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This paper presents a dynamic model of an electric arc furnace (EAF) developed in Matlab/Simulink
environment. Model is based on simulating varying resistance of the electric arc in time-domain while
taking into account its stochastic behaviour. The model was applied for estimation of voltage flicker in
power transmission network at the point of common coupling caused by operation of EAF. Modelling
and simulation of an International Eletrotechnical Commission (IEC) flickermeter were also performed
in order to calculate voltage flicker from the simulated EAF voltage. In order to verify the developed EAF
model, calculations of voltage flicker were compared to measurements obtained from various operating
conditions of the EAF such as boring, melting and refining. Influence of short circuit power and switching
operating condition of the transmission network on flicker levels at point of common coupling was

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Highly nonlinear time-varying loads, such as electric arc fur-
naces (EAFs), are widely used in the steel-making industry. Due
to the process of melting and refining metals, mainly iron in the
steel production, the EAF consumes large power which causes sig-
nificant power quality (PQ) disturbances, such as harmonics and
voltage fluctuations on the connected power network [1]. Distur-
bances produced by EAFs in electrical networks can significantly
affect the voltage quality supplied by electrical power companies
[2]. An EAF is a non-linear and time-varying load, which gives rise
to harmonics, interharmonics and voltage fluctuations (flicker). The
cause of harmonics is mainly related to the non-linear U-I charac-
teristic of the electric arc, while the voltage fluctuations are due
to the arc length changes that occur during the melting of the
scrap. The current and voltage harmonic distortion may cause sev-
eral problems in electric power systems such as premature ageing
of equipment, incorrect operation of devices and additional losses
in both transmission and distribution networks. The flicker phe-
nomenon causes a physiological uneasiness in vision due to electric
lightning flux fluctuations, which are particularly important with

* Corresponding author. Fax: +385 16129890.
E-mail addresses: at.teklic@koncar-institut.hr (A.T. Tekli¢),
bozidar filipovic-grcic@fer.hr, bozofilipovic@gmail.com (B. Filipovi¢-Gréic),
ivica.pavic@fer.hr (L. Pavié).

http://dx.doi.org/10.1016/j.epsr.2017.01.037
0378-7796/© 2017 Elsevier B.V. All rights reserved.

incandescent lamps. Therefore, it is of crucial importance to pre-
dict the flicker levels when an EAF is connected to a network or
when an existing EAF is upgraded. In cases when flicker emission
limits are exceeded, mitigation techniques should be considered
in order to correct such disturbances. An extensive research which
enables practical application of static synchronous compensators
for improving PQ in EAF and flicker compensation applications was
published in Ref. [3]. Obtaining an accurate model of EAF in time
domain is thus important to study the impact of such load on the
connected power system. For instance, the flicker assessment of
EAF loads has to be calculated to check the compliance with the
regulated standards [4,5]. Therefore, it is crucial to model these
nonlinear loads for the PQ studies and mitigation designs.

Many models of the U-I characteristics have been proposed
in the literature for both steady-state or dynamic operation of
EAF. In Ref. [6] a controlled voltage source model for the EAF
was proposed based on the piecewise linear approximation of the
U-I characteristic. In Refs. [7,8] nonlinear time-varying resistance
models for the EAF were proposed, where the arc length is domi-
nated by periodic sinusoidal and band-limited white noise laws for
flicker compensation purpose. In Ref. [9] the conductance model
of the EAF for harmonic studies was proposed based on Cassie
equation representing the single-phase U-I characteristic during
refining stage. A time-varying resistance model was proposed in
Ref. [10] for studying the early stage of melting cycle where the arc
voltage is described by a linear function of arc length in random
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variation. Several chaotic systems were shown in Refs. [11,12]
in order to describe the EAF operating behaviour and dynamics.
Stochastic approaches were proposed in Refs [13-17], either with
or without modelling the linear approximation of the U-I charac-
teristic, in order to predict EAF voltage and current relationship
in next few cycles or reactive power consumptions for compen-
sation improvement. One of the greatest difficulties of stochastic
approaches is prediction and modelling of the EAF stochastic
nature, particularly in the initial boring stage of operation. The
problem is how to take into account both non-linear and stochastic
behaviour of the electric arc for different operation modes of EAF,
which is especially important for estimation of voltage flicker lev-
els. Despite the importance of stochastic representation of EAF to
achieve real and accurate model in PQ studies, less attention has
been paid to it in the literature. Because the arc melting process is
a highly non-stationary stochastic phenomenon a deterministic or
stochastic model for fully describing the EAF in different operating
stages is usually very difficult to obtain.

