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ABSTRACT

A NEW FIELD-DATA BASED EAF MODEL APPLIED TO
POWER QUALITY STUDIES

GOL, Murat
M.SC., Department of Electrical and Electronics Engineering
Supervisor : Prof. Dr. Muammer ERMIS
Co-Supervisor : Inst. Dr. Ozgiil SALOR

September 2009, 73 pages

Electric Arc Furnace (EAF) modeling has been a common research area to date. This
thesis work proposes a new field-data based EAF-specific model. The data used in
developing the proposed model is obtained from field measurements of instantaneous
voltages and currents of EAF the plants. This model presents the dynamic behavior
of the EAF system including all its parts, which are the EAF transformer, the
secondary circuit, the electrodes moving and the arc itself. It consists of a cascade
connected variable-resistance and —inductance combination to represent the variation
in time of the fundamental frequency, and a current source in parallel with it to inject
the harmonics and interharmonics content of the EAF current. The proposed model is
capable of representing both AC and DC EAFs, whose controllers’ set points are the
impedance values seen from the low voltage (LV) side of the EAF transformer. The
validity of the proposed model has been verified by comparing EMTDC/PSCAD
simulations of the model with the field measurements. The results obtained have

shown quite satisfactory correlation between the behavior of the proposed model and



the actual EAF operation. To show the advantages of the model while developing
FACTS solutions for power quality (PQ) problem mitigation of a given busbar

supplying single- or multi-EAF installations, various applications are presented.

Keywords: Electric arc furnace (EAF) model, field-data based model, power quality
(PQ)
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GUC KALITESI CALISMALARINA UYGULANMIS
SAHA VERILERINE DAYALI YENI BIR EAO MODELI

GOL, Murat
Yiiksek Lisans, Elektrik-Elektronik Miihendisligi Bolimii
Tez Yoneticisi : Prof. Dr. Muammer ERMIS

Ortak Tez Yoneticisi  : Ogr. Gor. Dr. Ozgiil SALOR

Eylil 2009, 73 sayfa

Elektrik Ark Ocag1 (EAQO) modellemesi yaygin bir arastirma alani olarak gilinlimiize
kadar stiregelmistir. Bu tez caligmasi saha verilerine dayali yeni bir EAO’ya 6zgii
model onermektedir. Onerilen modelin gelistirilmesinde kullanilan veriler EAO
tesislerinin anlik akim ve gerilim degerlerinin saha 6l¢timlerinden elde edilmistir. Bu
model EAO sisteminin dinamik davranisim biitiin elektriksel sistem parametrelerini
kapsayarak (EAO transformatorii, sekonder devre, elektrot hareketleri ve ark)
sunmaktadir. Gelistirilen model, temel frekanstaki degisimleri sergilemek lizere seri,
degisken diren¢ ve reaktor kombinasyonundan ve EAO akiminin harmonik ve ara
harmoniklerini  gosterebilmek i¢in bunlara paralel bir akim kaynagindan
olusmaktadir. Onerilen model, kontrol sisteminin ayar noktass EAO
transformatdriiniin algak gerilim tarafindan goriilen empedans degerleri olan AA ve
DA EAO’lan ifade edebilmektedir. Modelin gecerliligi EMTDC/PSCAD programi
kullanilarak yapilan benzetim c¢alismalari ile saha Ol¢limleri karsilastirilarak

dogrulanmistir. Onerilen sistem ve gergek EAO operasyonunun karsilastiriimasi ile

Vi



elde edilen sonuglar, arada iyi bir korelasyon oldugunu gostermektedir. Modelin, tek
ya da fazla sayida EAO’yu besleyen belirli bir baradaki gii¢ kalitesi problemlerine,
esnek AA iletim sistemlerine dayali ¢oziimler {iretirken sagladig1 getirileri gostermek

i¢in ¢esitli uygulamalar sunulmustur.

Anahtar Kelimeler: Elektrik ark ocagi (EAO) modeli, saha verilerine dayali model,
gii¢ kalitesi
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CHAPTER 1

INTRODUCTION

An electric arc furnace (EAF), which heats charged material by means of an electric
arc, is one of the principle furnace types for production of steel by electric power.
The charged material is directly exposed to the electric arc and the current in the arc
furnace electrodes passes through the material. EAFs range in size from small units
of approximately one ton capacity up to about 400 tons and they are used for
secondary steelmaking. EAFs are also used in research laboratories and by dentists
with a capacity as small as a few dozen grams. Today, arc furnaces are widely used
in steelmaking industry for their advantages as allowing steelmaking from a 100%
scrap metal stock and reducing the energy required for steelmaking. On the other
hand, highly varying excessive power demand of EAFs usually has adverse effect on
the power quality of the electricity system supplying the EAF. Power quality is
defined as the characteristics of the electricity at a given point on an electrical
system, evaluated against a set of reference technical parameters by the International
Electrotechnical Commission (IEC) [1]. These parameters include voltage
amplitudes, voltage and current interharmonics, flicker and unbalance of the
three-phase voltage values. Time-varying current demands of the EAFs usually cause
harmonics, interharmonics and hence flicker and unbalance, which are most often
tried to be avoided or reduced with the use of compensation systems to improve the
quality of the power. Harmonics are the frequency components that are integer
multiples of power system fundamental frequency, whereas interharmonics are the
frequencies that are non-integer multiples of power system fundamental frequency
[2]. Flicker is the impression of unsteadiness of visual sensation induced by a light

stimulus whose luminance or spectral distribution fluctuates with time, while



unbalance is a condition in a poly-phase system in which the rms values of the line
voltages (the fundamental component), or the phase angles between consecutive line
voltages are not all equal [1]. Existence of harmonics, flicker and unbalance has
adverse effect on the power quality (PQ) of the electricity system, which supplies the
EAF plant.

This thesis focuses on developing an EAF model, which exploits actual field
measurements taken at EAF plants, to be used for both compensation system design
and for all kinds of analysis involving the electricity system supplying the EAF plant
such as a new EAF installation at an existing plant. At this point, general information
on EAF plant operation will be provided followed by the literature survey on EAF

modeling and the scope of the thesis.

1.1 Electric Arc Furnace Operation Principles

EAFs are furnaces used to smelt scrap metal by means of electric arcs which can
demand up to 240 MVA, and the temperature inside an EAF can rise up to 2000
degrees Celsius [4].

EAFs have some adverse environmental effects such as
e high electricity demand, followed by PQ problems,
¢ high sound levels,
e dust and off-gas production,
e slag production,
e cooling water demand.
Despite these harmful effects, EAFs are widely used in steel-iron industry, since they

are highly efficient recyclers of the scrap material.

A typical EAF system is shown in Figure 1.1 from the Encyclopedia Britannica.
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Figure 1.1 The EAF system.

An AC EAF has three round shaped electrodes corresponding to the three phases.

The electrodes are automatically raised and lowered by either winch hoists or

hydraulic cylinders controlled by a regulating system. The power system of an AC

EAF is shown in Figure 1.2. It consists of the utility grid, a high voltage/medium

voltage (HV/MV) power transformer, cables and/or O/H line segments, the EAF

transformer, flexible cables, bus tubes and electrodes.
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A DC EAF has one round shaped electrode, conducting the DC current to smelt the

scrap. DC current is achieved by rectifying the three phase AC current via a rectifier

in front of the electrode. The electrode is automatically raised and lowered. The

power system of a DC EAF consists of a rectifier and a DC link reactor different

from an AC EAF system as shown in Figure 1.3.
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The Static VAr Compensator (SVC) positioned between the EAF transformer and the
power transformer, is an electrical device providing reactive power compensation

and harmonic filtration.

The set-point for the regulation of the power system of an EAF is generally the
impedance of the system to maintain the drawn current by the EAF constant and
hence the active power spent. Not only are the positions of the electrodes but also the
EAF transformer’s taps changed in order to control the active power delivered. The
taps are changed either by an operator manually or by a pre-programmed controller

automatically.

