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Abstrakt

K tématu bylo pfistoupeno tak, aby byla v Uvodu zpracovana problematika kvality elektrické
energie z hlediska legislativy, nasledné byly definovany parametry kvality elektrické energie (méfeni i
vyhodnocovani) a dale uvedeny principy Sifeni ruseni v distribu¢nich soustavach s dirazem na hledisko
zdroju ruseni. Jako nejvyznamnéjsi zdroj ruseni v primyslovych distribuc¢nich soustavach se projevuji
elektrické obloukové pece (EOP), na které se prace dale specializuje. Pro efektivni uchopeni této
problematiky prace obsahuje predstaveni technologie EOP a odvozeni pracovnich charakteristik EOP,
na zakladé kterych jsou snadno pochopitelné hlavni mechanismy vzniku flicker efektu. Tato ¢ast prace
rovnéz obsahuje ukazku srovnani teoretickych charakteristik s daty z redlného provozu. V navaznosti
na priciny vzniku a mechanismy Sifeni ruseni jsou v praci popsané zakladni moznosti zlepseni kvality
elektrické energie na zakladé zakladnich opatfeni bez vyuziti pfidavnych zafizeni. Tyto opatteni
spocivaji ve volbé vhodného mista pripojeni problematickych odbérateld v distribucni soustavé, dale
ve volbé vhodnych komponentl a ve volbé vhodné konfigurace dané distribuéni soustavy. Dalsi
moznosti je jeSté zdsah do vyrobni technologie problematického odbératele s cilem omezeni problému
s kvalitou elektrické energie bez negativniho dopadu na produkci odbératele. Potencial pro vyraznéjsi
omezeni ruseni pfinasi pfidavna kompenzacni zafizeni. Prace podava prehled o soucasné pouzivanych
kompenzacnich zatizeni pro rldznorodé aplikace. Na zakladé vymezeni této dizertacni prace na
pramyslové distribucni soustavy a problematiku spojenou s EOP je dalsi ¢ast této prace zamérena na
polovodic¢ové fizené kompenzacni zafizeni velkych vykonu na bazi vykonovych tyristorti — SVC (Static
VAr Compensator) a na bazi vykonovych tranzistor(l — STATCOM (Static Synchronous Compensator). U
uvedené dvojice technologii je kladen ddraz i na srovnani realizacnich a provoznich aspektd. Jadro
prace se zaméfuje na modifikaci fidiciho systému SVC s cilem efektivnéjsSiho omezeni flicker efektu.
Analyzovany fidici systém SVC se skladd z oteviené regulacni smycky, kterad poskytuje rychlou odezvu
na dynamické zmény vykonu EOP, a uzaviené regulacni smycky, kterd poskytuje presnou regulaci k
zajisténi pozadované hodnoty uciniku v preddvacim misté — PCC (Point of Common Coupling).
VylepSeni spocivd v pouziti alternativnich technik pro zpracovani signdlu vstupnich fidicich
proménnych. Prvni alternativni technikou je pouziti SOGI (Second Order Generalized Integrator), ktery
se také pouziva v jinych souvisejicich aplikacich. Druhou alternativni technikou je pouziti vahovaci
funkce flicker efektu, ktera odpovida funkci pouzité k méreni flicker efektu pomoci standardizovaného
flickermetru. K ovéfeni vlastnosti navrhovanych technik bylo pouZito experimentdlni laboratorni
pracovisté. K simulaci dynamického chovani EOP byla pouzita data mérena ze skute¢ného provozu,
ktera byla implementovana do experimentu pomoci VSC (Voltage Source Converter). Analyza
namérenych dat a dat ziskanych z laboratornich pfistroj vykazuje vysokou podobnost. Pokusy byly
provadény v nékolika variantach, aby odrazely rozdily v rGznych fazich vyrobniho procesu v EOP. U
vSech variant byl vyhodnocen vysledny efekt blikani a jednotlivé techniky byly porovnany navzajem a
s vysledky jinych praci. Prace navic obsahuje pfipadovou studii, ktera je prakticky zamérena na
konkrétni oblast. Popisuje podminky a rozsah problém( s kvalitou elektrické energie ve studované
oblasti a vyhodnocuje ptinos jiZ realizovanych opatreni.

Klicova slova

Kvalita elektrické energie, elektricka obloukova pec, Static Var Compensator, omezovani flicker efektu,
pramyslova distribuéni soustava, fizeni SVC, vylepsené fizeni SVC, siteni flicker efektu.
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Abstract

The topic was approached in such a way that the issue of electricity quality from the point of view of
legislation was dealt in the introduction. Subsequently, the parameters of electricity quality were
defined (measurement and evaluation). Furthermore, the principles of interference propagation in
distribution systems were presented with emphasis on the aspect of interference sources. Electric arc
furnaces (EAF), on which the work further specializes, are the most significant source of interference
in industrial distribution systems. To effectively grasp this issue, the work contains an introduction to
EAF technology and the derivation of EAF performance characteristics, based on which the main
mechanisms of the flicker effect are easily understood. This part of the work also contains an example
of the comparison of theoretical characteristics with data from real operation. In connection with the
causes and mechanisms of interference propagation, the work describes the basic possibilities of
improving the power quality on the basis of basic measures without the use of additional equipment.
These measures consist in the selection of a suitable connection point for problematic customers in
the distribution system, as well as in the selection of suitable components and the selection of a
suitable configuration of the given distribution system. Another possibility is to intervene in the
production technology of the problematic customer in order to reduce the problem with the power
quality without a negative impact on the customer's production. Additional compensation devices
provide the potential for more significant interference reduction. The work provides an overview of
currently used compensation devices for various applications. Based on the definition of this
dissertation on industrial distribution systems and issues related to EAFs, another part of this work
focuses on semiconductor-controlled high power compensation devices based on power thyristors -
SVC (Static VAr Compensator) and power transistors — STATCOM (Static Synchronous Compensator).
Emphasis is also placed on the comparison of implementation and operational aspects of these
technologies. The core of the work focuses on the modification of the SVC control system in order to
more effectively reduce the flicker effect. The analyzed SVC control system consists of an open control
loop, which provides a fast response to dynamic changes in EAF power, and a closed control loop,
which provides precise control to ensure the required power factor value in the PCC (Point of Common
Coupling). The improvement lies in the use of alternative techniques for signal processing of the input
control variables. The first alternative technique is to use SOGI (Second Order Generalized Integrator),
which is also used in other related applications. The second alternative technique is to use the
weighting function of the flicker effect, which corresponds to the function used to measure the flicker
effect using a standardized flickmeter. An experimental laboratory was used to verify the properties
of the proposed techniques. Data from real operation were used to simulate the dynamic behavior of
the EAF and were implemented in the experiment using VSC(Voltage Source Converter). The analysis
of measured data and data obtained from laboratory instruments shows a high similarity. The
experiments were performed in several variants to reflect the differences at different stages of the
production process in the EAF. For all variants, the resulting flicker effect was evaluated and the
individual techniques were compared with each other and with the results of other work. In addition,
the work contains a case study, which is practically focused on a specific area. It describes the
conditions and extent of problems with the power quality in the studied area and evaluates the
benefits of already implemented measures.

Keywords

Power Quality, Electric Arc Furnace, Static Var Compensator, Flicker Effect, Industrial Distribution
system, SVC Control, Improved SVC control, Flicker Effect Propagation.
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1 Introduction

1.1 Thesis organization

The dissertation is divided into ten chapters, including the introduction and conclusion. The
introductory chapter "Power quality" is focused on approaching the issue of power quality in terms of
legislation, defining the parameters of power quality (measurement and evaluation), the principles of
propagation of interference in distribution systems, and in terms of sources of interference. The most
significant source of interference in industrial distribution systems is the electric arc furnace (EAF), on
which this work will specialize. The chapter "Electric arc furnace" specializes in arc furnaces in more
detail, which presents this technology with a deeper focus on the electrical part. For a more effective
grasp of the issue of power quality, this chapter is further limited to the performance characteristics
of EAF, based on which the main mechanisms of the flicker effect are easily understood. The chapter
also contains an example of comparing theoretical characteristics with data from real EAF operation.
The following chapter "Basic methods for power quality improvement" describes the basic measures
for improving the power quality without the use of additional equipment. These include the selection
of a suitable connection point for problematic customers in the distribution system, the selection of
suitable components, and the selection of a suitable configuration of the distribution system. Another
possibility is to intervene in the production technology of the problematic customer in order to reduce
the problem of power quality without a negative impact on the customer's production. This chapter is
followed by the chapter "Use of compensation devices to improve the power quality”, which
describes possible measures to improve the power quality with the use of additional compensating
devices. The initial part of this chapter provides an overview of currently used compensation devices
for various applications. Based on the definition of this dissertation on industrial distribution systems
and issues related to electric arc furnaces, the next part of this chapter focuses on semiconductor-
controlled high power compensation devices based on SVC (Static Var Compensator) power thyristors
and STATCOM (Static Synchronous Compensator) power transistors. The mentioned pair of
technologies also emphasizes the comparison of implementation and operational aspects. The chapter
"Enhanced possibilities of deploying FACTS systems in industrial distribution systems" brings new
knowledge about the possibilities of extended deployment of compensation devices based on power
semiconductor elements. These systems were derived from Flexible AC Transmission Systems (FACTS)
devices, which are the domain of applications in transmission systems. There are fundamental
differences in the control system of these devices. This chapter provides an overview of these
differences and suggestions for further improvements to streamline the power quality improvement
feature in specified applications. The next chapter "Case study of an industrial power system in a
problematic area" is practically focused on a specific area. It describes the conditions and extent of
power quality problems in the studied area and evaluates the benefits of already implemented
measures. Potential measures with a closer look at the use of compensation devices are provided in
the following practically oriented chapter "FACTS utilization in the problematic area". To test the
proposed changes in the SVC compensation control system, a laboratory-scale SVC device was
designed and assembled. VSC (Voltage Source Converter) was used to simulate the behavior of the
electric arc furnace, which was controlled on the basis of reference data sets, which were obtained by
measurements from real EAF operation. A methodology was developed for the use of test data,
facilitating the subsequent evaluation of the results. The following chapter "Evaluation of the result
of simulations and measurements” presents the evaluation of the achieved results and the
contribution of the work, their comparison with other works, and discussion.
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1.2 State of art

Power quality is one of the basic pillars for satisfying the requirements of electricity consumers.
In the past, the most important parameters of power quality were the size of the supply voltage and
the system frequency [1]. The fluctuation of these indicators was caused by insufficiently built
infrastructure and the growing number of connected customers and increasing electricity
consumption. With regard to the sustainability of the electricity system, considerable development
has been made in the area of electricity savings, which has brought a number of new technologies [2].
These technologies mostly include devices with non-linear or highly variable operating characteristics
(semiconductor converters [3], electric arc furnaces, etc.). This group of equipment brought significant
savings in electricity, but in terms of electricity quality brought new problems that needed to be
addressed. These problems manifested themselves in the form of energy disturbances - higher
harmonics, voltage fluctuations, voltage asymmetry, and more [4]. These forms of energy interference
have, from a certain level, adverse effects on the functionality of other devices connected to the
distribution system. At this time, the concept of electromagnetic compatibility (EMC), which specializes
in electromagnetic interference, was introduced [5]. To eliminate undesirable phenomena, the issue
of electromagnetic compatibility is based on the assessment of equipment from two perspectives:

e The extent to which equipment connected to the system may be a source of
interference.

e The extent to which equipment connected to the distribution system must be resistant
to interference.

The term compatible interference level defines that the radiated interference of a particular
device must be below this level with a certain margin, and also the immunity of the device to
interference must be higher than this level with a certain margin. This methodology ensures reliable
operation of the device so that its function is not affected by electromagnetic interference. With the
growing importance of equipment, the requirement for a higher level of interference immunity is taken
into account for equipment.

The parameters of power quality also include indicators that not only have a negative effect
on the functionality of the device but also have a negative effect on the users of these devices. A typical
example is voltage fluctuations, which result in a flicker effect. Voltage fluctuations, even to a small
extent, can cause observable changes in the luminous flux of light sources. At a certain frequency of
these changes, due to their perception through the human eye, there are unpleasant feelings that
adversely affect human activities (concentration, increased fatigue, nervousness,...). The flicker effect
is therefore an important area of electricity quality issues and deserves considerable attention.

The issue of the flicker effect most often appears in electrical systems in three areas:

e Flicker effect in the low voltage distribution system [6] - most often occurs
together with unsatisfactory values of other power quality parameters (voltage
magnitude, higher harmonics, voltage asymmetry). This problem most often
occurs on long LV (low voltage) feeders with a gradual increase in the number of
customers or an increase in the size of consumption without the necessary
strengthening of the infrastructure. In this case, the flicker effect is not
conditioned by the presence of a source of interference. Interference is caused by
accidental switching of appliances within the LV feeder, which causes large
changes in the "soft" network, resp. voltage fluctuations. In the long run, the only
solution to eliminate this problem is to strengthen networks. This can be achieved
by replacing the wires (not always a sufficient measure) or by thickening the
distribution system by building a new distribution substation and thus shortening
the LV feeders (an effective solution, but more costly). The flicker effect in a low
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voltage distribution system may also occur due to an increase in the number of
connected photovoltaic systems [7].

o Flicker effect in the areas of wind power plants [8], [9] - In wind power plants,
voltage fluctuations and the flicker effect occur principally due to the formation of
a wind shadow formed by the tube of the wind power plant structure. Another
cause may be changes in wind speed and direction. Compared to the previous one,
this issue is already more significant due to the fact that wind power plants are
connected to higher voltage levels, which means that the resulting interference
affects a much larger distribution area. In this case, problems with the flicker effect
are solved effectively using wind turbines connected to the system using an
inverter or HVDC system or additional compensation equipment. The mentioned
measures in the case of wind power plants work effectively because the generated
interference is mostly periodic in nature.

e Flicker effect in industrial distribution systems with large sources of interference
[10] - most often these are large loads with nonlinear volt-ampere characteristics.
On the one hand, they are typically semiconductor converters of various drives,
especially in the heavy and mining industries, on the other hand, it is the electric
arc furnaces that are the most problematic. Electric arc furnaces are problematic
in two respects. The first aspect is the stochastic behavior of electric arcs (highly
variable consumption and other problems), the second aspect is the high
performance of equipment (from units up to hundreds of MW). Due to the
connection of these technological units to higher voltage levels (HV distribution,
or transmission system), there is a significant risk of interference propagation
(flicker effect) in a large area with a significant impact on the number of other
customers in the area. There are several possibilities to reduce the flicker effect in
industrial distribution systems, and this work will specialize in them in more detail.

Electric arc furnaces (EAF) are a very important technology for the production of steel with
more than 120 years of history. In the total world steel production of 1869 million tons, the EAF
accounted for 27.7% [11] in 2019, in the case of the EU, the total steel production in 2019 was 158.8
million tons and the EAF production share was 40.9%. The main advantage of EAF is the recycling and
refining of steel scrap of all kinds. EAF can process a wide range of input materials - HBI (hot briquetted
iron), DRI (direct reduced iron), pig iron, molten liquid metal, and all types of steel scrap. The EAF
output material can be processed by a continuous casting process, ingot casting, or other casting
processes. EAF technology has undergone great development and the following parameters are typical
for current equipment - batch weight up to 350 t, energy consumption from 345 kWh/t, melting time
from 40 minutes, and consumption of graphite electrodes from 1.1 kg/t [12].

The main cause of power quality problems in EAFs is the nonlinear nature of impedance and
highly variable nature [13]. These properties are caused by the physical nature of the electric arc, which
is significantly reflected in its nonlinear volt-ampere characteristics. In addition, the arc environment
in the case of EAF has many specifics, which we will explain at the various stages of the production
process in EAF. The phases of the production process can be divided according to the character into
two basic types [14].

The first type is the melting of the input material of the batch, which is the most problematic
in terms of power quality. Scrap and other input materials are inserted into the furnace space, through
which the electrodes are gradually re-melted to the bottom of the furnace, where molten liquid metal
collects. This process is accompanied by alternating arc extinguishing and short-circuit states as scrap
slides occur. To mitigate the negative effects of this process (power fluctuations, wear of furnace
linings, and electrodes), a lower arc voltage (thus lower power) is used. When the electrodes reach the
bottom of the liquid metal furnace, some stabilization of the process occurs, a layer of slag begins to
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form on the liquid metal, which begins to cover the electric arcs. At this point, it is possible to increase
the stress of the arcs (longer arcs and higher power), which helps to shorten the melting time. This
phase of the process continues until the batch is completely melted. During melting, the process of
melting the input material is usually repeated three times with further charges always being milder
than the first (a considerable amount of liquid metal is already present in the furnace). [12]

The second type is the refining phase, which is less problematic in terms of power quality, as
the furnace works only with liquid metal and the electric arcs are completely covered with slag. During
this production phase, various chemical processes take place (extraction of undesirable substances,
the addition of alloys, adjustment of carbon content) and reaching the required melt temperature
before the material passes to the next process of ladle metallurgy. The ladle furnace (LF) is similar in
nature to the EAF refining phase, but with an electrical output of 10 - 20% of the EAF output, as it only
serves to maintain the melt temperature during the addition of other alloys and additives. [12]

The problem with power quality in electric arc furnaces manifests itself to varying degrees,
depending on the stage of the production process [15]. The most significant problems include odd
higher harmonics (due to nonlinear volt-ampere characteristics of the arc), subharmonic, even higher
harmonics, consumption asymmetries (due to process variability in EAF), and reactive power
consumption (due to short-circuit power limitation and EAF working range position for stable burning
of electric arcs). The most significant problem and the most difficult to limit is voltage fluctuations
(flicker effect), which is primarily caused by variable EAF consumption. For this reason, other parts of
the work are focused exclusively on the flicker effect.

To reduce the flicker effect in industrial distribution systems with EAF, 3 components are
typically involved: the steel plant operator, the distribution system operator (DSO), and the
transmission system operator (TSO). To effectively improve the situation, the cooperation of all named
entities is needed, while each entity has possible corrective measures at its disposal. The cooperation
of these entities is important from the beginning of the EAF construction plan and subsequently also
during the operation of the facility. Stakeholders can take a number of measures to reduce the flicker
effect. The involvement of individual entities in partial measures is summarized in Table 1.1. In the
following specialized chapters of this dissertation, the individual measures will be described in detail.

Involved entity
Measure
TSO DSO Steelworks
Increasing short-circuit power in PCC Yes Yes No
Separation of EAF section power supply Yes Yes Partly
SVC utilization Partly Partly Yes
STATCOM utilization Partly Partly Yes
Customized EAF design No No Yes
Improving the production process in EAF No No Yes

Table 1.1: Involvement of subjects in reducing the flicker effect in the industrial distribution system with EAF.

On the part of the TSO and DSO, it is most often a matter of strengthening the systems and
separating the section supplying the EAF. These measures have a direct effect on reducing the flicker
effect and on minimizing the group of customers that would be affected by the interference. However,
it is a time-consuming and investment-intensive process, but with a significant effect.

On the part of the EAF operator, the strongest motivation is for the implementation of
measures, especially in the area of design and improvement of the production process. These
measures lead both to a reduction in the flicker effect and a reduction in the operating costs of EAF
technology and an increase in productivity (reduction of energy consumption, reduction of electrode
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consumption, increase of product quality, etc.). These changes can be achieved by appropriate
processing, sorting, and storage of input material (crushed scrap), the use of an advanced process
control system (dynamic regulation of electrode position), the use of gas and oxygen burners
technology, and the use of foamed slag. These measures are now standard for thriving steel producers
using EAF.

The last group of measures is the use of compensation devices [16]. This measure is most often
carried out under the direction of a steel plant operator with an EAF at the instigation of the DSO /
TSO, who may penalize the steel plant operator for reactive power consumption and further require
that the generated interference is within certain permits. Filter compensation devices are thus in many
cases a necessary measure. This is therefore a necessary investment for steel plant operators, but it
does not bring about a significant improvement in the production process. Compensating devices can,
to a limited extent, increase the productivity of an electric arc furnace.

In the past, the so-called fixed compensations were most often used, when at the time of
melting the compensating elements (passive harmonic filters or capacitor banks) were switched on
directly using a circuit breaker without dynamic regulation. This solution was disadvantageous due to
the fact that during the operation of the EAF there could be a small amount of supply and consumption
of reactive power from industrial distribution systems and this type of equipment did not contribute
significantly to reducing the flicker effect.

Currently, dynamic compensation SVC (Static Var Compensator) is most often used. This is the
previous variant supplemented by a decompensation converter TCR (Thyristor Controlled Reactor).
SVC makes it possible to continuously and dynamically control reactive power, which brings precise
control of the power factor, symmetrization of consumption, and a significant reduction of the flicker
effect due to dynamic properties. This type of device is tested by long-term reliable operation, robust
construction, and availability in a wide range of rated power.

The current and future trend is the use of STATCOM technology (Static Synchronous
Compensator). The technology is based on the use of VSC (Voltage Source Converter) technology using
IGBT transistor elements. This technology is characterized by the possibility of active and reactive
power control, compared to SVC with better dynamic properties and the ability to reduce the flicker
effect to a greater extent. The disadvantages of this technology often include greater sensitivity, a
small spread of technology in the area, and significantly higher investment intensity compared to SVC
technology.

For steelworks operators with EAF, there is often little or no incentive to switch from SVC to
STATCOM. This type of change would bring them only significant investment costs, while the financial
benefit from the new technology will not be applied. For many electric arc furnace operators, only the
operation of SVC technology can be expected in the future. Thus, for more effective flicker reduction,
it has significant potential to improve SVC's ability to reduce the flicker effect. Taking into account the
financial demands, there is significant potential in improving the SVC control system.
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1.3 Defining objectives

Following the previous subchapter, the following objectives are set:

1.

Introduction to power quality issues from applicable legislation, power quality parameters,
causes of power quality problems, power quality measurements, and principles of
interference propagation.

Elaboration of an overview of basic possibilities of power quality improvement without the
use of additional compensation devices - possibilities of modification of system
components, possibilities of system reconfiguration, and modification of technological
process with focus on industrial distribution systems with EAF.

Elaboration of an overview of compensating devices - an overview of used technologies
and their specifics.

Improvement of SVC equipment for more effective reduction of flicker effect in industrial
distribution systems with EAF. The proposed improvement will consist of modifying the
control system of the industrial SVC design.

Creation of a case study for a selected industrial distribution system with EAF, which
demonstrates the effectiveness of the implemented measures.

Experimental verification of the proposed improvements based on point 4 and subsequent
comparison of the results with other works.
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2 Power Quality

The concept of power quality is based on the fact that electricity is perceived as a commodity.
In the early days of electrification, the main goal of electricity consumers was availability. Over time,
operators have realized the importance of the reliability of energy systems. The subsequent rapid
development of robust and modern interconnected power systems ensured a sufficient level of power
system reliability. Also with the development of new technologies, such as semiconductor power
electronics, as well as the use of renewable energy sources, electricity companies have been interested
in both environmental and financial issues concerning electricity. This has also created the need to
monitor the quality of electricity in electrical systems. The inclusion of energy quality in relation to the
reliability and availability of electricity [17] is shown in Figure 2.1.

Availability

Reliability

Figure 2.1: Power quality context illustration. [17]

2.1 Legislation

Power quality monitoring is carried out on the basis of legislation [18], [19], [20], [21] according
to the standard CSN EN 50160 "Characteristics of the voltage of electricity supplied from public
distribution networks" [21]. Power quality parameters according to [21]can be divided into two groups:

e Parameters depending on the structure and parameters of electricity generation sources,
transmission systems, and distribution systems. These parameters can include the system
frequency, supply voltage deviations, voltage phenomena, signal level in the supply voltage,
etc.

e Parameters associated with connecting nonlinear loads to the distribution/industrial system.
These parameters can include harmonic voltages, the flicker effect, asymmetries in the supply
voltage, and subharmonic voltages. These parameters form a significant part of the issue of
industrial distribution networks.

2.2 Power quality parameters

Power quality requirements in distribution systems are based on the standard [21]. Based on
possible complaints from distribution system customers, the distribution system operator shall
perform measurements, the output of which is a protocol stating whether or not the requirements
specified in [21] have been met. The aim of this subchapter is to briefly present what is one of the
requirements according to [21].
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The standard [21] describes the voltage characteristics of electricity supplied from the public
distribution system. The characteristics are generally divided into two categories:

e Persistent phenomena - a group of parameters capturing permanent deviations of monitored
guantities from nominal values. The reasons for these phenomena are load characteristics,
load changes, or the presence of nonlinear loads.

e Voltage-related events - a group of parameters that capture sudden and significant deviations
from the desired voltage waveform. Reasons include unforeseen events (failures) or external
causes.

It should also be noted that the limit values of the specified parameters are separately defined
for low voltage (LV), medium voltage (MV), and high voltage (HV) levels.