Many new EAF models such as neural network-based types have
been proposed recently. In Ref. [18] an accurate neural-network-
based method was proposed for modeling the highly nonlinear U-I
characteristic of an EAF. The neural-network-based model can be
effectively used to assess waveform distortions, voltage fluctua-
tions and performances of reactive power compensation devices
associated with the EAF in a power system. Simulation results
obtained by using the proposed model were compared with the
actual measured data and two other traditional neural network
models. It was shown that the proposed method yields favourable
performance and can be applied for modelling similar types of non-
linear loads for power engineering studies. In Ref. [19] the authors
proposed a grey predictor model for the forecast of flicker levels
produced by an EAF load. Actual measured data were adopted to
implement the predictor model. Test results based on the proposed
model were compared with two other neural network methods. It
was shown that more accurate forecast is achieved for the flicker
prediction based on the proposed method. In Ref. [20] a discrete
wavelet transform (DWT) and radial basis function neural network
(RBFNN)-based method was proposed for modelling the dynamic
U-I characteristics of the EAF. The proposed method can also be
applied to model other highly nonlinear loads to assess the effec-
tiveness of compensation devices or to performrelative penetration
studies. To model the multiple EAF operation stages more precisely,
the authors extended the previous research of Ref. [20]| by enhanc-
ing the model with including convergence check in the RBFNN
training phase, an extended look-up table (ELUT) to save the RBFNN
parameters (i.e. weights, centers, standard deviations, RMS value
of input current data segment), and the criteria for identifying the
four EAF operation stages obtained by DWT [21]. However, neural
network approach requires significant training so issues such as
learning speed, stability, and weight convergence remain as areas
of research and comparison of many training algorithms.

Although many research papers described above have been pub-
lished regarding modelling the EAF this problem still represents a
challenging task, especially for PQ studies where accuracy of the
model is of crucial importance. Therefore, in this paper a dynamic
model of an EAF is proposed taking into account the stochastic
behaviour of an electric arc. Model is developed for estimation of
voltage flicker levels caused by EAF operation. Parameters describ-
ing stochastic behaviour of the electric arc for different operating
modes of EAF are determined by matching the simulated short
term flicker severity levels with the measured ones. The developed
model is applied for estimation of flicker levels in the transmis-
sion network in case of different short circuit powers and switching
operating conditions. The comparison between measured and cal-
culated flicker values showed good agreement for various EAF
operating modes. The aim of proposed approach is to introduce

an accurate model of EAF which can be easily derived from field
measurements of a particular EAF and applied in case of the flicker
levels estimation at the point of common coupling.

This paper is organized as follows. In Section 2, the model
of International Eletrotechnical Commission (IEC) flickermeter for
estimation of voltage flicker from simulated voltage waveforms
is described. The proposed dynamic model of an EAF based on
simulating varying resistance of the electric arc in time-domain
is elaborated in Section 3 while taking into account its stochastic
behaviour. Model is applied for estimation of voltage flicker in the
power transmission network. The verification of the developed EAF
model is presented in Section 4 by comparing calculation results
with measurements of voltage flicker obtained from various EAF
operating conditions. In Section 5, proposed EAF model is used
for estimation of voltage flicker at point of common coupling for
two different switching operation conditions of the transmission
network. The conclusions are given in Section 6.