The secondary circuit of the EAF is composed of flexible cables, bus tubes and
electrodes as shown in Figure 1.2 and Figure 1.3. It constitutes nearly 75% of the
total impedance as viewed from the low voltage (LV) terminals of the EAF
transformer as illustrated in Figure 1.4 and varies in time during the operation of the
EAF [5]. Furthermore, the non-linear arc resistance is changing dynamically
depending not only on the state of the scrap and the molten material within the
crucible but also on the electrode control system’s settings and its capability to
maintain the impedance at the set-point. Since the secondary circuit impedance and
the arc resistance are referred to the primary side of the EAF transformer by the
square of the turns-ratio, each tap changing causes a further variation. Therefore, the

EAF is a highly inductive non-linear, unbalanced and rapidly changing load on the

utility grid.
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Figure 1.4 Ilustration the EAF single-line diagram.



The smelting process of the EAF consists of three phases: Boring, melting, and
refining [6]. The boring phase is the first part of the smelting process. In this phase
the solid scrap metal is loaded into the furnace, and electric arc is initiated in the
middle of the scrap to start smelting. The current reaches its most chaotic behavior
and the most significant disturbance on the PQ is observed during this phase. When a
hole in the middle of the scrap is achieved the electric arc becomes more stable, but
due to the solid scrap that has not molten yet, the current characteristic is still
unstable. This phase is called melting. The final phase, refining, is the most stable of
all three, since whole material in the furnace is liquid so that arc length and hence the
current demand do not vary as much as in boring or melting. The visualization of the

three phases and the power variations during the three phases are given in Figure 1.5.
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1.2 EAF Models in Literature

The EAF operation causes harmonics, interharmonics, flicker due to the strongly
varying reactive power demand, therefore the PQ of the connected power grid is
affected adversely. In order to study these undesirable disturbing effects, and
possible compensation schemes in a simulation environment, developing a suitable
model of the EAF operation has become a current issue and hence a popular research

subject.

Developing a deterministic model of an EAF is not an easy task due to the stochastic
nature of its operation. The current drawn by the EAF depends on the constituents
and even the physical composition of the scrap to be smelted, which is random at
each charge period. In addition, transformer tap adjustment applied by the operator
and the impedances of the flexible cables supplying the EAF are subject to change
due to the electrode movements during the EAF operation. Therefore, it is not easy to

represent the EAF operation by a static model.

EAF modeling has been studied by many researchers to date [7-17]. The models in
the literature may be classified in two groups as parametric models and field-data
based models. Certainly some measurements have to be taken for both types. The
measurements for the parametric model derivation are carried out to determine some
parameters such as maximum magnitudes of harmonic and interharmonic
components, extreme values of reactive power demand and other values necessary to
identify the EAF. On the other hand, measurements, taken for field-data based model
derivation, are used to determine the instantaneous characteristic of the EAF, such
that the obtained result should match with the measured data, whereas in the previous

type usually there is no such attempt.

Parametric models are based on the characteristic EAF operation [9-11]. These
models are derived by using mathematical expressions. Deriving the mathematical
expression of an EAF’s exact characteristic is not an easy task, because it is not
possible to obtain some of the EAF parameters. Therefore, generally some

assumptions and simplifications are employed to obtain parametric models. This type



of models do not take into account the dynamic variation in the secondary circuits of
the EAF and EAF-specific operational practices, but provide general aspects of the
EAF operation instead. Therefore, it is rather difficult to use them for PQ assessment

experiments on a specific plant.

Field-data based models may also be investigated in two subgroups; classical field-
data based models and advanced field-data based models. Measured values are
directly used as a voltage or a current source in classical field-data based models
[12]. Although this type of a model provides the exact characteristics of a specific
EAF, it cannot be used for PQ studies, since it does not take into account the voltage
dependency of the EAF current and hence the effects of modifying power grid of the

EAF in terms of PQ cannot be observed.

Advanced field-data based models use methods such as neural networks, fuzzy logic
and chaos theory [13-17]. These models have obtained satisfactory results; however,
the main drawback of these models is their complicated and time-consuming
derivation process. These types of models derived so far represent only the furnace
part of the EAF system. However, to simulate different situations, such as inclusion
of a flexible alternating current transmission system (FACTS) device to the system,
the model should be able to include the effects of the parts of the system other than
the EAF itself. Also, the tap changing and electrode movements, performed to keep
the current at a set value for constant power input to the EAF, are usually not

considered.

1.3 Scope of the Study

In an iron and steel plant, the loads which are problematic in terms of PQ are EAFs,
ladle furnaces (LFs) and rolling mills (RMs). EAFs are the dominant sources of
harmonics, interharmonics, flicker and varying reactive power consumption, which
are PQ disturbance factors, whereas LFs and RMs also cause comparably less
significant PQ disturbances. Therefore, modeling the EAF operation is the main
focus of this thesis. The aim of the thesis is to develop a field-data based EAF-

specific model which can be used both to assess PQ and to develop solutions to



mitigate PQ problems in the simulation environment. The proposed EAF model
represents the voltage dependent current characteristics of the EAF operation.
Moreover, this model is capable of representing the effects of the tap changing

process of the EAF transformer and also effects of the electrode movements.

The proposed EAF model is directly based on the measured field-data of
instantaneous EAF voltages and currents sampled at a rate of 3200 samples per
second. The operational impedance values of an EAF obtained from the current and
voltage values at the primary side of the EAF transformer are used. Data are
collected during the whole tap-to-tap period. Actually, as many data arrays as
possible that can be collected are useful to consider not only different scrap
compositions, but also different alloys recycled in the EAF. Analyses carried out
with the proposed model have shown that simulation results coincide with the
field-data collected from the associated EAFs at different plants. After the model is
finalized, it has been used to obtain the effects of FACTS devices such as SVCs,
static synchronous compensators (STATCOM), which are generally used for voltage
regulation and reactive power compensation, and medium voltage active power
filters (APF) usually employed for harmonic filtration on the PQ of the EAF

installations.

The outline of the thesis is as follows: In Chapter 2, the proposed EAF model is
described in detail including the alternative methods used to obtain the model, and
their advantages and drawbacks. Finally, model usage is explained. In Chapter 3, the
proposed model is verified by using various methods. The model is simulated in
PSCAD/EMTDC for different circuit configurations, and the results are compared
with the measured field-data, in the sense of harmonics, interharmonics, flicker, and
active and reactive power produced and consumed by the EAF. In Chapter 4, some
applications are performed in simulation environment. The model is simulated in a
multi-furnace system. The obtained results are compared with the general
expectations. Moreover, using the EAF model with SVC, STATCOM and APF are

examined. Finally, in Chapter 5, conclusions are presented.



CHAPTER 2

THE PROPOSED EAF MODEL

2.1 The EAF Characteristics

The EAF current has a chaotic and random nature, which is the main reason of the
PQ disturbing effects of the EAF. This current characteristic originates from the
electric arc used to smelt the scrap material. Instantaneous values of virtual
line-to-neutral voltage and line currents on the MV side of the EAF transformer
excluding the SVC in Figure 2.1 are measured at a sampling rate of 3.2 kS/s (3200
samples per second) for each electrical quantity in all three phases. For line A these
are plotted on v-i plane for one minute, one second and five cycle durations column
wise in Figure 2.1. The three rows of Figure 2.1 correspond to boring, melting and
refining phases. These plots show the stochastic characteristics of the EAF. During
the operation of the EAF, the scrap material changes its state from solid to liquid and
the air gap portions within the charge decrease. Electric arc becomes more stable as
the molten metal content of the crucible increases. Therefore, the randomness in the
v-1 characteristics decreases due to this phenomenon as it can be understood from

Figure 2.1.

