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ABSTRACT

HYSTERESIS BAND CONTROL OF HYBRID ACTIVE POWER FILTER:
AN APPLICATION TO A MEDIUM-FREQUENCY INDUCTION MELTING
FURNACE

Durna, Emre

Ph.D., Department of Electrical and Electronics Engineering
Supervisor  : Prof. Dr. Muammer Ermis

December 2018, 216 Pages

In order to prevent the harmful effects of Medium-Frequency Induction Melting
Furnaces to the grid they are connected, it is very important to keep the unintended
current harmonics generated by them within allowed limits. Since Medium-Frequency
Induction Melting Furnace load contains variety of harmonics and interharmonics in
a wide range, a flexible solution with no parallel resonance risk should be
implemented. A Hybrid Active Power Filter is the most suitable solution for such a
case. In this research work, hysteresis band control algorithm is proposed and
implemented to control the hybrid active power filter. Moreover, some challenging
design issues are investigated; such as, adaptive hysteresis band design, proposal of
novel performance evaluation criterion, implementation of hierarchical control system
architecture and the comparison of hysteresis band control with traditional methods.
In addition to these design issues, the whole system is simulated and put into practice
at field so that the experimental results could be compared with the theoretical ones.
The experimental results prove that the proposed Hybrid Active Power Filter system
effectively suppresses the most dominant harmonics and interharmonics of Induction

Melting Furnace load.

Keywords: HAPF, Hysteresis Current Control, IMF, Interharmonics, Power Quality
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HISTERESIZ-BANT KONTROLLU MELEZ ETKIN GUC SUZGECI:
ORTA-FREKANS ENDUKSIYON ERGITME OCAGI UYGULAMASI

Durna, Emre

Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez YOneticisi : Prof. Dr. Muammer Ermis

Aralik 2018, 216 Sayfa

Sebekeye bagli Orta-Frekans Endiiksiyon Ergitme Ocaklarinin zararli etkilerini
onlemek i¢in iiretmis olduklari istenmeyen akim harmoniklerini standartlarda 6nerilen
seviyeye indirmek biiyiik 6nem tagir. Orta-Frekans Endiiksiyon Ergitme Ocag yiikii
genis bir bantta harmonik ve ara-harmonik icerdigi i¢in paralel rezonans
yaratmayacak esnek bir ¢oziim lretilmesi gerekmektedir. En uygun ¢6ziim Melez
Etkin Gii¢ Stizgecidir. Bu aragtirma ¢alismasinda, Melez Etkin Gii¢ Siizgecini kontrol
etmek icin histeresiz-bant kontrol algoritmasi Onerilmis, modellenmis ve
uygulanmistir. Ayrica, uyarlanabilir histeresiz bandi tasarimi, yeni performans
degerlendirme kriteri Onerisi, hiyerarsik control sistemi mimarisi uygulanmasi ve
onerilen metodun geleneksel metotlarla karsilastirilmasi gibi 6nemli konularda
arastirma yapilmistir. Bu konularin yaninda, sistemin biitiin olarak benzetim
caligmalar1 yapilmis ve sonrasinda sahada uygulanmistir; boylelikle teorik verilerle
pratikte alinan sonuglar karsilastirilmistir. Saha verileri degerlendirildiginde dnerilen
histeresiz-band kontrollii Melez Etkin Gii¢ Siizgeci’nin Orta-Frekans Endiiksiyon
Ergitme Ocag yiikiiniin baskin harmonik ve ara-harmoniklerini etkili bir bigimde
stizdiigii belirlenmistir.

Anahtar Kelimeler: Endiiksiyon Ergitme Ocagi, Gii¢ Kalitesi, Harmonik ve Ara-

harmonikler, Histeresiz-Band Kontrol, Melez Etkin Giig Siizgeci.
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CHAPTER 1

INTRODUCTION

Following the great advancements in semiconductor physics and power electronics,
non-linear loads have become widely used more than ever in industry. Excessive use
of those non-linear loads significantly deteriorates the quality of the electrical power
supplied via transmission and distribution systems. Power Quality (PQ) is defined as
the perfection of delivered electrical power in terms of wave shape, frequency,
amplitude, and sustainability [1]-[3]. Current and voltage waveforms of an ideal
electrical grid should be in forms of perfect sinusoidal wave in-phase to each other
having constant frequency and defined constant magnitude [1]-[3]. In addition to their
quantifiable parameters, the sustainability is also an important factor for PQ analysis
of an electrical grid [1]-[3]. Voltage and frequency transients, reactive power, short
duration voltage sag and swells [4], long duration over- and under-voltages, voltage
imbalances, DC offsets in voltage and current waveforms, voltage and current
harmonics, interharmonics, notching, high frequency noises, and flickers are the most
widely known PQ problems [2], [3].

Flexible AC Transmission System (FACTS) devices had been introduced to overcome
some of the PQ problems at fundamental frequency by making use of power
electronics converters to form a transmission system allowing an enhanced
controllability and increased power transfer capability [3], [5]-[8]. Static
Compensators (STATCOM) [9]-[11], and Static VAR Compensators (SVC) [12], [13]
are well known FACTS devices providing reactive power compensation, voltage
regulation and flicker mitigation [3]. Moreover, vulnerable industrial loads can be
protected from the short duration voltage sag and swells via specialized power

electronics converters [3] such as Dynamic Voltage Restorer (DVR) [14]-[16]. In



addition to those PQ problems, harmonics and interharmonics, as the main subject of
this research work, can be suppressed by various systems including passive and active
solutions. In the following sections of this chapter, harmonics, interharmonics, their
harmful effects, and an Induction Melting Furnace (IMF) load, one of the most

problematic loads in terms of current harmonics [17]-[22], are described.

1.1.  Definition of Harmonics and Harmonic Problems

Harmonics, as defined in IEEE guide for harmonic control in electrical power systems
[1], are sinusoidal components of a periodical quantity having frequency components
which are integer multiples of the fundamental frequency of that periodical quantity.
They are generated by various sources such as power electronic converters, saturated
electromagnetic equipment and other non-linear loads [23], [24]. Especially with the
increased integration of power electronic converters to the power system, harmonics
have become an important subject for the power system [23], [24]. Controlled
electrical machines, Switch Mode Power Supplies (SMPS), three- and single-phase
bridge rectifiers, pulse-width modulated inverters, and static compensators are some
examples of the power electronics devices which are serious harmonic sources [23].
Those harmonics generated by the normal operation of semiconductor converters are
defined as the characteristic harmonics, and their frequencies are generally in a form
givenin (1.1) [1].

h=kq+1 (1.2)

,where h is the harmonic order, k is any integer, and q is the pulse number of the power
electronics converter. For example, 5%, 7" 11" 13" .. are the characteristic

harmonics of a six-pulse converter.

On the other hand, induction and synchronous machines, metal melting and shaping
furnaces, power transformers, cycloconverters, and some pulse burst heaters are the
examples of other industrial nonlinear loads that may generate harmonics [23]. Unlike

characteristic harmonics, non-characteristic harmonics are caused by asymmetrical



delay angles, imbalance in the ac power system, or demodulation of characteristic

harmonics and classified as the non-characteristic harmonics [1].

Those characteristic and non-characteristic harmonics causes some serious problems
in the power system [24], [25]. Some of the harmful effects of harmonics are listed as
follows [24], [25]:

I.  Excessive losses and temperature rise in transformers, transmission lines and

electrical machines.
ii.  Capacitor bank and cable failures due to dielectric breakdown,

iii.  Misoperation of protection relays, malfunctioning of switching elements and

various power meters,
iv.  Electromagnetic interference to communication lines,
v.  Mechanical oscillations and torque ripples in rotating electrical machinery,
vi.  Over-voltages and unintended resonances in power system.

Severity of those effects depends on the type of harmonic source, its location in the
power system, and the characteristics of the transmission/distribution network.

In order to illustrate the generation of harmonics, a three phase diode bridge rectifier,
widely used in Uninterruptable Power Supplies (UPS) and various motor drives, has
been simulated. The simulation results are given in Figure 1.1. As can be seen from
Figure 1.1.a, line current waveforms of each phase are highly distorted, which causes
a harmonic spectrum as given in Figure 1.1.b. Since the current waveforms have
quarter wave symmetry, there are no even order harmonics can be observed from
Figure 1.1.b. In addition, harmonics which are integer multiple of three do not exist

due to the three phase converter topology.

Harmonic content of a periodical waveform can be described with the help of some
measures such as Distortion Factor (DF), Total Harmonic Distortion (THD), and Total
Demand Distortion (TDD) [1]. DF is defined as the ratio of Root-Mean-Square (RMS)



of the harmonic content to RMS fundamental content in percentage representation
(1.2), THD is the definition of DF when the quantities are current or voltage (1.3, 1.4),
and TDD as the ratio of RMS harmonic current distortion to the maximum demand
load current (1.5).
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Figure 1.1 Simulation results of three phase diode bridge rectifier, a) line current
waveforms and b) harmonic spectrum of line current of phase A
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Each individual harmonic voltage and current has allowed limits determined by the
regulatory authorities of each country and international standards [1]. Allowed limits
for individual voltage harmonics and total voltage distortion as suggested in [1] are
given in Table 1.1. Similarly, allowed limits for individual current harmonics and

THD as suggested in [1] are given in Table 1.2.