2.2.1 Persistent phenomena

Persistent phenomena include:

e System frequency

e Supply voltage deviations

e Rapid voltage changes - flicker effect
e Supply voltage asymmetry

e Harmonic voltages

¢ Interharmonic voltages

e Signal voltage in the network

The frequency evaluation is based on the evaluation of the mean frequency value for a 10-
second interval. Tolerances are specified for two situations. The first situation concerns a distribution
system synchronously interconnected with a transmission system within an interconnected system.
The second situation concerns the distribution system in island operation, ie without interconnection
with the transmission system within the interconnected system. For the second situation, the
tolerances are less strict. In both situations, the tolerances are specified for two different confidence
intervals - for the first situation 99.5% and 100% for the second situation 95% and 100%.

The evaluation of supply voltage deviations is based on 10 minutes of mean RMS voltage
values. As in the case of network frequency, there are two situations - the first situation is the
distribution system synchronously connected to the transmission system within the interconnected
system. The second situation is without synchronous interconnection (island operation) or in the case
of special remote network users. The second situation allows a larger deviation for the cases U <Unom.
Only one confidence interval (95%) is used for the supply voltage.

The evaluation of rapid voltage changes is based on the evaluation of the long-term flicker
effect perceptibility P« (value for 2 hours time interval), which is determined on the basis of knowledge
of 12 chronologically consecutive values of the short-term flicker perceptibility Ps: according to (2.1).
One confidence interval (95%) is used for this value.

2.1)

The supply voltage asymmetry is evaluated on the basis of the ratio of the ten-minute RMS
value of the negative sequence and positive sequence voltage components. The maximum permitted
share of the feedback component is up to 2%. The evaluation is performed for a period of one week
under normal operating conditions for one confidence interval (95%).
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Higher harmonic voltages are evaluated on the basis of two approaches, which are applied
simultaneously. The first approach is to evaluate the ten-minute mean RMS values of the individual
higher harmonics (ranging from 2" harmonic to 25" harmonic). The evaluation is performed for a
period of one week under normal operating conditions for one confidence interval (95%). The second
approach is the evaluation of the total harmonic distortion (THD - Total Harmonic Distortion) which is
determined according to (2.2).

40
THD = (vy)? (2.2)

where vy is the relative amplitude of the h-th higher harmonic. In contrast to the first approach, higher
harmonics from the 2" harmonic to the 40™ harmonic are considered for THD. To meet the
requirements, the maximum value of the total harmonic distortion of the voltage is determined.

In the case of signal voltages in the network, the 3-second mean value of the signal voltages is
evaluated. The maximum permissible value of the signal voltage depends on the signal frequency. One
99% confidence interval is considered in the evaluation.

2.2.2 Voltage events

Voltage events include:

e Supply voltage interruption
e Supply voltage drops

e Increased supply voltage

e Transient over voltages

Supply voltage interruptions are manifested by an unpredictable and variable nature. The issue
is addressed in an informative annex to the standard [21]. Based on the above appendix, supply voltage
interruptions are divided into two groups - long and short voltage interruptions. Long supply voltage
interruptions are characterized by interruptions lasting longer than 3 minutes. In terms of expressing
the quality of electricity supply, SAIFI, SAIDI, and other indicators are used to evaluate this parameter.
The values of the indicators are reported within the distribution system operators and individual
countries and have a certain weight in the methodologies for determining the electricity distribution
fee (influence on the price decisions of the regulator). These indicators differ for different types of
networks (overhead lines vs. underground cables) and also for different types of landscape (flat
landscape, mountainous forest landscape, area with an increased incidence of risky meteorological
phenomena, etc.). For short interruptions, the indication values can be found in [22]. Most often it is
an interruption lasting up to 1 second, otherwise, depending on the approach, interruptions lasting
less than 1 minute are considered, resp. 3 minutes - so that events do not fall under long interruptions.

Drops and increases in supply voltage have different causes. Decreases most often occur due
to incoming faults in the power supply system or in the equipment of connected customers. The
increases are due to switching events and load disconnecting. Evaluation methods are in principle
similar for voltage drops and increases. These methods are specifically regulated by the standard [23].
For decreases and increases, threshold values are determined based on the permissible deviations of
the supply voltage with a defined hysteresis according to [23]. Events are then classified on the basis
of two quantities. The first quantity is the duration of the decrease, where 5 time intervals are
distinguished for voltage drops, 3 time intervals are distinguished for voltage increases. The second
variable in the voltage drop is the rate of drop - resp. residual voltage (5 intervals) and for voltage
increase increased voltage (2 intervals).
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Transient over voltages are caused by switching or a direct lightning strike and lightning strike
induction.

2.3 Measurement of power quality parameters

The measurement of power quality parameters set out in [21] is further specified by the
harmonized standard €SN EN 61000-4-30 "Electromagnetic compatibility (EMC) - Part 4-30: Testing
and measurement techniques - Methods for measuring energy quality" [23], which is based on from
the International Electrotechnical Commission (IEC) standard [23]. The measurement of the flicker
effect is specifically described in the standard CSN EN 61000-4-15 "Electromagnetic compatibility
(EMC) - Part 4-15: Testing and measurement techniques - Flickermeter - Specialization of function and
dimensioning" [24]. Measurement of higher harmonics and interharmonics is specifically described in
the standard CSN EN 61000-4-7 "Electromagnetic compatibility (EMC) - Part 4-15: Testing and
measurement techniques - General directive on measurement and measurement of harmonics and
interharmonics for distribution networks and connected equipment to them” [25]. Table 2.1
summarizes the requirements for measuring individual power quality parameters for systems with a
nominal frequency of 50 Hz.

Evaluation interval Accuracy class Measuring range X
Parameter Aggregation
Class A | Class S Class A Class S Class A Class S
Frequency 10s +10 mHz +50 mHz 42,5-57,5 Hz 42,5-57,5 Hz Not mandatory
Voltage 10 periods +0,1 % Vgin +0,5 % Vgin 10-150% Vgin 20-120% Vgin 3s/10min/120min
P - 10 min (1-15 min)
Flicker effect?) 0,5 % Vgin 0,5 % Vgin 0,2-10 Py 0,4-4 Py 12 * ty
Pip-12 * tg
ZZ::::;;“and Vv (T4, determined £0,2 % Veins £1.9 Vin,
. Rvs/2 112 duration 1 duration 1 Undefined Undefined Not used
short-term increases based on frequency) . .
. period period
in supply voltage
10,2 % Vin, +1 % Vin,
i jon + jon +
Yoltage ) Vrmsi/2 (T1/2 determined duljatlon +1 duratlon +1 Undefined Undefined Not used
interruptions based on frequency) period, or £2 period, or +2
period period
+ 0, + [ _5 0, _5 0, -5 9
Supply voltage 10 periods +0,15 % for v, 0,3 % for v, 0,5-5% v,, 0,5-5% 1-5%v,, 35/10min/120min
asymmetry and vo and vo Vo 1-5% vp
5%V, 5%V, Vin21 % Voom Vin23 % Viom
Harmonic voltages? 10 periods 3s/10min/120min
10,05 % Viom 0,15 % Viom Vi <1% Viom Vi <3 % Viom
i 5%V, 5%V, Vn21%V Vmn23%YV,
'"terha”;')w"'c 10 periods il il al rom l rom 35/10min/120min
voltages +0,05 % Viom +0,15 % Vnom Vin <1 % Viom Vin <3 % Viom
5%V, Specified by the 315 9% Vy, Specified by the Not mandatory
Voltage network manufacturer manufacturer
signals to a power 10 periods 0,15 % Vgin Specified by the 1-3 % Vgin Specified by the Not mandatory
supply voltage manufacturer manufacturer
v 8 without Specified by the Specified by the
. 0-1 % Vgin Not mandatory
requirement manufacturer manufacturer
Rapid voltage
ch:nge (Rvi) 100 * Vrusi/2 +0,1 % Vain £0,5 % Vain 10-150% Vgin 20-120% Vi Not used
Current 10 periods 1% | 2% | 10-100 % lnom 10-100 % lnom 3s/10min/120min
5% |m 5% I Im 23 % lhom I 210 % lnom
Current harmonics 10 periods 3s/10min/120min
0,15 % lhom 0,5 % lnom Im <3 % lhom I <10 % lnom
5% 5% In23%]I In210%1
Current 10 periods bl b m= - © nom m- 7 rom 35/10min/120min
interharmonics +0,15 % lnom +0,5 % lnom Im <3 % lnom I < 10 % lnom
Current asymmetry 10 periods Undefined Undefined Undefined Undefined 3s/10min/120min
1) IEC 61000-4-15
2) IEC 61000-4-7

Table 2.1: Overview of requirements for measuring power quality parameters for 50 Hz systems.
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2.4 Causes of power quality problems

Itis possible to identify a selected group of devices connected to the distribution system, which
from the principle of its function generate unwanted interference, as the most important group of
causes of power quality problems. A group of these devices can be classified based on two criteria. The
first criterion is the classification in terms of the size of consumption, on the basis of which it is possible
to divide equipment (or consumption) with interfering effects as follows:

e Households and small consumers - interference affects a small surrounding area, for
example within an LV feeder.

¢ Industry (large customers) - interference can affect areas with a larger area, in the
worst case the node area of the very HV distribution system, to a lesser extent part of
the HV or MV feeder. This dissertation focuses on this area.

The second criterion is the classification based on the characteristics of the equipment.
Typically, the division into two groups is used [26], [27], [28]:

e Equipment with non-linear volt-ampere characteristics - based on the principle of the
device, for example, electric arc, saturation of magnetic circuits of electrical machines,
etc.

e Semiconductor converters - this is essentially a subcategory of the previous group.
Partial semiconductor devices are characterized by a nonlinear volt-ampere
characteristic. This group is singled out separately, looking for a large number of
variants and a large representation at present.

Table 2.2 shows an overview of the types of interference generated by individual types of
devices [26], [27], [28]. The overview focuses on power quality parameters that can be most affected
by these devices. Many parameters of electricity quality listed in subchapter 2.2 are influenced by
other factors (the frequency is influenced by the power balance within the whole power system the
size of the supply voltage is influenced by the system dimensioning and the number and parameters
of connected customers, fast voltage events are also influenced by events within the whole power
system).
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Consumer . . ) i Voltage
e . Device character Category of device Harmonics Flicker effect
specification asymmetry
Electric arc furnaces Yes Yes Yes
Welding devices Yes Yes No
Selected Selected
. Transformers ) No )
Nonlinear V-A operating states operating states
characteristics . Selected According to the
Induction furnaces ) No . )
operating states configuration
g Selected
c Motors ) No No
3 operating states
S Depending on
S 3-phase controlled drives Yes i ‘ No
e the process
© Depending on
g DC drives Yes , : No
c the process
@
Depending on
g Converters for welding devices Yes i ‘ No
3 . the process
S Semiconductor -
< Converters for wind power plants Yes Yes No
converters -
Converters for photovoltaics Yes No No
HVDC systems Yes No No
SSR (switching over whole periods 50 No Depending on | According to the
Hz) the settings configuration
. . According to the
Converters for induction furnaces Yes No . .
configuration
Light sources Yes No No
= Home appliances Yes No No
§> " Semiconductor Pumps Yes No No
-(% E converters IT devices Yes No No
B 32 SSR(switching over whole periods 50 No Depending on No
2 § Hz) the settings
(]
3 . Selected light sources Yes No No
o Nonlinear V-A
T o Selected
characteristics Small motors ) No No
operating states

Table 2.2: An overview of categorized devices and their effects on power quality. [26], [27], [28]

The following paragraphs (semiconductor converters and EAFs) point to more detailed causes
of power quality problems.

2.4.1 Examples for semiconductor converters

Semiconductor converters are a large group of interfering devices. In most cases, they are
negatively manifested only by higher harmonics. However, other problems may occur, but only
depending on the specific application for which they are used (cyclic operation, dynamically changing
loads, etc.). A specific example of current waveforms of the one phase taken from the network with
thyristor-controlled rectifiers is illustrated in Figure 2.2. The figure compares the waveforms for 6-
pulse and 12-pulse connections. Only one stream is illustrated, for clarity. The waveforms were
obtained on the basis of a simulation [29].
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12-pulse controlled rectifier

6-pulse controlled rectifier
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Figure 2.2: Demonstration of single-phase current waveforms taken from a network with a 6-pulse (a) and a 12-pulse (b)

thyristor controlled rectifier.

Figure 2.3 shows the results of the Fourier analysis of the waveforms shown in Figure 2.2.

12-pulse controlled rectifier
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f [Hz] f[Hz]
(a) (b)

Figure 2.3: Results of the Fourier analysis of the waveforms shown in Figure 2.2.

2.4.2 Examples for EAF

EAFs have the greatest negative effects on the electricity system. This is due to both their high
power and the nature of the interference. EAFs are manifested by higher harmonics, subharmonics,
flicker effect, and consumption asymmetry. Figure 2.4 shows the current waveform taken of one phase
of the EAF (the waveform was obtained by measuring the supply section of EAF in the MV substation).

1B A]

EAF

2000

o R ) ANEN/A
/AN AN A
VLV YRRy
\/

-2000
0

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
t[s]

Figure 2.4: Example of consumed current waveform of EAF (1 phase).

In comparison with the example of the rectifier (Figure 2.3), the stochastic behavior of the EAF
is visible in Figure 2.4. Figure 2.5 illustrates the results of the Fourier analysis of the waveform on Figure

2.4.

Power Quality -27 -



Power Quality in Industrial Distribution Systems

0.4 EAF

0.3
=)
&
= 0.2
£

0.1 1

0 | - . .
0 100 200 300 400 500 600 700 800 900 1000
f [Hz]

Figure 2.5: Result of the Fourier analysis of the waveform shown in Figure 2.4.

2.5 Propagation of interference in transmission and distribution systems

The issue of interference propagation in distribution systems is crucial in terms of planning the
development of the system and the integration of modern technologies on the side of production and
consumption of electricity. The current centralized model of the electricity system is transformed into
a decentralized model. The philosophy of the centralized model of the power system is characterized
by a robust backbone transmission system into which power enters from large centralized plants and
further power is output to transformer stations (electrical stations) of individual node areas. In these
power stations, power is transferred between the TSO and the DSO at the HV level. Within the
distribution system, small production sources are also considered, which are connected to the LV, MV,
and HV system. Furthermore, it is assumed that within the nodal areas of the distribution system,
consumption exceeds electricity production. Currently, there is a visible transformation to a
decentralized model of the electricity system. For large sources fed into the transmission system, there
are more and more arguments for its gradual attenuation. Typical causes include the approaching end
of technology life, depletion of available fuel supplies, economic, environmental, and social aspects.

2.5.1 Propagation of higher harmonics

Calculating the propagation of higher harmonics is an important analytical tool for monitoring
and improving power quality from the initial design of parts of the system and equipment connected
to it. In terms of the complexity of the requirements for the analysis of the propagation of higher
harmonics, possible methods can be divided into three categories [30]:

1. Methods based on analysis in the frequency and time domain.

2. Methods for modeling direct injection of higher harmonics, capacitive load switching, provided
that the equivalents according to Norton's theorem are not affected by switching operations
and further where the change of the phase angle affects the results.

3. Analysis of voltage and current waveforms during transients caused by normal switching
operations.

For the issue of power quality assessment (interference propagation and its limitation), the
analysis in the frequency domain is most often sufficient, where nonlinear loads are represented as
current sources for individual higher harmonics. The procedure is based on the description of an n-
node system using the admittance matrix defined according to (2.3).

R Yon® .. Yanm(®)
= . (2.3)

?(n,l)(h) ?(n,n)(h)

Power Quality -28-



Power Quality in Industrial Distribution Systems

Where ?(h) is admittance matrix for h harmonic frequency (f=2mnthf,, fo=50 Hz), n is number of
network nodes, ?(i_j)(h); i=ji=1,..,mj=1,..,n are diagonal elements of admittance matrix
a ?(i,j)(h); i#j;i=1,..,n;j =1,..,n are elements of the admittance matrix outside of diagonal.
Diagonal elements of the admittance matrix are defined according to (2.4).

Yin(h) = Z Y, (W) (2.4)
=
i#]

where ?(i,j)(h) is mutual admittance between node iand nodes j = 0,1,...,n for h*" harmonic
frequency. For index j = 0, the admittance is connected between node i and ground. Elements of the
admittance matrix outside of the diagonal are defined according to (2.5).

Yo () = Ya;h) (2.5)

where ?(i,]-)(h) is mutual admittance between node iand nodes j = 0,1,...,n for h*" harmonic
frequency.

The sign convention for (2.4) and (2.5) is valid for the so-called appliance-oriented system, for
which it applies that the power consumed in the node (consumption) is a positive value and the power
supplied to the node (generation) is a negative value. In the case of a resource-oriented system,
equations (2.4) and (2.5) would have opposite signs and it would be true that the power consumed at
the node (consumption) is a negative value and the power supplied to the node (generation) is a
positive value.

To build an admittance matrix, it is necessary to know the network topology and element
parameters. To ensure results with a sufficient informative value, it is necessary to take into account
the detailed parameters of individual elements and also to define a sufficient part of the network for
possible analysis. If the network were represented only by problematic consumption, short-circuit
equivalent at the point of common coupling (PCC) and possible compensating device, the results could
be distorted, which would result from not being visible for such a simplified network all resonant
phenomena that they do occur there. This shortcoming can be easily avoided by considering most of
the analyzed network.

After assembling the admittance matrix, we can describe the system in the frequency domain
by the matrix equation (2.6).

i(1)(@‘ lY(u)(h) v Yany W] [V () A o
: W L | = 1) = Y V() (2.6)

Iy Yo (B o Yam®||Vm®)

where I (h) is RMS value of h™ harmonic current in " node (i = 1, ..., n), V(3 (h) is RMS value of A
harmonic voltage in i node (i = 1, ..., n), (k) is column vector of RMS values of ht harmonic currents
and V(h) is column vector of RMS values of h™" harmonic voltages.

At this point, a description of the system for analyzing the propagation of higher harmonics is
defined. In terms of power quality, higher harmonics are evaluated for higher harmonic voltages, due
to the fact that they contain information about the interaction of the network and nonlinear loads, as
opposed to higher harmonic currents that contain only information about the nonlinear load, not the
network. In tasks aimed at propagating and limiting the propagation of higher harmonics, higher
harmonic currents are usually used as input values and higher harmonic voltages as output values. The
values of higher harmonic currents for a specific type of nonlinear load can be obtained by
measurement on an already operated device or by estimation depending on the type of technology.
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To solve problems defined in this way, a matrix equation with an impedance short-circuit matrix
according to (2.7) is used.

V(h) = 2(h) i(h) 2.7)

Where Z(h) is a short circuit impedance matrix for i harmonic describing the analyzed network. This
matrix can be obtained by inversion of the corresponding admittance matrix according to (2.8).

Z(h) = Y(h)! (2.8)

Using the above mathematical basis, it is possible to analyze the propagation of higher
harmonics according to the following procedure:

1. Collection of input parameters - this is the topology of the network and the parameters
of its elements and currents of higher harmonics of nonlinear loads.

2. Conversion of all parameters to a uniform reference voltage level, eventually complete
introduction of per-units.

3. Construction of a general admittance matrix based on network topology (2.3) - (2.5).

4. Calculation of admittance matrices for partial higher harmonic frequencies.

5. Inversion of the calculated admittance matrices to obtain short-circuit impedance
matrices for partial higher harmonic frequencies (2.8).

6. Calculation of higher harmonic voltages for all nodes and higher harmonics (2.7).

7. Evaluation of results and comparison of results with allowed limits.

8. Proposal of measures to limit the propagation of higher harmonics (parameters
changes, the addition of compensation devices, etc.) and recalculation.

2.5.2 Example of calculation of higher harmonic propagation

Based on the description of the procedure in the previous section 2.5.1, the calculation of the
propagation of higher harmonics will be demonstrated by an example. The example is designed for an
industrial distribution system, which is supplied from two nodes of the transmission system
(represented by short-circuit equivalents ES1 and ES2). In the studied system, two nonlinear loads are
connected, manifesting on a significant scale (represented by current sources of higher harmonics VH1
and VH2). To illustrate the implementation of the filter compensation device, this device is also

inserted into the studied system.
22 kV

Reference voltage

=" ]
Short circuit

110 kv 110 kv 6k
lequivalent of network|

- level
40Q kv 11Q kv 11Q kv

—O)
T2 E oL2 T5 @

400 kV 110 kv 22 kv 22 kv 0,4 kv

=H-O @ |

[2] 73 [5] oL3 T6 [10] oL4[11] 17 [12]

Figure 2.6: Industrial distribution system for demonstrating the calculation of the propagation of higher harmonics.

@

The parameters required to calculate the propagation of higher harmonic disturbances in the
industrial distribution system specified in Figure 2.6 are summarized in Table 2.3 (node parameters),
Table 2.4 (branch parameters), and Table 2.5 (higher harmonic current values). This demonstration
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example is performed in a simplified variant, which means that the parasitic transverse impedances
(Rko, Cko, Rmo, and Rim) are neglected. However, it is not recommended to neglect these admittances
during a thorough analysis. For example, the parasitic capacitances of overhead lines and especially
cables can cause significant resonances in the system.

Node no. R [Q] L [mH] C [uF] Un [kV]

1 0,0 0,077 0,00 400
2 0,0 0,128 0,00 400
3 0,0 0,000 0,00 110
4 18,4 4,000 0,00 110
5 15,0 4,500 0,00 110
6 0,0 0,000 0,00 110
7 25,0 5,000 0,00 110
8 10,0 0,000 0,00 22
9 23,0 2,600 0,00 6

10 0,0 0,000 0,00 22
11 0,0 0,000 0,00 22
12 0,0 0,000 0,00 0,4

Note: Values of R, L a C are recalculated to 22 kV level.

Table 2.3: Nodal parameters for the industrial distribution system according to Figure 2.6.

I:: dr: Tonode | Rw | Cko | Rmo | Cmo [:‘k;;] [:‘(:]
1 3 2,37 0,44
1 4 2,37 0,44
2 5 3,87 0,68
6 8 3,78 2,31
7 9 10,59 4,81
7 10 Neglected 23,23 7,39
11 12 165,60 | 2,04
3 6 0,00 0,97
4 7 0,00 1,02
5 7 0,00 2,55
10 11 0,00 11,15
Note 1: Parameters Rko, Cko, Rmo and Rkm are neglected in the
example.

Note 2: Values of Rkm and Lkm are recalculated to 22 kV level.

Table 2.4: Branches parameters for the industrial distribution system according to Figure 2.6.

Node number / Higher harmonic current [A]

1 2 3 4 5 6 7 8 9 10 11 12

— 100 O 0 0 0 0 0 0 120 0 0 0 0

i 150| O 0 0 0 0 0 0 150 6 0 0 0

§ 200 O 0 0 0 0 0 0 70 0 0 0 0

g(250| O 0 0 0 0 0 0 86 60 0 0 0

g 300( O 0 0 0 0 0 0 40 0 0 0 0

“1350]| o 0 0 0 0 0 0 30 49 0 0 0
Note: Values are recalculated to 22 kV level.

Table 2.5: Higher harmonics current values for the industrial distribution system according to Figure 2.6.
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For example, the case where a filter-compensation device (FCD) is connected to the studied
system (to nodes 8 and 9) is included in the example. The parameters of the individual filters are
summarized in Table 2.6.

N::e In [A] h[-] Qcomp [MVAr] Type Un [kV]
8 120 2 15 3 22
8 150 3 20 1 22
8 70 4 10 1 22
8 86 5 12 2 22
9 60 5 7 1 22
9 49 7 5 2 22

Table 2.6: Parameters of filter-compensation device for the industrial distribution system according to Figure 2.6.

The filter type parameter in Table 2.6 indicates the three basic most commonly used higher
harmonic filters (second-order filter (1), dumped second order filter (2), and C-type filter (3)).

The calculation using the procedure according to section 2.5.1 was performed for the 2nd - 7th
harmonic. Of course, the calculation can also be performed for other frequencies, but only a limited
range was chosen to maintain the clarity of the illustrated example. The results of the calculations are
summarized in Figure 2.7, where the results for each harmonic are individually visualized. The red bars
indicate the values for the higher harmonic voltage of a given frequency and at a given node for a
system with interference sources VH1 and VH2 and without the use of a filter-compensation device.
The blue bars show the results for the case where filter-compensation devices were included in the
system, which brought a significant reduction in the propagation of higher harmonics.
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Figure 2.7: Results of higher harmonic propagation calculations, red bars represent network in basic connection (without
FCD), blue bars represent network using FCD.

2.5.3 Flicker effect propagation

The issue of calculations of the propagation of the flicker effect is also important for planning
the development of the electricity system with the connection of new types of consumption and
sources of electricity. One of three approaches can be used to calculate the propagation of the flicker
effect [31]:

1. Methods focused on the analysis of the propagation of the flicker effect in the time domain -
the whole network is modeled in the time domain. The source of interference is precisely
defined (consumption/generation waveforms). After completion of the simulation, the values
of the flicker effect are obtained by applying the algorithm for a standardized flicker meter to
the calculated voltage waveforms in individual nodes. This is an accurate method, but
computationally demanding, especially for longer periods of time.

