 7 also shows the standard deviation of the current arc furnace corresponding
to the various histograms. Figure 8 shows examples of voltage fluctuations for various
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furnace current histograms and the standard deviations of the currents from the mean
value of Iy = 1.2 I.
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Figure 8. Voltage fluctuations for different histograms of arc furnace current changes.

The presented histograms are only selected examples of the ranges of changes in the
arc furnace current adopted for the research. Analyzing the impact of arc furnaces on the
power system, it was found that the greatest disturbances arise in the initial phase of steel
smelting. The presented current change histograms are representative of the beginning of
the melting of the scrap and subsequent addition of the scrap to the furnace ladle.

One of the most important parameters affecting the voltage fluctuations generated by
the arc furnace is the ratio of the short-circuit power of the supply network to the power of
the furnace transformer.

The short-circuit power Scc characterizes the supply network in terms of resistance
to disturbances caused by loads with rapidly changing load. Arc furnaces are such re-
ceivers. The factors determining the short-circuit power of the network (e.g., at the point of
connecting the arc furnaces) are supply voltage and line impedance.

In the proposed model, the short-circuit power is determined by the parameters of the
supply network, resistance-R| and reactance-Xp. The electrical parameters of the electric
arc furnace installation are defined by resistance-Rt and reactance-X.. The electric arc is
represented by the voltage Ua,.. The following ratios of the short-circuit power of the
network to the power of the furnace transformer were proposed for model tests, Scc/Sntr—
20, 50, 80, 120, which takes into account the different electrical parameters of the power
supply line—Figure 9:

- Sce/Sntr: 20, 50—correspond to the worst electrical conditions for powering the steel-
works. With such low short-circuit power of the network, voltage fluctuations gen-
erated by arc furnaces will cause excessive disturbances, perceived, for example, as
flickering light caused by lighting receivers.

- Scc/Snir = 80 is the minimum power requirement for arc furnaces specified in [43]. In
publication [44] it is recommended to take Scc/Snir above 120.
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Figure 9. Voltage change as a function of current changes the furnace without the resistance in the
power supply circuit of an electric arc.

According to the UIE recommendations given in publication [44], it is recommended
that the minimum ratio of the short-circuit power of the Scc network to the power of the
furnace transformer Sp¢r should be 120. When these power conditions are provided for the
steel plant, the voltage fluctuations generated by arc furnaces will not cause an annoying
flicker of light.

Due to the recommendations presented in [43,44], such Sc./Snir values were adopted
in the presented research. It was assumed that the greatest changes in current are D(I) = 3,
which corresponds to the beginning of melting the scrap. Current variations from I to Ig
cause voltage fluctuations in the AUsp. They are marked with different colors for different
short-circuit powers of the supply network—Figure 9.

Figure 10 compares the graphs with and without the resistance in the electric arc
supply line. For a sufficiently high short-circuit power of the supply network Scc/Snr = 120,
omitting the resistance does not cause significant errors in determining voltage fluctuations

—Table 1.

For the range of furnace current changes between the extreme values of 14 and
Ig (Alap), a voltage fluctuation AUp is generated. In the case of a sufficiently high
short-circuit power of the network in relation to the power of the furnace transformer
(Sce/ Snir = 120), omitting the resistance causes a difference in the calculated voltage fluctu-
ation AUap of 0.051% (in relation to the rated voltage U, = 100%). For Scc/Sntr = 50, the
resistance omission has an error of 0.107% and for Scc/Snir = 20 it is 0.19%.

Based on the analysis of the curves shown in Figure 10 and the analysis of the data in
Table 1, it was found that the neglect of the resistance Ry, and Rt has a negligible effect on
the value of the determined voltage fluctuations. Taking into account only the resistances
Xy and Xt in the electric arc supply circuit greatly simplifies the model calculations. The
results of the calculations for the cases with and without resistance are presented in the
further part of the article.

Table 1. Voltage fluctuations for different values of resistance in the electric arc supply line.

Scc/Sntr =120 Scc/Sntr =50 Scc/Snir=20

R=0 R=0.1X R=0.3X R=0 R=0.1X R=0.3X R=0 R=0.1X R=0.3X
0.601 0.624 0.652 1.492 1.523 1.599 3.892 3.992 4.082
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Figure 10. Voltage change as a function of current changes the furnace with the resistance in the
power supply circuit of an electric arc.