Table 1.1 Allowed limits for individual voltage harmonics and total distortion

Individual Voltage Total Voltage
Bus voltage at PCC Distortion (%) Distortion THD (%)
69 kV and below 3.0 5.0
69.001 kV through 161 kV 1.5 2.5
161.001 kV and above 1.0 1.5

Table 1.2 Allowed limits for individual current harmonics and total distortion

Maximum Harmonic Current Distortion in Percent of I,
Individual Harmonic Order (Odd Harmonics)

Isc/IL <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20* 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above

Current distortions that result in a dc offset, e.g., half-wave converters, are not
allowed

* All power generation equipment is limited to these values of current distortion,
regardless of actual Isc/I..

Where, Isc = maximum short-circuit current at Point of Common Coupling (PCC).
I. = maximum demand load current (fundamental frequency component) at PCC.




Characteristic and non-characteristic harmonics, appeared in the power system, can
be analyzed in terms of positive-, negative- and zero-sequence symmetrical
components too [19], [26]. Positive-, negative- and zero-sequence characteristic and
non-characteristic harmonics are listed in Table 1.3. However, those symmetrical
component representations are only valid for power system elements that their current
is synthesized by the fundamental frequency grid voltage such as rotating electrical
machines, power transformers, basic n-pulse power electronics converters, and line
commutated converters. However, this is not the case for some other industrial loads

generating non-integer multiples of harmonics [20], [22], [27].

Table 1.3 Symmetrical components of characteristic and non-characteristic

harmonics
3 Phase Sinusoidal . . Non-characteristic
Characteristic Harmonics .
Current Systems Harmonics
Positive-Sequence st 7t 13Mh 19t 4t 10t 16M 220
Negative-Sequence 5th 11t 17t 231 . 2nd gth 14t 201 .
Zero-Sequence 3d gth 15t 21st gih, 12t 18t 24t

1.1.1. Definition of Interharmonics and Interharmonic Sources

Interharmonics are defined as the frequency component of a periodic quantity that is
not an integer multiple of the fundamental frequency of the supply system [28]. In
other words, interharmonics cover a wide range of frequencies in the frequency
spectrum other than the integer multiples of the fundamental frequency [29].
Interharmonics have similar harmful effects on the power system as harmonics; in
addition, they cause some other problems due to their uncharacteristic frequencies.
[20]. Interharmonic frequencies have potential to interact with passive shunt reactive
power compensation systems resulting in amplification of some interharmonic
frequencies instead of suppressing them [17]. Amplified interharmonics have

destructive effects on those reactive power compensation equipment [27].



The majority of interharmonics are generated by the converters making use of two AC
systems running at different frequencies, if they are fed from common dc link [19]-
[22], [29]. This phenomenon is named as cross-modulation phenomenon [17], [19],
[20] and the mathematical expression of it is given in the following sections of this

chapter.

Table 1.4 Voltage interharmonic limits based on flicker for PCC voltage less than

1kV

= S, = S = S = S,

5 5 g 5 g s g =
16 5.00 27 1.78 38 0.81 49 0.28
17 4.50 28 1.64 39 0.78 50 0.25
18 3.90 29 1.54 40 0.71 51 0.23
19 3.45 30 1.43 41 0.64 52 0.25
20 3.00 31 1.33 42 0.57 53 0.27
21 2.77 32 1.26 43 0.50 54 0.29
22 2.53 33 1.20 44 0.48 55 0.35
23 2.30 34 1.13 45 0.43 56 04
24 2.15 35 1.05 46 0.38 57 0.58
25 2.03 36 0.95 47 0.34 58 0.77
26 1.90 37 0.85 48 0.31 59 0.95

The most common interharmonic sources are double conversion systems such as
cycloconverters, High Voltage Direct Current (HVDC) converters, variable speed AC
motor drives, and the metal shaping and melting systems like ladle furnaces, Electric
Arc Furnaces (EAF), and IMFs. [19], [20], [22], [29]. Although, interharmonics are
as harmful as harmonics to the power system, there is not, unfortunately, any
regulation regarding interharmonics yet. However, the last version of the IEEE
standard for harmonic power has defined the interharmonics and proposed some
suggestions of the voltage interharmonics of EAF loads for the prevention of flicker
only [28]. Those voltage interharmonic limits, determined for 60-Hz fundamental

frequency grid for voltage level 1kV or less, are as given in Table 1.4. Allowed limits



for the interharmonic frequencies from 61 to 104 Hz are identical to those given in
Table 1.4 except the frequency of interest must be subtracted from 120 before reading
the corresponding value [28]. It is suggested in this thesis that some regulations for
the interharmonics, caused by usual operation of various industrial loads, should also

be integrated to standards.

1.2.  Harmonic Suppression Techniques

Suppression of harmonic and interharmonic problems described in the previous
section is essential for power system. Indeed, allowed limits for voltage and current
harmonics has already been defined in various standards [1], [28] and Turkish grid
code [30]. Harmonic suppression systems, in other words filters, can be divided into
two categories namely passive filters and Active Power Filters (APF). The most
common, easy to implement, cheap and conventional solutions to harmonic problems
are passive filters. However, they have some disadvantages, some of which are listed

as follows:

- Passive filters may cause resonance with the other passive loads,

- Their performance is strongly dependent on the grid voltage and impedance
conditions,

- They have a fixed reactive power compensation characteristics,

- Upgrading of a passive filter or changing of its filtering characteristics are very
hard.

As the power electronics converter technologies have been advancing rapidly, severity
of harmonic problems, their features and transient behaviors have also been changed.
To meet the challenging requirements of harmonic loads and overcoming the
disadvantages of conventional passive filter solutions, active filtering systems have
become widely used recently with the advancements in semiconductor industry. In

this section of the thesis, different passive filter topologies and their characteristics are



introduced then active filtering systems, their topologies, classification and

comparison are mentioned in detail.

1.2.1. Passive Filters

Passive filters composed of reactor, capacitor and resistor are widely used for the
suppression of power system harmonics due to the fact that they are cheap and easy
to implement. Passive filters can be implemented to the power system in series or
shunt circuit topologies. Series passive filters behave as high impedances for the
frequencies intended to be blocked, and low impedances for the rest of the frequencies.
Shunt passive filters, on the other hand, behave as a low impedance path to the ground
for the harmonic frequencies intended to be filtered out, and high impedance path for
the rest of the frequencies. By this way unwanted harmonic currents flow towards
passive filter instead of grid side. It should be noted that shunt passive filters subject
to currents that are intended to be filtered out; however, series passive filters subject
to all of the load current. For this reason, only shunt passive filters are used for the
grid connected harmonic filtering applications. Shunt passive filters also provide

reactive power to the grid.

The most common conventional shunt passive filter topologies used for utility grid
applications are single-tuned 2" order undamped, 2" order damped, and 2"¢ order C-
type as given respectively in Figure 1.2.a, b, and c. C-type shunt passive filters,
illustrated in Figure 1.2.c, are specially designed to reduce the losses in damping
resistor [31] and they are used in lots of industry applications such as metal industry
[32], HVDC systems [33] and railway [34]. 2" order damped filter, illustrated in
Figure 1.2.b, is also one of the commonly used passive filter topologies for various
industry applications [35]-[37] and this topology is the improved version of single-
tuned 2" order undamped filter topology [38] in terms of parallel resonance problem.
However, it has very little impact on high order harmonics [37]; for this reason, this
topology is also called as 2" order High Pass Filter (HPF) in the literature [35]-[37].
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Figure 1.2 Conventional passive filter topologies: a) single-tuned 2" order
undamped, b) 2" order damped, and c) 2" order C-type
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Single-tuned 2" order undamped passive filter topology, illustrated in Figure 1.2.a,
shows a typical Band Pass Filter (BPF) characteristics and is the most commonly used
passive filter topology due to their simplicity in design. This passive filter behaves as
low impedance path around the designed tuning frequency and high impedance path
for rest of the frequencies, which makes it a typical BPF. However, its characteristics
and thus the performance change with the changing utility grid conditions. Moreover,
single-tuned passive filter topology causes a parallel resonance with the grid
impedance and it amplifies some frequency components a bit lower than tuning
frequency. The impedance of the single-tuned 2" order passive filter topology is as

given in (1.6).

Zfiter = Rier jI:WLfilter _%\,Cmter} (1.6)

As can be deduced from (1.6) that the lowest filter impedance occurs when imaginary
part of the expression is zero. This situation occurs for a specific frequency value and
this frequency is defined as the tuning frequency. Tuning frequency, fo, can be

expressed as in (1.7) with respect to filter inductance, Liiier, and capacitance, Criter.