2. Methods based on the use of transmission coefficients of the flicker effect - based on the
experience in the given type of network, the transmission coefficients of the flicker effect (LV-
MV, MV-HV, MV-LV, etc.) are determined. This is a very simple method, but this method is not
suitable for networks with more complex topologies.
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3. Methods based on the analysis of short-circuit contributions in the nodes of the system - the
method is based on the dependence of the flicker effect on the short-circuit power at the
connection of the interference source (short-circuit power expresses the imaginary "hardness"
of the network). The flicker effect in other nodes is determined based on the ratio of the short-
circuit contribution of the analyzed node and the node in which the source of interference is
located. This method works reliably even for large networks.

The third described method is the most advantageous for large distribution system topologies.
According to the publication [31], this method achieves the most accurate results in comparison with
the measured values. The implementation of this method has many common steps with other network
calculations (calculation of short-circuit ratios, calculation of higher harmonic propagation). The basis
of this method is the knowledge of the impedance short-circuit matrix, which can be obtained by a
similar procedure as in the case of propagation of higher harmonics, with the difference that in this
case fundamental harmonic is substituted for h (h = 1). The first step is therefore to construct an
admittance matrix for the fundamental harmonic (2.3), which consists of diagonal elements (2.4) and
non-diagonal elements (2.5). The impedance short-circuit matrix is then obtained by inverting the
assembled admittance matrix (2.8). Subsequently, we work with individual elements of the admittance
matrix. The inverse values of the diagonal elements correspond to the short-circuit powers in the
respective nodes (the statement applies to the calculation in the established proportional units). Non-
diagonal elements indicate a link for the propagation of the flicker effect between two nodes in the
sense that for the i node (node where the source of interference is located) and for the j*" node (node
in which the transmitted value of the flicker effect is searched) (2.9).

|21
Plti =1 Plti (2'9)
|2

According to equation (2.9), it is possible to determine the values of the long-term (or short-
term) perception of the flicker effect (Px) in all nodes of the system, assuming knowledge of the Py in
the node where the insertion of the interference source is considered. The described procedure can
be summarized in the following steps:

1. Collection of input parameters - this is the topology of the network and the parameters
of its elements and the values of Py and Ps in the node where the insertion of a
potential source of interference is considered.

2. Conversion of all parameters to a uniform reference voltage level, or complete
introduction of per-units.

3. Construction of a general admittance matrix based on network topology (2.3) - (2.5).

4. Calculation of admittance matrix for fundamental harmonic.

5. Inverse the calculated admittance matrix to obtain a short-circuit impedance matrix
(2.7).

6. Addition of the calculation of the values of the P (Pi) in the other nodes of the system
(2.9).

7. Evaluation of results and comparison of results with allowed limits.

8. Proposal of measures to limit the spread of the flicker effect (change of system
connection, strengthening of the system, etc.) and recalculation.

Based on the description of the procedure in the previous section 2.5.3, we will show the
calculation of the propagation of the flicker effect on an example. The example is designed for an
industrial distribution system supplied from a node of the 400 kV transmission system illustrated in
Figure 2.8. From this node of the transmission system, two branches of the 110 kV distribution system
are supplied from node 2. The first branch (connection of nodes 2, 3, and 4) represents an industrial
distribution system with a large source of interference in node 4 (used for calculation case A). The
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second branch (connection of node 2, 5, 6, 7) represents the remaining part of the distribution system
with a small source of interference in node 7 (used for calculation case B).

400 kV 110 kV 110 kv 22 kV
ES | Pr =5
1 oL | T2 )
18000 MVA 350 MVA 0,4 Q/km 60 MVA S =44 MVA
400 kv w=10% 15 km vi=13% Interference
source
Case A
110 kV 22 kv 0,4 kV
oL2 >3
0,5 Q/km T4 -
16 k/m 5 25 MVA 0,63 MVA ; S 0,f4 MVA
vi=12% vi=6% Interference
source
1 > Case B
S =16 MVA
6

Figure 2.8: Industrial distribution system for demonstrating the calculation of the propagation of the flicker effect.

The calculation of the propagation of the flicker effect was realized in two cases to illustrate
the principles of the spread of the flicker effect. The first case (according to Figure 2.8 case A) is focused
on the case when a large source of interference is included in node 4. The interference rate is defined
by the P = 5. The second case (according to Figure 2.8 case B) is focused on in the case where a small
source of interference is included in node No. 7. The interference rate is again defined by the Py = 5.
The values shown in Figure 2.8 for individual elements were used as input parameters for the
calculation.

The results for case A are shown in Figure 2.9. The results show that the flicker effect gradually
decreases towards higher voltage levels. They also show that towards the lower voltages there is only
a minimal attenuation of the flicker effect and its propagation to a large extent.

Node number

Figure 2.9: Case A - large source of interference in node no. 4.

The results for case B are shown in Figure 2.10. In this case, only propagation towards higher
voltage levels is possible. Due to the fact that the source of interference is only at the low voltage level
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and it is a source of interference that consumes little power from the network, the spread of the flicker
effect to higher voltage levels is very small.

5.
5
4
o 3
2
1

0.264
0.003 0.016 0.017 0.019 0.046

0

1 2 3 4 5 6 7

Node number

Figure 2.10: Case B- small source of interference in node no. 7.

Based on the results of the example described above, more attention must be paid to larger
sources of interference that are connected at higher voltage levels. Its interfering effects are
manifested in large areas, in contrast to small sources of interference at low voltage levels, which are
manifested only locally.

2.5.4 Influence of the load character on flicker effect propagation

The propagation of the flicker effect within the electricity system is to some extent also
influenced by the nature of the loads connected to the given area. Asynchronous motors, synchronous
motors, and drives with static converters can have an effect. These types of loads should be taken into
account in the computational model when requiring a more accurate estimate of the propagation of
the flicker effect. A more detailed look at this issue will be outlined in Chapter 4.
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3 Electric arc furnaces

Electric arc furnaces are a very important technology for steel production with more than 120
years of history. In the total world steel production of 1869 million tons, the EAF accounted for 27.7%
[11] in 2019, in the case of the EU, in 2019 the total steel production was 158.8 million tons and the
EAF production share was 40.9%.

The technology of electric arc furnaces is used exclusively in so-called mini-mills. Mini-mills can
be defined as a smaller metallurgical (annual steel production from 200000 to 400000 tons of steel per
year, in exceptional cases up to 3 million tons of steel per year) using electric arc furnace technology,
followed by continuous steel casting equipment and then a rolling mill for the production of a wide
range of long products [32].

Mini-mills use as input material primarily steel scrap in combination with iron (HBI -hot
briquetted iron, DRI - direct reduced iron, pig iron), which is used solely to achieve the required
chemical composition of steel. The undeniable advantage of the mini-mill is its simplicity compared to
traditional steel-mills, which brings additional economic benefits. Mini-mills have much more
widespread possibilities of locating construction and thus the possibility of establishing themselves on
the market in certain segments of metallurgical products. These advantageous properties have been
the driving force behind the development of mini-mills since the 1960s [32], [33].

The technology of electric arc furnaces used in mini-mills has undergone great development
and the following parameters are typical for current equipment - batch weight up to 350 t, energy
consumption from 345 kWh / t, melting time from 40 minutes, and consumption of graphite electrodes
from1.1 kg /t[12].

Mini-smelters can in many cases negatively affect power quality for two reasons:

e Disruptive nature of the electric arc furnace.
e Their construction is also taking place outside areas with established industrial areas
where sufficient infrastructure is available.

The aim of this chapter will be to approach the technology of electric arc furnaces, from the
basic description of the technology and its components and the specifics in the field of power
engineering - power quality.
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3.1 Basic description of EAF technology

A combination of an electric arc furnace (scrap melting and basic metallurgical processes) and
a ladle furnace (other metallurgical processes) is usually used in the mini-mills. The ladle furnace
already works with the liquid melt and electric arc heating is used exclusively to maintain the required
melt temperature. Much lower output is sufficient for a ladle furnace than for an electric arc furnace.
The basic description of the electric arc furnace is illustrated in Figure 3.1 on the basis of [12].

Figure 3.1: Basic description of electric arc furnace technology [12].

The following explanatory notes apply to Figure 3.1 [12]:

WO NOURAWNRE

Furnace transformer

Flexible cable connection (part of short current path)
Part of short current path with electrode arms
Electrodes clamping

Electrodes arms

Cooled off-gas duct

Cooled panels

Structure

Basculating structure

. Rack

. Cooled roof

. Basculating device
. Hydraulic group

The ladle furnace station is much simpler compared to the electric arc furnace station. The
ladle furnace does not tilt, the ladle is handled as a whole. I.e. the melt from the electric arc furnace is
poured into an empty ladle. The ladle is then moved by crane to the ladle furnace station. After
completion of the ladle metallurgy processes, the ladle with the melt is again moved by a crane to the
continuous steel casting station.

From the point of view of power quality, the description of the electrical part of the electric
arc furnace is more important, on which the following subchapter 3.2 focuses.
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3.2 Electric part of EAF

In terms of power quality in industrial distribution systems, the most important technology is
electric arc furnaces. Figure 3.2 illustrates a typical configuration for connecting mini-mills (power
section of an electric arc furnace and ladle furnace) to an industrial distribution system. The picture
also contains a legend describing the individual components, which are described in more detail in the
following text.

PCC
HV MV MV

; O

1. 2. 3. 4.

1. Short circuit equivalent in PCC 6
2. HV/MV transformer in mini-mill 8. " EAF
substation ' ‘

3. Adjustable furnace reactor

4. EAF transformer 7.
5. Short current path (EAF)
6
7
8

.EAF 9. IF

. LF transformer R _

. Short current path (LF) T T
9.LF
10. TCR
11. Harmonic filters
Note: TCR + harmonic filters = SVC

10. TCR Harmonic filters | 11.

Figure 3.2: Power sections of electric arc furnace and ladle furnace (mini-mill).

The short-circuit equivalent of the system describes the short-circuit conditions at the point
of common coupling (PCC). The value of the short-circuit power is affected by the configuration of the
superior industrial distribution system and the transmission system. Sufficient values of the short-
circuit power at this point are key to minimizing the interfering effects of the EAF.

The transformer of the steelworks input substation is used to transform the voltage, usually
from the HV level to the MV level. Typically, this is a three-winding transformer YNyn0/(d). The primary
winding is usually connected to a star with a grounded node. The secondary winding is typically
connected to a star with a node grounded through a resistor. The tertiary winding is typically
connected in a triangle. This transformer is equipped as standard with a tap-changer, which is designed
to adapt to the current voltage of the superior system at the connection point.

The adjustable furnace reactor serves to limit the short-circuit current of the electric arc
furnace and to ensure stable burning of electric arcs. Short-circuits inside the furnace between the
electrodes and the charge are common in the initial phase of melting, and the system must therefore
be dimensioned so that there is no risk of damaging the equipment in these conditions. With the use
of a furnace reactor, this is achieved by the aforementioned short-circuit power limitation. Due to its
design, the inclusion of a furnace reactor is usually possible in certain taps (for example 0, 20, 40, 60,
80, and 100% reactance), which allows adaptation to the actual conditions.

The furnace transformer of the electric arc furnace and ladle furnace is used to transform the
voltage from the MV voltage level to the voltage level in the range from tens to hundreds of V
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(depending on the power and type of furnace). The primary winding is usually connected to a star with
an ungrounded node. The secondary winding is usually connected in a triangle. Furnace transformers
are usually equipped with an on-load tap changer (OLTC), which allows the process to be adapted to
the current production phase and conditions. Operation at lower taps is characterized by lower arc
voltage (so-called short arcs) and large currents, ie generally lower power. This mode is typical for the
initial phase of melting when the purpose is to eliminate the dynamic effects and wear of the furnace
and electrode linings (a large proportion of heat shared by radiation). Operation at higher taps is
characterized by higher arc voltage (so-called long bends) and higher power delivered to the charge.
This mode is typical for the phases of the production process in the liquid metal phase and the presence
of slag. The electric arc is thus shrouded in slag, resp. in the foamed slag and thus there is an efficient
transfer of energy to the charge, without excessive wear of the furnace linings. The taps of the furnace
transformer are usually switched based on a command from the control system, on the basis of the
selected melting program, or at the intervention of the operator.

The short current path is used to output power from the secondary side of the furnace
transformer to the charge. The short current path consists of a terminal for flexible cables at the output
of the furnace transformer, flexible water-cooled cables (connecting the terminal and electrode arms,
flexible for reasons of electrode positioning during melting and for handling the furnace lid and
electrodes during insertion), electrode arms (steel structures with copper cladding and cooling system,
or steel structures with a tubular system of conductive paths with a cooling system - used to hold
electrodes and allow their movement in the vertical axis) and graphite electrodes (resistance to high
temperatures inside the furnace). The short current path is a specific matter for several reasons: it is
loaded with currents in the tens of kA, it is exposed to high temperatures and strong dynamic effects,
and it requires minimum active losses (various configurations, such as bifilar design, etc.).

Filtration-compensation stations are used to compensate for reactive power consumption,
limit higher harmonics, symmetrize consumption and limit voltage fluctuations. Most often it is a
combination of a thyristor decompensation converter (TCR - thyristor controlled reactor) and passive
filters of higher harmonics (filtration of higher harmonics and a source of compensatory reactive
power).

In addition to the furnace sections, the electrical part of the mini-mills consists of other
sections to ensure the operation of the steel plant (flue gas extraction and cleaning, cooling system,
compressed air and technical gas management, manipulators, cranes and other drives, continuous
casting technology, and many other supporting technologies). Said power supply sections are
neglected in the case of power quality analysis because their rated power is and the level of emitted
interference is minimal compared to an electric arc furnace.

3.3 EAF characteristics

The operating characteristics of the electric arc furnace are an important area needed for the
correct design of the electric parts of the electric arc furnace. The characteristics are influenced by the
input parameters, which include the nature of the supply system (nominal voltage and short-circuit
power in the PCC) and the required furnace parameters (electrical power of the furnace, more precise
purpose of use of the furnace). The furnace reactor (choice of a suitable tap based on the short-circuit
power in the PCC) is mainly used to adapt to the character of the supply system. The OLTC of the
furnace transformer is used for rough regulation of the furnace power during different phases of the
production process (melting vs. refining). The impedance or resistance of the arc is regulated using an
electrode position control system. Significant limitations that must be considered include the power
factor and the power limitations of the individual components. For electric arc furnaces, operation at
a maximum power factor of 0.85 is recommended. For better power factor values, the stability of the
electric arc is problematic, which leads to frequent arc interruptions and subsequent undesirable
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dynamic phenomena, which, among other complications, bring a fundamental deterioration of power
quality (higher level of interference).

The basic working characteristics can be compiled on the basis of a simplified model according
to the diagram illustrated in Figure 3.3. This model includes the following simplifying assumptions:

e Neglecting the transverse branches of transformers and chokes

e Simplified 1 phase circuit

e The electric arc is represented by a variable resistance

e Neglecting the impedance of the connecting lines within the power supply section

e Neglecting the effects of the ladle furnace (the performance of the ladle furnace is low
compared to an electric arc furnace and the ladle furnace is always in operation for
only a short time to maintain the melt temperature)

e Neglect of the influences of the power sections of other supporting technologies
Reactive power compensation is not considered in the scheme, as it will result in an
"increase in surge short-circuit power in the PCC"

EAF supplying section

|

Zgs Zr wymv | Zreactor Z7 ear y |

— e —t —t o~  — |

W e .

' lear_mv |

PCC | & |

l |

Vo : VEear mv :
: |

: |

I |

: |

Figure 3.3: Simplified power diagram of an electric arc furnace for determining the characteristics of the furnace.

The characteristics of an electric arc furnace are usually compiled for the entire supply section
of the furnace, as indicated in Figure 3.3. Thus, it can be simply said that the characteristics are
compiled on the basis of the quantities Vear vn and lear_vn, in accordance with the notation in Figure
3.3.

The following sections will demonstrate the process of compiling theoretical performance
characteristics, which will then be compared with data from real operations.

3.3.1 Theoretical EAF characteristics

Two basic types of characteristics are used in electric arc furnaces. The first type are the so-
called circle diagrams, which show the dependence of the active and reactive power taken by the
supply section of the electric arc furnace. The second type are diagrams of the dependence of active
and reactive power on the EAF current. To compile these characteristics, it is, therefore, necessary to
know the following parameters of the supply section: active power, reactive power, RMS current. The
current of the supply section fEAF_MV can be expressed on the basis of (3.1).

Y
ZES + ZT_HV/MV + Zreactor+ZT_EAF + Zscp + Rarc

(3.1)

I EAF_MV =
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where 170 is phase voltage at PCC (under no load condition), ZES is equivalent network impedance in
PCC (based on short circuit power in PCC), ZT_HV/MV is transformer of the steelworks input substation
impedance, Z eactor is furnace reactor impedance, ZT_EAF is EAF transformer impedance, Zscp is short
current path impedance and R, is resistance of electric arc — variable parameter. An important note
is that it is considered to convert all impedances, voltages and currents to one voltage level (MV
system), which must take into account the current set taps of the input substation transformer, furnace
reactor and furnace transformer.

The voltage Vear_mv can be expressed on the basis of (3.2).

Zreactor+ZT_EAF + Zscp + Rarc
ZES + ZT_HV/MV + Zreactor+ZT_EAF + Zscp + Rarc

Vearmv = Vo * (3.2)
The impedance of the short-circuit equivalent of the power supply industrial distribution
system with neglect of the real component can be expressed according to (3.3).

ZES =+ Vis . ( VaT HV/MV _sec )2 (3.3)
Sks VnT,HV/MV,primi

where V5 is nominal phase-phase voltage in PCC, Sy is equivalent short circuitin PCC, Vi1 1v/mMv_prim;

is nominal voltage of primary winding (HV) of transformer of the steelworks input substation for it" tap

position, Vit qy/mv_sec is the nominal voltage of secondary winding (MV) of the transformer of the

steelworks input substation.

The impedance of the transformer of the steelworks input substation with the neglect of the
real component can be expressed according to (3.4).

Vr%T,HV/MV,sec
DT FV/MY.sec (3.4)

Z1 Hv/MV = ] * ZICT_HV/MV * =
nT_HV/MV

where zy T gy/mv is relative short circuitimpedance of transformer of the steelworks input substation
and Syt gy /My is the nominal of this transformer.

The impedance of the furnace reactor with neglect of the real component can be expressed
according to (3.5).

Zyeactor = J * Xreactor_j (3-5)

where Xpeactor j is the furnace reactor impedance for j™ tap position.

The impedance of the furnace transformer can be expressed according to (3.6).

2
VnT_EAF_prim

ZT_EAF = (Tk_T_EAF_k +j* xk_T_EAF_k) * (3.6)

SnT_EAF

where 1y T gaF k iS resistance component and Xy 1 gaF k is reactance component of the relative short
circuit impedance of furnace transformer for k™ tap position, Syt gar is nominal power of furnace
transformer and VnzT_EAF_prim is the nominal voltage of primary winding (MV) of furnace transformer.

The impedance of the short current path can be expressed according to (3.7).

VnT_EAF_prim)2 (3.7)

Zscp - (Rscp +j i Xscp) i <VnT EAF _sec_k
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where Ry, is short current path resistance, Xgp, is short current path reactance and Vi1 gar sec k IS
the nominal voltage of secondary winging of furnace transformer for k™ tap position.

The variable value of the active resistance of the arc R, can theoretically be in the range 0 to
infinity. In practice, its value is controlled by the electrodes positioning control system to a set value
to achieve the required power and power factor of the furnace.

Based on the calculated values (3.1) to (3.7) it is possible to express the relations for 3-phase
active (3.8) and reactive (3.9) power.

Pear mv = Re{3 * Vgap mv * [Ear My} 3.5)
Qear mv = Im{3 * Vgap mv * [5ar mv} (3.5)

Based on the parameters in Appendix A, it is possible to compile the theoretical characteristics
of an electric arc furnace according to the above procedure. Due to a large number of combinations of
transformer tap settings and furnace reactor tap positions, the given examples consider a fixed
transformer tap of the input substation (-7 tap) and a furnace reactor included with maximum
reactance. For the furnace transformer, several taps were chosen for clarity.

Figure 3.4 illustrates an example of circle diagrams of an electric arc furnace for selected taps
of a furnace transformer with the representation of other quantities.

60 0 7

15t Tap position
gth Tap position
11th Tap position

16th Tap position

21th Tap position

Pear_mv [MW]

25th Tap position

ST_EAF _max

Qear My [MW]

Figure 3.4: Sample circle diagram of an electric arc furnace for selected tap positions of a furnace transformer.

Figure 3.4 also shows significant limitations. The first limitation is the rated power of the
furnace transformer St ear_max. However, furnace transformers are standardly designed for short-term
overloads that may arise due to the nature of the equipment. Another limitation is the cosxit, which
is the critical value (0.85) of the power factor to maintain a stable arc burn. It is therefore undesirable
for the operating point to be in the area above this line. Figure 3.4 also shows a line corresponding to
the nominal power factor of the furnace.

Figure 3.5 illustrates an example of P (I) and Q (l) characteristics of an electric arc furnace for
selected tap positions of a furnace transformer.
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Figure 3.5: Sample P (1) and Q (1) characteristics of an electric arc furnace for selected tap positions of a furnace transformer.

3.3.2 Real EAF characteristics

Theoretical operation characteristics of the electric arc furnace provide an idealized view of
the issue. At the beginning of subchapter 3.3 are simplified assumptions that were used to create
characteristics. The actual characteristics can be compiled on the basis of measured data from the
operation of the electric arc furnace. Inaccuracies can be expected from the actual characteristics due
to the following factors:

e Measurement inaccuracy

e Asymmetrical loading of the furnace, especially in the initial phase of melting
e Influence of the ladle furnace

e Others

This section aims to point out the difference between the measured data and the theoretical
characteristics. For the purposes of this comparison, three data sets were selected, obtained by
measurements on a section of an electric arc furnace. One data set represents a 64 s long record, with
the RMS values of the measured parameters being evaluated every 20 ms. These datasets were
compared with theoretical characteristics, which were compiled on the basis of the parameters
contained in Annex A. The comparison of characteristics is made in two variants. The first variant
compares characteristics and data phase by phase separately. The second variant compares the
characteristics and data for the total three-phase outputs.

The first data set was measured during the start of the melting of the batch of the first scrap
basket. This is the most critical phase in terms of power quality. Figure 3.6 illustrates a comparison of
the characteristics for each phase for the first data set.
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Figure 3.6: Comparison of theoretical characteristics and real data from the EAF operation (initial phase of meltdown).
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Figure 3.6 shows a significant variance of the measured values as well as significant deviations
from the theoretical characteristics, which are characteristic of the initial melting phase. In this case,
the characteristic for three-phase outputs, which is illustrated in Figure 3.7, has a better explanatory
value. Figure 3.7 shows smaller deviations from the theoretical characteristics, but from the measured
data, there are also indications of curves for another (lower) tap position of the furnace transformer.
This is a standard procedure during melting when a lower tap position is used at the beginning of the
process (ignition and stabilization of electric arc combustion) to reduce unwanted dynamic effects.
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Qear mv [MVATI]
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Figure 3.7: Comparison of theoretical characteristics and real data from the EAF operation (initial phase of meltdown) -
three-phase.

The second data set was measured during the melting of the batch of the first scrap basket
after the worst phase had disappeared. Compared to the previous dataset, the operation is more
stable. Figure 3.8 illustrates a comparison of the characteristics for each phase for the second data set.
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Figure 3.8: Comparison of theoretical characteristics and real data from the EAF operation (meltdown).

Figure 3.8 still shows a significant variance of the measured values as well as significant
deviations from the theoretical characteristics. The characteristic for three-phase outputs, which is
illustrated in Figure 3.9, also has a better informative value in this case. Figure 3.9 shows smaller
deviations from the theoretical characteristics.
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Figure 3.9: Comparison of theoretical characteristics and real data from the EAF operation (meltdown) three-phase.

The third data set was measured during refining in the liquid melt phase. Compared to the
previous data set, the operation is already stable. Figure 3.10 illustrates a comparison of the
characteristics for each phase for the third data set. Figure 3.10 shows a good similarity between the
theoretical characteristics and the measured values.
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Figure 3.10: Comparison of theoretical characteristics and real data from the EAF operation (refining).

2000

For the characteristics of the three-phase outputs illustrated in Figure 3.11, the similarity is
even better. In the refining phase, there are no such significant changes in active and reactive power
and asymmetries as in the case of the meltdown process.
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Figure 3.11: Comparison of theoretical characteristics and real data from the EAF operation (refining) three-phase.
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3.4 Specifics of EAF in terms of power quality

The operation of an electric arc furnace in terms of power quality in industrial distribution
systems has many specifics. This subchapter will aim to point out the specifics resulting from the
operating characteristics of the electric arc furnace and other specifics.