3. Modeling of Voltage Fluctuations in Parallel Operation of Arc Furnaces

Due to the non-linear nature of the electric arc, it is difficult to determine the voltage
fluctuations in the parallel operation of arc devices.

Figure 11 shows the power supply diagram for two parallel arc furnaces. The same
power value of furnace transformers was assumed. Resistances Ry, and Ry in the electric
arc supply circuit were omitted.

The voltages on the “replacement electric arc furnace” for each of these conditions can
be determined:

U U

Arcl + Arc2 U +
U — X11 X12 _ _Arcl Arc2 (12)

I 2

ArcE Xr1 + Xt
which is the same as its replacement reactance:
1 Xt

Xrp = = o (13)

1 1
X1 + X2

In case of different arc voltages in each furnace (e.g., Uarca in one furnace and Ux,p
in the other), the matter is more complicated. Changes of phase angles of voltages Uarca
and Ux,g must be adjusted to the unchanged value of the source voltage of the supply
network (Up, = 100%) and to maintain the same values of Ug modules on each of the
furnaces operating in parallel and on the “replacement” furnace, i.e.,

X 2
UZArcA + IzAX2 = U2Ach + Iszz = UzArcE + 15 <2T> = Usg (14)

Based on the vector diagram, as shown in Figure 12 the dependence can be written:

U? = (Ug + Dsin «)* 4 (Dcos « ) (15)
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Figure 11. Scheme of the supply system for the steel plant, (a) for two identical furnaces arched, (b)

for a replacement electric arc furnace.

Figure 12. Vector diagram of the currents and voltages of the arc furnace.
Substituting:

Dsinx = Uty %sin 1 + Ut %sin oy = Ugsin oq %sin 1 + Ugsin oy %Sil’l 0y = (16)
. . 16
= Us%(smzoq + sin? ocz)

Dcosx = Upq %cos o1 +Upp %cos oy = Ugsin «q %COS 1 + Ugsin o) %COS o = a7)
= Us%(sin 108 o +sin xpcos cxz)

Assuming the dependencies:

1 Uarer |
cos oy = Csin o =4/1— ( rd) (18)
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U U 2
cos xp = 8“2 sin op = /1 — <Arcz> (19)
s

and substituting them to Equations (18) and (19), we obtain Formula (19) in the form:

2 2
U2 = UZ+ 2035 (2 - UA1+UA2>+

US
2 2 2 2 / 2 / 2 2 (20)
+U%% <2 _ UArdLJIr%UArCZ) _|_ (U{};cl 1 _ (UGI;I) _|_ US;CZ 1 _ (U{};CZ) )

After omitting the expressions (Xi/X1)?, the above formula is simplified to the form:

XL XL 2
U2 = U% + 4U%X7T - inT(UArcl + U2Arc2) (21)

from which the first approximation of the tension on the steel rails can be determined:

2 X 2 2
2 UL +ZXJf(UVArcl +LIAcm)

= (22)
S1 1+ 4%

2 | XL (112 2
UL + 25 (Uiprr + UArcLZ)

Usy =
1443k

(23)

Successive approximations to Ug are obtained by substituting to Equation (23) until a
satisfactory accuracy is obtained, i.e., when the voltage is Uy, = 100% (with an accuracy of
0.000001%). Due to the fact that Ug is determined by the method of successive approxima-
tions (iterative method), the accuracy presented in the paper was adopted 0.000001%. For
example, the Ug determined in the first approximation is Ug(1) = 97.80056145%. In the last
step (with the accepted accuracy), the determined voltage is Us = 97.80876776%.

Figure 13 shows a diagram of the power supply system of a steelworks with two arc
furnaces, taking into account the resistance in the electric arc supply circuit.

A
A

< < U L 4 4
QL Ur, QXL =S gRTl gXTl Uara1 gArcz
P'S *—@

Figure 13. Scheme of the power supply system of a steelworks with two arc furnaces including
resistance.