1

0 =
27[\/ L fitter C fitter

Since single-tuned passive filter is a reactive power source at the fundamental

f (1.7)

frequency, the required amount of reactive power should also be designed thoroughly.

10



The reactive power support, kVARser, Of single-tuned harmonic filter can be
calculated as given in (1.8).
V2
KVARfjter = M——="— (1.8)
filter, fund
,where Vi.n is the line to neutral voltage of the bus, m is the number of phases, Zsitter fund

is the filter impedance at fundamental frequency.

Another design parameter for single-tuned harmonic filter is the sharpness of the
attenuation characteristics, which is also defined as quality factor, Q, of the filter and
can be calculated by the equation (1.9). Although Rrier Value given in this equation
can be an external damping resistor connected in series with the filter, this value is
chosen as the internal resistance of the series inductor for the undamped filter

topologies in order to reduce the losses on the external damping resistor.

1 | Liter
Rfilter C filter

Q (1.9)

One of the most important design considerations is that the tuning frequency should
not be exactly the same as the harmonic frequency to be suppressed but a bit lower
value of it. If the tuning frequency is exactly the same as one of the characteristic
harmonic frequencies than the filter will behave as a short circuit path for that
frequency resulting in possible excessive currents due to other harmonic sources in

Point of Common Coupling (PCC).

It has already mentioned in this chapter that single-tuned passive filters cause parallel
resonances due to their interaction with source impedance, Ls. The parallel resonance
frequency can be expressed as given in (1.10) and appears at frequency a bit lower
than the tuning frequency as can be deduced from (1.10) by using the tuning frequency
equation (1.7). It is important that this parallel resonance frequency does not coincide
with any other harmonic frequency, otherwise, those harmonics may be amplified.

11
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In order to better observe the parallel resonance problem, load to source current
transfer characteristics of a typical 5" harmonic single-tuned 2" order passive shunt

filter tuned to 240Hz is shown in Figure 1.3.
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Figure 1.3 Single-tuned 2" order undamped passive shunt 5™ harmonic filter
current transfer characteristics

1.2.2. Active Power Filters

Active harmonic filtering concept and APF operating principles were firstly
introduced in early 1970s [39], [40] and improved rapidly in the following decades
with the enhancements in power electronics area. Although, Metal-Oxide-
Semiconductor Field-Effect-Transistors (MOSFETSs) and Gate Turn-Off Thyristors
(GTOs) are used as semiconductor switches in the early works, researchers started
preferring Insulated Gate Bipolar Transistors (IGBTSs) due to their superior electrical
features. Advancements on semiconductor physics, Digital Signal Processors (DSP),
Field Programmable Gate Arrays (FPGA), common usage of hall-effect sensors and
thus decreasing costs forced much more researchers to work on APF area for the

mitigation of unwanted harmonics [41]-[45].
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Basic operating principle of the APF is to measure the harmonic content causing
distortion in the load side and to inject each individual harmonic to the utility grid
with exactly the same magnitude as corresponding reference but anti-phase. By this
way, the load side and corresponding filter side individual harmonics tend to cancel
out each other, resulting in an undistorted waveform at the source side. To observe the
APF operating principle, a basic illustration in Figure 1.4 is given. As can be seen
from Figure 1.4, distorted current waveform drawn by nonlinear load is filtered out
by the shunt APF modelled as a controlled current source resulting in a pure sinusoidal
current waveform at the source side. It should be noted that this illustration is an ideal
representation of APF operation; there is no need, in practice, for totally filtering out
all the harmonics but mitigating them below allowed limits is enough as mentioned in

earlier sections.

Compensating current or voltage waveforms are generated by Pulse Width
Modulation (PWM) converters consisting a DC link energy storage element. The DC
storage element can be inductor or capacitor depending on the employed converter
topology. The DC link can be regulated at desired value by transferring active power
from utility grid, there is no need for external DC source. However, this operation
requires a small amount of current reference at fundamental frequency in order to

sustain the DC link and compensate losses.
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Figure 1.4 Basic operation principle of active filtering
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In addition to current or voltage harmonic suppression purposes, APFs can also be
used for reactive power compensation, voltage regulation and load balancing

depending on the requirements of the load.

1.2.2.1. Classification of APF

APFs can be classified into several types in terms of both their converter topologies
and used system configurations. APF converters can be divided into two types in terms
of their converter topologies namely Voltage Sourced Converter (VSC) and Current
Sourced Converter (CSC).

VSC based APFs make use of voltages as their dc link and hence capacitors are used
as the energy storage elements. VSC type converters condition the dc link voltage by
using semiconductor switches in order to generate necessary voltage waveform on the
converter terminals. By this way, those APFs are then able to inject corresponding
reference currents or voltages into the grid depending on the system configuration.
VSC based APFs should be coupled to the grid via a coupling inductor, which also
helps filtering out the high frequency voltage ripples generated by the converter.
Typical circuit diagram of the three-phase three-wire two-level VSC based APF
topology and its grid connection are as illustrated in Figure 1.5.a and b, respectively.
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Figure 1.5 VSC type APF topology a) circuit diagram of three-phase three-wire
two-level converter and b) system configuration
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Although Figure 1.5 shows a three-phase three-wire circuit topology, VSC converters
can be single-phase, three-phase four-wire or multilevel depending on the power

system conditions, load characteristics and design requirements.

CSC based APFs, on the other hand, make use of currents as their dc link and hence
inductors are used as the energy storage elements. CSC type converters condition the
dc link current by using semiconductor switches in order to generate necessary current
waveform on the converter terminals. By this way, those APFs are then able to inject
corresponding reference currents or voltages into the grid depending on the system
configuration. CSC type APFs require a filtering capacitor at the converter terminals
in order to filter out high frequency current ripples generated by the converter. Similar
to VSC type, CSC type APFs are also connected to the utility grid via coupling
inductors. Typical circuit diagram of the three-phase three-wire two-level CSC based
APF topology and its grid connection are as illustrated in Figure 1.6.a and b,
respectively. Although Figure 1.6 shows a three-phase three-wire circuit topology,
CSC converters can be single-phase, three-phase four-wire or multilevel depending

on the power system conditions, load characteristics and design requirements.
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Figure 1.6 CSC type APF topology a) circuit diagram of three-phase three-wire
two-level converter and b) system configuration
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When available power ratings, allowed switching frequency, conduction and
switching losses features are considered, using IGBTs as semiconductor switches for
both VSC and CSC configurations seem to be the most advantageous solution as
compared to GTOs or MOSFETS. It is important to note that the semiconductor switch
connections are different from each other for VSC and CSC topologies. While VSC
topology contains semiconductor switches with anti-parallel body diodes,
semiconductor switches are connected in series with a diode for CSC topology.
Commercially available IGBTS, that product ranges of the most famous manufacturers
with respect to voltage and current ratings are illustrated in Figure 1.7, are generally
sold together with anti-parallel body diode [46]-[50]. For this reason, there is a need
for external series diode modules for CSC type converters, which brings extra cost
and size for CSC type converters. Also, using inductors as dc link causes an increase
in losses [51]. Despite those disadvantages, CSC topology has also some superiorities
to VSC topology such as robust current controllability, high reliability and fast
response. However, VSC type converters have become much more popular among
researchers due to their small size, lower initial cost and higher efficiency.
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Figure 1.7 IGBT product lines of the most famous semiconductor manufacturers

APFs can also be divided into four types in terms of their system configurations
namely shunt APF, series APF, Unified Power Quality Conditioner (UPQC) and
Hybrid Active Power Filter (HAPF) [52], [53]. Shunt APFs generally are used for the
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mitigation of current harmonics and reactive power compensation [54], [55]. Figure
1.8 shows the representation of shunt APF and the operating principle is mentioned in
previous section using illustration in Figure 1.4. The illustration shown in Figure 1.9
describes the topology of series APF. Series APFs are often used for suppressing the
voltage harmonics and providing bus voltage regulation on source or load side [56]-
[58]. It can be considered as the dual of shunt APF topology, and its basic operating
principle is as illustrated in Figure 1.9. Series APF injects a voltage component, VE,
to the power system with a specially designed power transformer in a way that this
voltage appears in series between source and load sides of the distribution bus. By this
way, voltage harmonics can be prevented, and bus voltage can be regulated in either
side of the transformer. A drawback of the series APF is that the series transformer is
subjected to full load current resulting in an oversized transformer for power

converter.
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Figure 1.8 Shunt Active Power Filter

Another type of active filtering system is UPQC. UPQC is composed of a series and
a shunt APF connected back-to-back with a common DC link as shown in Figure 1.10.
This type of power conditioning system can manage voltage and current harmonic

filtering, voltage regulation, and reactive power compensation [59]. Although, UPQC
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seems to be an ideal system solving all the capabilities of active filtering systems, it is
not preferred by the researchers as much as series or shunt APFs due to its complex

control mechanism and high initial cost.
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Figure 1.9 Series APF and its basic operating principle
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Figure 1.10 Unified Power Quality Conditioner
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APF systems can also be application specific with the integration of different control
philosophies. Various researchers have implemented different and advanced control
systems on APF converters [60]-[72] such as sliding mode control [64], predictive
current control [65], constant power control [66], sinusoidal source current control
[66], [67], Proportional Integral (PI) control [68], Kalman filter based P1 control [69],
proportional control [70], multi-rate fractional order repetitive control [71], and

hysteresis band current control [72].