3.4.1 Specifics resulting from EAF performance characteristics

To demonstrate the specific nature of the electric arc furnace, Figure 3.12 illustrates the
theoretical characteristics created using the procedure described in section 3.1.1 and the parameters
of Annex A. In addition to the dependences of active and reactive power on the magnitude of the
consumed current of the furnace section, the graphs also show the dependences of efficiency, power
factor, and apparent power. Efficiency and power factor are dimensionless quantities, powers are
converted to per-units. The graph also shows the nominal power factor of the furnace (0.72) which
determines the theoretical operating point.
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Figure 3.12: Theoretical operation characteristics of EAF to demonstrate the specific character of EAF.

In the real operation of the electric arc furnace, however, there are frequent changes in the
power consumed due to the nature of the process. This fact is also confirmed by a comparison of data
and theoretical characteristics in subchapter 3.3.

Figure 3.13 illustrates the same operating characteristics as Figure 3.12, with Figure 3.13
marking the area to which the operating point and other fluctuations fall. This is a system, for which
reactive power compensation is not considered. A power change band with a width of 0.08 per-units
(the band around the operating point) will cause the current to fluctuate in the band of 0.44 per-
units! Such a wide range of currents adversely affects the voltage - there is a significant and at the
same time undesirable voltage fluctuation, which causes a flicker effect.
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Figure 3.13: Theoretical operation characteristics of EAF to demonstrate the specific character of EAF with a marked working
area.

In the case of reactive power compensation, the situation is much more favorable. The
following simplifying assumptions apply to explain the benefits of reactive power compensation:

e The dependence of the operating characteristic of the active power remains
unchanged, which can be ensured by using a different tap position of the furnace
transformer and the tap position of the furnace reactor.

e The compensating device can fully compensate even the maximum reactive power
consumption of the power section of the electric arc furnace.

e With ideal compensation, the power section will behave according to the
characteristics valid for apparent power.

Figure 3.14 illustrates the operating characteristics of EAF with reactive power compensation
under the abovementioned simplifying assumptions.
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Figure 3.14: Theoretical operation characteristics of EAF to demonstrate the specific character of EAF including reactive
power compensation with a marked working area.

It can be seen from Figure 3.14 that EAF will behave the same as in the previous case. However,
in the case of a power supply section with already compensated reactive power consumption, the
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operating characteristics will be different. Assuming ideal reactive power compensation, the behavior
of the section will be characterized by a dependence curve for apparent power. At the same
bandwidth of the furnace power changes of 0.08 per-units (band around the operating point), the
furnace causes fluctuations in the current in the band of only 0.067 per-units (6.6 times the narrower
band). For this reason, reactive power compensation is one of the most effective measures to reduce
the interfering effects of EAF.

Electric arc furnaces -49 -



Power Quality in Industrial Distribution Systems

4 Basic methods for power quality improvement

Problems with power quality in distribution systems typically arise in two model situations.

The first situation occurs when there is a significant development of the distribution area,
which brings the connection of new customers. However, the current distribution network does not
manage to react quickly enough to these changes and the operation of part of the distribution system
in the given areas is beginning to approach its technical limits. During this process, there are more and
more justified complaints about the quality of electricity in the area. Problems with voltage magnitude
and exceeding the allowable limits for higher harmonics and flicker effect are most common. It is
interesting that despite the indicated problems, it is not possible to unequivocally identify the source
of the interference and take related measures. This problem is typically the domain of low voltage (LV)
distribution networks where there is a development (connection of new customers) to medium to long
feeders. An effective solution to this type of problem is to thicken the distribution system by building
a new distribution transformer station (DTS) in the problem area, thus eliminating long LV feeders. A
less demanding measure is the reconductoring of LV feeders using conductors with a larger cross-
section, which may not always bring sufficient improvement.

The second model situation occurs when a device or customer is connected to the distribution
system, which is directly a source of unwanted interference, which results in the deterioration of
power quality. In this situation, these are more often customers connected at the HV level and the MV
level. Appropriate measures to eliminate disruptive measures can be taken both on the side of the
distribution system and the side of the customer. The customer should behave in such a way that his
interference-generating equipment generates interference only within the permitted limits, and at the
same time, the distribution system operator should create the conditions for this. Measures for these
situations can be of several types, individual types of measures will be presented in the following
subchapters 4.1 to 4.3. This chapter will deal with measures without the use of additional
compensation devices.

4.1 Modification of basic system components and system configuration

When implementing new projects of equipment with potential interference, it is very
important in the preparatory phase to assess its interference and to propose such measures that its
interference falls within the range of permissible tolerances. In the case of EAFs, the basic parameters
of the technology are specified in the initial phase of project preparation. The most basic parameters
include the type of technology (according to the required type of product) and the annual production
capacity, which results in the parameters of the melting mass for one melting round and the furnace
rated power. From the point of view of the power quality, it is then necessary to assess the possibilities
in the considered construction site. The parameters of the industrial distribution system in the given
area play an important role, especially the parameter of short-circuit power at the point of connection
(PCC) of the new technology. Using certain methods, as well as experience from similar projects, it is
possible to assess the proposed solution in terms of the flicker effect and in terms of other power
quality parameters. The obtained results give an initial idea, on the basis of which we proceed. It is
possible to modify the design of the electrical part of the EAF to meet the permitted interference limits.
In particular, the choice of the input transformer, furnace reactor, furnace transformer and the short
current path is usually reconsidered. From the point of view of the flicker effect, the short-circuit power
parameter plays a crucial role in this case. On the other hand, it is also important for the distribution
system operator to analyze the effects of potential interference in order to minimize interference to
other customers in the distribution area. For this purpose, it is possible to ensure the highest possible
value of the short-circuit power in the PCC and at the same time to isolate the problematic
consumption from other customers to the highest possible extent. These goals can be achieved by
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choosing a suitable configuration of the transmission and distribution system. The following sections
will demonstrate the effect of short-circuit power in the PCC and the effect of isolating interfering
consumption from other customers in the distribution system.

4.1.1 Influence of short - circuit power in PCC

The method according to IEC TR 61000-3-7:2008: “Electromagnetic compatibility (EMC) - Part
3-7: Limits - Assessment of emission limits for the connection of fluctuating installations to MV, HV and
EHV power systems” [34] is generally used to estimate the effect of the flicker effect when connecting
a new electric arc furnace. The method is primarily used before the electric arc furnace operation. The
method defines the short-term rate of perception of the flicker effect (valid for the 95% percentile)
according to (4.1).

Pstosoy = Koy * 22228 (4.1)
ksPCC
where Pg959, is short-term rate of perception of the flicker effect, Syspcc is short-circuit power in PCC,
SkseAF is short-circuit power of EAF - defined by estimated short-circuit power on “electrodes” of the
furnace and K, is the characteristic emissivity coefficient (servility factor) of the flicker effect of the
EAF.

The short-circuit power in the PCC is influenced by the configuration and utilization of the
superior electrical system - the transmission system and in connection with the industrial distribution
system. Its value can be increased by modifying the system configuration, upgrading the system, or
using connections at higher voltage levels. This is often a difficult and time-consuming process.

The short-circuit power of EAF is based on:

a) Short circuit power in PCC
b) Parameters of the transformer of the steelworks input substation, furnace reactor,
furnace transformer, and short current path.

With regard to the expected values of the short-circuit power in the PCC, it is possible to modify
the partial components of the supply section of the electric arc furnace in order to achieve the required
value Pg950,. Modification of these parameters brings relatively wide possibilities, but in certain critical
cases, this measure ceases to be technically and economically effective. In the case of a realized electric
arc furnace, the value of Sysgap can be verified by measurement, the so-called electrode immersion
test (immersion of electrodes in the melt - short circuit formation).

The characteristic emissivity coefficient of the flicker effect is based on empirical experience
from other implementations of other projects. Individual technology suppliers have a database of
implemented projects and take advantage of this knowledge during implementation. The value of K
can be estimated on the basis of a comparison of real measurements from the operation of the device
with similar parameters that work in similar conditions. Standard [34] gives typical K values in the
range from 52 to 135 for a low voltage distribution system with a nominal voltage of 230 V. For AC-
supplied furnaces, standard [34] rather recommends K; values in the range from 64 to 75. The specific
value strongly depends on furnace type and parameters (standard furnace vs. UHP furnace).

To illustrate, it is possible to show an example of a calculation or sensitivity analysis based on
(4.1). The example considers an EAF with a characteristic emissivity coefficient of the flicker effect
K¢ = 65. Skspcc and Sysgar are considered as variables. Syspcc is considered in the range from 1000
to 3000 MVA which theoretically corresponds to an industrial HV distribution system. Spsgar is
considered to be in the range of 30 to 100 MVA. Figure 4.1 illustrates function Pggse, =

f (Skspccr Sksear); Ksi = 65.
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Figure 4.1: Demonstration of the dependence of the estimated value Pg.959, 0n the short-circuit power in the PCC and on the
EAF short-circuit power.

During the EAF design process, the input parameters are collected and the target value Psigs9,
is set based on the current possibilities and the requirement. Figure 4.2 shows the area in the graph
for which the criterion Pgy950, < 1.5 is met.
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Figure 4.2: Demonstration of the dependence of the estimated value of Pgt959, 0n the short-circuit power in the PCC and on
the EAF short-circuit power with the indication of the Ps;qs, level 1.5 (green color).

Another illustration (2D) can be used to illustrate the dependencies contained in Figures 4.1
and 4.2. The dependence illustrated in Figure 4.3 shows the linear dependence of Pgi950, ON SksgaF-
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The dependence illustrated in Figure 4.4 demonstrates the hyperbolic dependence of Pgig50, ON

SkspcC-
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Figure 4.3: Example of Pg95y, dependence on Sysg 4r for different values of Syspcc-

Sesear = 30 MVA
Ssear = 40 MVA
Sksear = 50 MVA
Sesear = 60 MVA
Sksear = 70 MVA
Sksear = 80 MVA
—— Sieear = 90 MVA
—— Sisear = 100 MVA

Pstos o [-]
N W R !
| |

1000 1500 2000 2500 3000
Skspec [MVA]

Figure 4.4: Example of Ps.95¢, dependence on Syspcc for different values of Sksg ar-

The limit value Pgg59, can also be set at a higher level, provided that a compensation device is
used. The aim is to achieve a sufficiently low value of P95, in the sense of current legislative
regulations and standards.

In terms of using the method described above according to the standard [34], the IEEE
standard [35] also applies. The method is widely used in practice and is presented in many works. An
example is [36], [37].

4.1.2 Influence of isolation of interfering consumption

As mentioned several times in this work, the configuration of the superior distribution system
and transmission system has a major impact on the propagation of interference - flicker effect. The
concept of organizing the so-called industrial distribution system is based on the idea of separating
large sources of interference from the remaining customers as much as possible. Large industrial areas
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often contain many technological units, which have a significant effect on the resulting degree of
interference in the system. In the case of powering the remaining customers (small customers -
households, etc.) from the same part of the distribution area, there is a significant risk that they will
be more exposed to deteriorating power quality parameters. If we divide these two groups of
customers into two distribution areas (through the network configuration), these areas will have a
common node at a higher voltage level (at the level of the transmission system). This modification will
significantly reduce customer interference outside the industrial distribution system. Figure 4.5
illustrates the idea of dividing the distribution system into an industrial distribution system and a
distribution system supplying other customers in the area.

(a) ,Non-insulated” industrial part of DS

1 2 3 (PCC)
400 kV 110 kV 110 kv
Sys= 18000 MVA T1 oLl
V, = 400 kv Sn=350 MVA x = 0.4 Q/km
Vipprim = 420 kV 1=15 km
Visee = 123 kV
Xc=10%
110 kv 22 kv 22 kv 0,4 kv 0,4 kV
oL2 | oL3 | > oL4 customer
x = 0.43 Q/km _T3 x =0.52 Q/km S = 0.4 MVA x = 0.6 Q/km
216 km Sn= 25 MVA =8 ki 0=0. e
4 Veerim=120kV 5 6 Verim=23kV 7 8
Visee = 23 kV Visec = 0.42 kV
X=12% X=6%
(b) ,Insulated” industrial part of DS
1 2 3 (PCC)
400 kV 110 kV 110 kv
TS @ I I Pst =1.5
Sys= 18000 MVA T1 OL1
Vn =400 kV Sh=350 MVA x=0.4 Q/km
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Vasec = 123 kV
Xc=10%
110 kV 110 kv 22 kv 22 kv 0,4 kV 0,4 kV
OO §
oL2 | % oL3 | > oL4 customer
T2 % =0.43 Q/k = -
1=0. m % =0.52 Q/km _ x = 0.6 Q/km
Sa=350 MVA =16 km Sn=25 MVA =8 km Sh=0AMVA - B k{'n
Viprim = 420kV 9 4 Vepim=120kV 5 6 Verm=23kV 7 8
Vigee = 123 kV Visec = 23 kV Vnsee = 0.42 kV
=10 % x=12% X=6%

Figure 4.5: The idea of creating an industrial distribution system.

Based on Figure 4.5 and the input parameters it contains, based on the procedure described
in Chapter 2, it is possible to simply estimate the propagation of the flicker effect for case (a) - "non-
isolated" source of interference and for case (b) - "isolated" source of interference with the concept of
a defined industrial distribution system. The following simplifying assumptions have been adopted to
solve this example:

e Use of a single-phase equivalent circuit

e  Only smallillustrative parts of the distribution system are considered

e The active component of equivalent element impedance is neglected

e 5 levels of active load share are selected (based on the node consumption)
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When analyzing a real problem - case studies, it is more appropriate to avoid these simplifying
assumptions, but for an illustrative example demonstrating the basic principle, these simplifying
assumptions may be acceptable.

The results of the calculation of the propagation of the flicker effect are summarized in Table
4.1. The table also contains the input power parameters in individual nodes and the percentage of

active loads, the parameters of the network elements are summarized in the diagrams in Figure 4.5.

"Non insulated" industrial part of DS "Insulated" industrial part of DS
] Percentage of active load Percentage of active load
Location | Load |~ TS Toae T 7o [ 1001 0 | o T 2% | S | 79% 1000
[MVA] s N [MVA] | ——— =22 L =22 220 L2222
S <11 = N S 1 ' F
Nodel| 0 ,0103]0,102]0,101}0,100]0100, 0 | 02103 0103]0102! 0102 0,102!
Node2 | 150 ! 0,68810,682|0,676! 0,670 | 0,664! 30 ! 0,688!0,687|0,686 ! 0,685 | 0,684 !
Node3 | 50 11,5001 1,500 | 1,500 1 1,500 [ 1,500 1 50 1 1,500 | 1,500 | 1,500 1 1,500 | 1,500 |
Node4 | 21 | 0,688,0,679]0671, 0662|065, 21 ,0,103, 0,101 | 0,099 | 0,097 | 0,096 |
Node5| 85 !0,688!0,671]0654!0638[0622! 85 !0,103! 0,100 | 0,097 ! 0,094 | 0,091 !
Node6 | 1,2 10,68810,669]0,65110,633]0,6161 1,2 10,1031 0,100 | 0,096 | 0,093 | 0,090 |
Node 7 | 0,17 | 0,688 0,669 | 0,651 0,633 | 0,616, 0,17 | 0,103 | 0,200 | 0,09 | 0,093 | 0,090 |
Node 8 | 0,005 ! 0,688 ! 0,669 | 0,651 ! 0,633 | 0,616 ! 0,005 ! 0,103 ! 0,100 | 0,096 ! 0,093 | 0,090 !
Node9 | NA | NA | NA | NA | NA | NA | 120 10,2031 0,202 | 0,100 I 0,099 | 0,097 |
Input value
|__ Outputvalue |
legend NN U
|__Probablestate _ |
|_ Theoretical state _|

Table 4.1: Comparison of flicker effect propagation for network configurations according to Figure 4.5.

Figure 4.6 shows a graphical comparison of the results of the analyzed variants.
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Figure 4.6: Graphical representation of the results of the calculation of the propagation of the flicker effect for non-insulated
(a) vs. isolated (b) problematic consumption.

The results of the illustrative example show that in the case where problematic consumptions
(industrial consumptions causing interference) have a common supply point at the HV voltage level,
there is a significant propagation of interference to other customers in the distribution system (at LV,
MV and HV voltage levels). If problematic consumption is allocated to the "isolated" industrial
distribution system and the common supply point of both groups of customers is at the voltage level
of EHV, interference is transmitted to customers outside the industrial distribution system only to a
minimal to a negligible extent.
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As an example:

e In the first case, with the source of interference in node 3 (Ps = 1.5), small customers at
the LV level also received interference at the level of Ps; = 0.688 (node 8 - Base case).

e In the second case, with the source of interference in node 3 (Ps = 1.5), small customers
at the LV level received interference at the level of Pt = 0.103 (node 8 - Base case), which
is a significant difference compared to the first case.

The advantage of the described measure is that this measure does not have to be specifically
focused only on arc furnaces, but generally also works for other types of sources of interference. An
important note is the effect of active loads, which can to some extent reduce the spread of the flicker
propagation in the distribution system.

4.1.3 Specific influence of loads - asynchronous motors

In addition to the factors mentioned so far, the propagation of the flicker effect in the
distribution system is also influenced by the nature of the loads connected to the distribution system.
Typically, these are asynchronous motors, which are characterized by their short-circuit contribution,
which can be justified on the basis of the energy stored in the inertial masses of the motors that are in
operation.

In addition to the technology of EAFs, many supporting technologies and secondary
metallurgical production (rolling mills) are in operation within the industrial distribution systems
supplying mini-mills, the consumption of which consists mainly of various types of electric drives.
Within electric drives, these are most often asynchronous motors, due to the availability of frequency
converters. Due to the large proportion of asynchronous motors, it is appropriate to consider its effect
on the system in studies aimed at propagating the flicker effect.

It is possible to use the standard to include the short-circuit contribution of an asynchronous
motor [38]. The cited standard determines the magnitude of the replacement impedance of an
asynchronous motor according to (4.2).

1. Vam _ 1 Viu

2M = G~ @2

Where Zy is short-circuit equivalent impedance of the asynchronous motor, i, is relative inrush
current of the asynchronous motor (ratio of starting current and current at rated speed), V, and Iym
are nominal voltage and current of the asynchronous motor and S, is nominal apparent power of the
asynchronous motor.

The standard [38] states the following ratios of reactance and resistance, different for different
types of asynchronous motors:

Rm

¢ o= 0,1; Xy = 0,995 * Zy; for MV motors with power greater than IMW / pole pair
M

. ? = 0,15; Xy = 0,989 * Z); for MV motors with power less than 1MW / pole pair
M

. i—M =0,42; Xy = 0,922 = Zyy for group of LV motors
M

Standard [38] also indicates approximately applicable values of i, =5 for asynchronous
motors and i, = 3 for motors with static converters.

The influence of asynchronous motors within the industrial distribution system can be
illustrated on a simplified example in a total of 4 example cases. The basic division of cases is based on
the different involvement of the industrial distribution system. Figure 4.7 illustrates the connection of
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system A, where the interfering consumption (source of the flicker effect), consumption with
asynchronous motors, and other customers have a common supply point just after the transformation
between the transmission and distribution system.

1 2 3 (PCC)
400 kV 110 kv 110 kv
S = 18000 MVA T1 oL
V, = 400 kV Sn=350 MVA x = 0.4 Q/km
Vhprim = 420 kV 1=15 km
Vpsec = 123 kV
% =10 % 110| kv 22| kv
oL2 | |
x = 0.43 Q/km _T3
| =16 km Sn=25 MVA
Voprim = 120kV 5
Visec = 23 kV
x=12%
110 kv 22 kv 22 kv 0,4 kV 0,4 kv
FOH+——+O+—HE
oL3 | ” oL4 | > | oLs | customer
x; = 0.43 Q/km S = 25 MVA x =0.52 Q/km S.= 0.4 MVA x = 0.6 Q/km
1=16 km n 1 =8 km B 1=0.5 km
6 Voprim=120kV 7 8 Verim=23kV g 10
Vpsec = 23 kV Vnsec = 0.42 kV
X=12% Xk=6%

Figure 4.7: lllustration scheme of system A for demonstration of the influence of short-circuit contributions of asynchronous
motors on the propagation of the flicker effect.

Figure 4.8 illustrates the connection of system B, where the interfering consumption (source
of flicker effect) and the lines supplying another power station (supplying other consumptions and a
group of asynchronous motors and drives) have a common supply point just after the transformation
between transmission and distribution system. Consumption with asynchronous motors with other
customers has a common supply point in the HV station supplied by the said line.
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Figure 4.8: lllustration scheme of system B for demonstration of the influence of short-circuit contributions of asynchronous
motors on the propagation of the flicker effect.

The following simplifying assumptions were adopted for the demonstrative calculations:

e For drives included in node 5, the active component of the spare impedance is
neglected

e Drives are considered as a group of appliances defined by rated power, rated
voltage and relative value of inrush current

e The electric drives connected to node 5 are divided into two categories. The first
category represents asynchronous motors (i, =5), the second category
represents drives with static converters (i, = 3).

e The total power of electric drives (including asynchronous motors) connected to
node 5 is 20 MW, the proportion of drives with a static converter is 50%.

e In the calculations, consumption in individual nodes is considered.

e Forthe connection of systems A and B, the calculation is realized for the case with
asynchronous motors / drives and for the case without them (a total of 4 cases).

e The influence of other loads is not considered to illustrate the influence of
asynchronous motors

By applying the procedure for determining the propagation of the flicker effect (described in
Chapter 2) it is possible to obtain an evaluation of an illustrative example of the influence of
asynchronous motors / drives with static converters on the propagation of the flicker effect in systems
with connections A and B, which is summarized in Table 4.2.
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Network connection A Network connection B
. Pst . Pst .
Location | Load . Pst with Pst % Load . Pst with Pst %
vva] | WITOUt | amiil | change | (vvag | VUt | Asm] | change
ASM][-] & ASM[-] &
Node 1 0 0,103 0,102 -1,13% 0 0,103 0,103 -0,37%

Node 2 150 0,688 0,680 -1,13% 150 0,688 0,686 -0,37%
Node 3 50 1,500 1,500 0,00% 50 1,500 1,500 0,00%

Node 8 1,2 0,688 0,680 -1,13% 1,2 0,688 0,680 -1,19%
Node9 | 0,17 0,688 0,680 | -1,13% 0,17 0,688 0,680 | -1,19%
Node 10| 0,005 | 0,688 0,680 | -1,13% | 0,005 0,688 0,680 | -1,19%
Input value

Legend Output value

Table 4.2: Evaluation of an illustrative example of the influence of asynchronous motors / drives with static converters on
the propagation of the flicker effect in systems with connection A and B.

The results summarized in Table 4.2 show that asynchronous motors / drives with static
converters to some extent limit the propagation of the flicker effect (in the order of percentage units).
In the case of connection A, the limitation is smaller than in case B. This is due to the fact that the
short-circuit contribution to node 2 (connection of an interfering source via line V1) from node 1 is
significantly higher than the short-circuit contribution from node 5 (respectively 4). Node 2 is the
common power point in case A. In the case of connection B, the flicker effect will be significantly
reduced, which is the result of the greater weight of the short-circuit contribution from node 5
(respectively 4) to node 6 in comparison with connection A.

These results confirm the hypothesis that asynchronous motors and drives with static
converters have a certain small effect on the propagation of the flicker effect. However, this effect
cannot be confused with a targeted measure to reduce the flicker effect, but it is more appropriate to
take it into account in planning studies of new facilities (EAF - flicker verification study), which can
provide an estimate of future flicker values closer to real conditions after the commissioning of the
EAF.

The above example serves as a simplified demonstration. In a more detailed study, it is
necessary to consider the relevance of simplifying assumptions and to perform a more detailed
analysis of the types of appliances connected to the analyzed system.
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4.2 Modification of EAF technological processes

On the part of the EAF operator, it is possible to mitigate its adverse effects on the distribution
system by modifying and tuning the steel production process. These modifications are often
implemented mainly due to other advantages, which consist mainly in a better operating economy and
higher productivity of the equipment.

The firstimportant factor is the modification of the input material. Steel scrap must be selected
according to the needs of metallurgical processes. To minimize adverse dynamic effects, the input
material needs to be free of water, which causes adverse dynamic effects when reacting with a high-
temperature metal. For steel scrap, it is also very important that it is fed into the furnace correctly. For
optimal operation of the furnace, this means that liquid metal is required to form at the bottom of the
furnace as soon as possible, which leads to more stable burning of electric arcs and less wear of the
furnace linings and electrodes. To ensure this condition, it is first necessary to insert homogenized steel
scrap of smaller dimensions (shredded scrap) and then to add larger inhomogeneous pieces. [39]

An important factor is also the control of the melting process. Again, the electrode position
controller is often very important for optimal furnace operation and minimizing the negative effects
on the distribution system. The electrode position controller is integrated into the EAF main control
system. This system contributes to optimized operation throughout the process [40]. Before the start
of the production cycle (melting), information on the required quality of steel is entered into the
system (qualities differ in chemical composition). Based on this specification, the required composition
of the input material of the charge (type of scrap, the proportion of pig iron, etc.) is determined. The
actual amounts of the individual components are entered into the control system, which then
evaluates them and recommends a suitable melting program. As part of the evaluation, the overall
energy balance of the process is evaluated. The energy entering the process is considered to be
electrical energy, chemical energy (partial chemical reactions between the charge material, injected
oxygen, natural gas, anthracite and other additives). This energy is used to melt the charge and reach
the required melt temperature, to the heat loss contained in the flue gas, to the heat contained in the
slag, to the losses caused by furnace cooling, and to radiation losses [41]. During the process, the
control system measures the energy required to reach the desired melt temperature. Within the
melting program, a lower tap position on the furnace transformer is set for the initial melting phase
(the most critical phase in terms of voltage fluctuations). This setting limits the maximum power of the
furnace, while after overcoming the critical phase, it automatically switches to higher tap positions of
the furnace transformer and thus increases the electrical power supplied to the furnace.