Based on the vector diagram presented in Figure 14, the following dependencies were
determined:

Dsinf3 = Ugrjcos o1 + Uxrysin &g + Urracos op + UxTosin oy =

R XL o R XL ot
= Ugri ghcos &1 + Uxy gsin oq + Urra ghcos & + Uxroghsin oy = (24)
= Uxt1 X7 R €08 &1 4 Uxri xesin o + Uxra x gy €0s o + Uxr2 g2 sin oo
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hence:
R X R X
Dcos = —URTl—Lsin 1+ UXTl—Lcos o1 — Urm “Lgin o + UXTZ—LCOS o  (25)
Rr Xt Rr Xt
U U
sin o = {gl Ccos o = 7AK1L—TZ RT1 (26)
U U U
sin oy = {gz cos o] = 7‘6‘@&; RT2 (27)
UXTl = Ussin (xlUXTZ = Ussil‘l [2%) (28)

we get (fOI' RT] = RTZ and XTl = XTz)i

X R
Dsin p = USX—L(sin2 &1 + sin? ocz) —i—UsR—L(sin 0t;cos o + sin xpcos ocz) (29)
T T

X R
Dcos f = USX—L(Sin 0108 &1 + sin xpcos 0(2) —USR—L(sin2 & + sin? cxz) (30)
T T

The determined voltage Us; (in the first approximation—Equation (31) is substituted
for the equation):

U2 = U2 4 2UsDssin B + (Dsin B)> + (D cos B)> (31)

Then, the supply voltage U}, for the first Ug approximation is determined. By correct-

ing Ug in accordance with the relationship:
UL
U = Ugg — 32
s=Usigr (32)

another approximation Ug is determined until the assumed accuracy of the supply voltage
is obtained, e.g., U, = 100% + 0.000001%.

Based on the calculated voltages Usaa, Usps, Usap, Uspa, the average value of the
voltage on the rails of the steel plant is:

7. _ Usaa + Uspp + Usap + Uspa

Us, 1 (33)
and the mean of the squares of Ug voltages:

—  Ugpp + Usge + Udep + Us

U%Z _ —SDD SGG SGD SDG (34)

4
and standard deviation SD (Ugp):

— ——
SD(Ug,) = v/ U3, - Us, (35)

Based on the knowledge of the standard deviation of the voltage in the operation of a
single furnace SD(Ug;) and the standard deviation of the voltage in the operation of two
furnaces SD(Usgy), it is possible to determine the coefficient of voltage fluctuation increase
on the steel mill busbars caused by the connection of the second furnace—Equation (36).

_ SD(Ug)

%= 5pUy)

(36)

The presented simulation tests were carried out for current changes between points A
and B. It was assumed that these are the largest current changes occurring in the initial stage
of smelting. Then, maximum voltage fluctuations arise due to voltage changes between the
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Up and the Ug. During the melting of the scrap, the range of current changes decreases,
which can be represented by a different current histogram, assuming that the current can
assume the values of I and Ip, where Ic = 1.1 Iy and Ip = 1.3 Iy.

D = Dcosp
D'’= Dsinf
Uy, cosaz)
Ugr,sinaz l
D= Dcos 8
Uyrycosan

Urr1 sinas l

Usr1 sinou Uy, sinaz

Urr1 cosou Ugr, cosaz

(b) D'= Dsinf3

Figure 14. Vector diagram of the arc furnace currents and voltages taking into account the resistance
(a), marked area with a circle in the magnification (b).

4. Verification of the Proposed Furnace Power Supply System with the Electric Arc
Model

The proposed method of determining voltage fluctuations along with the adopted
assumptions has been verified in industrial conditions. A series of measurements of
indicators characterizing the power quality in the supply lines of arc furnaces were carried
out. The measurements included weekly data logging cycles and periods for individual
heats in electric arc furnaces. Steel plants with different supply conditions (different short-
circuit power of the network) and different rated powers of furnace transformers were
selected for the tests.

Depending on the research problem under consideration, the following are accepted—
three-phase [45,46] or single-phase equivalent diagrams of the arc device with the power
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supply system [47-50]. In model studies of voltage fluctuations generated by arc furnaces,
a single-phase equivalent diagram was adopted—Figure 4.

This is due to the high correlation of indicators characterizing voltage fluctuations
in individual phases (AU, Pg). Figure 15 shows the voltage fluctuations recorded in all
phases during one smelting in the arc furnace, where AUy 1, AU, and AUp 5 are the voltage
fluctuations in the phases of the arc furnace supply line.
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Figure 15. Changes of voltage fluctuations AU(a) measured during one melt.

The correlation coefficients between voltage fluctuations recorded in individual phases
are as follows:

rAU(Ll)AU(LZ) = 0911, rAU(Lz)AU(Ls) =0.917, rAU(Ls)AU(Ll) =0.919 (37)

Another indicator, the changes of which registered in particular phases were analyzed,
is the short-term flicker severity Ps. The short-term flicker severity Pg; is directly related
to voltage fluctuations, which result in the flicker phenomenon generated by lighting
receivers.