The EAF power system can be represented electrically as shown in Figure 2.2. As
mentioned in Chapter 1, current EAF models usually deal with modeling the arc
resistance. This approach does not take the EAF transformer, the series reactor, if
existing, and secondary circuit in the model, so that they are not sufficient enough to

represent the whole system characteristics.
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Figure 2.1 Operational instantaneous v-i characteristic of a 90 MVA EAF

obtained from the field measurements (from transformer primary).
(Row 1: Boring, Row 2: Melting, Row 3: Refining)
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Figure 2.2 EAF single-line diagram.
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2.2 The Proposed Model of the EAF

The single-line diagram of the EAF on which the proposed EAF model is based is
given in Figure 2.2. EAF is modeled as seen from the primary side of the EAF
transformer as illustrated by Zgar in Figure 2.2 to represent the whole EAF system
including the furnace, the secondary circuit, and the EAF transformer. The
input-output relationship of the proposed EAF model based on the measured field-

data of instantaneous three-phase EAF voltages and currents is given in Figure 2.3.

The proposed EAF model is developed by using measured field-data sampled at a
rate of 3.2 kS/s. The model consists of the Variable-Resistance and -Inductance
combination (VRL), and current harmonics denoted by R[n], L[n] and Iy[n],
respectively as given in Figure 2.3. This model can be used to predict the electrical
quantities of the associated power system such as instantaneous voltages, currents,
real and reactive power components, and short term and long term flicker values

(V[n], I[n], P[n], Q[n], Pst and Py, respectively).

T — > Vin]. I[n]. P{n]. Qfn],
Valn], Veln], Ve[n] . —_—— flicker, etc.
3.2 kS/s/quantity | Power System Model EAF Model |~ 3.2 kS/siquantity

Power Transfarmers.
Owerhead Lines,
Utility Grid

" R[n]. L[}, in]
3.2 kSisiquantity

Independent variable:
discrete time [n]

. R: resistance, L: inductance
Dynamic Power k>allh :
Quality Conditioner n- all harmonics except
Madal fundamental subgroup

Figure 2.3 Input-output relationship of the proposed EAF system model.

The proposed model consists of the cascade connected VRL and a current source in
parallel with the VRL as seen in Figure 2.4. By using the VRL, not only the time
variations at the fundamental frequency (50/60 Hz) component are represented, but

also the voltage dependency of the EAF current is taken into account. Equivalent

12



R-L combination as seen from the MV side of the EAF transformer computed from
the field-data to constitute a VRL model is only for the fundamental frequency
(50 Hz). The parallel connected current source injects the harmonics and

interharmonics of the EAF current to the model.

Arc Furnace Model

Source Power Transformer

| 'H ’

TR o (R i ;
MW __________________________ : :

i i T |

s (0 . |

Harmonic TCR
Filters

Figure 2.4 Single-line diagram of the proposed model.

Set points of the electrode control system are generally the impedance magnitude of
the secondary circuit or the arc resistance value, since it is easy to measure and
control the impedance magnitude by changing the arc length while moving the
electrodes up and down. The impedance is determined by the electronic control
system, using the phase voltage and the phase current data on the LV side of the EAF
transformer [18]. Since the set point of the electrode controller is an impedance
value, it is expected that the impedance value seen from the primary side of the EAF
transformer oscillates around the set point for various conditions. Therefore, the
impedance values obtained by processing the data measured are close for SVC-ON
and SVC-OFF periods as seen in Figure 2.5. So the proposed model derived from the
field-data can be used regardless of whether the data is taken when SVC is ON or it
is OFF which eventually means that the proposed model is capable to provide the

characteristics of the EAF system even there are devices connected parallel to it.
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impedance (|Z]) (ohm)

time (minutes)

Figure 2.5 Impedance magnitude variations when the SVC is ON and OFF.

The block diagram of the VRL determination algorithm is given in Figure 2.6. It is a
widely known fact that the power system frequency varies from 49.8 Hz to 50.2 Hz
at the points close to EAF [19]. First, zero-cross points of voltage waveform are
found on the measured data to determine the period of each voltage cycle. It is
assumed that frequency of the current is the same with the frequency of the voltage.
Zero-cross points of the voltage wave are used to determine 10-cycle windows for
both voltage and current waveforms. Fast Fourier Transform (FFT) of each 10-cycle
is obtained to achieve a 5-Hz-resolution frequency spectrum as recommended in the
standard IEC-61000-4-7 [3]. Consecutive FFT windows are 10 cycles long and they
are overlapping nine cycles, i.e. sliding by one cycle at each operation step. The
windowing is illustrated in Figure 2.7. As observed in Figure 2.6 the absolute value
of the 50 Hz component of the voltage divided by that of the current gives the
absolute value of the impedance seen from the MV side of the EAF transformer. The

difference between the phases of 50 Hz components of voltage and current gives the
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phase of the impedance. The amplitude and phase values of the impedance are
assigned to the mid-point of each sliding window; therefore, each cycle of the data is
assigned an impedance value. Resistances and inductances are computed from the
absolute value and the phase angle of the impedance. To obtain the inductance value,
the frequency computed for every cycle after the zero-cross point detection is used as
given in Figure 2.6. Finally, per-cycle VRL values are interpolated in order to obtain
a VRL value for each time step (At=312.5us). Example impedance values (Z=2Z./®,
magnitudes ( Z ) and phases (@ )) obtained are plotted in Figure 2.8 for the boring, the
melting and the refining phases. These impedances are computed from the field-data

which was illustrated in Figure 2.1.

V—> Zero-cross - 10(;C¥Cle | FFT
points = data 7| 9Hz
| windows resolution
L 2=V oy Mlor] .| R=Zcos(®)
O=arg(V,,,,,)-arg(lsy,,) X=Zsin(®)

Interpolating —»R
R&L
values +—»|

Frequency of
each cycle

\i
\i

L=X/(2xf)

Figure 2.6 Block diagram of VRL determination.
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Harmonic current is attained from the FFT of the original current for each 10-cycle
window. The 50 Hz component of the current harmonic spectrum, which is the 10™
component, is equaled to zero in order to eliminate the fundamental frequency, and
hence 10-cycle-period average values of harmonic and interharmonic components
are obtained. This spectrum is transferred back to time domain through inverse-FFT
which represents the current supply of harmonics and interharmonics given in
Figure 2.4 (Iy). This process is repeated for each cycle of the data to obtain the
harmonic and the interharmonic current of one-cycle length. The 10-cycle windows
slide one cycle at each computation step, as in the case of computing VRL values.
Harmonic and interharmonic current computation is illustrated on example field-data
in Figure 2.9. The block diagram of this process is shown in Figure 2.10. In
Figure 2.9, it should be noticed that the signal obtained by taking the inverse-FFT of
the reduced frequency spectrum of the current waveform is not a periodic signal,
since there exist interharmonics with significant magnitudes in the spectrum of the

current data measured.

Iy in Figure 2.10 includes all harmonics and interharmonics except fundamental
frequency (47.5-52.5 Hz, due to the fact that the resolution is 5 Hz), and in the model
in Figure 2.4, it is interpreted as a current source connected in parallel with the VRL.
Controlled current source tool of PSCAD/EMTDC is employed for computer

simulations of the proposed model.
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Figure 2.9 Harmonic current computation.
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Figure 2.10 Block diagram of harmonic current computation.

2.3 Alternative Methods to Derive the Proposed Model

Although the results which will be presented in the following chapter show that the
model works quite satisfactorily, alternative methods with less computational
complexity but with less accuracy can be used to compute the VRL, and the
harmonic and interharmonic components. These alternative methods are presented

and compared with the proposed model in this subsection.