Another important factor is the use of oxygen and gas burners, which are another source of
energy, which contributes to shortening the melting time [42] [43] [44]. Oxygen and gas burners are
especially important in the initial phase of melting when they accelerate the phase of liquid metal
formation at the bottom of the furnace. They, therefore, help to quickly bridge the critical phase of the
process in terms of furnace interference. An example of oxygen and gas burners is illustrated in Figure
4.9 [42]. The addition of oxygen during melting (liquid metal phase - heating to the required
temperature) is also realized using another technology - ultrasonic oxygen injection. Oxygen is
ultrasonically injected into the furnace space, where it overcomes the slag layer and thus reaches
directly to the melt, where it chemically reacts with iron and other chemical elements. The positive
effect of oxygen burners is manifested in terms of reducing voltage fluctuations, especially by the
formation of foamed slag [45]. With the help of special control system modules and the addition of
suitable additives, foamed slag is formed [46]. The electric arcs are therefore shrouded in a layer of
foamed slag, which significantly improves the stability of the electric arcs (reduction of dynamic
effects) and the efficiency of the furnace.

Basic methods for power quality improvement - 60 -



Power Quality in Industrial Distribution Systems

Figure 4.9: [42] Oxygen and gas burners (Primetals - EAF RCB Injection Technology) in operation [42].
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5 Use of compensation devices to improve the power
quality

5.1 Classification of compensation devices

At present, in practice, we encounter a wide range of devices causing problems with power
quality. It is a device with a wide power range, different operating characteristics, connection points
in the distribution system, and different levels of network interference. The following text deals with
the division of compensation devices according to various criteria, with respect to the purpose of use.

5.1.1 Classification under control options

The control options of the compensation device indicate the usability of the device. These are
mainly parameters of response time and fineness of regulation (stepped or continuous). Compensation
devices can therefore be divided into:

e Static - these are fixed capacitor banks, detuned filter capacitor banks, resonant
harmonic filters.

e Mechanically switched - they enable stepwise switching of compensation stages
(again capacitor banks, detuned filter capacitor banks, resonant harmonic filters)
by means of contactors

e Semiconductor switched - also allow step switching, but instead of contactors
semiconductor switches are used (on-off states only), which significantly improves
the compensation dynamics

e Semiconductor controlled - allow continuous control of compensating power and
dynamics surpass other devices. They can be implemented using phase-controlled
thyristors, or pulse-width modulation using transistors.

Additionally, it should be noted that in practice, the division into static compensation systems
and rotary compensation systems is also used. Static compensation systems use a suitably arranged
capacitor system as a source of compensation power. Rotary compensation systems use a rotary
synchronous compensator (synchronous machine in a suitably controlled excitation system) as a
source of compensating power. In applications focused on the quality of electricity in industrial
distribution systems, static compensation systems are used exclusively.

5.1.2 Classification according to voltage level

A wide range of power compensation devices (from kVAr units to tens of MVAr) results in
connecting compensation devices to different voltage levels. The compensation is usually connected
to the same voltage level as the problematic appliance. Compensation devices can therefore be divided
into:

e Compensation devices connected to LV - these are compensations for smaller outputs,
maximum hundreds of kVAr. This is most often the compensation of small industrial buildings
and office buildings.

e Compensation devices connected to MV - these are compensations of medium outputs, from
MVAr units up to tens of MVAr. They are used in larger industrial units (arc furnaces, rolling
mills, mining machines), or as railway system compensation.

e Compensation devices connected to HV - these are compensations for high outputs, which
are used for large industrial complexes (aluminum plants) and applications in the transmission
system.
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5.1.3 Classification according to functionalities

The primary function of compensating devices is reactive power compensation, which can be
supplemented by other functions contributing to the improvement of power quality and the
prevention of interfering loads. In connection with the short-circuit conditions at the connection point
and the degree of interference of the connected device, it is necessary to specify the required functions
of the compensation device. The basic functions are as follows:

e Reactive power compensation - the only function of the compensation device is the correction
of the power factor at the PCC to the permissible values set by the relevant legislation.
Compensation can be realized in two ways, namely compensation at constant active power
and constant apparent power. In many applications, the use of compensation capacitor banks
is sufficient.

e THD reduction - due to the connection of nonlinear types of loads, the voltage is deformed by
higher harmonic frequencies. In terms of power quality, limits are set for the voltages of
individual higher harmonic voltages and limits are set for total harmonic distortion (THD - Total
Harmonic Distortion). In order to achieve an improvement, it is, therefore, necessary to filter
higher harmonics by means of detuned filter capacitor banks, or passive resonant harmonic
filters.

e Asymmetry reduction - the parameter of power supply asymmetry is also included in the
requirements for the power quality. This problem can also cause problems of increasing active
losses and overloading the neutral conductor (LV system). For these purposes, however, it is
necessary to be able to switch or continuously control the compensating power independently
in each phase.

o Flicker effect mitigation - again one of the requirements for the power quality. These are the
undesirable effects of voltage fluctuations with a frequency from Hz to 35 Hz, which causes
unpleasant visual sensations. In order to limit the flicker effect, it is, therefore, necessary to
prevent changes in the power consumption with the specified frequency. This function,
therefore, requires fast response and the possibility of continuous control of the compensation
device.

5.1.4 Compensation devices benchmark

Table 5.1 summarizes a comprehensive overview of the properties of individual types of
compensation devices. For comparison, the most important properties were selected from the design
point of view and from the point of view of improving power quality.

Table 5.1 highlights a group of semiconductor-controlled compensating devices that represent
the most suitable solution for industrial distribution systems, especially for electric arc furnaces. The
remaining unhighlighted types of compensation devices are more suitable as local compensation, for
example in electric drives and the like (in applications where there are no high requirements for the
dynamics of the response of the compensation device).
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. . Flicker
Compensation Specification Control Dynam'lc THD. Asymmfetry effect
type properties reduction reduction mitigation
Capacitor banks NA No No Slightly
. Detuned filter . .
Static capacitor banks NA NA Partially No Slightly
Harmonic filters NA Yes No Slightly
Capacitor banks seconds No Theoretically Slightly
Mechanically Detuned filter . . .
t lightl Th ticall lightl
switched capacitor banks Stepped seconds Slightly eoretically Slightly
Harmonic filters seconds Yes Theoretically Slightly
Capacitor banks n*20 ms No Yes Slightly
Semiconductor Detuned filter
t *2 lightl Y lightl
switched capacitor banks Stepped n*20 ms Slightly es Slightly
Harmonic filters n*20 ms Yes Yes Slightly
r----------:---'----------l----------------------l-------
I TCR + capacitor 10 ms No Yes Yes |
1 banks 1
: TCR + detuned :
1 filter capacitor 10 ms Slightly Yes Yes 1
1 i banks 1
Loontroted . [TeR s rarmomie ] Cotinuous i
| . armonic 10 ms Yes Yes Yes |
1 filters 1
: Based on :
1 Active filter modulation Yes Yes Yes 1
I frequency I

Table 5.1: Overview of the types and functionalities of compensation devices.

Equally important parameters of compensation devices include the operating costs of
compensation devices, which are mainly made up of costs for active losses. The design of
compensation devices plays an important role in terms of voltage level. As illustrated in Table 5.2,
compensating devices connected at the low voltage level show higher losses than devices connected
at the high voltage level. Active losses also depend on the complexity of the equipment. In the case of
decompensation converters, it is necessary to take into account the additional losses of the
decompensation element. For active filters and thyristor-controlled compensating devices, the losses
are increased by switching losses. With thyristor-controlled compensation devices, switching takes
place in every half-period; with active filters, the losses are based on the PWM modulation frequency,
which can range from hundreds of Hz to kHz. Due to the above factors, the choice of a suitable
compensation device technology needs to be carefully considered based on the functional
requirements for each specific application.

Use of compensation devices to improve the power quality - 64 -



Power Quality in Industrial Distribution Systems

Compensation e s Dynamic Decompensation Capacitors Detuning
Specification .
type properties reactor losses losses reactors losses
Capacitor banks - - 0,4 W/KVArt -
Static Detuned filter - - 3-8 W/KVAr!
capacitor banks
Harmonic filters - - 3-8 W/KVAr?
Capacitor banks seconds - 0,4 W/KVAr? | -
Mechanicall Det filt
echanically | Detuned filter seconds . 3-8 W/KVAr!
switched capacitor banks
Harmonic filters seconds - 3-8 W/KVAr?
Capacitor banks n*20 ms - 0,4 W/KVAr? | -
i t Det filt
Semlcpnduc or |De un.ed ilter %20 ms i 3-8 W/KVAr
switched capacitor banks
Harmonic filters n*20 ms - 3-8 W/KVAr?
TCR + it
capacttor 10ms 2 KW/MVAr? 0,2 W/KVAr? -
banks
TCR + detuned
filter capacitor 10 ms 2 kW/MVAr3 0,2 W/kVAr? 2 kW/MVAr3
Semiconductor | banks
controlled + i
Iilct:'rs harmonic 10 ms 2 KW/MVAr 0,2 W/kVAr2 | 2 kW/MVAr?
Based on
Active filter modulation - 0,2 W/kVAr? -
frequency

1)  Assuming LV compensation devices.
2)  Assuming MV capacitors.
3)  Assuming MV reactors (varying based on quality factor of reactance)

Table 5.2: Overview of active losses of various types of compensation devices.

5.2 Influence of compensating devices on the flicker effect mitigation

Compensating devices have a significant effect on reducing the flicker effect. The previous
chapter, more precisely section 4.1.1, describes the procedure for planning the allowable values of the
flicker effect for an electric arc furnace for the specified conditions of short-circuit power in PCC and
rated power EAF. The limit value Psg50, can be set at a higher level (depending on the Sis in the PCC
power of the EAF) provided that a compensation device is used. The aim is to achieve a sufficiently low
value of Pgg59,, in the sense of current legislative regulations and standards. The use of a compensating
device is necessary in the vast majority of cases.

For the case of using the compensation device, equation (4.1) is extended by the coefficient of
limiting the flicker effect due to the use of the compensation device k¢omp according to (5.1).

SkSEAF

Pstos, = Kt * * kcomp (5.1)

Skspcc

The coefficient of reduction of the flicker effect due to the use of the compensation device

p 1
Rcomp _ st_comp_off _ (5.2)
Pst_comp_on kcomp

Where R;omp is the coefficient of reduction of the flicker effect due to the use of the compensation
device, Pst comp off IS the value of the short-term perception of the flicker effect with the
compensation device switched off and Ps; comp_on iS the value of the short-term perception of the
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flicker effect with the compensation device switched on. The coefficient R, will be the subject of
the following chapters of this work.

Figure 5.1 illustrates the relationship between the rated furnace power and the short-circuit
power in the PCC for different planned values of P g5, for the case without the use of a compensation
device. For example, for the planned value Psig50, = 1, in the case of a short-circuit power in the PCC
2000 MVA, it is possible to connect an EAF with a nominal power of barely 30 MVA.

200 T T - -
150 E
T — Pse59,=0.5
S
= Pegso, = 1.
> 100 , $t95 %
s Pstgs e, = 1.5
[
Pstos s, = 2.
50 1
— Pagsy, =25
0
1000 1500 2000 2500 3000

Skspcc [MVA]

Figure 5.1: Relationship between rated furnace power and short-circuit power in PCC for different planned values Pgqs, for
the case without the use of compensation device.

In the case of using a compensation device with a reduction factor of the flicker effect Room), =

1.6, according to the dependence illustrated in Figure 5.2, it is possible to connect an EAF with a power
of 50 MVA for the planned value Pgg5¢, = 1.

Reomp = 1.6
200 ; Pstos o, = 0.5
Pstos o = 1.
150 Pstos 9, = 1.5
= Petog o = 2.
% 5t95 %
E 100 Pst95 % = 2.5
E """ Pstos % comp = 0.5
wvy
50 Pst95 % COMP = 1.
Pst95 % COMP = 15
Pst95 % COMP = 2.
0
1000 1500 2000 2500 3000 ===-- Pstas o comp = 2.5

Skspcc [MVA]
Figure 5.2: lllustration of the influence of the compensation device, according to equation (5.1)

The reduction factor of the flicker effect R, differs according to the type of compensating
device, the dynamic properties and the nominal power of the compensating device play an important
role. The greater the dynamics of the compensation device, the greater the coefficient R¢ypmp. The
coefficient R;4my is to a certain extent dependent on the techniques used in the control system of the
compensation device, which this work will focus on in the practical part.
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5.3 Compensation devices for industrial distribution systems

Due to the available technologies, rotary compensators were most often used in the morning
period of compensating devices. The use of compensation devices was also mainly in applications in
the transmission system. Technological development in the field of HV capacitors and power
electronics brought about the rapid development of FACTS technologies (Flexible AC Transmission
Systems). The growing representation of large nonlinear loads and the definition of industrial
distribution systems have gradually resulted in the idea of using FACTS technologies in the field of
power quality.

FACTS devices are divided into parallel, serial and hybrid (combined systems) in terms of the
basic functional arrangement. The most frequently used systems include parallel systems (even in the
area of Power Quality), where a specific device is connected in parallel to a selected node of the
system. This type of system affects the node parameters in a given node. Serial systems are used to
influence the parameters of the branch connecting two nodes in the electrical system. Their most
common applications can be found in transmission systems for the transmission of power over long
distances, or the control of required power flows between two nodes. In the field of power quality,
this type of system is hardly used. Hybrid FACST systems consist of a combination of a serial and a
parallel system. They have the widest range of functionalities from the group of FACTS devices, both
in the area of use in transmission systems and the area of power quality. However, their use is very
rare (small pilot projects) due to the complexity and high space and financial demands.

For applications in industrial distribution systems in the field of power quality, we can
exclusively talk about parallel FACTS technologies. In practice, the technologies summarized in Table
5.3 are most often used.

o Basic dynamic Dynamic
Technology Description v . Y
properties response
Mechanically Switched Capacitors Using Harmonic resonant filters
Using H i fil Discrete Based on
n rmonics resonan r P
MSC (DN) | Mechanically Switched Capacitors | 516 armonics resonant filters e circuit breaker
. ) with modified design for dumping switching hnol
with Dumping Network . I technology
switching oscillations
i S R ] E i
: sve Thyristor Controlled Reactor + Using Harmonic resonant filters in Continuous 15 ms '
L Harmonics resonant filters various configurations control
Using Harmonic resonant filters in .
. . . . . Continuous
STATCOM VSC + DC capacitors various configurations + filters for less than 1 ms
control
PWM frequency effects

Table 5.3: An overview of the basic features of FACTS devices used for power quality applications.

SVC technology is most often used for applications in industrial distribution systems with
electric arc furnaces. The use of STATCOM technology has future potential, however, there are still
many pitfalls at present. MSC technology has been used more in the past and with the development
of power electronics in the field of power quality, new projects are practically no longer emerging.

5.3.1 Thyristor based FACTS devices

SVC belongs to the group of FACTS devices, specifically, it is a system connected in parallel to
a node of a transmission or distribution system operating on the basis of power thyristors. The original
SVC applications began to appear in the late 1970s and early 1980s, especially for applications in the
transmission system. The main function of SVC in transmission systems was the dynamic regulation of
voltage in selected nodes and the improvement of the possibilities of static and dynamic stability,
which enabled an increase in the transmission capacity of the line and the distance of power
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transmission at that time. This technology has undergone considerable development and, due to the
greater development of power quality issues since the 1990s, this technology has been extended to
applications in industrial distribution systems. The main functions of SVC in these applications were
reactive power compensation, reduction of voltage fluctuations - flicker effect, reduction of higher
harmonic disturbances, and symmetrization of consumption. With this development, SVC is currently
a modular system with a number of functions for the transmission system, distribution system, and
industrial applications. This work focuses on the use of SVC for industrial distribution systems.

SVC for use in industrial distribution systems consists of a decompensation converter TCR
(Thyristor Controlled Reactor), works as a dynamic controlled element and passive filters of higher
harmonics, which are used as a fixed source of reactive power and to reduce higher harmonic
interference. The construction and properties of the individual parts of the SVC differ according to the
type of application (EAF, high power rectifiers - electrolytic processes, mining machines, electric drives,
etc.), the required compensating power and the place of installation.

There are two basic design arrangements for the TCR. The first, most commonly used, is a 6-
pulse connection, which is sufficient for most applications in various conditions. The second
arrangement is a 12-pulse circuit, the advantage of which is less harmonic distortion of the output
current as in the case of a 6-pulse circuit with the same rated power. The disadvantage is the higher
investment and space requirements. 12-pulse connection finds typical use in cases where there is a
requirement for high values of rated power and at the same time, it is a system with low short-circuit
power. There is also another important technological aspect of the TCR unit, such as the type of
inductance connection. The inductors in the TCR unit can be connected separately - Figure 5.3 (a), or
split - Figure 5.3 (b) and (c). Split wiring is most often used for reasons of better protection of thyristor
blocks against short-circuit currents and overvoltage phenomena [47]. A comparison of TCR
connections is shown in Figure 5.3.

(a) (b) (c)

Figure 5.3: Basic 6-pulse TCR connection (a), 6-pulse TCR connection with split inductors (b) 12-pulse TCR connection (c).

For industrial SVC applications, 3 basic types of passive harmonic filters are most often used.
The first basic type is a second-order filter, which consists of a series resonant circuit of a capacitor and
a tuning reactor, where, in addition, the active resistance of the reactor is significantly manifested. The
second type is a second-order damped filter, the connection of which differs from the previous type
by the connection of a parallel damping resistor to the filter reactor. The third type is the c-type filter,
which is used mainly for applications with EAF. The possible connection of individual types of filters is
shown in Figure 5.4. Individual types differ in frequency and amplitude characteristics (possibilities of
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limiting higher harmonics of their resonant frequency vs. limitation of higher harmonics at other than
resonant frequency), active losses and complexity of construction.

(a) (b) (c)

Figure 5.4: The most commonly used types of passive harmonic filters for industrial SVC, second order filter (a), dumped
second order filter (b) and C-type filter (c).

In the case of the use of SVC in industrial distribution systems with EAFs, SVC is typically
connected to the HV level (node common to the supply sections EAF). A typical set consists of a TCR
unit and 2 - 4 higher harmonic filters (for 2nd to 5th harmonics). When using SVC for other applications
(mining machines, rolling mills and other technologies), higher harmonic filters are designed for the
5th, 7th, 11th and 13th harmonics, which corresponds to the interference typical of semiconductor
converters.

SVC is implemented as standard in a three-phase connection. Exceptions are applications in
the field of alternating railway systems, where a single-phase SVC design is used.

At the beginning of its development, STATCOM technology also used thyristor semiconductor
elements. However, these were switchable GTO (Gate Turn Off) thyristors. However, this is the early
development phase of this technology and currently, STATCOM technology uses exclusively IGBT
(Insulated Gate Bipolar Transistor) power transistors.

5.3.2 Transistor based FACTS devices

The beginnings of STATCOM technology date back to the 1980s, when the technology was
originally developed and the first projects were implemented. The first pilot projects were built on the
basis of thyristors with forced commutation later on the basis of GTO thyristors [48].

The development of semiconductor component technology for power electronics has led to
the advent of IGBT technology, despite the greater robustness of thyristor technology. The topology
of STATCOM technology is based on VSC (Voltage Source Converter). To achieve sufficient
performance of the inverter as a whole, it was necessary to proceed to its parallel or serial switching
due to the limiting parameters of the IGBT elements. In the case of parallel switching, the disadvantage
was that the currents in the inverter circuit were relatively large, which brought a number of problems
(for example, the requirement for a highly reliable cooling system). In addition, a transformer with a
conversion from kV units to tens of kV was needed to connect to the network. The DC part of this
circuit was common, as illustrated in Figure 5.5 [49] (the designation D-STATCOM is used for STATCOM
technology adapted for use in distribution systems). In the case of series switching elements, there are
also considerable risks associated with uneven voltage distribution and overvoltage generation.

The described solution had a number of disadvantageous features. The switching frequency of
the inverter's PWM (pulse width modulation) was limited by several factors. The first factor was the
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durability and life of semiconductor components, and the second significant factor was switching
losses. Restrictions on the switching frequency side also brought certain restrictions on the
functionality side of the device. The lower switching frequency resulted in a reduced ability to limit the
higher harmonics of the compensated load, and it was often necessary to use additional higher
harmonic passive filters for higher orders. This solution is often referred to as hybrid STATCOM, which
is a combination of STATCOM and passive resonant filters of higher harmonics. Another undesirable
manifestation of a lower switching frequency is the occurrence of interference to a significant extent
due to PWM modulation. For this reason, an additional filter was necessary for this type of
interference.

LINEAR/ NON-LINEAR
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Figure 5.5: lllustration of D-STATOM connection [49].

STATCOM technology has long been built in a competitive role against SVC technology. It has
long exceeded the capabilities of SVC in terms of functionality, but SVC technology still excels in many
other areas. The long-term challenge with STATCOM technology is to achieve better parameters in all
respects compared to SVC technology.

The current development of STATCOM technology is moving towards multi-level modular
converters. This trend is also being followed by key manufacturers in the market [50] [51]. It is a VSC
technology specially adapted for applications with high-rated power. The figure shows the concept of
Multilevel Valve Module technology within the Multilevel STATCOM technology from ABB [50]. A
similar solution is being promoted by SIEMENS - Multilevel Modular Converter [52].
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v3

v4

Figure 5.6: Demonstration of the concept of multilevel modular inverters for STATCOM technology (Multilevel Valve Module
from ABB). [50]

The arrangement of multi-level modular converters is based on sub-modules. One module
normally consists of four switching (IGBT) elements and a DC capacitor in the DC circuit (see Figure
5.6). The structure is similar to the structure of the SVC technology decompensation TCR converter.
The inverter as a whole consists of 3 branches connected in a triangle. One branch is formed by a series
connection of the reactor and the chain of switching modules. An obvious advantage of this
configuration is that the DC circuits of the sub-modules are not interconnected, which overcomes the
problems with uneven voltage distribution that have occurred with earlier STATCOM technology
concepts. Another advantage is that the output signals are very similar in shape to the sinusoidal
waveform of the fundamental harmonic frequency due to the multi-level design, as a result of which
the requirement for a high switching frequency is no longer necessary. In connection with this feature,
the requirements for the HF filter are also reduced. The reduced switching frequency also reduces
switching losses and reduces the stress on semiconductor elements. Last but not least, the undeniable
advantages include modularity, which allows the implementation of devices for a wide range of uses.

Further development of STATCOM technology is likely to be the implementation of the
electricity storage function, although it is more of a transmission system application [53].

5.4 Operational aspects of FACTS systems

The operational aspects of the FACTS systems are extremely important in terms of power
quality in industrial distribution systems. The operators of industrial enterprises operating facilities
that are significant in terms of emitting interference most often act as investors in these technologies.
For this group, compensation devices (FACTS systems) represent an investment necessary to ensure
the operation of its technology. However, the more advanced functionality of compensation devices
does not bring them a direct financial benefit or improvement of product parameters in its business
segment.

5.4.1 Space requirements

For transmission system applications, STATCOM technology often reports reduced (30 to 40%)
space requirements compared to SVC [54]. Compared to industrial applications, transmission system
applications have higher output power requirements (resulting in a higher voltage level of the FACTS
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technology itself) and requirements for connection to the transmission system. In industrial
applications, it is sufficient to connect the FACTS device directly to an existing MV system.

As an example, typical SVC and STATCOM system configurations are shown in Figures 5.7 [55]
and 5.8 [51]. The examples show similar space requirements for STATCOM and SVC (for SVC in Figure
5.7, not all holdings are completely covered, as is done for STATCOM in Figure 5.6) in applications for
industrial distribution systems. In general, however, trends show that STATCOM technology tends to
be less space-consuming than SVC (modular container solutions). For example, the new Multilevel
Valve Module technology from ABB states that the space requirement of STATCOM technology is
halved compared to SVC technology [50].
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Figure 5.8: Demonstration of the layout and space requirements of STATCOM technology - solution from SIEMENS (SVC PLUS
L 50 MVAR) [51].
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5.4.2 Investment intensity

The investment intensity of compensation devices in industrial distribution systems is a
frequently discussed topic. For example, for steelworks operators with EAF, it has compensating power
mainly from the following points of view:

e Restriction of reactive power consumption from the distribution system and the
associated elimination of charges

e Increased productivity of EAF (intensification of production), the benefit is income
from increased production.

e Reduction of other EAF disturbances (flicker effect, higher harmonics and voltage
asymmetry) - does not bring a direct economic benefit

Based on these considerations, steelworks operators are looking for a compromise solution
between investment intensity and functionality. Most operators operate SVC technology, often lacking
strong enough arguments to replace this technology with STATCOM technology, and therefore often
choose the path of maintenance and gradual renewal of existing SVC technology. STATCOM technology
is often opposed by higher investment intensity and higher operating costs (cost of losses), as well as
a smaller circle of experienced suppliers, than in the case of SVC technology. For example, the source
[50] states a comparable investment intensity for both technologies in the range of 500-100 USD/kVAr
(depending on the configuration of the required solution). The same source [50] further states that
STATCOM losses are higher than for SVC.