2. Model of IEC flickermeter

In order to determine voltage flicker from simulated voltage
waveforms an IEC flickermeter presented in Ref. [22] is modelled
in Matlab/M-file. Functional diagram of IEC flickermeter shown in
Fig. 1 consists of five blocks: 1 — voltage-adapting circuit scales
the mean root-mean square (RMS) value of the input voltage to
an internal reference level; 2 - squaring demodulator extracts the
voltage fluctuation; 3 - two filters: the first one filters out the DC
and residual ripple components of the demodulator output, while
the second filter simulates the frequency response to a sinusoidal
voltage fluctuation of a lamp and of the human eye; 4 - squaring
multiplier to represent the nonlinear visual perception and a first-
order low-pass filter with a time constant of 300 ms to represent the
built up effect in the brain (the output of this block represents the
immediate flicker sensation); 5 - online statistical analysis of the
instantaneous flicker level. Flicker severity level indices are calcu-
lated both in short term and long term in this block, and the results
are displayed. The output of block 5 is divided into suitable sub-
classes (at least 64 classes) according to the instantaneous flicker
level. At first the probability distribution function (PDF) is formed
by accumulating the number of elements at each level of the flicker.
Afterwards, the cumulative probability function (CPF) is formed by
integrating flicker distribution over the flicker range.

Finally, short term flicker severity P is calculated by using the
following expression:

Pst= (1)

where k; represents the weighting coefficient and P; represents
flicker level exceeded during a particular percent of the observation
time. These P; values were taken from the cumulative distribution
curve:

P = CPF (n;), (2)

where 7); is a particular percent of the observation period. At least
five points of the CPF should be used while evaluating the short-
term flicker severity. All of the weighting coefficients and the
corresponding time percentages can be found in Refs. [22,23]. In
summary, the flickermeter model has two main parts: 1 - sim-
ulation of the response of the lamp-eye-brain chain; 2 - online
statistical analysis of the flicker signal and displaying the results.
The first task is accomplished by blocks 2-4, while the second task
is performed in block 5. More detailed information about the IEC
flickermeter can be found in Ref. [22-24].



220 A.T. Teklic et al. / Electric Power Systems Research 146 (2017) 218-227

Simulation of lamp-eye-brain response

Block 1 Block 2 Block 3 Block 4 Block 5
transformer gain control AD
Demodulator Squari ‘I:gder gonvelr_ter 64 Level Output
juan
w } with squaring [T7] m?,mp]g 1 ,,:e:,? Rdl agfe'"g [l ciassifier [ interfaces [ | |
multiplier filter > 50 Hz
Input voltage
adaptor ! iz
230V- 35 1d0 Programming of short and long
Signal generator 50 Hz HEl observation periods
1T for calibration 1 H
- checking 162;)01*:/2 42120 Welghting filters Squaring and Statistical evaluation
smoothing of flicker level
—
RM.S. J S
meter Square 1 minute
rooter integrator
1 L T T 1
Output 1* Output 2~ Output 3 Output 4 Output 5 Output
half cycle rm.s. weighted range shorttime  recording data display
voltage indication voltage selection  integration and recording
fluctuation
* Optional for
Fig. 1. Functional diagram of IEC flickermeter.
Table1 ) winding resistances and the leakage inductances, as well as the
Results of flickermeter performance testing. magnetizing characteristics of the core. Cables are represented by

Changes per Voltage changes Calculated Py Error (%) their resistance and reactance. Modelling of substation components
minute AVIV (%) including power transformers, cables and network equivalents
1 2.724 0.974 26 is performed the same way as shown in numerous references
2 2211 0.994 -0.6 described in the introduction section. For estimation of voltage
;9 é-ggg }'g?é (1’§ flicker levels in the power transmission network a crucial compo-
110 0725 1.004 o4 nent which has to be modelled in detail is EAF. The proposed model
1620 0.402 0.987 ~13 of EAF is described in Sections 3.1-3.3.
4800 2.40 1.032 3.2

Developed flickermeter model is verified with standard wave-
forms provided in Ref. [22]. Performance testing of flickermeter
considers the frequencies and amplitudes of the seven regular
series of rectangular voltage changes for which Ps should be
1+0.05. Test signals for 230V lamp in 50Hz system and corre-
sponding results that are obtained from flickermeter model are
shown in Table 1.