2.3.1 Alternative VRL Computation Methods

23.1.1 Method-1:

The exact frequency of the power system is calculated for each cycle in the proposed
method, because actually the system frequency varies between 49.8 and 50.2 Hz
[19]. The alternative method described in this subsection suggests assuming the
system frequency constant at 50 Hz. Instead of calculating the zero-cross points of
the field measured data, it is assumed that each cycle is 64 samples long for a
sampling rate of 3.2 kS/s, and hence windows are 640 samples long. Comparison
shows that although the order of the magnitudes and general characteristics of the
currents are similar, there is a significant difference in sample by sample comparison

as seen in Figure 2.11.
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Figure 2.11 Instantaneous values of the EAF currents measured and computed at
measurement point MP in Figure 2.1
a) Iproposed VS. Iactual b) Imethod-l VS. Iactual-

2.3.1.2 Method-2:

The 10-cycle window used in the proposed algorithm slides one cycle for each
computation step, which yields one VRL value for each cycle. To reduce the number
of the computation steps, non-overlapping window of 10 cycles are used, which yield
one VRL value for every 10 cycles of data. This reduces the computation by a factor
of 10. Intermittent VRL values are obtained by linear interpolation. Figure 2.12
shows the comparison of the actual measured current and the results obtained by
simulating the VRL achieved with this method. By comparing the results obtained in
method-1 and method-2 (Figure 2.11 and Figure 2.12), it is concluded that,
computing the actual frequencies at each cycle is more important to obtain a valid

model than computing the impedance magnitudes for every cycle of the data.
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Figure 2.12 Instantaneous values of the EAF currents measured and computed at
measurement point MP in Figure 2.1

a) Iproposed V8. Iactual b) Lnethod-2 V8. lactual-

2.3.2 Alternative Harmonic Current Computation Method

This method is based on the same idea as given in the previous subsection,
“Method-2”. Harmonic and interharmonic current computations are achieved using
non-overlapping 10-cycle windows. Comparing the two methods does result in a
significant difference as seen in Figure 2.13. When the 10-cycle window slides 10
cycles each computation step, the phases of the harmonic components becomes
constant for whole 10-cycle period as well as the magnitudes; although, an average
constant magnitude assumption does not result in a significant difference with the
actual data, assuming the phases of the harmonic components constant whole

10-cycle period causes the difference seen in Figure 2.13.
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(KA

proposed

Figure 2.13 Instantaneous values of the EAF currents measured and computed at
measurement point MP in Figure 2.1

a) Iproposed V8. Iactual b) Latternative V8. lactual

2.4 How to Use the Model

The point of common coupling (PCC) is the point where EAF is connected to the
utility grid. The PCC is either the HV bus and EAF is connected through a power
transformer as given in Case-a in Figure 2.14, or it is the MV bus and EAF is
connected directly to the PCC as in Case-b. Source impedances can be computed
from the short circuit MVA values at HV and MV busses in Case-a and Case-b,

respectively in Figure 2.14. Case-a, however is the most common one.
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Figure 2.14 Single-line diagram defining the Measurement Points (MPs) and
Point of Common Coupling (PCC).
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For application of the proposed method, time-synchronized measurements can be
carried out at (Measurement points are shown by MPs in the figure)

1) MPI1 and MP3 for Case-a,

i1) MP1 and MP2 for Case-b.
Bus voltages and line currents at each MP should be measured preferably at a high-
sampling rate. The verification of the model needs the internal voltage of the utility
grid (V, in Figure 2.14) at any HV or MV bus to be known. V can be computed by
using short circuit MVA (MVAsc) data and voltage and current measurement values
at MP3 for Case-a and at MP2 for Case-b. Since V, can be assumed to be balanced
and purely sinusoidal at the fundamental frequency because of the low harmonic
content of the voltage at PCC, its value can be found by phasor addition of the
fundamental components of the three-phase voltages at MP3 and the potential drop
on the source impedance owing to the fundamental components of the three line

currents at MP3 for Case-a, and MP2 for Case-b.

This computation approach makes the expansion of the voltage and the current at
MP3 into Fourier Series necessary in order to find their fundamental components, for
Case-a. For Case-b purely sinusoidal internal grid voltages can be computed in a

similar way.

Having computed the phases and magnitudes of the Vi, its time domain waveform is
synthesized using EMTDC. This computation can also be achieved using any
suitable computation software such as MATLAB. The EAF model is obtained from
the measured current and voltage values at MP1 as explained previously in this

chapter.

Although computation of Vj is a time consuming task, it is worth this effort since
only by this way the variations in both the magnitude and the frequency of the utility
grid voltage can be taken into account in the simulations and design work whenever
accurate results are needed. If less accurate results are sufficient for the analyses of

the quantities at the fundamental frequency such as P and Q variations, then V can
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be assumed as an ideal voltage source without preserving its phase with respect to

the measured EAF bus voltage.

Since the model is deduced from the field measurements at the input of the EAF
transformer over typical tap-to-tap times, it exhibits the dynamic behavior of the
EAF system including all parts of it such as the series reactor, the EAF transformer,

the flexible cable, the bus tube, the electrode movements, and the arc.
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CHAPTER 33

VERIFICATION OF THE MODEL

To validate the proposed model, measurements at five different EAF plants were
conducted and the collected data are used for model verification. Measurement
points (MP) for model verification are shown in Figure 3.1. VP is the virtual
excitation point, where any measurement is not possible, but it is possible to compute
voltages and currents at VP theoretically from measurements of voltages and currents
at MP3, once the grid parameters, R and Lg, are known. R and Lg are calculated by
using the MVAsc and rated voltage of the HV side of the power transformer.

Verification of the model is achieved in five steps as given in the following

subsections.
- HV/ MV Power

Transformer ;

| .
[ ] | EAF side |
Re L to EAF! measurements |
VP ‘ > T |
MP3 MP2 MP1 : }
1
Ve PCC : Series Reactor !

|
I |
1
to other SVC | !
1 loads : EAF |
| Transformer 1|
| 1
|
| MP4 |
| 1
I |
| 1
I |
s A
Figure 3.1 Measurement points shown on the single-line diagram for verification

steps.
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Field measurements are taken via monitors developed for PQ measurements through
the National PQ Project of Turkey [20]. Time synchronization is achieved by a GPS
module integrated into the PQ monitors. This gives the opportunity to collect data at
MP1, MP2, and MP3 synchronously with only 100 nsec error among the collected

data samples.

3.1 Step 1: Verification Based on the Measurements Obtained at the Secondary
Side of the EAF Transformer (MP4)

Measurements for this step are taken at MP1 and MP4 synchronously for two
tap-to-tap periods of the EAF transformer at Plant-1. The SVC was kept ON during
one tap-to-tap period and OFF in the next. The aim here is to observe whether there
exist significant differences between SVC-ON and -OFF periods of the EAF
impedances due to the electrode control system of the EAF. It is worth noting that
EAF transformer taps and the associated set values of the impedances are kept

invariant for both SVC-ON and SVC-OFF periods.

In this step, actual EAF voltages and currents are measured in the field at the
secondary side of the EAF transformer (MP4) and the results are compared with the
same measurement carried out at the primary side (MP1) by taking into account the
series reactor parameters, the leakage reactance and the turns ratio of the EAF
transformer (see Appendix A for parameters of the EAF transformer in Plant-1 used
in this step). The EAF impedances measured at MP4 using 10-cycle windows based
on the fundamental EAF voltages and currents are given in Figure 3.2. EAF
impedances are denoted by |Zgarsec|=Vrsec/lgsec, where |Zgarsec| is the impedance
amplitude, Vesee 1s the amplitude of the fundamental component of the rms voltage,
and I¢sgc 1s the amplitude of the fundamental component of the rms current, obtained

from the secondary side of the EAF transformer.

In normal EAF operation, the impedance set-point is processed by filtering out the
measured EAF currents and voltages to avoid high impedances except for ignition

control. The impedances obtained at MP4 are median-filtered (of order 256 for a
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sampling rate of 3.2 kS/s) to be able to observe the general behavior of the EAF

excluding the instantaneous extreme points.

sy : 1SVC ON : SVCOFF | ..

151 i EAI | Y ) AT 1| S B S i E—
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char"ge 1 2 charge 1 2
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Low-pass filtered (median filtered) |Zgar, sec|

Figure 3.2 EAF impedance amplitude obtained from measurements at MP4 for
two tap-to-tap periods with consecutive SVC-ON and —OFF periods.