The statistical analysis of the short-term flicker severity Ps; was based on the data
recorded during individual melts. Figure 16 shows the change of the P coefficient mea-
sured in the three phases of the steelworks supply network during one melt carried out in
the arc furnace.

A short analysis of the obtained measurement results in three phases is presented
below. The relationships between the indicators recorded in individual phases are shown
in Figure 17.

The correlation coefficients between the indicators recorded in individual phases are
as follows:

| = 0.876, b, Py = 0:905, b, by = 0.889 (38)

TPy 11y Pet(12 )

The correlation coefficients between the indicators measured in individual phases and
their average value are slightly higher and amount to

= 0.963, rp,, = 0.955, TP, Puypesn = 0-969 (39)

1.Pst(Ll ) Pstmean L2) Pstmean
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It was limited to taking into account the results of measurements in the phase with
the greatest voltage fluctuations, as it is adopted in Electricite de France [51].

14
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Measurement time
Figure 16. Changes in the short-term flicker severity Ps; recorded during one melt in the arc furnace.
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Figure 17. Relationships between the short-term flicker severity Ps; recorded in individual phases.

Based on the determined correlation coefficients between voltage fluctuations in
individual phases and a very large correlation of the short-term flicker severity, it was
limited to model studies based on a single-phase scheme. In similar cases, Electricite de
France [51] recommends taking into account the measurement results in the phase with the
largest voltage fluctuations.

The electric arc is represented by the arc voltage Ua. The arc has been mapped using
an ideal source of sinusoidal voltage with an amplitude dependent on the arc length, which
is the fundamental harmonic of the arc voltage.

Figure 18a shows the changes in the RMS voltage Uryis and the first harmonic of
the voltage Upi. Uy is the RMS (root mean square) value of the first voltage harmonic
determined in a five-second interval. The correlation coefficient is respectively—Figure 18b:

TUrms Ui

= 0.995

(40)
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Figure 18. Changes in the root mean square (RMS) voltage Urpms and the first harmonic of the voltage
Ui (a) and relationships between Urys and Uy (b).

The amount of voltage distortion in the power line of the steel plant depends mainly
on the short-circuit power of the supply network, the melting phase in the arc furnace, and
the daily load on the power system. Figure 19 shows changes of total harmonic distortion
(THD) recorded at the same time in points with different short-circuit powers in the supply
network electric arc furnace. Figure 19a shows the THD changes for Scc/Sntr = 150 and
Figure 19b for Scc/Sntr = 25.

The total harmonic distortion (THD) waveforms presented in Figure 19a,b show
the influence of the power system on the voltage distortions in the mains supplying arc
furnaces. In both cases, the THD limits according to [52,53] were not exceeded. In the case
of significant short-circuit power of the network (Scc/Sntr = 150—Figure 19a), it can be
assumed that the influence of the furnace on voltage distortion is negligible. Therefore, it
seems to be a correct assumption for the adoption of the first harmonic of the arc voltage.

One of the assumptions in the model tests (especially for the initial phase of scrap
melting) was the adoption of two-stage changes in the arc furnace current from I, to Ig
(symmetrically with respect to the scrap melting current of I; = 1.2 Iy). The confirmation
of the correctness of the adopted assumptions required a statistical analysis of voltage
fluctuations.
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Figure 19. Changes of total harmonic distortion (THD) recorded at the same time in points with
different short-circuit powers: (a) Scc/Sntr = 150, (b) Scc/Sntr = 20.

The results of the statistical analysis of voltage fluctuations are presented below.
The amplitude of voltage fluctuations AU is presented in percentages. According to the
recommendations of the statistical analysis of measurement data, when the number of
samples exceeds 20, grouping them into a distributive series should be used [54].
The grouping is aimed at systematizing the obtained results and reducing the impact
of individual deviations of voltage fluctuations registered during the steel smelting process.
The resulting groups are called class intervals or otherwise classes, and the value
representing each class is their center. The classes and the corresponding samples form
a distributive series, which is obtained by determining the area of variability of a given
feature, dividing it into classes and determining the number of samples in a given class [55].
The number of class intervals should not be less than 7 and greater than 15 and should
satisfy the inequality [54]:
0.5v/n <m < vn (41)

where:
n—sample size
m—number of classes
and the size of any of the class ranges should not be less than 5 [54].
When the multiplicity in a given class is lower than 5, adjacent classes can be joined,
which, however, leads to a reduction in the degrees of freedom for the tested sample [55].
The set of consecutive amplitudes consists of n = 151 values, which have been classified
into seven classes; according to the formula we get:

0.5v151 <m < v151, 6.14 <m < 12.28 (42)
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hence the assumption of seven class ranges.
For seven class intervals, the lengths of the intervals AU = 0.81 were selected according
to the formula:
AU — Umax — Umean  2.84 — (—2/81)
m

_ . = 0.80714 ~ 0.81 (43)

The use of class intervals in Table 2 as negative numbers is intended to denote am-
plitudes lower than the mean, and the class interval marked with zero corresponds to the
middle class interval, i.e., its center (arithmetic mean) is close to zero.

Table 2. Amount and periodicity of the resolving series and the cumulative resolving series of voltage fluctuations.

Class Number Class Range Center Class Amount Periodicity Cumulative Amount Cumulative Periodicity

i - U n; fi l’li* fi*

-3 —2.81; —2.00 —2.405 7 0.0464 7 0.0464

-2 —1.99; —1.19 —1.590 20 0.1325 27 0.1788

-1 —1.18; —0.38 —0.780 32 0.2119 59 0.3907
0 —0.37;0.44 0.035 40 0.2649 99 0.6556
1 0.45;1.25 0.850 26 0.1722 125 0.8278
2 1.26;2.06 1.660 19 0.1258 144 0.9536
3 2.07;2.88 2.475 7 0.0464 151 1.0000

n;* cumulative amount. f;* cumulative periodicity.

For the analyzed data group, the basic statistical parameters are as follows:

- Maximum value: 2.8361

- Minimum value: —2.8077
- Arithmetic mean: 0.012

- Variance: 1.452

- Standard deviation: 1.205

To verify the hypothesis that the voltage fluctuation distribution is a normal distribu-
tion, the x? Pearson compatibility test was performed.

Table 2 summarizes the basic parameters characterizing the given class ranges, includ-
ing class number, class range, center class, amount periodicity, cumulative amount, and
cumulative periodicity characterizing the course, as shown in Figure 20.

The graphical representation of the prepared distribution series, presented in Table 2,
by means of appropriate diagrams, allows for the convenient illustration of the obtained
measurement results.

Figure 21 presents histograms of changes in the periodicity in classes in the middle of
class range.
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Figure 20. Changes in voltage fluctuations with arc furnace on and off.
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Figure 21. Histograms of changes in the periodicity in the middle of class range.

Figure 22 shows the periodicity expansion (a) and distribution function (b) based on
the function approximation [56]:

1 1/x—pn 2
f(x) = gy exp lz ( . ) ] (44)
where:

o- standard deviation—deciding on the degree of flattening of the distribution curve.
u- the mean value by locating the symmetrical normal distribution curve with respect to
the x axis, which is a function of the probability density of the normal distribution.

As already mentioned, in order to find out whether the analyzed voltage fluctuation
distribution is a normal distribution, the x? Pearson compatibility test was performed. On
the basis of the sample, the parameters of the normal distribution were estimated—mean
value and standard deviation.

The results necessary to determine the statistics are presented in tabular form (Table 3).
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Figure 22. Periodicity expansion (a) and distribution function (b) as a function of voltage fluctuations.
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Table 3. Statistical data for the x2 Pearson test.

U; n; z; F(z;) pi np; (nj-p;)*/np;
—2.00 7 -1.67 0.0436 0.04 6.58 0.026
—1.19 20 —1.00 0.1515 0.11 16.29 0.843
—0.38 32 —0.33 0.3623 0.21 31.83 0.001

0.44 40 0.36 0.6368 0.27 41.45 0.051

1.25 26 1.03 0.8485 0.21 31.97 1.114

2.06 19 1.70 0.9564 0.11 16.29 0.450

2.88 7 2.38 0.9918 0.04 6.58 0.026

Sum 151 X X 1.00 151 2.511
where:

Ui- values at the end of the right class range F(z;) = F(%(‘Uni‘“) is the cumulative

(U;—Umean)
SD(U)

The values of the distribution function F(z;) were read from the tables of normal
distribution and the probabilities pi calculated from the relationship: p; = F(z;) — (zj_1). The
critical value o = 9.49 was read from the chi-square tables for the adopted significance
level « = 0.05and n =7 -2 — 1 = 4 degrees of freedom. Since x> =2.51 < xo? = 9.49, there
is reason to reject the hypothesis that the analyzed voltage fluctuation distribution is a
normal distribution.