Finally, as the last type of active filtering device, HAPF systems are formed with the
combination of active and passive filtering equipment. Their working principle and

various topologies are mentioned in the following section.

1.2.2.2. Hybrid Active Power Filters

As the APF systems has been used more and more in the industry and become popular,
researchers found out that APF systems have some problems especially for high power
and wide frequency applications. It has been a more preferable solution for some
researchers to use passive filters together with APF converters in high power
applications in order to reduce the size of relatively expensive APF converters.
Moreover, passive filters also integrated to APF systems for applications that require
suppression of harmonics in a wide-frequency range or require individual suppression
of harmonics at a specific frequency. Those combined systems of both passive filters
and APF converters are then called as HAPF and various researchers has been
implemented different HAPF topologies in the literature [19], [20], [52], [53], [73]-
[91]. One of the most preferred HAPF topology is the combination of a shunt APF
and shunt passive filters as shown in Figure 1.11 [73]-[75]. The aim of using passive
filters in this topology is to filter out the harmonics that are out of the designed range
of APF by passive filters. By this way, APF converter installed capacity can be
reduced. Passive filter part in this topology can be a single tuned LC filter or a
combination of different LC filters tuned to different frequencies depending on the

requirements of the application.
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Figure 1.11 Combination of a Shunt APF and shunt passive filter

Another HAPF topology is the combination of series APF and a shunt passive filter
as can be seen in Figure 1.12 [76]-[79]. In this topology, APF is used to suppress
voltage harmonics and regulate the voltage in either side of the injection transformer
while passive filter or combination of passive filters are designed to suppress current
harmonics. The HAPF topology illustrated in Figure 1.13, on the other hand, is a series
APF connected in series with a shunt passive filter [80], [81]. In this HAPF topology,
APF converter is used to eliminate the series and parallel resonant risk of the passive

filter and to provide an improved harmonic suppression performance.
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Figure 1.12 Combination of a series APF and shunt passive filter
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Figure 1.14 Injection type HAPF

Another combination of APF and passive filters is called as injection type HAPF and
the circuit diagram of it is as given in Figure 1.14 [82]-[85]. This topology is the
advanced version of the HAPF topology given in Figure 1.13. The most important
advantage of this HAPF topology is to tune the LC filter located in the parallel branch
of series APF to fundamental frequency so that series APF can be short circuited at
fundamental frequency. Therefore, fundamental frequency source voltage totally
drops on series capacitor instead of APF terminals resulting in reduced APF capacity
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and semiconductor ratings. Although this topology has brought some important
features, it still contains a bulky injection transformer and increased number of passive

elements.
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Figure 1.15 Circuit topology of a shunt HAPF

Shunt HAPF topology, on the other hand, is a shunt APF connected to grid via a
passive filter coupling element as shown in Figure 1.15 [19], [20], [86]-[91]. The most
important feature of this HAPF topology is that APF converter never generates voltage
waveform in fundamental frequency [19], [20] which is due to high impedance
characteristics of the passive filter at fundamental frequency [20]. Therefore, DC link
of the HAPF converter can be reduced significantly, providing a decrease in switching
losses, as compared to an APF system suppressing the same load harmonic profile
[19]. Since passive filter behaves as a coupling element for the HAPF converter, its
impedance characteristics determines the frequency range and bandwidth for which
the HAPF is effective [20]. Some researchers suggest the use of combination of
passive filters tuned to different frequencies instead of a single tuned one in order to
make the HAPF effective for various frequency ranges [86] at the expense of reduced

suppression performance between tuning frequencies.
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1.2.2.3. Comparison of APF and HAPF

Different APF and HAPF topologies are mentioned in previous sections. Although
each individual active filtering system topology may be suitable for different
applications, a generalized comparison between APF and HAPF topologies can be
made. HAPF topologies are superior to APF in terms of reduced DC link voltage thus
lower semiconductor ratings and switching losses [19], [20], [89], significantly
reduced converter installed capacity [86], [87], increased effective frequency range
[20], reduced overall costs [88], [89], and more effective filtering of switching ripple
[86]. However, HAPF topologies have also some drawbacks as compared to APF such
as fixed amount of reactive power support at fundamental frequency [19], [20],
existence of passive filter components, and reduced suppression performance for the

frequencies out of the interested frequency range.

Considering the listed superiorities, a shunt HAPF topology is a suitable solution for
the suppression of medium frequency IMF load which is the harmonic current source

under investigation by this thesis and described in the following section.

1.3. Medium Frequency Induction Melting Furnaces

Medium Frequency IMF installation has become widely used for the last two decades
in metal melting and forming industry, especially in small or medium size steel-
melting facilities, due to their competitive installation cost and low running costs.
Another reason for entrepreneurs to prefer IMF system is that they can be much
smaller in size as compared to electric arc or ladle furnaces. Installed capacities of
IMF systems can be 10-kW up to 32-MW with operating frequencies of 150 — 250 Hz
for medium frequency IMFs. Metal melting capacities of IMF installations have

known to reach up to 60 tons.

1.3.1. Brief Description

IMF system melts the metals charged into the ladle via excessive heat caused by eddy

currents inside the charged metals due to the changing magnetic field created by the
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work coil wounded to the ladle in a solenoidal way [92]. Although IMF work coil had
been driven by a motor-generator setup based frequency converters in early years [93],
high power converters equipped with thyristors or IGBTs have been used for nearly
half a decade with the advancements in power semiconductor industry [94]. A
simplified circuit diagram of a typical medium frequency coreless IMF installation is
as given in Figure 1.16. In high power density IMFs, work coil is fed by a single phase
load resonant solid state converter, as can be seen in Figure 1.16, operating in a
predetermined frequency range. Load resonant converters can change the operating
frequency during a complete melting cycle in order to maintain tuning to the natural
frequency of the work coil [95]-[97]. Therefore, input power of the IMF system can
be kept nearly constant during a melting period. Load resonant converter DC link is
usually fed from a 12- or 24-pulse thyristor rectifier, as can be seen Figure 1.16.
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Figure 1.16 A simplified circuit diagram of a typical medium frequency coreless
IMF installation

1.3.2. Power Quality Problems

In this section of the thesis, IMF system as a load in power system is evaluated in
terms of common power quality problems such as flicker, voltage sag/swell,

current/voltage unbalance, reactive power and power system harmonics. Flicker,
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voltage sag/swell, and voltage/current unbalance analysis has been conducted in [17]

and the following findings have been reported:

i.  The contribution of the IMF installation to the flicker is measured at medium-
voltage (MV) bus using the method described in [98]. The contribution of
IMFs to the flicker is found to be negligibly small.

ii.  Voltage sags and swells at PCC are not the characteristics of medium
frequency coreless IMF load. The origin of the voltage sags and swells
recorded during the measurements is mainly the faults in the outside or inside

of the small steel-melting facility under investigation.

iii.  Unbalanced bus voltages and line currents are not the characteristics of the
medium-frequency coreless IMF load, because each IMF is supplied from the

power system via a 12-pulse or a 24-pulse controlled rectifier.

Reactive power demand of the IMF load, on the other hand, is relatively low as
compared to most of the industrial loads as can be seen in Figure 1.17. The input
power factor of the IMF installation is around 0.96 lagging. Since some power system
operators require a penalty limit for reactive power while some others require full
compensation, reactive power demand of the IMF load should be compensated.

Reactive power demand variation of the IMF load is not in a rapidly changing form.
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Figure 1.17 Active and reactive power measurements of the IMF load
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For this reason, the use of FACTS devices is not recommended for the reactive power
compensation of the IMF load, instead load-break-switch switched tuned or detuned
shunt passive harmonic filters are suggested. However, in this case, series and shunt
resonance characteristics of those filters should be analyzed in detail in order to
prevent failures caused by current harmonics of the IMF load. Therefore, the harmonic

content of the IMF load voltage and currents should also be analyzed.