During the EAF operation, the impedance set-point can be modified dynamically by
the controller to allow an optimal usage of the EAF transformer taps. As seen in
Figure 3.2, the actual EAF impedance for a tap-to-tap period does not vary
considerably during SVC-ON and —OFF operations at the same EAF transformer tap.

Hence, the proposed impedance model can be used satisfactorily for both cases.

In Figure 3.3, the EAF impedances are computed from true rms values of the EAF
voltages and currents at MP4 by simple division (|Zgarsec|<Vsec/Isec), and

compared with the impedances obtained from the fundamental values as used in the
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proposed model. The results obtained from two types of computations are almost the

same, thus verifying the validity of impedance computation of the model.

12 . !

<~————SVCON : : SVCOFF ——>

=
o}
E fr ]
T

al _

2 Ly 2

«—tap-to-tap peried : tap-to-tap period
55 min : 60 min
o L[ i i I i i i i | s i I
0 10 20 30 40 50 60 70 80 90 100 110
time (min)
— |ZgAF, sec| = Vsec/Isgc (true rms values)

|ZE AF, SECl = Vﬁ SEC/ Iﬁ SEC (fundamental Values)

Figure 3.3 Low-pass filtered |Zgar, sec| at MP4.

Carrying out measurements at MP4 is found to be less practical than at MP1 due to
the technical reasons and operational safety requirements of the EAF plant.
Furthermore, the variations of the transformer and/or reactor taps cannot be
represented directly by using measurements at MP4. 1t is, therefore, more convenient
to base the proposed model on field measurements taken at the primary side of the
EAF transformer (MP1) including the variations of the reactor and the transformer
taps in the VRL part of the model, provided that the primary side measurements and
secondary side measurements referred to the primary side correlate closely.
Figure 3.4 proves this correlation. The discrepancy in high impedance portion of

primary side measurements in Figure 3.4 belongs to the no-operation regions of the
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EAF (open circuit condition). The primary of the EAF transformer remains

energized between two charges whereas the secondary side is open (the electrodes

are moved up).

19

18

17

18

2], Chm

18

14

13

SVC OFF

4 fgp fodap period I L ap o tap period

0 10 20 30 40 50 60 70 80 90 100 110

time (min)

Referred from the secondary (MP4) to the primary (MP1)

- Impedance amplitude measured at the primary (MP1)

Figure 3.4

EAF impedance amplitudes obtained from MP1 directly and referred

from MP4 to MP1.

3.2 Step 2: Verification of the EAF Model ( VRL and Iy) Excited at MP1

In this step, measurements taken at Plant-2 are used. Voltage data collected at MP1

in Figure 3.1 is applied to the EAF model itself (VRL and Iy, the harmonic current

source given in Figure 2.4) and the EAF current obtained is compared to the

measured EAF current at MP1.

To illustrate the comparison, 12 cycles of the

obtained and the measured EAF currents for the boring, the melting and the refining

phases of smelting are drawn in Figure 3.5. The actual EAF current and the one

obtained from the model are plotted together in Figure 3.5. It is observed that both

currents are nearly the same in both phase and magnitude.
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Figure 3.5
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Furthermore, the instantaneous current obtained from the model (Igm) versus the
actual instantaneous EAF current (Ioal) is plotted for a duration of nine minutes in
Figure 3.6. It is observed that the actual and the model current samples are highly
correlated. Frequency spectra are also compared in Figure 3.7. It can be seen from
Figure 3.7 that harmonic and interharmonic compositions are almost the same. This

verification step shows how closely the proposed model in Figure 2.4 corresponds to

the actual EAF data collected at MP1.

Isim (kA)

Inst.

Figure 3.6 Lsim VS. lacwal (Instantaneous values).
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3.3 Step 3: Verification of the EAF Model When Internal Grid Voltages at VP

are Deduced from Voltage and Current Measurements at MP1

In this step, measurements taken at Plant-2 are used again. Measurements are carried
out at MP1 in Figure 3.1. Internal voltages, V, of the utility grid are then generated
by referring voltages at MP1 to VP and the model is excited at VP with the computed
voltages. The three-phase detailed model of the existing SVC at that plant is then
integrated to the model in EMTDC/PSCAD environment as shown in Figure 2.4. The
simulation program is run to obtain the EAF currents and voltages at MP1. It has
been found that the measured and the calculated voltage and current values are
highly correlated. P and Q variations of six minutes obtained from both measured
and computed (using the proposed model) voltage and current data at MP1 for
Plant-2 are given in Figure 3.8 for comparison purposes. The measured and
computed P and Q variations are nearly the same. In order to quantify how close the
computed data relate to the measured data, the corresponding energies (MW-h and
MV Ar-h) are also shown on the associated power plots in Figure 3.8. It has been

found that the measured and the calculated energies are significantly close.

Short term flicker (Psr) values are also computed at MV load bus (34.5 kV
line-to-line) for all five plants and they are compared with measured flicker values.
Some sample results at MV EAF bus for four of the measured EAF plants are given
in Table 3.1, which are obtained by disconnecting the existing SVCs from the MV
bus. As it can be understood from the results in Table 3.1, with the proposed model,
simulation results give flicker values very close to the measured flicker

values at MP1.
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In this step, the proposed model is run with actual field-data taken at MP3 referred to
VP. Simulation results obtained at MP1, using the proposed model are compared
with the actual field-data taken simultaneously at the same point. The results

constitute a strong verification of the model.

TABLE 3.1 Comparison of the short term flicker results (Py) at MV EAF bus for
four EAF plants (Existing SVCs are OFF)

P1 P1 P2 P2 P3 P3 P4 P4
M S M S M S M S

Min

1 23.43 | 2493 || 15.904 | 16.392 || 21.395 | 20.568 || 7.304 | 8.643

2 26.89 | 27.52 || 14.708 | 15.353 || 19.758 | 18.984 |[ 13.025 | 13.966

3 33.43 | 30.87 || 14.833 | 15.53 || 13.879 | 13.313 || 12.941 | 13.702

4 3092 | 29.97 || ND ND 14.519 | 14.798 |[ 11.488 | 11.916

5 2229 | 22.82 || ND ND 6.77 6.251 | 10.193 | 11.581

6 18.53 | 20.26 || ND ND 6.413 | 6.067 || 9.482 | 12.583

7 20.18 | 22.55 || ND ND 2473 | 3.739 9.52 | 12.109

8 25.24 | 23.00 | ND ND 3.29 4.843 ND ND

P: Plant; M: Measured; S: Simulated; ND: No Data
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3.4 Step 4: Verification of the EAF Model When Internal Grid Voltages at VP

are Deduced from Voltage and Current Measurements at MP3

The proposed model is run (with the SVC model of the plant integrated) using
EMTDC/PSCAD and the simulation results obtained at the EAF transformer primary
(MP1) are compared with those from field measurements at MP1 during boring,

melting and refining periods.

The results obtained are found to be very close to each other as given in Figure 3.9.
Measured P and Q, and those that are obtained at MP3 by simulation are given in
Figure 3.10. Both Figure 3.9 and 3.10 support the fact that the proposed method

gives very accurate results.