Performance testing results indicated that all errors produced by
developed flickermeter model were below error tolerance range of
+5% prescribed by Ref. [22].

3. Model of a substation connecting EAF to power system

The model of a substation in Matlab/Simulink connecting EAF
to 110kV transmission network is shown in Fig. 2.

The EAF with rated power of 28.8 MW is connected to a 33 kV
switchyard through EAF transformer 0.7/33 kV. 33 kV switchyard is
connected to 110kV transmission network through power trans-
former 110/33/6.3 kV. The equivalent 110 kV transmission network
is represented with a voltage source in series with sequence
impedances, for two different switching states of transmission net-
work characterized by three-phase short circuit current and X/R
ratio: (1) Isc3 =14.6 kA, X/R=5.16; (2) Isc3=11.1 kA, X/R=4.88.

Parameters of three-winding three-phase power transformer
and two-winding three-phase EAF transformer are shown in
Table 2.

Power transformer 110/35 kV is connected to 33 kV switchyard
via 50 m long cable (copper 300/25 mm?2) and EAF transformer is
connected to 33 kV switchyard via 800 m long cable (aluminium
300/25 mm?2). Power transformers are modelled with three-phase
power transformer model in Matlab which takes into account the

3.1. Mathematical model of EAF

Different EAF models are described in Refs. [25-28]. Most of
them represent dynamic behaviour of electric arc resistance, while
some of them also take into account the stochastic behaviour of
the electric arc. The main problem is how to take into account
both non-linear and stochastic behaviour of the electric arc for dif-
ferent operation modes of EAF, which is especially important for
estimation of the voltage flicker levels.

In this paper EAF is modelled as a current controlled non-linear
resistance using embedded Matlab function in Simulink Power
System. The electric arc current and its derivative are input param-
eters of the function while the nonlinear time-varying resistance
is the output which is connected to the power system through
a controlled voltage source. The voltage source is controlled by a
nonlinear resistance and the current through it.

Melting process inside EAF can be divided into three parts. In
the first part, the electric arc begins to reignite from extinction. In
EAF model it is assumed that electric arc current and voltage reach
the zero-crossing point at the same time instant. As the arc voltage
increases until it reaches the reignition voltage u;g, the equivalent
circuit of electric arc behaves as an open circuit. During this period,
a small leakage current exists which flows through the foamy slag
parallel with the electric arc. It is assumed that a foamy slag has a
constant resistance Rg, while the u;g is assumed to be proportional
to the length of the electric arc. In the second part, the electric arc is
established and a transient appears in the voltage waveform at the
beginning of arc melting process. This causes the arc voltage to drop
suddenly from u;g to a constant value ug. This process is described
with an exponential function having a time constant 1. The arc
begins to extinguish in the third part of the melting process. The
arc voltage continues to drop smoothly with a sharp change after
the arc extinction and this process is described by an exponential
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Fig. 2. Model of a substation connecting EAF to 110kV transmission network in Matlab/Simulink.

Table 2

Parameters of three-winding three-phase power transformer and two-winding three-phase EAF transformer.

Three-winding three-phase transformer

Two-winding three-phase EAF transformer

Rated power
Rated voltage

63 MVA/63 MVA/21 MVA
Ui1/Ur2 /U =

110KV + 10 x 1.5%/33 kV/6.3kV

Rated currents In1/Ina/Inz =
330.6A/1102.2A/1924.5A
YNyn0d5

Uy 12 =13.5%, Uy 1.3 =7.5%

Vector group
Short-circuit impedance

60 MVA

Ur1/Ur =

33kV/(0.7 kV-0.344 kV)