Although the IMF load is not a severe voltage harmonic source, it is one of the most
problematic loads in the power system in terms of current interharmonics. This is
because, the medium frequency coreless IMF system structure given in Figure 1.16
produces harmonic and interharmonic current components in the supply side due to
the cross-modulation phenomenon in the AC-DC-AC link of the multi-pulse rectifier
and load resonant converter cascade [17], [19], [20], [22], [99]. Furthermore, those
harmonic and interharmonic current components vary in time in terms of both
frequency and magnitude because of the changing operating frequencies of the load
resonant converter during a melting cycle [17], [19], [20]. Change in the operating
frequency of load resonant converter is caused by the random content and quality of
the metal loads charged into the furnace ladle. In addition, the furnace ladle can also
be charged with extra metals during melting phase. Frequencies of interharmonic
components, fin, caused by mentioned cross-modulation phenomenon can be

formulated as in (1.11).
fi, = (1£nP) f, + 2k, (t) (1.11)

where P is the pulse number of the rectifier circuit, fs the frequency of the supply side
power system, fo, the operating frequency of the load resonant converter, index n = 0,
1,2,3,...,andindex k=1, 2, 3, ...

Since operating frequency of the load resonant converter in Figure 1.16 changes from
150 to 250 Hz, the corresponding most dominant interharmonic frequencies due to
cross modulation phenomenon can be calculated to be changing between 250 to 550

Hz by using (1.11) with n =0, k = 1. As index n and k changes, various interharmonic
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frequencies can be found by using (1.11). However, the magnitudes of those
interharmonics tend to decrease dramatically as index n and k increase.
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Figure 1.18 Variations in supply-side line current interharmonics and harmonics for
a 12-pulse IMF installation during a typical melting cycle (deduced from the data
recorded in the field) [17]. Type A: Interharmonics due to the cross modulation of

fundamental supply frequency fs and the inverter output fundamental frequency
referred to the dc link 2f,, where for = 2fo = fs . Type B: The cross modulation of fs
with current harmonic frequencies at the dc link at 2kf, , with k=2, 3, .. ., where fcr
= 2kfo = fs . Type C: The cross modulation of supply harmonic current frequencies at
(I £12n)fs,forn=1, 2,3, ..., and the dc-link current harmonic frequency at 2fo,
where fer = (1 + 12n)fs + 2fo
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Also, the result of (1.11) can be negative or positive. The minus sign for the resultant
frequency in this equation implies that the corresponding frequency is in a negative-

sequence form, while a plus sign implies positive-sequence.

Interharmonic frequencies and their symmetrical components have been calculated by
using (1.11) atk =1, 2 and n = 0, 1 for load resonant converter operating frequencies,
fo, 150, 175, 185, 200, 225, and 235 Hz in [20] and the findings can be observed in
[20]. Time varying harmonics and interharmonics can be observed in the harmonic
spectrum of IMF load, given in Figure 1.18, deduced by the field measurements of the
steel melting facility under investigation [17].

1.4.  Scope of the Thesis

Harmonic distortion in both transmission and distribution networks due to non-linear
loads in industry and domestic applications has become a serious problem for a few
decades. Various researchers have worked on mitigating unwanted harmful harmonic
components caused by those nonlinear loads [31]-[45], [52]-[59], [73]-[91]. Passive
filtering systems have been implemented widely by lots of researchers to overcome
harmonic problems due to their low cost and efficiency [31]-[38]. However, due to
resonance risk, source impedance dependent performance, and fixed compensation
characteristics of passive filter solutions, active filtering equipment have become an
important alternative especially for the compensation of rapidly changing nonlinear

loads.

Active filtering solutions can also be used for reactive power compensation and load
balancing in addition to their harmonic mitigation feature. There have been proposed
various active filtering topologies in the literature [52]-[59], [73]-[91], however
conventional shunt APF system is the most preferred topology. On the other hand,
HAPF topologies have also been proposed by some of the researchers due to their
advantages such as low dc link requirement, low converter capacity, effectiveness in
wide frequency range and extra reactive power support [73]-[91]. By this way, HAPF
topologies overcome the drawbacks of APF and passive filters by keeping the

advantages of both.
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In this thesis, a HAPF system composed of nine identical three-phase three-wire two-
level shunt HAPF units is designed and implemented in order to eliminate the
harmonics and time varying interharmonics of a medium frequency coreless IMF load.
Each of the shunt HAPF units consists a series LC filter connected in series with the
HAPF converter. The implemented system has been successfully installed to a steel
melting facility located in Hatay/Turkey. The steel melting facility contains three
medium frequency coreless IMF loads operating randomly resulting in a random
profile of harmonics and interharmonics, frequencies and magnitudes of which are
changing in time. Hysteresis current control strategy is implemented as the waveform
modulation method of each HAPF converter due to its basic implementation and
impressive current reference tracking characteristics. Performance of the implemented
system has been verified by the field measurements that the proposed system can
suppress all the harmonics, interharmonics, and THD of the steel melting facility
below allowed limits. A new performance evaluation criteria, namely Suppression
Factor, for wide frequency harmonic filtering equipment is proposed and implemented

system is evaluated using this criteria.

Moreover, the mathematical model of the hysteresis switched three-phase three-wire
two-level HAPF converter is derived for eight possible switching schemes. Using this
model, a fuzzy logic based hysteresis bandwidth generation method is proposed and
implemented in the field in order to reduce the switching losses caused by hysteresis
current control. By this way, hysteresis band can be narrowed for better reference
tracking or widened for reducing the switching count thus losses according to the
proposed hysteresis band generation method. The reduction in overall losses with the
fuzzy hysteresis band method is observed without a significant reduction in harmonic
suppression performance by analyzing the field measurements. Furthermore, effects
of sampling frequency and execution time on hysteresis switching are also formulized
and some suggestions are proposed for the current tracking errors, one of the
drawbacks of proposed HAPF system. All of the necessary formulation are derived,
used methods are explained, and both simulation and experimental results are given

in the following chapters of the thesis, outline of which is given below.
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In Chapter 2, system topology is introduced and operating principle of hysteresis band
controlled HAPF is described. Firstly, circuit diagram of HAPF converter and single
line diagram of the steel melting facility is given. Then, the reference generation
method of proposed method is given by describing in detail the auxiliary methods
used in the reference calculation procedure. Finally, the details of hysteresis band
control technique and proposed waveform modulation method is mentioned in detail.
Comparison of proposed method with conventional HAPF control method is made
and the mathematical model of hysteresis band controlled HAPF converter is derived.

In Chapter 3, design procedure for all of the circuit parameters of HAPF converter is
stated. In order to reach this aim, first of all, harmonic content of the load is analyzed
using the field measurements. Then, input LC filter parameters are designed according
to the deductions made by harmonic content analysis made. Finally, converter
parameters are determined by using the simulation model and theoretical results are

given by using this model.

In Chapter 4, implementation of proposed HAPF system and experimental results are
presented. Semiconductors, dc link capacitors and passive filters as a power stage in
the implemented system are introduced. In addition to the power stage, control and
protection circuits, water cooling system, flowchart of the control algorithm and
hierarchical control system architecture are also given in detail in this chapter. Finally,
the results of the experiments conducted in the field and their evaluations are also

discussed.

Further improvements and future works are stated in Chapter 5. Firstly, adaptive fuzzy
hysteresis band control method, its formulation, simulation results and field
implementations are shown. Then, effect of sampling frequency and execution time
on the reference tracking performance of hysteresis band control method is analyzed

and some improvements as a future work are proposed.
In chapter 6, general conclusions and suggested improvements are discussed.
In Appendix A, mathematical expressions of converter phase voltages for each of the

hysteresis band control switching schemes are derived.
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In Appendix B, symmetrical component analysis results of each of the harmonics and
interharmonics with 5 Hz steps are illustrated for the steel melting facility under

investigation.

In Appendix C, harmonic analysis report of the steel melting facility under
investigation before and after the suppression of its harmonics are given.

1.5.  Original Contributions of the Research Work

The research work described in this thesis has some important original contributions

to the literature, and those contributions are mentioned in this section.

The proposed Hybrid Active Power Filter with the proposed hysteresis band current
control algorithm is the only industrial application published in the literature in terms
of the active suppression of time varying harmonics and interharmonics in a wide
range. The proposed Hybrid Active Power Filter is shown to be very effective for the
suppression of all the dominant harmonics and interharmonics of the IMF load.

Moreover, since very few researchers have been conducting research on active
filtering systems operating in a wide frequency range, an effective performance
evaluation criterion is missing for the evaluation of the performance of the filtering
equipment in a wide frequency range. A novel performance evaluation criterion,
namely Suppression Factor, is proposed in this thesis and the short and long term field
performance of the Hybrid Active Power Filter is evaluated for the entire frequency
range during a sufficiently long recording period by using Suppression Factor concept.
After successive implementation of the proposed hysteresis band current control
method to the HAPF system, an artificial intelligence based improvement is added to
the control algorithm in order to further increase the power efficiency of the Hybrid
Active Power Filter. In this way, an adaptively changing hysteresis bandwidth is
generated via fuzzy logic relations to reduce the switching losses of HAPF for the first
time in the literature on three-phase three-wire two-level voltage sourced converters.
It is shown in the results of the research work that the adaptive fuzzy hysteresis band
current control strategy is reduced the overall losses of implemented HAPF system by

around 9%.