Investments in STATCOM technology are therefore more of a domain of projects where there
are increased demands on the advanced functions of compensating equipment or projects of newly
emerging industrial areas.

In general, the investment intensity of compensation is highly variable due to many external
factors.
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6 Enhanced possibilities of deploying FACTS systems in
industrial distribution systems

With the development of the possibilities of power electronics, FACTS technologies were
created and developed mainly in applications for the transmission system. The goal of the FACTS
devices was primarily to enable the transmission of energy over long distances using an AC network.
In another statement, it was mainly about supporting the stability of voltage and the stability of power
transmission. The architecture and control system of these devices were adapted for this purpose. The
most commonly used variants are parallel FACTS systems with control system blocks focused on node
voltage regulation, support of dynamic stability, slow action, and damping of power oscillations. The
functionalities of SVC technology gradually began to find application in industrial distribution systems
for solving the problem of power quality (power factor, voltage fluctuations, consumption
symmetrization) and increasing productivity. In terms of hardware, there are no significant differences
compared to FACTS devices for the transmission system. The main differences are hidden in the control
system, where applications for industrial distribution systems use a different philosophy of control
with a greater emphasis on dynamics. The work focuses and then suggests certain improvements for
this type of system.

6.1 Basic FACTS control methods

Parallel FACTS systems in the transmission system behave as an impedance connected to a
node with time-varying capacitive or inductive reactance. In the following text, these devices will be
referred to as sources of variable reactive power. It can be, for example, a technological unit SVC
composed of units TCR (Thyristor Controlled Reactor), TSC (Thyristor Switched Capacitors), MSC
(Mechanically Switched Capacitors) and MSR (Mechanically Switched Reactors), or STATCOM and TCR,
TSC, MSC and MSR. The structure of such a control system is illustrated in Figure 6.1 [56].

L VHAVA(t) |
i fT+AfT(t) Voltage Internal |
_> T T |
: measurement Control |
Z(w,t) * lo circuits V7 I
! |
system |
Source of Q Pl AV |
(SvC, - |
) Power STATCOM) controller :
system ) V-l i
V, Pm V rer characteristics I
Wy + Aw(t) Ly
— R Slow changes T
a I Voltage | lo
| limit . Dynamic k—s Ofr
I Other signals stability K—b p
Aw(t)e—  SSR I
Afr(t) J’—I dumping Power _?' N2
| v oscillat?ons b p
Veer Reference REF dumping I
| voltage |
L — — e e e e e e e e e i)

Figure 6.1: Control system structure of parallel FACTS systems (SVC, STATCOM) [56].

The dominant part of the control system is a voltage loop with a proportional-integral (Pl)
feedback controller. The actual value of the voltage V1 is the voltage measured in the connection node
of the FACTS system, i, is the current of the compensation device and current i is the current entering
the system node. Pl controller controls the reactive power of the FACTS device so that the reference
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voltage VRgr is set in the given node. However, the Vrgg voltage does not enter the control loop
directly, but its signal is summed with the signals of the partial control function blocks. The basic blocks
include, in particular, voltage regulation according to volt-ampere characteristics and reactive power
reserve regulation. The control system can be extended with a module for improving dynamic stability
and a module for damping power oscillations. It is also necessary to add that other blocks, functionally
focused more on safety, directly affect the output of the Pl controller. These include overvoltage
reduction and prevention of subsynchronous resonances.

6.1.1 Voltage regulation function

The basic control block of parallel FACTS devices is controlled according to volt-ampere
characteristics. The purpose of this control block is to respond to rapid voltage changes. The basic
principle of this control block is based on the characteristics illustrated in Figure 6.2 (characteristics
valid for SVC).
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&‘ | A VLmax
———— 1 T A Vo
: \:\ Load 1
| | Load 2
I |

Load 3
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| compensation |
| AV with |
I compensation |
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Figure 6.2: lllustration of V-I characteristics of SVC voltage control [56].

The blue curves show the settings of the specific allowed operating points of the SVC in the V-
| plane. The red curves demonstrate the dependence of the voltage in a node on the reactive power
that is injected from that node into the network or is injected into it from the network. As the load of
the node changes, the position of these lines changes in displacement, ie. the higher the load, the
lower the line. Therefore, "load 1" < "load 2" < "load 3" applies to the designation in Figure 6.2. If the
system without SVC is considered, the voltage drop during the transition from "load 1" to "load 3" will
be much larger than in the case of a system with SVC, which starts injecting reactive power into the
node due to the voltage drop. The implementation of this control block is illustrated in Figure 6.3. A
certain value is added to the set value of the reference voltage so that the operating points marked in
green in Figure 6.2 are reached. The reference voltage will therefore be modified according to (6.1).
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Figure 6.3: Voltage control block according to V-I characteristics.
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A detailed description of the design of the described characteristics is contained in IEEE
Standard 1031 "IEEE Guide for the Functional Specification of Transmission Static Var Compensators"
[57].

6.1.2 Reactive power reserve control function

Voltage regulation according to V-I characteristics serves mainly for fast control of dynamic
parts of FACTS devices. For the purposes of the transmission system, compensation systems (Static Var
Systems) are used, consisting of devices with different dynamic properties. An example is an SVC
device, which as a system consists of a TCR, TSC, MSR, and MSC. However, mechanically switched
elements differ fundamentally from thyristor-switched elements in their dynamic properties. For MV
circuit-breakers with SF6 isolation medium, the tripping time is around 60 ms from the issuance of the
command, which is longer than for devices using thyristors or transistors. Other limiting factors also
apply to mechanically switched devices. The tripping time is 60 ms, but after a certain number of cycles
(typically 3), a longer time is needed to save mechanical energy to move the tripping mechanism of
the circuit breaker. From the point of view of the control of compensation systems, a control strategy
is therefore important, which avoids encountering technical limits for this reason. The desired strategy
will enable the required function of the compensation system with the limitation that the number of
switchings of mechanically switched elements will be in the order of units (maximum tens) of
switchings per day. An important aspect is also the service life of circuit breakers, which is given in the
order of tens of thousands of switchings. To take these properties of the mechanically switched
elements of the compensation system into account, the control system includes a "slow action" block
(Figure 6.1), also called a "Var Reserve".
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Figure 6.4: Influence of reactive power reserve control on SVC operating characteristics [56].

The behavior of this control block is demonstrated in Figure 6.4. The initial state is marked with
a blue dot, ie. at a specific load the required reactive current is taken from the network. Subsequently,
the load in the node changes in a short time (transition from load 1 to load 2 according to Figure 6.4).
Due to the fast regulation according to the V-I characteristics, the output compensation power will
change. However, the new operating point of the compensation device is located in the capacity area
close to the capacity limit of the compensation system. If there were another rapid change or power
oscillations at this point, the dynamically controlled TCR would not be able to make full use of its range
and the device would therefore be less efficient. The slow action control block maintains the set value
of the compensation current so that the TCR range can be used to the maximum. However, this control
block works with a slow response to maintain the dynamic properties of other control circuits. The
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control block diagram is illustrated in Figure 6.5. The voltage reference value is thus corrected by the
slow integration of the current control deviation of the compensation device.
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Figure 6.5: Control diagram of the reactive power dynamic reserve.

6.2 Advanced FACTS control methods for applications in industrial
distribution systems

The SVC control system in industrial applications is mainly adapted to compensate for reactive
power consumption, symmetrization of consumption, and reduction of voltage fluctuations - flicker
effect [58]. This work is focused on this system and especially on the reduction of voltage fluctuations
- flicker effect.

The requirements for the SVC system for industrial applications are as follows:
e Reactive power consumption compensation in PCC
e Limitation of higher harmonic voltages
e Power consumption symmetrization
e Limitation of voltage fluctuations - flicker effect mitigation
To ensure the above-mentioned requirements, sufficient dynamics of the SVC system are
needed - especially for load balancing and reducing voltage fluctuations. On the contrary, accuracy is
also required for reactive power consumption compensation. The limitation of higher harmonics is
ensured by passive resonant filters of higher harmonics. The most common solution for these
applications is two-loop control (open loop and closed loop) illustrated in Figure 6.6 [59]. A reactive
current is typically considered as the control variable. The control diagram in Figure 6.6 is adjusted for
industrial applications with EAF and LF, and in other parts of the work, this configuration is considered.
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Figure 6.6: lllustration of SVC control scheme in applications for industrial distribution systems with EAF and LF. [59]
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The open loop is adapted to fast events and its main functionalities are load balancing,
response to rapid changes in reactive power, and mitigation of voltage fluctuations - flicker effect. The
response of this loop varies between 10 and 30 ms, depending on the settings of the proportional
controller and the parameters of the elements in the system. The input value of the control variable is
the reactive current of the load (in our case the sum of the reactive current EAF and LF). The
measurement of these quantities is carried out at the medium voltage level in order not to limit the
dynamics due to the HV / MV transformer. Specific measured quantities are voltages and currents of
supply sections EAF and LF in MV substation. The processing of the input signals is very important for
the efficient function of this control loop, as these signals are considerably disturbed with respect to
the measuring point.

The closed loop is adapted for precise control of reactive power consumption in PCC. The
response of this loop varies between 150 and 300 ms, depending on the settings of the PI controller
and the parameters of the system and system elements. The input value of the control variable is the
reactive current in the PCC. The measurement is performed directly in the PCC, usually at the high
voltage level. Here, too, the processing of input signals is an important part.

6.2.1 Reactive current estimation

For the SVC control system described above, it is necessary to know the reactive currents of
the system equivalent to the triangular connection of the decompensation TCR converter. In the
following text, we will show the derivation of two different methods.

The method is based on the derivation of reactive current from the instantaneous voltage and
current values. The derivation of the method is based on the definition of the instantaneous reactive
power for the /" phase according to (6.2) [59], [60].

1 T\ ] T
Qi(®) = 5 [Vi (t - Z) ;(8) — v (O (t - Z)] (6.2)
T denotes the period, in this expression corresponds to an angle of 90°. To determine the reactive
power waveform, it is also necessary to obtain the voltage and current signals shifted by a quarter of
a period (90 °), which can be obtained by mathematically adjusting the voltage and current waveforms
defined in (6.3) to (6.8).

v,(t) = Vpeak * sin(wt) (6.3)
vp(£) = Vpearc * sin (wt —21) (6.4)
Vc(t) = Vpeak * sin (wt — gn) (6.5)

(a(£) = Ipeaic * sin(wt — @) (6.6)
ip(t) = Ipeak * sin (a)t — %n — (p) (6.7)
ic(t) = Ipeak * Sin (a)t — Zn - (p) (6.8)

where v,(t), vy, (t), vc(t) are the phase voltages, i, (), ip (t), i (t) are the phase currents, V¢4 is the
phase voltage amplitude, I¢q is the phase current amplitude, w is the angular frequency equal to 2 «
T * f, and @ is the phase shift between voltage and current. The derivation of the voltage and current
waveforms with a phase shift of 90 ° will be shown on the waveforms (6.3) and (6.6). From the
definition of the derivation of trigonometric functions holds and the properties of the cos function hold
(6.9).
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d A.sin(wt — @)
dt

= wA cos(—wt + @) (6.9)

By applying (6.9), we obtained the waveform shifted by an angle % mt (270 °) with the gain w
compared to the original waveform a(t) = A.sin(wt — ¢). The waveform with a phase shift of 90 °
from the a(t) is obtained according to (6.10).

T 1
a (t - Z) = — ZA(U cos(—wt + @) (6.10)

We apply the formula (6.10) to waveforms (6.3) and (6.6) to determine the phase-shifted
voltage and current waveforms (6.11) and (6.12).

T
v, (t - Z) = —Vpeak Cos(—wt) (6.11)

T
iy (t - Z) = —I,eak cOS(—wt + @) (6.12)

We put the derived waveforms (6.11) and (6.12) into the relation for the reactive power
function (6.2) and obtain the relation for phase “a” (6.13).

Qa(t) =5 [~ia(O)Vpeak OS(—wt) + V4 () peak cOS(—0t + )] (6.13)

The relation (6.13) can be extended using the Werner formulas for trigonometric functions
(6.14) to the form (6.15), which can then be simplified into the form (6.16).

sin(a) cos(B) = =[sin(a — B) + sin(a + B)] (6.14)

N =

1 1 1
Qa(t) = EVpeakIpeak {_ 2 [sin(—¢) + sinQwt — ¢)] + 2 [sin(¢p) + sin(Rwt — (P)]} (6.15)

1
Q.(t) = 2 Vpeaklpeak sin(¢) (6.16)

The magnitude of the reactive current component i, re peak(t) can thus be expressed as
follows (6.17), which, after modification, is valid for the other phases (b and c).

Qa(t)

va_peak

ia_re_peak(t) =2 (6.17)

The reactive phase currents determined by the procedure described above need to be
transformed into delta wiring for use in SVC applications. Using the Steinmetz principle, the resulting
reactive currents in the delta circuit are defined according to (6.18),(6.19) and (6.20).

i t)+i t)—i t
iab_re_peak(t) = a_re_peak( ) b_re_p\/«;_ak( ) c_re_peak( ) (6.18)

. —la_re peak(t) + ip_re peak(t) + ic re peak(t)
lbc_re_peak(t) = P2 re\/}:;a TP (6.19)

ica o eak(t) _ ia_re_peak(t) - ib_re_peak(t) + ic_re_peak(t) (6.20)
_re_p \/§
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6.3 Possibilities of improving the SVC control system in industrial
distribution systems

Signal processing in the SVC controller has a significant effect on the effectiveness of limiting
voltage fluctuations using SVC. Specifically, these are voltage and current input signals from which the
actual value of the reactive current is determined, as described above. The most commonly used
technique is the low pass filter. This work is focused on the possibility of using other techniques of
input signal processing to achieve a more effective reduction of voltage fluctuations - the flicker effect
using SVC. Figure 6.7 highlights the blocks affected by the enhancements. This work is focused on the
use of the following techniques:

e Low pass filter
e Second Order Generalized Integrator (SOGI)
e Flicker filter (FF)
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Figure 6.7: Adjusted SVC control scheme illustration in applications for industrial distribution system with EAF and LF based
on [59].

The signal processing of input signals and voltages has a fundamental influence on the function
of the SVC controller from the point of view of flicker effect mitigation. In terms of voltage fluctuations
— the flicker effect, based on [61], the frequency band up to 35 Hz is significant. The standard [61]
defines the weighing function of a standardized flicker meter according to (6.21).

S
14+
O e (621)
S ST W = -
! (1 + (Dg) (1 + (D4)

where k, 1, w1, w,, w3, w, are constants defined in [61]. These constants differ according to the
electrical system (230 V 50 Hz or 120 V 60 Hz). Figure 6.8 shows the frequency amplitude characteristic
of the transmission function of the weighting function of the flicker meter, which indicates the
frequency band significant in terms of the flicker effect. Significant is the signal processing of the inputs
for the weighing function - low pass and high pass filter, which define the frequency band from 0.05
to 35 Hz, also illustrated in Figure 6.8.
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Figure 6.8: Standardized flicker meter weighting function and pre-filtering using low pass and high pass filters.

Signal processing based on the use of low pass filters (LPF) is used as a standard for
compensation devices. The LPF is used in the synchronous reference frame area, whereby the
fundamental harmonic frequency signal is not affected by the LPF because it behaves as a direct
current. In our work, we used this and this technique (conventional) for comparison with other
techniques. We considered a first-order low pass filter defined by the transfer function according to

(6.22).
wc
S + w,

G(s) = (6.22)

6.3.1 Improvements using the SOGI technique

A proposed option for improving the SVC control feature is to use the Second Order
Generalized Integrator (SOGI) technique in a bandpass configuration. Compared to the conventional
use of LPF, SOGI provides advantageous properties in terms of amplitude and phase characteristics,
which will be emphasized below. The basic block diagram of SOGlI is illustrated in Figure 6.9 [62].

FLL

Figure 6.9: Block diagram of the used SOGI-QSG (SOGI-Quadrature Signal Generator) based FLL [62].

According to the block diagram in Figure 6.9 v represents the input signal, k represents the
damping factor (usually using the value k =+V2 [62]), w represents the resonant frequency
(fundamental mains frequency), v’ represents the output signal and qv’ represents the output signal
shifted by 90°. This variant is called SOGI-QSG (Second Order Generalized Integrator - Quadrature
Signal Generator). The SOGI-QSG transfer functions are defined according to (6.23) for the output
signal v' and according to (6.24) for the shifted signal qv'.

v'(s) 3 kws
v(s) s24 kws+ w?

D(s) = (6.23)
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qv'(s) kw?
v(s)  s2+ kws + w?

Q(s) = (6.24)
The external parameter w is a resonant angular frequency provided by the FLL. The integrator with a
negative gain -y is used to adapt the SOGI resonant frequency w to the grid frequency wgiq. In three-
phase systems, two SOGI-QSGs can be used for two orthogonal components of the input voltage vector
(in the off reference frame) separately. Using such a DSOGI-FLL the input voltage vector v can be
separated into the positive and negative sequence components. The gain y = 0.16 guarantees the
time constant of the FLL about 13 ms [63], so a fluctuation in w would not affect the correct function
of the SOGI-QSG. Moreover, the mentioned gain will provide reasonable dynamics in the grid
frequency estimation.

6.3.2 Improvements using the flicker filter technique

Another way to improve the properties of the SVC controller to reduce the flicker effect is to
use the transfer function (6.21) that detects the flicker effect as defined by the flicker meter standard
[61]. However, this type of filter substantially attenuates the fundamental frequency signal, leading to
imperfect correction of the power factor. For this reason, this type of signal processing can be used
only for open loop (diagram in Figure 6.7), which dynamically responds to changes in power
consumption, which mainly contribute to the flicker effect. Precise power factor control in the PCC is
ensured by a closed loop, where another signal processing technique must be used.

6.3.3 Comparison of the proposed improvements with the conventional solution

The different properties of the considered signal processing techniques are visible in the
amplitude and phase characteristics of the individual functional blocks. Figure 6.10 shows a
comparison of the amplitude characteristics and a comparison of phase characteristics for LPF, SOGI-
QSG, and flicker weighting function.
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Figure 6.10: Frequency amplitude and phase characteristics of the used signal processing techniques.
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As mentioned previously, the flicker weighting filter based on the characteristic in Figure 6.10
attenuates the fundamental harmonic frequency, which is a disadvantageous property in terms of
power factor correction. The LPF and DOGI-QSG techniques transmit the fundamental harmonic signal
without change, but for frequencies significant in terms of the flicker effect, these techniques cause
some attenuation for lower frequencies. In the case of LPF, this attenuation is not so significant.

From the point of view of phase characteristics, the disadvantageous property of LPF is
manifested, which consists of a considerable difference of the phase shift from the phase shift in the
case of the flicker weighting function, which predetermines the size of the flicker effect. A more
favorable situation is in the case of SOGI-QSG, where the transfer function (6.23) is analyzed, which
was further used in the work.
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7 Case study of an industrial power system in a
problematic area

The aim of the case study is to point out the possibilities of the flicker effect mitigation in an
industrial distribution system with EAF. In this case study, a clearly observable gradual reduction of the
flicker effect following the measures taken will be demonstrated.

7.1 Problematic area description

The industrial area in the selected area is a long-term producer of steel products. The gradual
development of this company has led and continues to improve the technological level of the
production process in order to maintain competitiveness and emphasis on quality products with higher
added value. From the point of view of this work, it is important to focus on the development in the
last 30 years from more than 180 years of history. A significant technological breakthrough was the
commissioning of a UHP (Ultra High Power) EAF type with a capacity of 60 tons and LF with a capacity
of 60 tons, which replaced older EAFs and Siemens-Martin furnaces. This step closed the company's
production cycle. The furnace transformer of the UHP furnace has a rated power of 50 MVA and the
furnace transformer of the ladle furnace has a rated power of 12 MVA. The stated values indicate
considerable demands on the power supply system, which was implemented through the defined 110
kV distribution system lines. At the time of commissioning, the nodal area of the distribution system
was supplied from the node of the transmission system with a nominal voltage of 220 kV. Then the
power supply system was characterized by unfavorable short-circuit conditions for the operation of
such a demanding technology. For this reason, at the same time as the new EAF, the dynamic reactive
power compensation SVC was built, with a nominal compensation power of 90 MVAr, equipped with
2", 3 4% and 5" harmonic filters.

7.2 Measures and their benefits

Since the commissioning of the above-mentioned devices, the gradual introduction of various
measures and new technologies has been ongoing both in terms of productivity and efficiency of the
devices on the one hand and in terms of adverse effects on the supply network. In terms of adverse
effects on the supply network, measures leading to improvement can be divided into categories,
according to the entity that participates in the measure to the greatest extent as follows:

e Measures on the side of the steelworks operator
e Measures on the side of the transmission system
e Measures on the side of the distribution system

Partial measures on the part of individual entities will be elaborated in the following sections.

7.2.1 Measures on the part of the steelworks operator

There is a considerable number of measures on the side of the steelworks operator with a high
potential to reduce the disturbing effects of the EAF. In the case of the problematic area described in
sub-chapter 7.1, together with the construction of the steelwork's metallurgical technology, the
construction of the electrical part of the technology, including 90 MVAr compensation, also took place.
At the time of implementation, it was a unique solution, given that in that period the most frequently
used static filter-compensation stations were without the function of continuous and dynamic
regulation. The implementation of continuously dynamic controllable SVC compensation enabled the
operation of modern UHP EAF technology even in conditions with low short-circuit power. Despite the
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use of SVC, the issue of the flicker effect in this area has been an important topic. A possible
improvement could have occurred if the production process had been improved.

Since the commissioning of the steelworks equipment, various improvements to the
production process have taken place today, with the following goals:

e Improving the economic efficiency of production (lower specific electricity
consumption, lower consumption of graphite electrodes, lower maintenance costs,
etc.)

¢ Increasing equipment productivity (production intensification)

e Improving product quality

e Other factors (these include the degree of distortion effect on the distribution system
- flicker effect)

All these goals are interlinked. The following text will aim to briefly present the implemented measures
and their effect.

In order to ensure the production process using EAF in terms of disturbance, in terms of wear
of the furnace components and electrode consumption, the quality and character of the input material
are of great importance. There has been a gradual improvement in this area. In the beginning, many
problems caused by inhomogeneous input material (steel scrap of various sizes, roughness, and
homogeneity) were stored in open spaces. Residues of water, snow, and ice in the input material
contributed to the formation of undesirable dynamic phenomena during melting when there was
contact with molten metal. The induced sharp dynamic phenomena caused undesired sharp scrap
slides of material inside the batch, which resulted in frequent short circuits or interruptions of the arcs.
These operating conditions have led to increased wear of the furnace bottom and furnace linings,
increased consumption of graphite electrodes, increased consumption of specific energy (kWh/t), and
worsening of disturbing effects on the distribution system - especially the degree of flicker perception
- flicker effect. To avoid the described problems, the storage spaces for input materials were gradually
roofed, thus preventing the access of water. Another measure was the creation of a system for the use
of homogenized input material. The result of this process is an input material that is sorted by
character, large and inhomogeneous pieces of steel scrap no longer occur because a significant amount
of scrap comes from the shredder lines, which produce a homogeneous material at the output. These
measures have successfully avoided the problems described.

Another technological part, which plays an important role, is the electrode positioning system
control. The position of the individual electrodes affects the lengths of the electric arcs, which are one
of the parameters defining the impedance of the electric arcs. Through this system, the electrical
power of the furnace is directly controlled. This system has to deal with many types of dynamic
processes (landslide of materials, short circuits, interruption of arcs, action of electric forces, etc.).
During the operation of the technology, it turned out that even with this system there is great potential
for improvement. The electrode positioning control system has been modernized to a system based
on a hydraulic actuator, which achieves good dynamic properties and, in the case of short-circuit
operation, can quickly reduce this undesirable condition using the electrode fast-lift function.
However, the most important role is played by the controller itself, which uses the fuzzy-regulation
technique after the last modernization. This controller is fully integrated into the control system of the
steel production process. This system monitors the amount of energy required for the production
process based on the requirements for product quality and the composition of the input material. The
electrode positioning system together with the control system brought both an improvement of the
steel production process in the EAF both in terms of energy costs and wear of the furnace components,
as well as a further reduction of disturbing effects on the distribution system.
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Another breakthrough technology that has been implemented is the technology of oxygen and
natural gas burners. From the point of view of the field of metallurgy, this technology is important
solely to increase productivity - the supplied additional chemical energy shortens the melting time (tap
to tap time). It is thus possible to reduce equipment wear, electricity consumption, and electrode
consumption. In terms of the power quality, this technology is important in terms of shortening the
melting time - especially shortening the initial phase of melting (mainly natural gas burners are used),
which is the most critical in terms of disturbance. After overcoming the initial melting phase, oxygen
burners are used to a greater extent. Another supporting technology is a system for creating foaming
slag using additives. In addition, the foamed slag ensures a smooth burning of electric arcs because the
arcs themselves are shrouded in foamed slag.