In1 /1112 =

(1050 A-630 A)/(60400 A-49500 A)
Yd

U =13.3-20.6%

function with a time constant 7,. Non-linear behaviour of electric
arc resistance R, is represented by expressions (3)-(5):

dl

Rq =Rg, ifO§I<i,-g;a>O, (3)
_(I_iig)
uj+ (Ui —uye 1 X ) (4)
Ry = -2 (uig Id) , il > ig; dI/dt > 0
1
u Ui, — Ug)e T2 , 5
Ry =ttty —ue - edl ®
I+l,‘g dt
where:
I=li(t); g = 1.15ug; i,-g::'eﬁ; e = [M} u =271
g Imax
(6)

Dynamic U-I characteristic of EAF obtained using the above
expressions is shown in Fig. 3.

3.2. Stochastic behaviour of electric arc furnace

Dynamic EAF model for analysis of voltage flicker should take
into account the random nature of electric arc. Highest flicker val-
ues can be expected in the period when the length of the electric
arc is changing and this corresponds to high-current region of U-I
characteristic. In order to take this effect into account the voltage of
the EAF U,y is varied randomly according to sinusoidal variation:

(7)

where m is modulation coefficient, wy is flicker frequency and « is
a factor that can be adjusted according to the active power of EAF.
Modulation coefficient m is varied using the uniform noise gener-
ator block which generates uniformly distributed noise between
upper and lower bounds, e.g. in the range O-mmpax. Ten minutes
period of EAF operation is simulated and afterwards calculated volt-
age is inserted into flickermeter model in order to obtain short term
flicker.

Ueaf(t) = Oeraf (1 + msin ((,()ff)) s

3.3. Procedure for estimation of EAF model parameters

Parameters Ry, Uig, Uq, Imax, T1 and 7, which define dynamic
U-I characteristic change with load operating conditions of EAF.
In order to determine these parameters corresponding to different
operating conditions and active power of EAF, a procedure shown
in Fig. 4 is performed. At first, a trial and error procedure is per-
formed where parameters of the electric arc are determined in a
way to obtain a good matching between calculated and measured
active power of EAF (difference less than 1%), and maximum values
of current and voltage. Analysis showed that variation of parameter
Rg has a significant influence on calculated active power compared
to other parameters, since the power consumed by the EAF corre-
sponds to the area under the U-I characteristic. Nevertheless, the
selected arc parameters describe only single U-I characteristic for
a given active power and EAF operating condition, while the volt-
age and current responses of real EAF have stochastic behaviour
with multiple U-I characteristics. This phenomena is taken into
account by applying the modulation coefficient m, which is in the
first step determined with regard to measured voltage fluctua-
tions.

However, since EAF voltage fluctuations have a stochastic
behaviour over a longer period of time, the final selection of the
modulation factor is performed based on difference between mea-
sured and calculated Ps;. Modulation coefficient is changed slightly
from the initial value in order to obtain the good matching between
measured and calculated Ps; (difference less than 1%). This part of
the procedure is to some extent time consuming because the sim-
ulation in time domain requires a longer time period to obtain Ps;.
However, only few iterations are required because the increase of
modulation coefficient increases calculated Pt value and there-
fore it is relatively simple to find an acceptable solution. After
application of selected modulation coefficient, the calculated mean
value of active power is slightly changed and in this case an addi-
tional factor « is applied in order to eliminate this effect. Finally,
parameters of EAF model for initial boring period of operation
are estimated: Rg=0.05 €2, uq =305V, Ujg=350.75V, Imax =100 KA,
71=0.015s, 72=0.02'S, Mmax =0.085, @ =1.125.
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4. Validation of an EAF model

In order to make an accurate model of EAF for voltage flicker
estimation the parameters of EAF model are adjusted according to

Table 3
Long term flicker values Py, and short term flicker values Py measured at 110kV
level.

Phase A Phase B Phase C
Py (<0.8) 1.55 1.54 1.50
Py (<0.6) 1.16 1.17 1.15

measurements obtained in 30 min time period covering different
modes of EAF operation, e.g. boring, melting and refining.