31



32



CHAPTER 2

HYSTERESIS BAND CONTROL OF HAPF

For the compensation of PQ problems, especially harmonic distortion, of the IMF load
introduced in the previous section, a HAPF topology together with the Hysteresis
Band Control (HBC) is proposed in this research work. The details of the converter
topology, control system components, and theory of the implementation will be

mentioned in the following sections.

2.1.  Circuit Topology and System Description

The steel melting and forming facility, the main concern of harmonic compensation
problem, has two 12-pulse and one 24-pulse medium frequency IMFs each of them is
run randomly depending on the workload, type and amount of the steel to be melt. The
single-line diagram illustrating all the components of the facility is given in Figure
2.1.

In addition to the IMF installations, steel melting facility contains some other loads
like dust collector blowers, lightning, electrical machines, and cooling pumps etc.
Those other loads do not create considerable harmonic distortion, but they only
consume reactive power. Circuit breaker (CB) switched detuned filter banks has
already been installed at the Medium Voltage (MV) bus for the compensation of
reactive power consumed by the steel melting and forming facility. The reason for the
detuning of filter banks is for avoiding possible resonances due to the harmonics and
interharmonics generated by the IMF load [18].

In addition to the mentioned PQ problems of IMF in earlier parts of the thesis, the

whole steel melting plant load can be considered as a three-phase three-wire balanced
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system. In order to show the balanced structure of the overall plant load, voltage and
current waveforms of the source, load, and the sum of all phases are given in Figure

2.2 - Figure 2.4 by using the measurements of class A PQ analyzer introduced in [100].
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Figure 2.1 Single line diagram of the steel melting facility

Figure 2.2.a shows the phase voltage waveforms of the grid together with the sum of
all instantaneous phase voltages. For better evaluation, Figure 2.2.b is given as the
zoomed version of the sum of all instantaneous voltages. Similarly, the line current
waveforms of the source while HAPF is operating are illustrated in Figure 2.3.a with
the sum of all the instantaneous values and its zoomed version in Figure 2.3.b. Since

Figure 2.3 contains both the load and the HAPF, the load current waveforms alone are
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also given as the same form with the previous figures in Figure 2.4. As can be observed
from the Figure 2.2 - Figure 2.4 that the sums of all current and voltage waveforms
are almost zero. Actually, measured small amounts (less than 1% of the phase
parameters) in the summation can be attributed to the cumulative error of the voltage
and current measurement transformers. Thus, steel melting plant load under

investigation is a three-phase three-wire balanced load.
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Figure 2.2 Source voltages (field measurements) a) I-to-n voltage waveforms and b)
sum of instantaneous values of I-to-n voltages

Moreover, it is also formulated in earlier chapters that some harmonics may exist in a
negative or positive sequence form by (1.11). If there are more than one IMF
installations operating simultaneously in the steel plant, there may exist both positive

and negative sequence current components at the same time for some harmonics and
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interharmonics, considering the working regime of a single IMF load. Figure 2.5.a, b
and ¢ show symmetrical components, deduced from the field measurements, of some
selected harmonic, interharmonic, and fundamental components of the load current in
order to illustrate the existence of both positive and negative sequence components
simultaneously.

1000

Beviseseusanaen
e 20 40 ) 60 80 100

0 20 40 60 80 100
Time, ms
b)
Figure 2.3 Source currents of the steel melting facility containing HAPF system
(field measurements) a) line current waveforms and b) sum of instantaneous line
currents

Figure 2.5.a shows the symmetrical component analysis of fundamental frequency
component, 50 Hz in this particular application. It can be seen in this figure that
fundamental component does not contain negative or zero sequence components,

which implies that the IMF load is a balanced and symmetric load. Existence of both
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negative and positive sequence components is illustrated in Figure 2.5.b for the 71"
harmonic component of the load current. It should be noted that 7 harmonic is one
of the most dominant characteristic harmonics in power system and it always appears
as a positive sequence form. However, it can also be in negative sequence form for
the melting facility load. Symmetrical component analysis for an interharmonic
frequency has also been given in Figure 2.5.c. It can easily be observed in Figure 2.5.c
that both negative and positive sequence components may exist at the same time for
an interharmonic, 435 Hz for this particular time interval. Although, there may exist
both positive and negative sequence current components for some harmonic and
interharmonic frequencies, this is not certain that those frequencies always contain

both symmetrical components.
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Figure 2.4 Currents consumed by all loads in the steel melting facility (field
measurements) a) line current waveforms and b) sum of instantaneous line currents
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The existence of the symmetrical components strongly depends on the working regime
of each of the furnaces and resonant frequency for the load resonant converters driving
them. One of the important conditions for the existence of both symmetrical
components is that there must be at least two IMF loads operating at the same time for

the steel melting facility.
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Figure 2.5 Symmetrical components analysis of a) fundamental component, b) a
sample harmonic component, and c) a sample interharmonic component

The HAPF system proposed for the suppression of harmonics and interharmonics of

the load under investigation has been connected to the MV bus of the steel melting
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plant via a specially designed coupling transformer. The transformer was designed
and manufactured in ELTAS Transformer Co. Izmir/TURKEY [101] considering the
harmonic content of the HAPF converter currents. Nine identical HAPF units, each
has intended to provide 280kVA of apparent power, are connected in parallel to the
690V transformer secondary bus. Therefore, the total installed capacity of the HAPF
system reaches up to 2.5 MVA.

Each HAPF unit basically contains a three-phase three-wire VSC in series with an LC
type input filter. The circuit diagram of each identical HAPF unit is as given in Figure
2.6. Each HAPF unit has some auxiliary circuits and devices for the proper and safe
operation as shown in Figure 2.6. A discharge circuitry is used for the discharging of
DC link capacitors in case of any fault or stopping procedure. Discharging resistor is
switched using contactors for discharge operation. A contactor switched pre-charge
branch should also be needed for soft energizing the passive LC filter, since it draws
excessive current at cold start. The pre-charge resistor helps limiting the inrush current
of LC filter. After pre-charging the passive elements, the CB is switched automatically
and short circuit the pre-charge branch for normal operation of HAPF units. CB is also

used for overcurrent protection purposes.
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Protection Filter Circuit
Circuit | I I
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Figure 2.6 Circuit topology of each HAPF unit
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2.2.  Generation of Current References

As the characteristics of the IMF load, similar to most of the other industrial harmonic
sources, harmful harmonics and interharmonics appear in current waveforms. Those
harmonics and interharmonics should be thoroughly analyzed so that the HAPF
system can generate the proper reference signals thus the proper current waveform. In
this thesis, some auxiliary methods have been used for the generation of filter current
references. Phase Locked Loop (PLL), Synchronous Reference Frame (SRF) method
and Selective Harmonic Extraction (SHEX) are some of the important methods used
for the control algorithm. Moreover, use of the correct waveform modulation
technique has also an essential part of the proper realization of reference signals. For
this purpose, HBC has been proposed in this particular research work and
mathematical background of HBC is explained in detail for the following sections.

2.2.1. Phase Locked Loop (PLL)

The phase angle of source voltage has a great importance for the reference calculation
of utility connected power electronics converters. PLL is the most widely used and
effective method for obtaining phase angle. Output of PLL is basically used for the
reference for any other relative phase angles of currents and voltages inside the
system. Furthermore, a reference phase angle locked to source voltage is needed for
regulation of reactive and active power flow at fundamental frequency, which is a
necessity for DC link regulation of the converter. In addition to fundamental frequency
reference calculations, PLL phase angle can also be used to generate an integer
multiple of it, which creates a virtual phase angle for an integer multiple of
fundamental frequency. Obtaining integer multiple of fundamental frequency is
important for creating precise references for active harmonic filtering equipment
especially when fundamental frequency deviates around its rated value. For example,
to illustrate the importance of integer multiple of phase angles, when fundamental
frequency changes 0.5 Hz for a 50 Hz system, the 25" harmonic frequency changes
12.5 Hz which may correspond to calculation failure of harmonic references.

However, if PLL is used, it robustly follows the voltage waveform even if the grid

40



synchronous frequency changes. The expected outcome of the PLL is as given in

Figure 2.7, where T in this figure represents the period.