3.5 Step 5: Verification of the EAF Model by Exciting the System at VP with
Rated Value of Internal Grid Voltages Vg

Both the rms value and the frequency of three-phase internal grid voltages are
assumed to be constant at their rated values (say 89 kV line-to-neutral and 50 Hz).
However, in practice these are changing between maximum and minimum
permissible values. Figure 3.11 shows the variations in rms value of line-to-neutral
internal grid voltage in comparison with its rated value. Furthermore, the constructed
data array for internal grid voltages is not synchronized with the EAF model in time,
resulting in asynchronous simulation. The system given in Fig 3.1 is then excited at
VP with an asynchronous constant rms voltage data array and the simulation is run to
obtain the electrical quantities at MP1. Rms voltage, rms current, P, Q (I-min.
averages) obtained at MP1 are given in Figure 3.12 to compare the results with the
measured quantities at MP1. Results show that if the internal grid voltage is inside
tolerable limits, any measured data at MP3 either synchronous or not are not required
for quite accurate results. The same comparison in terms of short term flicker is also
given in Figure 3.13. The proposed EAF model obtained at MP1 excited with a
constant internal grid voltage at VP gives fairly good results in terms of electrical
quantities. This proves the ability of the proposed model to be a practical tool for

simulations.
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CHAPTER 4

APPLICATIONS WITH THE MODEL

The results of the verification steps in Chapter 3 have shown that the proposed model
can be used as an important design tool to improve the PQ of a single EAF or
multi-EAFs connected to a PCC, since it is capable of representing the EAF
characteristics satisfactorily. This chapter will present four applications of the model
with various cases, provide the results obtained, and compare them with the expected

results.

To mitigate the PQ problems, FACTS devices such as TCR based SVCs,
STATCOMSs, APFs, and etc. can be connected to the MV EAF bus or existing SVCs
can be upgraded. Since the performances of the FACTS devices on reactive power
compensation and harmonic filtration are already known, applications employed in
this chapter focus on the effects of the FACTS devices on the reactive power
compensation and the harmonic filtration besides the short term flicker (Psr)

variations.

4.1 Single-Furnace Operation without Compensation

There are two types of multi-furnace operations. Either the EAFs are connected to a
common MV bus, such that they belong to the same plant, or to a common HV bus,
such that they belong to different plants but those plants are connected to the same
power grid as in Turkey. Figure 4.1 shows a sample single-line diagram for a multi-
furnace operation with a single plant. The SVC in Figure 4.1 is the simulation of the
actual SVC system used by the plant of EAF1. The models of EAF1 and EAF2 are
acquired through the proposed EAF modeling method described in Chapter 2.
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Power

Transformer

80/100 MVA
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S
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Figure 4.1 Single-line diagram of multi-furnace operation with SVC.

This subsection investigates the single-furnace operation without any compensation,
therefore, the SVC and the EAF2 models in Figure 4.1 are switched off during the
simulation. EAF1 is in the melting phase during the first 150 seconds and it is in the
refining phase during the last 150 seconds in the simulation. Figure 4.2 and Figure
4.3 show the active and the reactive power, and the second, third, fourth and the fifth
harmonic variations at the MV side of the power transformer in Figure 4.1 (MP-

measurement point) respectively.
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Red lines in Figure 4.3 represent the allowed harmonic current limits determined by
the Electricity Transmission System Supply Reliability and Quality Regulation [23].

Harmonic current limit determination is explained briefly in Appendix D.

4.2 Single-Furnace Operation with SVC

Single-furnace system is operated with the SVC model given in Figure 4.1. EAF1 is
in operation and EAF2 is OFF. Figures 4.4 and 4.5 show the obtained results at MP
in Figure 4.1. Comparing the results of the subsection 4.1 and 4.2 (i.e. Figure 4.3 and
4.4); it 1s observed that SVC is effectively used for the reactive power compensation,
and the filtration of the third, fourth and the fifth harmonics. It should be noted that
the second harmonic content of the current at MP is increased when the SVC is in
operation, because the frequency response of the harmonic filters amplify the
spectral content around the second harmonic. As seen from Figure 4.6, the
frequencies lower than 132 Hz, and the frequencies between 169 and 179 Hz

especially are amplified.
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Figure 4.4 Active, reactive and apparent power variations at the MV side of the

power transformer (MP, 1-sec averages).

48



‘(so3e1oae 09s-] ‘JIA) Jourojsuer) 0mod oy} JO OPIS AJA & UOHBLIBA SOIUOULIBY JUSLIND SUI]

(SWI-V L6 ‘%L S yWI] pIepue)s) oruowtreH G (p)

00€

0S¢ 00¢

(puooas) awi|
0SL 00l 0S

00€

oroutreH € (q)
(puooas) awi|
0S¢ 00¢ oSl 00l 0S8 0

T T

%4 - WUl piepuers

0c

S¢

0€

e

oy

0S

09

0L

08

06

0ol

(swu-y) Juaung dluouwleH Uis

(swu-y) Juauny oluoweH pig

00€

oowrey . (9)

(puooas) awi|
(0°14 002 0S1L

0oL

0s

'y 231

%SL'T  Nwi| piepuels

e

oL

0c

0¢

00€

oruowrey 7 (e)

(puooas) awi|

00l

0S¢ 00¢ 051
T

T T

T

%SL'T:  Wl| pJepuels

00l

002

) JU8LND olUOWIEH Uiy

Swi-y

(

/) JUSLIND OlUOWJIEH puz

SW-!

(

49



Figure 4.6 Frequency response of the harmonic filters in Figure 4.1.

The frequency response in Figure 4.6 is obtained by simulating the single-phase
circuit given in Figure 4.7 with OrCAD simulation tool. The circuit is the
single-phase equivalent of the exact three-phase passive harmonic filters drawn by a
current source. There is no voltage source since 50 Hz is not considered. Rg and Lg
represent the source impedance at the MV side of the power transformer in Figure
4.1. The circuit is excited by AC sweep method, such that one-ampere-rms-
amplitude sinusoidal current sweeps the frequency range from one Hz to 360 Hz with
one Hz increments. The frequency response is obtained as the magnitude of Igin A-

rms when the circuit is excited by the current source given in Figure 4.7.
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Figure 4.7 Circuit diagram to obtain the frequency response of the harmonic filters
in Figure 4.1.

4.3 Multi-furnace Operation with SVC

In this subsection, the compensated multi-furnace operation is simulated with EAF1,
EAF2 and the SVC all in operation, and the obtained results are presented in Figures
4.8 and 4.9. EAF2 is in the boring phase during the first 160 seconds and it is in the
melting phase during the last 140 seconds. When results are investigated, it is
observed that SVC has a sufficient performance on the reactive power compensation
and the filtration of the third, fourth and the fifth harmonics. But as in subsection 4.2
(single-furnace operation with SVC), the second harmonic content is increased due

to the frequency response of the harmonic filters.
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Figure 4.8 Active, reactive and apparent power variations at MV side of the power

transformer (MP, 1-sec averages).
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Five different case studies are carried out on the multi-furnace system as described in
Table 4.1 to present the flicker variations for the uncompensated single-furnace
operation, the single-furnace operation with SVC and the multi-furnace operation

with SVC. Sample short term flicker Pgy variations for these case studies are as

presented in Figure 4.10.

Flicker (Pst)

Time (min)
Case-a

mmm=_ (Case-b
= (Case-C

Case-d

Figure 4.10 Short term flicker at MV bus supplying EAFs.
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TABLE 4.1 Case studies on multi-furnace operation given in Figures 4.1 and 4.10

EAFs SvC
Case
EAF1 | EAF2 | TCR | Harm. Filters
a ON ON ON ON
b ON OFF | ON ON
c ON OFF | OFF ON
d ON OFF | OFF OFF

The following conclusions can be drawn from the Pgr variations given in

Figure 4.10:

1) The lowest Psr values have been obtained for Case-d in which only EAF1 is

operating in an uncompensated manner (SVC-OFF).

11) Connection of harmonic filters to the MV (34.5 kV) bus does not make a

significant change in Psr values (Case-c).

iii) Activation of the SVC cannot make any contribution in reducing Psr values as

expected [21], but causes a slight increase in Pgr values (Case-b).

iv) Putting the EAF2 into operation in addition to the EAF1 leads to a further

increase in Pgt as shown in Case-a of Figure 4.10.

v) New flicker mitigation technologies together with or without the existing SVC
are to be exercised in order to bring flicker values to acceptable limits especially

at HV (154 kV) bus.