The implementation of the described technologies to a large extent brought a streamlining of
the production process and also alleviation of the power quality issues.

7.2.2 Influence of the transmission system

The nature of the transmission system, which supplies the distribution system containing a
part of the supplying industrial area, is also of great importance in terms of the power quality. As
already demonstrated in Chapter 4, the impact short-circuit power in the PCC has a significant effect,
the value of which is fundamentally influenced by the character of the node of the transmission system
that supplies the given distribution area. Depending on the configuration and parameters of the
transmission system node, the priority is to isolate problematic consumption (industrial areas) from
other customers in the given distribution area as much as possible. In the studied problematic area -
industrial distribution system with UHP EAF, there were gradually changes in this direction.

At the time of the commissioning of the UHP EAF, the node of the transmission system in the
given area was connected to a 220 kV system. This set was to a large extent the problem of low short-
circuit power, which could be provided at the PCC point. The result was a significant propagation of
disturbances - especially the flicker effect. Despite the use of SVC compensation equipment within the
steelworks, the level of the flicker effect was high.

With the coming development of the transmission system in the area, the given node of the
transmission system was rebuilt into a 400 kV system. The project included the construction of a new
400 kV line and a 400 kV substation (transmission system node), which is equipped with two 400
kV/110 kV transformers, each with a rated power of 350 MVA. The project was put into proper
operation in 2014, which was preceded by a trial operation.

The implementation of the mentioned project brought a significant improvement of short-
circuit conditions (an increase of short-circuit power) in the given node, but also in PCC, which
significantly reduced the level of flicker effect. Since the commissioning of the UHP EAF, measurements
have been carried out regularly, with the participation of the Department of Electric Power
Engineering, FEE CTU, the steelworks operator, the transmission system operator, and the distribution
system operator to monitor developments. A summary of the results of these measurements is given
in Table 7.1.
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Location of
measurements

Distribution system
supplied by 220 kV
transmission system

Distribution system
supplied by 220 kV
transmission system

Distribution system
supplied by 400 kV
transmission system

+

+SVC SvC
Nodal substation of
distribution system 7,4-7,5 4,2-4,3 1,15-2,1
(110 kV)
PCC (110 kV) — Input
substation of the 11,1-11,5 6,3-6,5 1,87-4,33

steelworks

Table 7.1: An overview of the long-term perception of the flicker effect - Plt depending on the TS and the use of SVC.

Table 7.1 shows the development of measured values of the long-term perception of the flicker
effect (Px) in the supply node of the transmission system (in the distribution system substation on the
110 kV side) and the PCC (connection of the steel plant or section of the EAF and LF to the 110 kV
distribution system). According to the results, the use of SVC reactive power compensation brings a
significant improvement. Reconstruction of the transmission system node to a 400 kV system brings
even more significant improvements (assuming the use of SVC). The values of the Py in the PCC vary in
a relatively wide interval, which is due to the configuration of operated transformers in the TS/DS
substation (one or two transformers in operation) and the configuration of the HV distribution system.
The following section "Influence of the distribution system" deals with this issue in more detail.

7.2.3 Influence of the distribution system

The influence of the distribution system on the power quality issues in connection with the
EAF is also of great importance. In the following text, it will be linked to the previous section 7.2.2
"Influence of the transmission system". The conversion of the transmission system node to a 400 kV
system brought new challenges. The new configuration has created a natural need to explore new
system operation options in the area. The first question was the influence of the configuration of the
transformation between the transmission and distribution system. Here are 3 technically possible
configurations:

e Operation of 1 350 MVA transformer
e Operation of 2 350 MVA transformers in parallel
e Operation of 2 350 MVA transformers separately

The second issue was the configuration (utilization of HV lines) of the HV distribution system.
In the area, it was possible to use various configurations of 4 overhead HV lines for supplying the
steelworks. The requirements for the magnitude of the voltage in the distribution system proved to be
a significant limiting factor. The distribution system operator prefers the operating voltage in the
substation at the node of transformation from the transmission system at the level of 120 kV to
minimize losses in the distribution system. On the other hand, there is a restrictive condition on the
part of the steelworks operator that the voltage of the sections supplying the sections (at point PCC)
of the electric arc furnace and ladle furnace must not exceed 119 kV. Taking into account the no-load
operating state, the Ferranti phenomenon, and transients, this means in practice limiting the voltage
in the distribution system to 117 kV. To explore possible configurations, six variants were compiled,
which are illustrated in Figure 7.1.
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Figure 7.1: Possible configurations of the distribution system for the steelworks supplying.

Variant A considers the operation of both 400/110 kV transformers in separate operation. For
the section of the EAF and LF, the supply of a separate line V1 is considered, with the proviso that the
voltage on the secondary side of the 400/110 kV transformer would be limited to 117 kV. The second
transformer supplies the remaining part of the HV distribution system as well as other sections of the
steelworks, with the voltage on its secondary side being regulated to 120 kV. The advantage of this
variant is that the problematic part of the steel plant's consumption is largely isolated from other
customers connected to the given distribution area, as well as meeting the conditions for the size of
the supply voltage.

Variant B is almost identical to variant A, it differs in that two lines V2 and V4 are used to
supply the section of the EAF and FL. In addition, this variant is more advantageous in terms of short-
circuit power at the PCC point, which is higher compared to variant A due to the use of two lines.

Variant C considers the operation of both 400/110 kV transformers in parallel operation. The
EAF and LF section, together with the other sections of the steelworks, would be supplied using lines
V1, V3 and V4. This variant appears to be advantageous in terms of achieving high short-circuit power
in the PCC. The disadvantages of this variant include the reduced operating voltage of 117 kV for the
entire HV distribution system in the node area and the fact that the problematic consumption (EAF
and LF section) is not separated from each other to the same extent as in variants A and B.

Variant D is almost identical to variant C, it differs in that it considers the operation of only one
400/110 kV transformer. This variant is manifested by reduced short-circuit shock power in PCC. Other
disadvantages of this variant are the same as for variant C.
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Variant E considers the operation of one 400/110 kV transformer. The power supply of the
EAF and LF section is considered with the use of the V1 line, the power supply of the other sections of
the steelworks is considered with the use of the V3 and V4 lines. This variant is manifested by a reduced
short-circuit power in the PCC compared to variant D. Other disadvantages of this variant are the same
as in variant C.

Variant F considers the operation of both 400/110 kV transformers in parallel operation. The
line configuration is the same as in the case of variant E. Compared to variant E, this variant is
advantageous in increasing the short-circuit power in PCC due to the use of both 400/110 kV
transformers. Other disadvantages of this variant are the same as in variant C.

The design of the described variants involved: the transmission system operator, the
distribution system operator, the steelworks operator, and the Department of Electric Power
Engineering, FEE CTU. Within this cooperation, the following goals were set:

e Verification of the feasibility of measurement - whether the operating modes of the
transmission system, distribution system and steelworks allow testing of the specified
variants. The inspection was focused on the possibilities of manipulation and possible
necessary changes in the setting of the electrical protection system.

e Design of the measurement schedule - the measurement was planned for June 2014
and at the same time, the order of testing of individual variants was designed to
minimize the number of complex manipulations.

e Choice of measurements locations - was determined so that it is possible to assess all
the effects of individual variants (how other customers connected to the distribution
system are affected, how the variants affect disturbance in PCC, in the internal HV
distribution of the steelworks, and the HV distribution system on-site in connection
with the transmission system).

e Ensuring the operating conditions of the steelworks so that the results are comparable
- so that 6 melt cycles (3 times charging scrap during a cycle) in a row take place in 6
hours, with the recording being even longer to reduce the long-term flicker effect
affected by the previous variant. This task was complicated due to the fact that the
steelworks may have various technological breaks (change of the continuous casting
production format, replacement of worn components, etc.).

e Evaluation of results and comparison of individual variants.

The fulfillment of the set goals was preceded by careful preparation, which was a prerequisite
for the successful course of this exercise. The processed measurement results give a clear picture of
the applicability of individual variants. To understand the differences of individual variants, the outputs
from three measuring locations are presented here: PPC - supply section of EAF and LF at HV level,
busbar of HV distribution system in place in connection with transmission system (in case of parallel
operation of 400/110 kV transformers it is a busbar, which is supplied by the section of the EAF and
LF) and in the low voltage distribution system, which represents the other customers of the distribution
system in the specified node area.

To search for logical connections in the results, it is relevant to start not only the topology of
individual variants but also the short-circuit conditions at the PCC point. For this purpose, the values
were supplied by the distribution system operator and at the same time, the calculated values were
obtained based on measurements during the experiments. The values are summarized in Table 7.2.
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Value calculated based | Value calculated based .
Variant on measurements on measurements Value prol\lnded by DSO
Sks [MVA] Ik [KA] I kAl
A 1500 7,37 7,1
B 1150 5,65 Not available
C 2800 13,76 13,3
D 2200 10,81 10,7
E 1700 8,35 7,1
F 2100 10,32 8,6

Table 7.2: Comparison of short-circuit ratios in PCC for individual variants.

The measurement outputs are visualized in two ways. The first way of visualization is the
course of the long-term perception of the flicker effect P:. The second way of visualization is the
outputs of the statistical evaluation of the course of the long-term perception of the flicker effect using
the 95% percentile.

The results for measurements in PCC are illustrated in Figures 7.2 and 7.3.
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Figure 7.2: Courses of the Py for individual variants based on measurements in PCC.
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Figure 7.3: Statistical evaluation of the course of the Py for individual variants based on measurements in PCC.
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The results correspond to the assumption that the Py in PCC depends (hyperbolic function)
exclusively on the magnitude of the short-circuit power in PCC. This dependence is demonstrated in
Figure 7.4. It can also be seen from the figure that by gradually increasing the short-circuit power, the
effect of this measure is smaller and smaller.
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Figure 7.4: Dependence of the Py in PCC on the short-circuit power in PCC.

The results for measurements on the busbar of the HV distribution system substation at the
point of its connection with the transmission system (in the case of parallel operation of 400/110 kV
transformers it is a busbar from which the electric arc furnace and ladle furnace section is fed) are
illustrated in Figures 7.5 and 7.6.
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Figure 7.5: Courses of the Py for individual variants based on measurements in the substation of the DSO.
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Figure 7.6: Statistical evaluation of the course of the Py for individual variants based on measurements in the substation of
DSO.

Even in the case of the results illustrated in Figures 7.5 and 7.6, it would be possible to
demonstrate a similar dependence as in the case of Figure 7.4, however, short-circuit conditions were
not analyzed for this measuring location.

The results for measurements in a low voltage distribution system that represents other
customers of the distribution system in the node area are illustrated in Figures 7.7 and 7.8.
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Figure 7.7: Courses of the Py for individual variants based on measurements in LV distribution system.

For this measurement, it is necessary to emphasize that the configuration of the HV
distribution system and the fact whether only one 400/110 kV transformer or both are operated in
parallel or separately is of great importance.
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Figure 7.8: Statistical evaluation of the course of the Py for individual variants based on measurements in LV distribution
system.

The results presented in Figures 7.7 and 7.8 clearly show that the isolation of problematic
consumption (supplying section of the EAF and LF) has a very positive effect on the disturbance levels
of other customers in the distribution system. Another crucial factor is the operation of transformers
in the 400/110 kV transmission system. From the point of view of the propagation of the flicker effect
in the distribution system, it is advantageous to use both transformers at the same time. In this case,
in the case of experiments, it was shown that the value of Py in other parts of the distribution system
in the node is less than 1. Here it is necessary to point out that the values obtained by measurements
in the LV distribution system may be burdened by other sources of interference.

Based on the results and other indicators, the individual variants were compared. The
evaluation was based on:

e Losses in the transmission system - given by the operation of 1 or 2 of the 400/110 kV
transformers

e Losses in the distribution system - limitation of the operating voltage of the HV system
to 117 kV

e Disturbance from other customers in the node area

The results of the comparison are summarized in Table 7.3. Therefore, variants A and B can be
primarily recommended as the most promising variants of operation of the given area. Variants D and
E, on the other hand, cannot be recommended.

Evaluation criteria Variant A | Variant B | VariantC | VariantD | VariantE | Variant F
Losses in the transmission ) ) ) . . )
system
Losses in the distribution N N i i i i
system
Disturbation from other
customers in the node + + + - = +
area
Final evaluation + + 0 - - 0

Table 7.3: Comparison of individual variants.
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7.3 Other potential measures

There are no longer many opportunities in the area to improve the power quality. On the part
of the transmission and distribution system operator and the steelworks operator, all technically
feasible measures leading to the improvement of the power quality were implemented.

The potential for further possible improvement can be found in compensation devices. With
the current SVC compensation, there is the potential to use improved control methods to achieve a
greater reduction factor of the flicker effect. Theoretically, the previous chapter 6 deals with these
possibilities, and the following chapters 8 and 9 focus on estimating the real potential of the proposed
improvements.

Another theoretical possibility is the use of STATCOM technology. However, this possibility is
difficult to grasp from the point of view of the steelworks operator. The implementation of this
technology would require high investment costs, which would not be offset by savings on the part of
the production process. STATCOM technology would not increase productivity, efficiency, or other
savings in the steelmaking process in an EAF (based on the existence of current SVC equipment). Some
potential can be found in the variant considering the combination of the existing SVC technology with
the STATCOM technology of low rated power (achievement of acceptable investment costs), which
would have control algorithms designed exclusively to reduce the flicker effect.
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8 Developed and tested strategies of FACTS utilization in
the problematic area

8.1 Methodology for testing the FACTS performance

There are several options for testing the proposed improvements. The most commonly used
simulations are based on mathematical models of nonlinear loads. The disadvantage of this approach
is the considerable complexity of the whole modeled system and also the difficult simulation of the
behavior of the EAF, as a nonlinear load, which this work focuses on.

A number of case studies using a mathematical model of an electric arc have been carried out
in the field [64], [65], but it should be noted that these models do not capture the stochastic behavior
of an electric arc furnace sufficiently. For this reason, the approach of design and creation of laboratory
hardware model SVC and inverter simulating the real behavior of an EAF was chosen in this work on
the basis of input reference data measured during real operation.

8.1.1 Description of measurements and overview of data files

Therefore, data measured from the joint operation of 60 t EAF (50 MVA furnace transformer)
and 60 t LF (12 MVA furnace transformer) were used for testing purposes. Power quality analyzers
were used for the measurements, which enabled the recording of voltage and current quantities in an
aggregated sampling interval of 200 ms (possible recording length in the order of days) and in the
transient mode with a sampling frequency of 9600 Hz (one recording of 64 seconds, started using
trigger). Figure 8.1 illustrates the installation of measuring instruments in the substation of the
steelworks.

Figure 8.1: Power quality analyzers (ELCOM PNA560 and PNA571) installed in the HV substation of the steelworks.

For experimental purposes, datasets were selected from practical measurements from EAF
operation. In addition to changing the scale of quantities, 60-second measurement sections from
various stages of the steel production process in EAF were always used. Figure 8.2 shows the apparent
power of one EAF production cycle, indicating the datasets used in the experiments. Datasets A, B, D
and F represent the typical behavior of EAF in the meltdown phase, where large dynamic changes
occur. Datasets C, E, G and H represent the typical behavior of EAF in the quieter refining phase of the
production process.
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Figure 8.2:. Apparent power of one EAF + LF production cycle with indicated testing datasets.

8.1.2 Laboratory equipment

A laboratory physical model was designed and built for testing the improved SVC control
system. A simplified diagram of the proposed model is illustrated in Figure 8.3. An ideal 3-phase AC
programmable voltage source Chroma 1704 with a nominal frequency of 50 Hz and a nominal phase
voltage of 25 V. To simulate the real behavior of the network, inductors were connected in series in
the circuit behind the source. The magnitude of these inductances was chosen so that the ratio of the
load power (EAF and LF) and the short-circuit power in the PCC was approximately the same for the
real device and the assembled model. Another functional module connected to the model is a
laboratory IGBT-based VSC converter Infineon Mipaq™, which simulates a load (EAF + LF). VSC takes
active and reactive power from the modeled network, according to reference waveforms, which were
obtained by measurements in real operation (with a reduced scale). To ensure sufficient dynamics and
accuracy, the Model Predictive Direct Power Control [66] was applied using the MATLAB/Simulink Real
Time Workshop environment implemented into the dSPACE™ control system DS1005. The tested
functional module connected to the model is the laboratory model SVC. This model consists of a TCR
unit and filters. Its control system was implemented as described in chapter 6 using the
implementation in the MATLAB/Simulink Real Time Workshop environment. This environment made
it possible to test different settings of the controller and different techniques of signal processing of
control signals.

EAF + LF
Laboratory Voltage
PCC Control system reference P, Q
Source Converter |g . l—{ .. _.
. . . using MP DPC using measured
. ' simulating EAF+LF load
Laboratory ideal 3 N K : datasets
phase voltage source etwor :
= 50 Hz, Vinase = 25 V reactances E :
' Laboratory Static Var Control system Power factor
Compensator = using OLand [« reference
TCR + Filters CL control cosp=1

Figure 8.3: Laboratory scale physical model of the EAF + LF with SVC compensation in industrial distribution system.

Figure 8.4 shows a view of the control system user interface for SVC (including flicker
measurement) and figure 8.5 of the control system user interface for VSC, which simulates EAF and LF
loads based on input reference data (real data measured from EAF and LF operation).
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Figure 8.4: Laboratory SVC control GUI.
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Figure 8.5: Laboratory VSC (simulating EAF and LF load) control GUI.

Figure 8.6 shows the power circuits of the laboratory set (TCR, filters, VSC and network
reactances).
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Figure 8.6: Used laboratory hardware set (1 — TCR, 2 — filters, 3 — network reactances, 4 — laboratory VSC simulating EAF+ LF
load).

The specific parameters of the real system with EAF and LF and the laboratory physical model
are summarized in Table 8.1. In order to achieve results with fair value, two basic assumptions need to
be met. Real value means that the elements and parameters of the laboratory physical model are
designed so that the behavior of the model and the real device is the same in terms of voltage
fluctuations (flicker effect), higher harmonics, and other parameters. The first assumption is the
resonant frequency (mutual resonance of the network and SVC filters). The second assumption is to
maintain the ratio of load power and short-circuit power in the PCC.
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Parameter Real configuration Laboratory model
Phase voltage 63,5 kV 25V
v Phase to Phase voltage 110 kv 43,3V
% Filters reactive power 45 MVAr 606 VAr
% TCR reactive power 90 MVAr 716 VAr
g Filtgrs reactance star cor.mection 26890 310
4 equivalent (star connection)
“ F|Ite.rs capacity star conn.ect|on 11,84 F 1029 pF
equivalent (star connection)
%‘ € PCC short circuit power 1850 MVA 25,41 kVA
E © PCC short circuit reactance 6,54 Q 0,0738Q
% g PCC short circuit inductance 20,83 mH 0,235 mH
Resonant frequency 320,59 Hz 320,26 Hz

Table 8.1: Parameters of real configuration and derived laboratory model.

To prove that the laboratory model sufficiently reliably represents the real behavior of the EAF,
a Fourier analysis of the voltages and currents of the tested datasets was performed on the values
measured during real operation and on the values generated on the laboratory apparatus. Fourier
analysis was performed using an FFT algorithm applied to a 60-second voltage or current record.
Comparison of the obtained spectra confirms their sufficient agreement, with the exception of 5 and
7 harmonics. For experimental purposes, however, the key frequency band is characteristic of the
flicker effect - 0 Hz - up to 50 Hz. In this band, the agreement between the real measurement and the
laboratory apparatus is sufficient. The match is shown by selected illustrative images of harmonic
spectra of the current in Figure 8.7 (melt-down) and Figure 8.8 (refining).
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Figure 8.7: Comparison of the current harmonic spectrums of dataset F (see Figure 8.2) representing melt-down process
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Dataset G - real data analysis
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Figure 8.8: Comparison of the current harmonic spectrums of dataset F( see Figure 8.2) representing refining process.

8.2 Examples of input testing datasets

This subchapter aims to demonstrate the waveforms of voltages and currents of testing
datasets. The waveforms shown are intended to demonstrate the different behavior of EAF at different
stages of the production process (meltdown and refining). The samples consist of the waveform of
instantaneous values for the selected time period and of the waveform of effective values of voltages
and currents for entire datasets. In the meltdown phase, these are typically large and frequent dynamic
changes in the current taken; in the refining phase, the waveforms are more stable but still with
significant disturbances.

8.2.1 Meltdown phase

The meltdown phase is characterized by frequent dynamic changes, which are caused by the
nature of this phase of the production process in EAF. In this phase, the electrodes are gradually
remelted to the bottom of the EAF, where a bath of liquid molten metal is gradually formed. During
this process, there are often scrap slides in the mass of gradually melted scrap, which results in two
extreme states - the interruption of arcs, or a short circuit. The system of automatic electrodes
positioning control system, which is usually built with the use of a hydraulic actuator, contributes to a
partial reduction of the occurrence of these undesirable conditions. For short circuits, this system is
equipped with a special function of fast electrode stroke, which shortens the duration of the short
circuit. The consequence of these undesirable phenomena in terms of power quality is an increased
rate of voltage fluctuations, increased harmonic distortion, and asymmetric consumption (negative
sequence component). Figure 8.9 shows the time waveforms of the instantaneous values of voltages
and currents from a selected part of the dataset F. Significant dynamic changes are observable, for
example, at times of 1.55s- 1.7 s.
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Figure 8.9: Waveforms of instantaneous values of voltages and currents of the selected part of the dataset F.

When looking at a longer period of time (e.g. 60, which corresponds to the length of each
dataset), the dynamic changes depending on the nature of the melting process are clearly visible.
Datasets A, B, D and F were chosen as test datasets for the meltdown phase. The courses of effective
values of voltages and currents for these datasets are shown in Figure 8.10. Dataset A represents the
beginning of the meltdown process of the first batch basket of the analyzed melt. This dataset shows
a gradual increase in the power consumed by the electric arc furnace, including large dynamic changes.
Within the first basket, these large dynamic changes visibly persist even during dataset B, but with a
smaller range of dynamic changes. Datasets D and F represent the melting at the beginning of the
meltdown process of the second and third batch baskets of scrap. Here, the nature of the process is
similar to that of the first charge basket, but with a shorter duration, because there is already liquid
metal in the bottom of the furnace from the molten previous charge.
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Figure 8.10: Examples of used datasets, voltage and current of EAF during meltdown process.

Detailed examples of entire datasets (60-second recording) are included in appendices B, C
and D. The appendices contain waveforms of effective values of voltages, currents, active power,
reactive power and apparent power. Appendix B shows the dataset of the initial meltdown phase of
the EAF production process and Appendix C shows the dataset of the meltdown phase of the EAF
production process.

8.2.2 Refining phase

The refining phase is a much quieter process compared to the melting phase. At this stage, the
scrap is not melted into a liquid form, but the temperature of the liquid contents of the EAF is increased
or maintained. The calmer character of this production phase is also contributed by the covering of
electric arcs in the foamed slag on the surface of the melt. The formation of foamed slag is achieved
by the addition of suitable slag-forming substances. In addition to calming the burning of electric arcs,
the foamed slag also brings an increase in energy efficiency - a reduction in heat losses caused by flue
gas extraction. The nature of the refining phase is illustrated in detail in Figure 8.11, where the
waveforms of the instantaneous values of voltages and currents of a selected part of the test dataset
C are shown.

Datasets C, E, G and H were chosen as test datasets for the refining phase. The RMS values of
voltages and currents for these datasets are shown in Figure 8.12.
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Figure 8.11: Waveforms of instantaneous values of voltages and currents of the selected part of the dataset C.
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Figure 8.12: Examples of used datasets, voltage and current of EAF during refining process.

Appendix D shows the dataset of the initial refining phase of the EAF production process.
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9 Evaluation of the result of simulations and
measurements

Experiments using assembled laboratory equipment were performed for each dataset in
several variants, including the basic variant, which does not consider the use of SVC. This chapter will
summarize the basic overview of experiments, the methodology of evaluation of results for individual
variants will be described, the obtained results will be presented in the form of numerical data and
graphical outputs and at the end of this chapter, the results will be compared with other works,
including discussion.