The block diagram for the calculation of phase angles of the source voltages via PLL
method is as illustrated in Figure 2.8. Instantaneous values of source voltages are
transformed to dq reference frame via a sequence of Clarke [102], [103] and Park
[102], [103] transformations. This sequence of transformations is called as SRF
method and it is also used for the reference current calculation. Detailed description
of SRF method is given in the following section. Vq component of the signal
transformed to dq reference frame is applied to P1 controller and then integrated to get
6 angle. It should be noted that the resultant angle is used as the feedback for Park
transformation block. Moreover, Vg4~ reference in the block diagram, Figure 2.8, is
used for determining the phase that the PLL is locked on d reference, thus it should be
zero for this particular application in order to get a similar waveform given in Figure
2.7.
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Figure 2.7 lllustration of PLL output waveform
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Figure 2.8 Block diagram representation of PLL

2.2.2. Synchronous Reference Frame (SRF)

Alternating signals can be represented as vectors rotating with an angular velocity of
its angular frequency, ws, on a Cartesian coordinate reference frame as illustrated in
Figure 2.9.a. Magnitudes of those vectors are the peak values of corresponding signal
phases. Alternating signal vector representations are shown to be rotating with an
angular velocity since they are observed by an observer on the stationary reference
frame. Suppose that, the reference frame is also rotating with any angular velocity
towards either clockwise or counter clockwise direction. In this case, the alternating
signal vectors should be represented by their relative angular velocities with respect
to rotating reference frames. Figure 2.9.b and c illustrate the same alternating signal
vectors with respect to reference frames rotating clockwise with an angular velocity
of wy and counter clockwise with an angular velocity of wo, respectively. As can be
seen from Figure 2.9.b, relative angular velocity of alternating signal vector is ws — w1
with respect to the reference frame rotating in the same direction with the signal.
Please note that if the velocity of rotating reference frame exceeds the velocity of
signal vectors, signal vectors are observed as if they are rotating towards opposite
direction. Similarly, alternating signal vectors are observed as if they are rotating with
angular velocity of ws + w2 with respect to the reference frame rotating in opposite
direction as illustrated in Figure 2.9.c. On the other hand, if the reference frame is
chosen to rotate at exactly the same angular velocity with the alternating signal, this

reference frame is called as the SRF. Considering the previous explanations, it can be
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reached by inspection that the alternating signal vectors are observed as if they are

stationary with respect to SRF as shown in Figure 2.10.

By using SRF method, all the harmonic content of the IMF load under investigation
by this thesis can be obtained. An SRF rotating synchronously with the fundamental
frequency of the load current signal should be formed in order to reach this aim.
Forming an SRF requires two successive transformation processes, namely Clarke and
Park transformations [102], [103]. At first, three phase signal vectors should be
converted to perpendicular two phase, namely phase a (alpha) and B (beta),
representation as illustrated in Figure 2.11.b by using the Clarke Transformation.

Wy = Wy Wy = W)

W= W, W =W, —Ww; W =W, +w>

b b b

a) b) C)

Figure 2.9 Representation of three phase signals in a) stationary reference frame,
and reference frames turning b) clockwise and c) counter clockwise direction

Wy = Wg
h

w =1

b

Figure 2.10 Representation of three phase signals in a synchronously rotating
reference frame
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Figure 2.11 Alternating current signals in a) three phase form and two-phase
representations with respect to b) stationary and c¢) synchronous reference frames

Power invariant Clark transformation and its corresponding inverse transformation
matrices are as given in (2.1) and (2.2), respectively. Clarke transformation matrices

are given for current signals however they are also valid for voltage signals too.

11 1]
iy i 2 2o V2| T,
. . 2 1 1 .
i, |=Cli, =\/; 1 5 T Iy (2.1)
i i, . B i,
L 2 2 |
- _
— 1 0
a A \/15 1 3 o
i, |[=C7Hi, === -= ¥3 i, (2.2)
_ 3(J2 2 2 .
§ 4 11 B
V2 2 2]

Following Clarke transformation, two-phase representation of the signals should be
converted to direct (d) and quadrature (q) axes of SRF by using Park transformation
as illustrated in Figure 2.11.c. The projections of alpha and beta phases on the d and
g axes of SRF are constant values depending on the 8 angle and can be found by using
the well-known Park transformation matrix given in (2.3). Corresponding inverse

transformation matrix is also given in (2.4).

44



ig] _[i.] [cos@) sin(6)][i
[iq } -F Lﬂ] B Lsin( 0) cos(@)} [iﬂ] (2.3)
iy | _a|la| [cos(8) -—sin(8)]i,
Lﬂ}_P Lq}_Lin(H) cos(H)MiJ (2.4)
Rate of change of 0 angle is the angular velocity of the SRF which is also the

fundamental frequency of the signal under investigation. As mentioned in earlier
section, 6 angle can be found by using the PLL method.
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Figure 2.12 Block diagram representation of the current reference calculation based
on SRF method

Finally, after Park transformation, the signal under investigation is now being
observed by the point of view of an observer on the SRF rotating at fundamental
frequency. Therefore, fundamental frequency component appears as a dc component
while all the other harmonic components are in their relative frequencies with respect

to SRF. For example, suppose a sample signal contains a positive sequence
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fundamental component, 50 Hz, a negative sequence 300 Hz, and a positive sequence
350 Hz components. Applying SRF method will lead to a resultant signal in which
positive sequence 50 Hz component appears as a DC, the negative sequence 300 Hz
component as negative sequence 350 Hz, and the positive sequence 350 Hz as positive
sequence 300 Hz. Symmetric components have an important role in SRF method, if
350 Hz component were in positive sequence form then it would appear as 400 Hz.
Considering the signal after SRF method has been applied, the fundamental frequency
component can be easily extracted from the whole signal with the help of a Low Pass
Filter (LPF) having cutoff frequency of 20-30 Hz without any distortion on the other

components.

Remaining signal, after extracting the fundamental component, contains all the
harmonics of the load current but with respect to SRF. In order to obtain the reference
signal in three phase abc domain, the remaining signal should be multiplied by inverse
transformation matrices given in (2.2) and (2.4). The overall block diagram
representing the reference generation by SRF method is as given in Figure 2.12. As
shown in Figure 2.12, negative sequence components of fundamental frequency
should also be extracted in order to eliminate the fundamental currents caused by

unbalance.

2.2.3. Selective Harmonic Extraction (SHEX)

A nonlinear load to be compensated may consist some harmonic components which
are not wanted in converter reference current. Therefore, those harmonics should be
extracted from the reference current signal. Some reasons for extraction of a harmonic
from reference signal may be that the harmonic may not exceed allowable limits thus
there is no need to further suppress it in order to reduce converter capacity, that the
active filtering equipment may not be able to compensate it even if it is included in
the reference, and that there is another active or passive filtering equipment designed
specifically to suppress it. The load under consideration of this thesis contains 23™
and 25" characteristic harmonics due to the 12- and 24-pulse structures of IMFs. Since

the HAPF converter specifically designed to suppress harmonics and interharmonics
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from 250 to 650 Hz, input LC filter has a very large impedance and phase delay at
234 and 25" harmonic frequencies. Therefore, HAPF converter may not be able to
suppress 23" and 25" characteristic harmonics even if there exist very high reference
signals for them. For those reasons, 23™ and 25" characteristic harmonics are needed
to be extracted from current reference signal and left uncompensated with a suggestion

of passive harmonic filter equipment tuned to those frequencies.
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Figure 2.13 Illustration for the use of rotating reference frames on SHEx method

SHEX [19], [20] is a method for extracting unwanted harmonic components from the
converter reference current without any effect on other frequency components. This
method selectively obtains the harmonic to be extracted by using SRF rotating at that
harmonic frequency. The selected harmonic will appear as a DC signal relative to the
SRF because it has the same frequency with the rotating frame. Other harmonic
components appear as AC signals relative to the rotating reference frame. An example

representing the use of rotating reference frames on SHEx method can be seen in
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Figure 2.13. Figure 2.13 shows the frequency spectrum of an example signal and its

relative form with respect to a rotating reference frame (350 Hz, in positive direction).

In order to obtain the selected frequency alone, all the other components other than
DC should be totally filtered out by an LPF without any attenuation on DC component.
The corner frequency of the LPF should be thoroughly designed. For this reason, the
whole load frequency spectrum should be known before applying the SHEX method
in order to make sure that there is not any closely located harmonic component
relatively rotating around SRF frequency, which may cause wrong calculation of
selected harmonic frequency. An illustration of an effective filtering for obtaining the

DC component of the example signal in Figure 2.13 is given in Figure 2.14.
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Figure 2.14 Illustration for an effective filtering of transformed signal on SHEXx
method

Another alternative for filtering out relative frequencies may be the use of mean

calculation for the whole waveform transformed to rotating reference frame. Since all
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the relative frequencies other than selected harmonic appear as AC signals, mean
calculation may give satisfactory results. However, reference calculation may cause
time delays as the mean calculation data window gets larger. Moving windows may
improve the calculation delays and accuracy if the moving window size is selected as
the integer multiple of all the relative harmonic frequencies. However, this is not
applicable for this specific harmonic load content since it contains lots of

interharmonics which are not integer multiple of each other.
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Figure 2.15 Illustration for the back-transformation on SHEx method

After effectively filtering all the other relative frequencies, the resultant signal should
be back-transformed to get exactly the same form of the selected frequency as before
applying the SHEx method. Illustration of the effect of back-transformation is given
in Figure 2.15 again on the example signal introduced in Figure 2.13. The application
of SHEx method on the system under investigation is given as the block diagram in