EAF is connected to 110kV voltage level, through 110/33 kV
transformer with rated power 63 MVA. Measurement points inside
110/33 kV substation are shown in Fig. 5.

Measurements are performed with PQ analysers Power Logic
ION 7650 and Dewetron DEWE 571. ION 7650 has 5 current and 4
voltage inputs while Dewetron DEWE 571 has 4 current and 4 volt-
age inputs. Both instruments can measure RMS values of voltage
and current, flicker, dips, interruptions and other PQ parameters.
They also have the ability to record voltage and current waveforms.

Among many nonlinear loads, EAF used for steel production are
a one of the main causes of voltage distortion in electrical net-
works, which may give rise to the harmonics, interharmonics, load
imbalance and flicker effect. Different conventional compensation
systems have been used such as passive filters to mitigate harmon-
ics. The EAF described in this paper has compensation devices (that
are also designed as 3rd and 4th passive harmonic filters) connected
to the 33 kV side of transformer. The limitation of passive filters for
compensating complex problems such as non-integer harmonics
and flicker has made active filters attractive. Shunt active filters
using traditional control methods have successfully been used to
compensate for basic PQ problems such as current harmonics, reac-
tive power and load imbalance. PQ measurements performed at
110KkV level during the time period of seven days according to Refs.
[4,5] showed that all PQ parameters are within the limits except
voltage flicker values (Table 3).

This is the reason why flicker problem was investigated in this
paper in detail.

Measured RMS values of voltage and current in phase A at 33 kV
level of EAF transformer are shown in Figs. 6 and Fig. 7 for 30 min
period.
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Table 4
Comparison between calculated and measured short term flicker at 33 kV level of
EAF transformer.

Operation mode Boring Melting Refining
Modulation coefficient mpax 0.085 0.058 0.029
Pg; (measurements) 7.85 5.35 2.65

Py (calculations) 7.8240 5.3261 2.6750
Error APs (%) -0.33 -0.45 0.94

It can be seen that voltage values oscillate around 19.5 kV, while
current values oscillate around 620 A. Values of short term flicker
Ps¢ are shown in Fig. 8. In the first 10 min period Ps; equals to zero
because the value of short-term flicker is determined based on
cumulative measurements in 10 min interval.

Modulation coefficient of the sinusoidal variation is determined
in order to obtain a match between calculated and maximum mea-
sured values of Ps;. Comparison between calculation results and
measurements are shown in Table 4 for different modulation coef-
ficients selected according to EAF operation mode.

It can be seen that the highest values of Ps; are produced in the
initial boring phase of EAF operation. Percentage error when deter-
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mining the short term voltage flicker is below 1%, so the developed
arc model and determined modulation coefficients can be used to
represent EAF in voltage flicker studies.

5. Estimation of voltage flicker in power transmission
network at point of common coupling

Previously described EAF model is used for estimation of volt-

age flicker at 110kV level for two different switching operation
conditions of the transmission network:

e case A): I3 =11.1KA, X/R=4.88;

e case B): I;c3=14.6 kA, X/R=5.16.

Figs. 9 and 10 show calculated voltage and current waveforms
for case A) during the boring period of EAF operation.

Figs. 11 and 12 show calculated RMS values of voltage and cur-
rent at waveforms for case A) during the boring period of EAF
operation.

Simulations are performed also for melting and refining periods
of EAF operation. Calculated Pg; values are shown in Tables 5 and 6.

Ps¢ values are higher in case A) where the network with
lower short circuit power is considered. The calculation results
shown in Tables 5 and 6 refer to 10 min period of time domain

. UWN)
§88.88888

Fig. 10. a) Voltage waveform at 33 kV level of EAF transformer; b) current waveform at 33 kV level of EAF transformer.
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simulation which corresponds to a single Ps; value for each period
of EAF operation. Fig. 13 shows simultaneous measurements of Pt
on 110kV and 33kV levels and active power of EAF during 24 h
period. The Py values change significantly on both 110 kV and 33 kV
level depending on power and operation mode of EAF.