9.1 Overview of performed experiments

An overview of the performed experiments, including the parameters used, is given in Table
9.1. Regarding the parameters summarized in Table 9.1, k is a conversion factor that expresses how
many times the power of the real device S; (on which the test datasets were obtained by
measurement) is higher than the power simulated on the S, laboratory apparatus. The SVC/EAF
ratio represents the ratio between the maximum size of the capacitive compensating laboratory SVC
and the power of the simulated EAF consumption. The column labeled "SVC" indicates an indication of
whether the SVC has been turned on or not. Experiments with the SVC turned off serve as a reference.
The table also specifies the maximum power of the TCR and the maximum capacitive power of the
filters. For the open and closed control loop, the constants of the proportional-integration controller
(closed loop) or proportional controller (open loop) and the method of processing input signals for
both loops are specified. The last column of the table induces the upstream mains inductance in the
laboratory assembly to simulate certain short-circuit conditions at the connection point of the
simulated EAF and SVC.
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Closed loop Open loop
Test Testing file Ou:‘.put K[-] So Sieat |SVC/|SVC | TCR| C K | K Signa.l K, | K Signa'l Lg
no. file [kVA] | [VA] | EAF | [-] |[VAr]|[VAr] processing processing | [mH]
1| [ technique (1 [ technique
1 datsl.mat 1.mat | 82490 [ 50000 [ 606 1 |[Vyp.| 716 | -606 [ NA | NA NA NA [ NA NA 0,235
g 2 dats1.mat 8.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 SOGlI 1|0 FLICKER | 0,235
§ 3 dats1.mat 15.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1]0 FLICKER | 0,235
8 4 datsl.mat 22.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 LP 0,235
5 datsl.mat 29.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 SOGI 0,235
6 dats7.mat 1.mat 82490 | 50000 | 606 1 |[Vyp.| 716 | -606 | NA [ NA NA NA | NA NA 0,235
E 7 dats7.mat 8.mat 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 FLICKER | 0,235
E 8 dats7.mat 15.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1|0 FLICKER | 0,235
al o dats7.mat | 22.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1|0 LP 0,235
10 dats7.mat | 29.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 SOGlI 1|0 SOGlI 0,235
11 dats15.mat | le.mat | 82490 | 50000 | 606 1 |Vyp.| 716 | -606 | NA | NA NA NA | NA NA 0,235
% 12 dats15.mat | 8b.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 FLICKER | 0,235
ﬁ 13 dats15.mat | 15b.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 FLICKER | 0,235
al 14 dats15.mat | 22b.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 LP 0,235
15 dats15.mat | 29b.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 SOGI 0,235
16 dats18.mat 1.mat 82490 | 50000 | 606 1 |[Vyp.| 716 | -606 | NA [ NA NA NA | NA NA 0,235
% 17 | datsl8mat | 8.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 SOGlI 1|0 FLICKER | 0,235
ﬁ 18 | dats18.mat | 15.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1|0 FLICKER | 0,235
8| 19 | dats18.mat | 22.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1|0 LP 0,235
20 dats18.mat | 29.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 SOGI 0,235
21 dats21.mat 1.mat 82490 | 50000 | 606 1 |Vyp.| 716 | -606 | NA | NA NA NA | NA NA 0,235
:...': 22 dats21.mat 8.mat 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 FLICKER | 0,235
E 23 dats21.mat | 15.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 FLICKER | 0,235
&| 24 | dats21.mat | 22.mat | 82490 | 50000 | 606 1 |[Zap.| 716 | -606| 0,4 | 16 LP 1|0 LP 0,235
25 | dats21.mat | 29.mat | 82490 | 50000 | 606 1 |[Zap.| 716 | -606| 0,4 | 16 SOGI 1|0 SOGI 0,235
26 dats24.mat 1.mat 82490 | 50000 | 606 1 |[Vyp.| 716 | -606 | NA | NA NA NA | NA NA 0,235
% 27 dats24.mat 8.mat 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 FLICKER | 0,235
E 28 dats24.mat | 15.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 FLICKER | 0,235
8| 29 dats24.mat | 22.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 LP 0,235
30 dats24.mat | 29.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 SOGI 0,235
31 dats27.mat 1.mat 82490 | 50000 | 606 1 |[Vyp.| 716 | -606 | NA | NA NA NA | NA NA 0,235
9 32 | dats27.mat | 8.mat | 82490 | 50000 | 606 1 |[Zap.| 716 | -606| 0,4 | 16 SOGI 1|0 FLICKER | 0,235
g 33 | dats27.mat | 15.mat | 82490 [ 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1|0 FLICKER | 0,235
8| 34 | dats27.mat | 22.mat | 82490 | 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 LP 1|0 LP 0,235
35 | dats27.mat | 29.mat | 82490 [ 50000 | 606 1 |Zap.| 716 | -606| 0,4 | 16 SOGlI 1|0 SOGI 0,235
36 dats31.mat 1.mat 82490 | 50000 | 606 1 |Vyp.| 716 | -606 | NA | NA NA NA | NA NA 0,235
.I.- 37 dats31.mat 8.mat 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 SOGI 1 0 FLICKER | 0,235
é 38 dats31.mat | 15.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 FLICKER | 0,235
8 39 dats31.mat | 22.mat | 82490 | 50000 | 606 1 Zap.| 716 | -606| 0,4 | 16 LP 1 0 LP 0,235
40 | dats31.mat | 29.mat | 82490 | 50000 | 606 1 |[Zap.| 716 | -606| 0,4 | 16 SOGI 1|0 SOGI 0,235
Meltdown
Legend Refining

Table 9.1: Overview of performed experiments, including input parameters.

9.2 Results evaluation methodology

For each experiment, the short-term flicker effect P,; was calculated based on the procedure
described in the standard for the standardized flicker meter [24] [61]. To evaluate the benefit of the
analyzed modifications of the SVC control system, the flicker effect reduction coefficient using SVC Rsvc
is introduced in this work, which is defined according to equation (9.1).

P st_SVC_off

Rgyc = 9.1)

P st_ SVC_on

where Ps svc off (€Xperiments no. 1, 6, 11, 16, 21, 26, 31, 36) is the calculated short-term flicker effect
without SVC and a Ps;_svc_on (remaining experiments) is the calculated short-term flicker effect for the
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SVC use case. The Rsyc coefficient is a key indicator for comparison with other works, which will be
performed at the end of this chapter.

9.3 Summary of results achieved

For a clearer presentation of the achieved results, 3 variants of outputs are selected here:

e Short-term flicker effect values (Ps: determined for an interval of 1 minute).

e  Waveforms of instantaneous values of perception of the flicker effect.

e Cumulative probability function composed of waveforms of instantaneous
values of perception of the flicker effect.

9.3.1 Numerical evaluation of results

The evaluation of the short-term perception of the flicker effect Py (for the evaluation interval
corresponding to the length of the datasets - 1 minute) and the reduction factor of the flicker effect
using SVC Rsyc are summarized in Table 9.2 for all performed experiments.

Input data Wit‘::;ut :(\Jlgmtrhr SVCwith LP + FF | SVC with LP + LP q gzlc:”s'g‘m
Dataset | Character SVC Pgt Rsvc Pgt Rsvc Ps: Rsvc Ps: Rsvc
A | Meltdown | 807 | 455 | 1,78 | 504 | 1,60 | 522 | 155 | 455 | 1,77
B | Meltdown | 858 | 511 | 168 | 573 | 150 | 594 | 144 | 483 | 1,78
C Refining | 3,15 | 183 | 1,73 | 188 | 167 | 200 | 158 | 1,77 | 1,78
D | Meltdown | 832 | 412 | 202 | 464 | 1,79 | 491 | 1,69 | 456 | 1,83
E Refining | 235 | 1,33 | 1,77 | 163 | 144 | 156 | 151 | 157 | 1,49
F | Meltdown | 7,32 | 413 | 1,77 | 452 | 162 | 474 | 155 | 421 | 1,74
G Refining | 153 | 0,89 | 1,72 | 1,04 | 147 | 104 | 1,48 | 094 | 1,63
H Refining | 1,90 | 094 | 203 | 1,12 | 1,70 | 1,08 | 176 | 1,07 | 1,78

Table 9.2: Results of the experiments, short time flicker effect and flicker reduction factor for various datasets and various
signal processing techniques.

9.3.2 Graphical outputs

The waveforms of the instantaneous values of perception of the flicker effect for all performed
experiments and datasets are illustrated in Figure 9.1. The figure shows the partial waveforms for each
dataset with a comparison of the techniques used and the basic reference variant without the use of
SVC.

Evaluation of the result of simulations and measurements - 106 -



Power Quality in Industrial Distribution Systems

Dataset A Dataset B
200 T T 300
No SVC |
. SOGI + FF .
5 | o
2 100 [ LP +LP @
[ SOGI + SOGI a 100 t
0 ‘ L 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]
Dataset C Dataset D
30 300
—a0 A | | | 200 |
L
o 10 v o 100 '! ; : :u T 1. : ! m
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]
Dataset E Dataset F
300
20 |
= 200
B B
£ 10 { H——d £ h
o o 100 | “
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]
Dataset G 15 Dataset H
6
T T 10 f
o k I (] =
£ ’ £ by | |
T & N {
o, N o s W l‘
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]

Figure 9.1: Instantaneous flicker effect for various datasets and various signal processing techniques.

Another way of visualizing the results is cumulative probability functions compiled from the
courses of instantaneous values of the perception rate of the flicker effect P.. When comparing these
functions, the differences between the individual applied techniques are more visible. The cumulative
probability functions are illustrated in Figure 9.2.

Figure 9.2:
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Cumulative probability function of the flicker effect for various datasets and various signal processing techniques.
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9.4 Discussion

The results of the performed experiments show that the flicker reduction factor differs
depending on the phase of the EAF production process and depending on the used processing method
of the open loop and closed loop control signals of the SVC controller.

For the production phase of meltdown, the best results are achieved by a variant where open
loop signals are filtered using FF and closed loop signals are filtered using SOGI. The flicker reduction
factor, in this case, ranges from 1.68 (dataset B) to 2.02 (dataset D). The variant where open loop and
closed loop signals are filtered using SOGI also achieves good results. The flicker reduction factor Rsyc,
in this case, ranges from 1.74 (dataset F) to 1.83 (dataset D). The conventional technique of using low
pass filters (Closed loop) and FF (Open loop) achieves lower values of flicker reduction factor Rsyc 1.5
(dataset B) to 1.79 (dataset D). In the case of using low pas filters for open loop and closed loop, the
values of the flicker reduction factor Rsyc are even lower, from 1.44 (dataset B) to 1.69 (dataset D).

For the production phase of refining, the best results are also achieved by the variant where
open loop signals are filtered using FF and closed loop signals are filtered using SOGI. The flicker
reduction factor Rsyc in this case ranges from 1.72 (dataset G) to 2.03 (dataset H). The conventional
technique of using low pass filters (Closed loop) and FF (Open loop) achieves lower values of the flicker
reduction factor Rsvc 1.44 (dataset E) to 1.70 (dataset H) even in this case. In the case of using low pas
filters for open loop and closed loop, the values of the flicker reduction factor Rsyc are similar, from
1.48 (dataset G) to 1.76 (dataset H).

9.5 Comparison of results with other works

The achieved results were compared with the results of previous works. Several key factors
need to be looked at to ensure the relevance of the comparison. The first factor for evaluating the
possibility of reducing the flicker effect using SVC is the way of testing the proposed measures.
Significant differences may occur between field measurement-based experiments and EAF modeling
simulations. The differences are caused by different techniques for modeling the dynamic behavior of
EAF, where the chaotic behavior of the electric arc is often not sufficiently taken into account. The
second factor is the differences in the ratio of the rated power of the EAF and the possible LF to the
compensating power of the SVC. When the SVC performance is significantly higher than the EAF
performance in a given application, the flicker effect is more significantly reduced than when the SVC
performance is comparable to the EAF performance. Another factor is the external conditions, among
which it is possible to include short-circuit conditions in the PCC, the occurrence of other problematic
devices in the same part of the network. The last factor is the way of evaluating the flicker effect,
whether it is a short-term flicker effect (Pst) or a long-term flicker effect (Py). In addition, the use of
supporting technologies of metallurgical processes in EAF (oxygen burners, natural gas burners,
electrodes positioning system performance, quality of input material, foaming slag, etc.) can play an
important role. Taking into account these factors, an overview of the results achieved in other previous
works was prepared. Table 9.3 shows a comparison of the achieved results with previous works. The
table also summarizes the input parameters that suggest the comparability of the results.
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Furnaces Furnaces EAF =07
Authors Year ) . . SVC rating SVC control strategy simulation/field reduction
configuration rating
data factor
Compensation of all
negative sequence
M. F. Alves 25,8 MVAr (TCR), currents and the Simulation: Model
etal. [67] 2010 EAF 30 MVA 50 MVAr (filters) imaginary part of the Chua's circuit 173
positive sequence
currents
30 MVA .
i’t'\a/'lozzg? 2015 | EAF+LF | (EAF)+15 88(;) ,\'X'\y Ap;’r(gfeRr)s’) Not specified measzfl:qent 1,98
: MVA (LF)
50 MVA .
Z’t'\:f’zgﬁ’ 2017 | EAF+LF | (EAF)+15 88(;) ICI/I\)/ AArr((f;tC;)s') Not specified meas’;":;:qen . 1,62
: MVA (LF)
_ 50 MVA ]
T J'['?'OC;”'SG 2014 | EAF+LF | (EAF)+14 227331,\';/0/ :rr((fﬁtcet)s') Not specified meas’i;‘:;fnent 1,19
MVA (LF)
28 MVA
X.Zhu et al. (EAF) + 15 MVAr (TCR), - Simulation:
(71] 2016 | EARHLE 1 1) SMVA | 18 MVAT (filters) Not specified chaotic behavior 153
(LF)
180 MVAr (TCR), Closed loop reactive 179
(8E5A'|\=/|1\)/A 180 MVAr (filters) control ’
) + - ) .
S. Prinz et 2005 IXEAE+LE 120 MVA 150 MVAr (TCR), Closed loop reactive Smr.wulatlon.. 139
al. [72] (EAF2) + 24 150 MVAr (filters) control chaotic behavior
MVA (LF) 150 MVAr (TCR), Closed loop reactive 167
150 MVAr (filters) | control with anti-windup ’
90 MVA Closed loop reactive 1,69
power control
(standard | 108 MVAr (TCR), -
Closed loop reactive
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Table 9.3: Comparison of achieved results with results achieved in previous works.

Work [68] achieves significantly better results than the remaining strategies. This difference
can be achieved by the disparity between the power of SVC (80 MVAr) and the power of EAF (30 MVA)
+ LF (15 MVA) in the case [68]. The advantage of [68], [69], [70] is that the results are based on field
measurement. In [67], [71], [72] the simulation of chaotic behavior was used. Comparison of the results
shows that the method proposed in this thesis (closed loop using SOGI and open loop using flicker
weighting function) achieves better results than works [67], [69], [70], [71], [72]. Work in this thesis
was based on a field measured data-based experimental model. The work [68] shows better results,
but with a significant disproportion between the performance of EAF + LF and the performance of SVC.
The work [73] uses more advanced techniques based on the Gray - ANN-based prediction method to
reduce the flicker effect. These techniques show better results, but for example the work [74] focused
on the prediction of high power nonlinear loads using NARX neural networks concludes that the
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prediction works with good reliability only in selected phases of the EAF production cycle. Good results
have been obtained in the refining phase, which is not as critical in terms of the flicker effect as the
melting phase. According to [74], the melting phase is difficult to predict due to the dependence on
the composition (consistency) of the input material (steel scrap), which can vary considerably from
cycle to cycle. Other factors are the inputs of random anomalies such as short-circuiting (scrap
landslides in EAF), electric arc extinguishment, electrode breakage, the utilization of supporting
technologies such as natural gas burners or oxygen burners, etc.

Evaluation of the result of simulations and measurements - 110 -



Power Quality in Industrial Distribution Systems

10 Conclusions

The dissertation was divided into three levels. The first level consists of introductory chapters,
which provide an overview of the current state of the issue and define the focus of the dissertation on
improving the control system of SVC equipment in order to more effectively reduce the flicker effect
in industrial distribution systems. The introductory chapters focus on the introduction and definition
of the framework of power quality, including demonstrative examples, the issue of electric arc furnaces
in terms of power quality in industrial distribution systems, including demonstrative examples, basic
options for improving electricity quality in industrial distribution systems, including demonstrative
examples and part focused on the use of compensation devices. The second level of work consists of
chapters that focus on the flicker effect on the extended possibilities of using compensation devices,
where the potential for improving the SVC control system is presented, as well as case studies of
problem areas where the results of practical exercises demonstrate the effectiveness of basic
measures to improve the quality of electricity. The chapter focused on the use of FACTS in the
problematic area focused on verifying the effectiveness of the proposed improvements using the
developed laboratory design of SVC with the implementation of data from the real operation of EAF.
The third level of the work is focused on the presentation of the achieved results and their comparison
with other scientific works in the segment. The conclusion of this part is a discussion of the achieved
results.

10.1 Evaluation of the fulfillment of work objectives

The conclusions of this work are conceived as an evaluation based on the objectives set out in
the introductory subchapter 1.3.

The first objective was met in Chapters 2 and 3. Chapter 2 contains a description of the
legislative framework on which the issue of power quality is based, presents the parameters of power
quality, and specifies the requirements for measuring the power quality. Due to the focus of work on
industrial distribution systems, this chapter also contains illustrative examples of the disturbance,
more precisely disturbing appliances typical for this type of electrical system. Chapter 2 also presents
mechanisms for the propagation of disturbances (higher harmonics and flicker effect) in industrial
distribution systems, which are important for the effective planning of measures leading to the
improvement of power quality. Due to the definition of the work on the issue of flicker effect in
connection with the EAF, a necessary part of the first goal is also Chapter 3, focused on the technology
of EAF. This chapter provides an overview of EAF technology with a focus on the electrical part of the
technology. In terms of power quality, this chapter focuses on the derivation of operating
characteristics and their comparison with data from real operation, based on which it is possible to
master the principle of flicker effect due to EAF operation.

The second objective would be met in Chapter 4, which focuses on the basic possibilities of
improving the power quality without the use of compensating devices. Possibilities of modification of
basic system components and system configuration are considered as basic tools. In the case of an EAF
and flicker effect, the short-circuit power in the PCC and the type of arc furnace play the most
important role. The concept of industrial distribution systems also plays an important role, which
considers the isolation of consumers with a significant degree of disturbance emission into a separate
part of the distribution system. The model examples point to the fundamental importance of this
measure, which makes it possible to reduce the level of perception of the flicker effect for other end
customers by up to 85%. Another model example is focused on assessing the effect of active loads,
which brings a reduction in the perception of the flicker effect by approximately 1.2% (the value is
strongly dependent on local conditions and the relative proportion of active loads). In fulfilling this
goal, the possibilities of modifying the technological process of production in the EAF were also taken
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into account. The technologies described in Chapter 4, in addition to improving the quality of
metallurgical technological processes, also contribute to reducing the flicker effect resulting from the
operation of the EAF.

The third goal is met in Chapter 5, which focuses on an overview of compensation devices.
Chapter preview on the benefits of compensating devices for flicker effect mitigation. Compensation
devices are divided according to several criteria and in terms of their properties, the selected
technologies are adequate to mitigate the flicker effect in industrial distribution systems and EAF. SVC
and STATCOM devices are the most suitable for a given application. The chapter contains a description
of these technologies, including operational aspects (investment intensity and space requirements).

The fourth goal is met in Chapter 6, which focuses on the possibilities of improving the SVC
system to more effective mitigation of the flicker effect. The chapter describes the philosophy of the
SVC control system in applications for the transmission system and then describes the philosophy of
the SVC control system for applications in industrial distribution systems. In this embodiment, the
chapter contains a more detailed description of the system, including the identification of the potential
for improvement in terms of flicker effect mitigation, which consists of suitable signal processing
methods of the input control signals. By default, low pass filters are used for this purpose. In order to
improve, this work analyzes the use of the so-called "flicker filter", which is based on the sensitivity
function of the flicker effect and the SOGI technique in various combinations.

The fulfillment of the fifth goal is contained in Chapter 7, which is focused on a case study in a
problematic area. An analysis of the historical development in the area of disturbance - flicker effect
was performed in the selected industrial distribution system with EAF. This chapter confirms the
hypotheses expressed mainly in Chapter 4. A very valuable part of this chapter is the evaluation of the
impact of transmission and distribution system configuration based on real measurements, which
were carried out in research cooperation of steelworks operator, distribution system operator,
distribution system operator and university research team. The evaluation points to the fundamental
influence of short-circuit power in the PCC and the isolation of problematic appliances (consumer’s
technologies) from other customers in the distribution system.

The fulfillment of the last, sixth goal is contained in Chapters 8 and 9. Chapter 8 focuses on
testing the improvements of the control system of the SVC compensation device. For testing purposes,
a laboratory setting was developed containing a hardware model of SVC, including a parameterizable
control system, a power supply point taking into account the real characteristics of the distribution
system and a VSC converter, which was used as an element simulating non-linear load. The behavior
of the load (VSC inverters) was based on reference test datasets, which were obtained by
measurements during real operation of 60 t EAF. In the designed and implemented laboratory setting,
the behavior was verified almost the same as in the case of a real system on the basis of relative
comparison of input parameters and on the basis of a comparison of frequency spectra. Several
datasets were used to evaluate partial variants of the SVC control system improvements, representing
variously different phases of the production process in the EAF. The evaluation was based on 40
reference experiments (5 variants for each of the 8 datasets). The short-term rate of perception of the
flicker effect (60 s interval) was evaluated, and subsequently, based on the reference experiments
(state without the use of SVC), the coefficients of reduction of the flicker effect were evaluated. The
best results were demonstrated for the SOGI variant (closed loop, reactive current control in PCC) +
flicker filter (open loop, fast control of dynamic changes in the reactive current of the HV EAF terminal).
The obtained results were compared with the results of other researchers and research groups. It
should be noted that the comparison is a relatively elusive task, given that there are a number of
differences in individual cases, such as the magnitude of the short-circuit power in the PCC and the
power ratio of the EAF and SVC. Another factor that raises a number of questions is how to verify the
benefits of each technique. The most reliable are the results verified on the basis of measurements
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from real operation, the results obtained on the basis of models using real data also have a high
informative value. On the contrary, due to the nature of the chaotic behavior of EAF, simulation models
may have less informative value. The results of the comparison, including comments on the individual
references, are summarized in Chapter 9.

10.2 Recommendations and suggestions for further work

In the future, the flicker effect and EAFs related topics are expected to develop in the following
ways:

1. The concept of joint use of SVC and STATCOM technology. The idea should be based
on maintaining the existing SVC equipment and supplementing the compensation
system with a STATCOM unit with lower-rated power. The SVC would be operated with
full use of its potential, the STATCOM unit would be used to compensate for
phenomena that are outside the functionality of the SVC (compensation of changes in
active power, use of better dynamic response).

2. The concept of compensating devices with the possibility of accumulating electricity.
STATCOM technology theoretically allows the accumulation of electricity. This
functionality would bring more expanded options for compensating for changes in
active power.

3. More accurate quantification of the impacts of EAF's supporting metallurgical
technologies on flicker effect mitigation.

4. Optimization of the EAF energy balance based on the price, availability and
acceptability of individual types of input energy. It is therefore the ratio of electricity
and chemical energy (oxygen, natural gas and other elements) in the production
process in EAF. A reduction in the share of electricity would be expected to mitigate
the flicker effect.
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A. Appendix A

Element Parameter| Units Value
Sks MVA 1500
PCC
Vs kv 119
Sn MVA 63
V1 kv 110
HV transformer
Vn2 kV 23
Zx % 11,85
Furnace reactor Xn Q 0-2,5
Sn MVA 50
an kV 22
Furnace Vo2 KV 400 - 800
transformer
rk % 0,54-1,11
Xk % 6,8-11,2
mQ 6,2
Short current path
R mQ 0,4

Table A.1: Parameters for compiling the theoretical characteristics of EAF.
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B. Appendix B- Character of EAF —initial meltdown phase
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Figure B.1: EAF MV section voltages during the initial meltdown phase.
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Figure B.2: EAF MV section currents during the initial meltdown phase.
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Figure B.3: EAF MV section apparent powers during the initial meltdown phase.
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Figure B.4: EAF MV section active powers during the initial meltdown phase.
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Figure B.5: EAF MV section reactive powers during the initial meltdown phase.
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C.Appendix C - Character of EAF — meltdown phase
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Figure C.1: EAF MV section voltages during the meltdown phase.
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Figure C.2: EAF MV section currents during the meltdown phase.
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Figure C.3: EAF MV section apparent powers during the meltdown phase.
20
15
glo — Pqlt)
g — Py
— Pelt)
0
0 10 20 30 40 50 60
tis]
Figure C.4: EAF MV section active powers during the meltdown phase.
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Figure C.5: EAF MV section reactive powers during the meltdown phase.
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D.Appendix D - Character of EAF — refining phase
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Figure D.1: EAF MV section voltages during the refining phase.
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Figure D.2: EAF MV section currents during the refining phase.
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Figure D.3: EAF MV section apparent powers during the refining phase.

] 10 20 30 40 50 60
t[s]

Figure D.4: EAF MV section active powers during the refining phase.
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Figure D.5: EAF MV section reactive powers during the refining phase.
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