The statistical analysis of voltage changes in the steelworks supply networks confirms
the normal distribution of voltage fluctuations.

This means that the assumption of the furnace current changes according to the
proposed histograms is correct.

value of the distribution N(0.1) in point

5. Summary

The main disturbances generated by arc devices are voltage fluctuations. Voltage
fluctuations caused by arc furnaces are characterized by high dynamics of changes. The
value of the voltage fluctuations depends mainly on the melting phase in the arc furnace
and on the short-circuit power of the network in relation to the power of the arc furnace
transformer. The periodicity of voltage fluctuations (number of changes during a given
time, e.g., a second) changes to a lesser extent.

Determining voltage fluctuations based on the analysis of voltage waveforms (oscil-
lograms) enables one to assess the nature of their changes very accurately. The voltage
fluctuations determined in this way can constitute a database for model research on the
impact of arc furnaces on the power system.

The assessment of voltage fluctuations based on the analysis of time courses requires
the use of specialized measuring equipment and specialized software for data analysis. For
this reason, this method has significant limitations in practical engineering applications.

Arc furnaces are receivers that cause disturbances that will significantly affect the
quality of electricity in the power system through which they are supplied. The main
disturbance generated by arc furnaces are voltage fluctuations, which are characterized
by rapid changes in amplitude and frequency. Voltage fluctuations are characterized by
fast changes in amplitude and periodicity (a few changes in one second). The irregularity
of changes in voltage fluctuations causes statistical parameters to be used to evaluate
the fluctuations. The results of calculations of statistical indicators describing voltage
disturbances and the results of measurements of energy quality parameters indicators are
an attempt to detail the assessment of the impact of arc furnaces on the power system.

The main aim of the article was to present a method allowing the determination of
voltage fluctuations in the operation of arc furnaces. The article analyzes the dependence of
the short-circuit power of the Scc network in relation to the power of a furnace transformer
and refers to the actual conditions of supplying arc furnaces.

Based on model studies and the analysis of the electric energy quality parameters
recorded in the power supply networks, the following general conclusions were made:
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- The presented model, the statistic evaluation of voltage fluctuations generated by arc
furnaces, and the presented results of measurements of energy quality parameters
may constitute a theoretical and practical contribution to the development of new
models of arc devices;

- The proposed method makes it possible to determine the increase in voltage fluctua-
tions when connecting successive arc devices for parallel operation;

- Based on the proposed model tests, a preliminary assessment of changes in voltages
and currents consumed by arc furnaces is necessary in the selection and design of
compensation devices;

- In the case of arc furnaces, only changes in one phase can be accepted for the analysis
of voltage fluctuations and fluctuation of light;

- On the basis of the analysis of measurement data, it can be concluded that there
is a very high correlation between the flicker indicators and voltage fluctuations in
individual phases;

- For the determined significant correlation between changes in the flicker Py indicators
and changes in the amplitude of voltage fluctuations (where the correlation coefficient
is rpgeay = 0.906), both fast-changing voltage fluctuations and flicker indicators can be
used to assess the impact of arc devices on the power system;

- Inthe case of arc furnaces, where the frequency of voltage changes does not change
significantly, the increase in the amplitude of voltage fluctuations is proportional to
the increase in flicker indicators;

- The result of adopting the disturbance analysis in one phase is the development of a
single-phase diagram of the arc device replacement;

- The recorded measurement data can be the basis for further research on the impact of
arc furnaces on the power system.

Funding: This research received no external funding.

Abbreviations

The following nomenclatures are used in this manuscript:
Im arc furnace melting current

In nominal current

Py short-term flicker severity

Pst short-term flicker severity

Ry power line resistance

Rt resistance high-current path with the furnace transformer
Sce short-circuit power

SD(I)  standard deviation of current

n;* cumulative amount

fi* cumulative periodicity

SD(U) standard deviation of current

Shitr power of the furnace transformer

THD total harmonic distortion

Uarc arc voltage

Um RMS first voltage harmonic
UL supply voltage
Umean RMS voltage mean

Un rated voltage

Us steelworks supply voltage

XL power line reactance

Xt reactance high-current path with the furnace transformer

Alpp arc furnace current fluctuations
AU voltage fluctuations
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