This model can also be used satisfactorily to predict all PQ parameters of the EAF
for various operating conditions, as well as multi-furnace EAF operation with

various PQ conditioner systems.
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4.4 Single-furnace Operation with APF

In this application, instead of a TCR based SVC to mitigate PQ problems of an EAF,
an APF is employed. APF is a converter-based FACTS device which aims to inject
the current with a desired wave shape. Therefore, an APF can both filter out the

harmonics in load current and compensate the reactive power demand of the load.

The APF in Figure 4.11 is designed for both reactive power compensation and
harmonic filtration. The single-line diagram of the EAF-APF system is as shown in
Figure 4.11. APF is designed to filter out the whole frequency spectrum of the EAF

current except the fundamental frequency in the simulation environment.

154 kV
MP
34.5kV
EAF
Transformer
75/90 MVA
34.5/0.99-0.51 kV

Current Source
APF

v 35 MVA

Figure 4.11 Single-line diagram of single-furnace operation with APF.
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The system was operated for two cases in the simulation environment. First,
uncompensated system is simulated, and then the system compensated with the APF
is simulated for the cases mentioned in Table 4.2 to see the performance of the APF
on flicker mitigation. Results obtained in the sense of Psr, reactive power
compensation and harmonic filtration are presented in Figures 4.12, 4.13 and 4.14,

respectively.

Figure 4.12 shows that an APF can also be used instead of a TCR based SVC for
reactive power compensation. Although the whole harmonic content of the line
current at the MV side of the power transformer cannot be reduced under the limits,
Figure 4.13 shows that APF has filtered out all of the harmonic currents up relatively
compared to the SVC. The results given in Figure 4.14 show that an APF filtering the
whole unwanted harmonic and interharmonic content of the EAF current spectrum

decreases the Pgt of the power grid.
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Figure 4.12 Active, reactive and apparent power variations at MV side of the power

transformer (MP, 1-sec averages).

58



‘(soSe1oAe 09s-1 ‘qIN) JouwIojsues} 10mod ) JO 9pIS AJA 1 UOHEBLIBA SOTUOULIRY JUSLIND QUI]

(SWI-V L6 ‘%L ST W] pIepue)s) oruoutieH , 6 (P)

(puooas) awi]

00¢ (0°14 002 051 00} 0S 0

m m T T T O

e AR T Er AT IR SRR lg
, ( | &
........... g A o_‘w
m 7 m y
N .VAW.VA . WVA B | 3 Rl _ mrm
: : , El
: : ! o
L FRITTI /T Y O & .omm
: : : @
: : : =
I R Sl [RURES FUURUURU | S N Y POURREI mNm_w
3

I A el froe 2 {ocl
ddvuim —
..... | wi pamoje P e 1
paesuadwooun
H H i i i oy
oowrey ¢ (q)
(puooas) awi]
00¢ (0°14 002 051 00} 0S 0
T T T T T O
f
|
A -
- - 09
- 0L
: gy ;um.vcmﬂm:,i 08
4dV uim : pLIwI P
| 3wy pamoye \ ............ 06
pajesuadwooun : : :
T T i i i 00l

(Swu-y) Jualing oluowseH pig

oouleH ¢ (9)

(puooss) swi|

€1°T 2In31g

00¢ 052 00Z 051 001 05 0
_ _ _ _ _ 0

I l_ «, “ ‘ ! r ML | T, 3

AR AT N, 2

i ‘ i SHTT 2

B { o

: =

N o

| 1 | 1 P | A I I Gl m

@

2

| (T T I e 402 W

3

: 2
T 4dV uim dlr/ : 1s¢

:E__%w;o__m %S4 TIWI| pJepuels
pajesuadwodsun

1 n i i i 0e

orouey 7 (e)

(puooas) awi]

ERETATT —
| Juwil pamojie
ajesuadwooun

T T

(Swu-y) Juauing oluowleH puz

59



(1sd) J8¥0114

Time (min)
m—e Case study a

—— (Case study b

Short term flicker at MV bus supplying EAFs.

Figure 4.14

Case studies on EAF-APF operation given in Figures 4.11 and

TABLE 4.2

4.14

APF

OFF

ON

EAF

ON

ON

Case

60



4.5 Discussion on the Results of the Applications with the Model

Single-furnace operation without compensation shows that the EAFs have seriously
inverse effect on the electrical power systems in terms of PQ as seen in Figures 4.2
and 4.3. When the SVC, which is the major device used for reactive power
compensation of the EAFs, is taken into operation to compensate the single-furnace
operation, it has been observed that the reactive power compensation is fully
achieved as seen in Figure 4.4. Although the second harmonic component is
amplified due to the frequency response of the passive filters, harmonic filtration is
also obtained successfully for the third, fourth and the fifth harmonics as seen in
Figure 4.5. Short term flicker is also increased due to the second harmonic
amplification which can be concluded from Case-b and Case-d of Figure 4.10.
Compensating the multi-furnace operation with the same SVC is not as satisfactory
as single-furnace operation with SVC as expected. Reactive power is compensated
up to acceptable limits as shown in Figure 4.8. SVC’s performances on harmonic
filtration and flicker are similar as in the case of single-furnace operation with SVC.
It can be concluded that reactive power demand of the EAF can be compensated with
the SVC, if the SVC has proper rating. SVC can be used for filtration of harmonics
greater than the second harmonic, but SVC amplifies the second harmonic and

increases the short term flicker due to frequency response of the passive filters.

Applications show that the APF has a better performance in the reactive power
compensation and the harmonic filtration of a single-furnace EAF system, compared
to the SVC. Figures 4.12 and 4.13 present the results of the reactive power
compensation and the harmonic filtration. Figure 4.14 also shows that the APF is
effective on flicker mitigation. However the required rating of the APF is so high that

it is too expensive to realize it.
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CHAPTER 5

CONCLUSIONS

A new EAF-specific model, dedicated to assessment and mitigation of PQ problems
has been proposed in this thesis. The model is based on field measurements of the
EAF system obtained at the primary side of the EAF transformer, which includes the
EAF transformer and electrode movements besides the EAF itself. The proposed
model is applicable to the power quality (PQ) analysis of a new EAF and/or a
FACTS device installation, and/or a multi-furnace EAF operation at a certain point
of common coupling, since it has been observed that the impedance characteristics of
a specified EAF system does not vary significantly for different operating conditions,
although the arc resistance of the EAF has a stochastic behavior. The model is
specifically useful to determine the PQ variations and flicker primarily, and the
harmonic quantities secondarily. In particular the following conclusions can be

derived from the results obtained throughout the thesis work:

e The proposed model is capable of reflecting the voltage dependent current
behavior of the EAF system by using a variable resistance and inductance

(VRL) model.

e Deriving the model by assuming constant power frequency of 50 Hz is employed
and it is concluded that determining the exact frequencies of each cycle for the
VRL and the harmonic current computation is an important task to obtain a

satisfactory model.

¢ Once the EAF model is obtained at the transformer primary, internal grid voltage
can be indirectly computed from synchronous measurements obtained at the

PCC. In this case, P and Q variations and flicker of the EAF can be computed

62



with negligible error. The model can be used to predict the effects of dynamic PQ
conditioners which are being planned to be connected to the EAF plants. In terms

of harmonics and interharmonics, the model also provides useful results.

e The model can be useful to investigate the effects of new EAF installations in
multi-furnace plants in the simulation environment. Prediction of PQ in case of a
new EAF installation can provide the opportunity to develop solutions to

potential PQ problems.

e All PQ investigations for a new EAF or a dynamic power quality conditioner
installation can also be achieved with acceptable accuracy using the proposed
model by assuming that internal grid voltage is at rated value and rated
frequency, without taking simultaneous measurements at the PCC and the EAF

transformer primary.

As future-work, the proposed model can be used to develop an EAF-database. Since
the model is obtained from field measurements, models with different operating
conditions of different EAFs (various capacities, types and etc.) can be stored in the
database. Then the worst relevant model from the database can be used for

simulation of a new EAF installation or other possible simulation cases.