It can be seen that the ratio between Ps; at 33kV and 110kV
level varies in the range 4.5-6.5 depending on operation mode of
EAF. This ratio obtained from simulations is slightly lower, which
means that the calculated flicker attenuation is slightly lower than
the measured one. This is expected since the voltage and current

Fig. 12. a) RMS value of current in phase A at 110kV level; b) RMS value of current in phase A at 33 kV level.
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Table 5 Table 6

Calculated Pg; for case A): Isc3=11.1KkA, X/R=4.88. Calculated Pg; for case B): Isc3 = 14.6 kA, X/R=5.16.
Voltage level 0.7kV 33kV 110kV Voltage level 0.7kv 33kV 110kV
Py (boring) 9.8646 7.8240 1.8945 Py (boring) 9.8219 7.6528 1.4332
Pg; (melting) 6.6849 5.3261 1.2924 Py (melting) 6.6646 5.2107 0.9777
Py (refining) 3.3621 2.6750 0.6508 Py (refining) 3.3565 2.6190 0.4925

waveforms are measured on secondary side of instrument trans-

formers and the measuring circuit introduces a certain attenuation,
which is not taken into account in simulations. Also, the switch-
ing operating condition of transmission network can change during

measurements so the equivalent network in the model should be
adjusted in order to take this into account. Simultaneous mea-
surements of Ps; at 33kV and 110kV level have confirmed that

| —Pst33kv —Pst110kV  —Ratio Pst33kV/Pst 110kV  —P (MW) at 33 kV level |

30
28
26
24
22
20
18
16
14
12
10

P (MW), P, 33kV P, 110 kV,
Ratio (P, 33 kV)/(P, 110 kV)

(= e

Fig. 13. Measurements of EAF active power and P at 33 kV and 110kV levels during 24 h period.
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Fig. 14. Measured voltage and current waveforms at 33 kV level of EAF transformer.
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developed model can be used for estimation of voltage flicker at
110KkV level.

Fig. 14 shows measured voltage and current waveforms at 33 kV
level of EAF transformer during a short period of initial boring phase
of operation.

Adirect comparison with simulated waveforms (Fig. 9) for a cer-
tain smaller time window is not feasible since a proposed model
takes into account the stochastic behaviour of EAF by varying a
modulation coefficient using the uniform noise generator block
which generates uniformly distributed noise between upper and
lower bounds, e.g. in the range 0-mmax. It can be seen that simu-
lated and measured waveforms coincide in terms of span of current
and voltage amplitudes. Nevertheless, the aim of the proposed
approach is to develop an EAF model which accurately describes
stochastic behaviour over a longer time period with regard to Pg¢
value (Table 6).

6. Conclusion

This paper presents a dynamic model of electric arc furnace
(EAF) suitable for estimation of voltage flicker in power transmis-
sion network at the point of common coupling. Presented model
was developed in Matlab/Simulink environment and it takes into
account non-linear and stochastic behaviour of the electric arc.
The model was verified by comparing simulation results with
measurements obtained from different operation modes of EAF
with rated power 28.8 MW, which is connected to 33 kV level via
EAF transformer 0.7/33 kV and to transmission network via power
transformer 110/33 kV. In order to calculate voltage flicker from the
simulated EAF voltage, an IEC flickermeter was developed and its
performance testing was successfully demonstrated.

The comparison between measured and calculated flicker val-
uesat33 kVand 110kV levels shows good agreement for all cases of
various EAF operating modes such as boring, melting and refining.
Influence of short circuit power and switching operating condition
of the transmission network on flicker levels at point of common
coupling was investigated. Flicker values were higher in case of
transmission network with lower short circuit power. Performed
analysis has confirmed that proposed model could be used for esti-
mation of voltage flicker in power transmission network.

The future work will be focused on developing the model of
transmission and distribution network in order to determine the
voltage flicker propagation through transmission and distribution
network and estimate voltage flicker at low voltage level.
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