The common method used for the regulation set-point of the power system of the
EAF system is controlling the impedance magnitude of the EAF system. The systems
considered during the development of the model also use this method to control the
active power consumed. Therefore for the systems whose set-points are the current

drawn by the EAF, the model should be re-developed accordingly.
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APPENDIX A

PARAMETERS OF THE EAF TRANSFORMER IN
PLANT-1

TABLE A.1 EAF transformer ratings at Plant-1

Tap | Power | Voltage | Current | Voltage | Current | uy
# | (kVA) | V) A) M A) (%)
18 | 90000 869.6 997.9 30062 | 10.14
15 | 90000 869.6 901.1 33292 | 13.09
10 | 73988 | 34500 714.9 740.8 33292 | 17.70
5 | 59263 572.6 593.4 33292 | 24.45
1 | 49938 482.5 520.5 33292 | 30.59

TABLE A.2 EAF series reactor ratings at Plant-1

Tap # Voltage (V) | Power (kVAr)
11 32400
9 25920
34500
5 12960
1 0

TABLE A3 EAF dip test measurement results at Plant-1

Rscor | 0.625(mQ) | Xscar | 2459 (mQ) | Zscor | 2.537 (mQ)

Rsc | 0261 (mQ) | Xscar | 2.904 (mQ) | Zscor | 2.916 (mQ)

Rscz3 0.168 (mQ) Xsc21 2.558 (mQ) Zsc21 2.564 (mQ)

Rscoavg | 0.358 (MQ) | Xscaavg | 2.640 (NQ) | Zscoae | 2.672 (mQ)
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APPENDIX B

MATLAB CODE FOR THE VRL COMPUTATION

load 'vi.mat'
[B,A]l=butter (10,65/1600) ;

[B,A] = BUTTER(10,40/1600, 'high");

van=filter (B, A, van);
vbn=filter (B, A, vbn);
ven=filter (B,A,vcn);
( )
( )
( )

’

ian=filter (B,A,ian
ibn=filter (B,A, ibn
icn=filter (B,A,icn

’

4
% determining zero cross

ima=1;
imb=1;
imc=1;

for n=1:1920000-1

if (van(n,1)>0 || van(n,1)==0)&& van(n+1,1)<0
cyca (ima)=n;
ima=ima+1;

end

if (vbn(n,1)>0 || vbn(n,1)==0) && vbn(n+1l,1)<0
cycb (imb) =n;
imb=imb+1;

end

if (ven(n,1)>0 || ven(n,1)==0) && vcn(n+1l,1)<0
cycc (imc)=n;
imc=imc+1;
end
end
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for i=1:29998 % calculating impedance magnitude and phase angle

VA=va (cyca(l,i):cyca(l,1i+10),1); % 10 cycles sliding window
IA=ia(cyca(l,i):cyca(l,1i+10),1);

a=fft (VA);
b=fft (IA4);

varms=abs (a(11,1)/ (length(VA)/2));
varms=varms/sqrt (2) ;
iarms=abs (b (11,1)/ (length (IA)/2));
iarms=iarms/sqrt (2);
acia(i)=phase(a(11,1)/b(11,1));

za (i)=varms/iarms;

zaind (i)=round((cyca(l,i)+cyca(l,i+10))/2);

~e

o¢]
Il
- O O
~.

oo H<
1w
o o |l

VB=vb (cycb(1l,1i) :cycb(1,1i+10),1);
IB=ib(cycb(1l,1i) :cycb(1,1i+10),1);

a=fft (VB);
b=fft (IB);

vbrms=abs (a(11,1)/ (length(VB)/2));
vbrms=vbrms/sqrt (2) ;
ibrms=abs (b (11,1)/ (length (IB)/2));
ibrms=ibrms/sqrt (2) ;

acib (i)=phase (a(11,1)/b(11,1));

zb (1) =vbrms/ibrms;

zbind (i)=round( (cycb (1, i)+cycb(1l,i+10))/2);

H <

C=0;
0

’

I Q
o o |

’

tljl‘QJ

’

VC=vc (cycc(l,i):cycc(1l,1i+10),1);
IC=ic(cycc(l,i):cycc(l,1+10),1);

a=fft (VC);
b=fft (IC) ;

verms=abs (a(11,1)/ (length(VC)/2));

vcrms=vcrms/sqrt (2) ;

icrms=abs (b (11,1)/ (length(IC)/2));

icrms=icrms/sqrt (2);

acic(i)=phase(a(11,1)/b(11,1));

zc (i)=vcrms/icrms;

zcind (i)=round((cycc(l,i)+cycc(l,i+10))/2);
end
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o)

% calculation of resistance and

acia
acib
acic
acia
acib
acic

*cos
*cos

(
(
*cos (
(
(
(

ra=za.
rb=zDb.
rc=zc.
xa=za.
xb=zDb.
XC=zC.

) ;
) ;
)7
) .
)
)

*sin ;
*sin

*sin

r

’

$determining the frequencies

Jja=50;
Jb=50;
Jjc=50;

for 1=1:29997

fa(i)=ja;
Ja=((zaind (i+1)-zaind (i) ) *312

fb (i) =3b;
Jb=((zbind (i+1l)-zbind (i) ) *312

fc(i)=jc;
Jje=((zcind (i+1)-zcind (i) ) *312

end

fa
fb
fc

(29998)=50;
(29998)=50;
(29998)=50;

%calculation of inductance values

la=(xa./ (2*pi*fa));
lb=(xb./ (2*pi*fb));
le=(xc./ (2*pi*fc));

%$to avoid NaN values

zaind (1)=0;

zbind (1)=0;

zcind (1) =0;

zaind (29998)=1920000;

zbind (29998)=1920000;
(

%interpolation

x1=1:1920000;
3=0;
rap=interpl (zaind, ra, xi
rbp=interpl (zbind, rb, xi
rcp=interpl (zcind, rc, xi
lap=interpl (zaind, la, xi
(
(

’

’

)
)
) ;
) .
)
)

’

’

lbp=interpl (zbind, 1b, xi
lcp=interpl (zcind, lc, x1i

’

reactance

.5*%10%-6)"-1;

.5*10%-6)"-1;

.5*10%-6)"-1;
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APPENDIX C

MATLAB CODE FOR THE HARMONIC CURRENT
COMPUTATION

aind=1;
bind=1;
cind=1;
han=[];
hbn=[];
hcn=[];
for n=0:29998

a=ia (aind:cyca (n+10));
b=ib (bind:cycb (n+10)) ;
c=ic(cind:cycc (n+10)) ;
af=fft (a);
bf=fft (b);
cf=fft (c);

1)=

£(1

(length(af) 9)=0;
£(11)=
(length(bf) 9)=0;
£(11)=
(length(cf) 9)=0;

afi=real (ifft(af)):;
bfi=real (ifft (bf));
cfi=real (ifft (cf));

han (aind:cyca (n+l) )= afi(l:cyca(n+l)-aind+1l);

hbn (bind:cycb (n+1l) )= bfi(l:cycb(n+l)-bind+1);
hcn(cind:cycc(n+l) )= cfi(l:cycc(n+l)-cind+1);
a=0;
af=0;
b=0;
bf=0;
c=0;
cf=0;

aind=cyca (n+l) +1;

bind=cycb (n+1)+1;

cind=cycc(n+l)+1;
end

71



APPENDIX D

DETERMINATION OF THE HARMONIC CURRENT
LIMITS

The maximum load current and the short circuit current of the power transformer are
the main factors that determine the harmonic current limits. To find the maximum
load current measurements as long as possible are conducted. The standard advises
two-year-long measurements [24]. In this thesis work, seven-day measurements
conducted by the National Power Quality Project are used. The maximum of the 15
minutes averages of the fundamental component (50 Hz) of the current is the
maximum load current, Ix. The short circuit current, Iy, is specified by the power
transformer between the iron and steel plant and the utility grid. The ratio of the I to
Ix determines the limits for each harmonic current component. Table B.1 represents

the allowed harmonic current limits for different I /I ratios.
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