Figure 2.16. Selected harmonic frequencies are converted to rotating reference frames
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using SRF technique mentioned earlier, properly filtered, back-transformed to alpha
beta domain and finally ready for extraction from the converter reference signal as
shown in Figure 2.16. By this way, HAPF converter never generates the 23 and 25"

characteristic harmonic current references.
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Figure 2.16 Block diagram representation of SHEx method

2.2.4. Control and Waveform Modulation Methods

Generated reference currents should be used for the modulation of output voltages and
currents in order to realize the intended waveform for the HAPF converter. The HAPF
converter implemented for this particular study can only modulate the output voltage
due to its VSC topology. By this way, a modulated voltage waveform appears at the
output terminals of the converter and it is eventually converted to current on the
impedance of input LC filter due to the voltage drop between source (Vsa-n, Vsb-n, Vsc-n)
and converter voltages (Vfa-n, Vfo-n, Vicn). It is essential to note that voltage-to-current
magnitude and phase transfer functions of each harmonic component differ from each
other due to the fact that input LC filter together with coupling transformer has an
impedance characteristics over the whole frequency spectrum. The single phase

equivalent circuit with nine parallel HAPF modules and a sample impedance
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characteristics for dominant harmonic frequencies are given in Figure 2.17 and Figure

2.18, respectively.
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Figure 2.17 Single phase equivalent circuit with 9 parallel HAPF units
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Figure 2.18 Impedance characteristics of the LC filter together with the coupling
transformer

A widely used conventional control method, namely Proportional Control or K
control, has been introduced for the HAPF converters [20], [70], [76], [86], [87],
[104]-[106]. This method is based on the generation of the converter voltage as the
multiplication of source current with a proportionality constant. The HAPF converter
under investigation has already been implemented using the conventional control
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method [20], and it has observed that the control method does not effectively suppress
some harmonic components. Therefore, an HBC methodology is proposed in this
research work for a better reference tracking performance. Both conventional and

proposed methods are explained in detail for the following parts.

2.2.4.1. Proportional Control as a Conventional Control Method

Proportional control is a widely used control method for active filtering equipment as
well as HAPF systems [20], [70], [76], [86], [87], [104]-[106]. The simplified block
diagram showing the components of proportional control is given in Figure 2.19.
Measured source currents are converted to SRF domain, rotating at fundamental
frequency, and its dc component is extracted from the d and g components in order to
extract the fundamental component from the reference signal. Before applying back
transformation, 23 and 25" characteristic components are also extracted from the
reference. The resultant reference signal is back-transformed to instantaneous current
form and multiplied by a proportionality constant K to generate harmonic voltage
references. Note that the dc link regulation method is not shown in Figure 2.19 for the
sake of simplicity. Finally, the voltage references are compared with a carrier signal

as a Sinusoidal PWM technique in order to realize it on the converter hardware.
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Figure 2.19 Simplified block diagram of the proportional control method

A converter making use of proportional control strategy can be considered as a
current-controlled voltage source since the voltage is directly proportional to the

source harmonic current with a proportionality constant K as illustrated in Figure
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2.20.a. As the converter ideally does not generate fundamental component voltage,
except a small amount for dc link regulation, it can be modelled as a short circuit at
fundamental frequency. Thus, the equivalent circuit at fundamental frequency turns

out to be as given in Figure 2.20.b.
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Figure 2.20 Representations of the control system on a) single phase, b)
fundamental frequency, and c) harmonic equivalent circuits

On the other hand, the converter behaves as a current-controlled voltage source, while
an ideal grid as a short circuit for the other harmonic frequencies. The equivalent
circuit representation for the harmonic frequencies is illustrated in Figure 2.20.c. For
the Loop-1 of harmonic equivalent circuit, (2.5) can be written using Kirchoff’s
Voltage Law (KVL).

where Vs is the source voltage vector, Ish the source current vector, I the filter current
vector, Zr the filter impedance vector, Ls the source impedance vector, and K the

proportional control constant.

By re-arranging the (2.5), (2.6) can be deduced.
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Equation (2.6) can also be considered as the KVL equation of the Loop-2 in Figure
2.21. As can be deduced from the illustration in Figure 2.21, proportional control
method behaves as if it puts a virtual resistance to the source side of the equivalent
circuit. By this way, the load current harmonics eventually shared between source and
filter side branches depending on the distribution of impedances. Please note that since
filter branch contains an LC filter, its impedance is almost zero at resonance frequency
and increases as the frequency gets apart from resonance frequency as illustrated in
Figure 2.18. Therefore, the filtering performance is expected to reduce for the
harmonic and interharmonic frequencies far from the resonance frequency. Increasing
proportionality constant K may improve the filtering performance but it is at the
expense of losing transient stability [105]. In order to enhance the filtering
performance of the HAPF system and provide an effective current tracking together
with a better transient stability, Hysteresis Band Current Control method is proposed

and implemented in this thesis.
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Figure 2.21 Circuit representation for the mathematical model of proportional
control algorithm

54



2.2.4.2. Proposed Hysteresis Band Control Method

Hysteresis band control is a waveform modulation method allowing the control system
to track a current reference; even though, the inverter is VSC type. Reference current
tracking is handled for each phase individually via turning on the upper or lower
switch of a converter leg corresponding to each phase. In order to limit the switching
frequency, a hysteresis band width is defined for current reference so that the
necessary acts can be applied when instantaneous current passes the bands in any
direction. The illustration showing the hysteresis band control method and current
paths corresponding to switching states for both positive and negative current
directions are given in Figure 2.22. Sx = 1 in Figure 2.22, means that the IGBT on the
upper half of the leg, corresponding to phase x, is turned on while the one in lower
half is turned off. Similarly, Sx = 0 means that the IGBT on the lower half of the leg,

corresponding to phase X, is turned on while the one in upper half is turned off.

Sx=1I Sy=0 Sx=1 Sx=0 T T

Switching State

Figure 2.22 Hysteresis band control illustration and current paths for switching
states
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Hysteresis Band Control method has been widely used for power electronics
converters due to its basic theory and easy implementation [19], [72], [87], [89], [91],
[107]-[121]. Various researchers have implemented hysteresis band control for motor
drive [108]-[111], APF [72], [112]-[118], HAPF [19], [89], [91], DVR [119], static
compensator [120]-[121], and general VSC [122]-[124] applications. Different than
other implementations, hysteresis band control of HAPF system is implemented in
this thesis work for the suppression of time varying harmonics and interharmonics of

IMF load for the first time in literature.

Actual Current, iy
l | |!-_|’_\'!r_\' +i) « I

Lytdl palmaaaas N
[ri:‘f-_
Ly-Al =qse————=y | ___ 4 |
| T. | [ T. F——+———-
A TNr FJL Tgr :+

Sampling Instants

Figure 2.23 Illustration for the digital implementation of hysteresis switching

Hysteresis band control, generally, has been implemented via analog circuitries [114].
However, some applications including this research work have implemented the
hysteresis band control via digital controllers [125]. Due to the restrictions of the
digital implementation such as execution time and sampling frequency, some tracking
errors may arise. The HBC method illustration considering the digital implementation
is given in Figure 2.23, however, the effect of both sampling frequency and execution
time on hysteresis band control is focused on in detail on Chapter 5. In Figure 2.23,
...Ls, ts+1, ts+2... are the sampling instants, Ts the fixed sampling period, Te the execution
time, i the actual current in analog form in phase x of each HAPF unit, i) the
digitized actual current sampled at ts, and ix () the reference value of the HAPF current
calculated in Te just after ts from the samples collected at ts. Furthermore, HBC allows

strict current tracking without any significant phase error, which provides better
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utilization of active filtering equipment. On the other hand, it causes high switching
losses in order to reach good current tracking [89], [120]-[126]. The switching
frequency is not constant, it is indeed distributed at high frequencies [89], [120]-[126].
Some researchers have already conducted research to solve these problems [109]-
[111], [114], [119], [126]-[128].

Hysteresis band control is an analog based method; thus, some problems may arise for
the digital implementation of it. Moreover, if the converter is three-phase three-wire
converter, the instantaneous values of each phase interfere the dynamic switching
behavior of others. The most important drawback is obviously high switching loss.
An adaptive fuzzy hysteresis band based modification has already been conducted in
this thesis in order to reduce the switching losses without a significant reduction in
performance and it is given on Chapter 5. In addition to those disadvantages, there
have been observed during the field tests that hysteresis band controlled HAPF
converter generates high frequency current harmonics unlike traditional voltage
control methods. The observed high frequency currents cause an overheating on the
iron core filter reactor although the rms and peak values of filter current is less than
proportional control. Table 2.1 summarizes the advantages and disadvantages of HBC

as a HAPF system control method.

Table 2.1 Advantages and disadvantages of hysteresis band control method

Advantages Disadvantages

Basic theory High switching losses

Easy implementation Digital implementation problems

Good transient stability Variable switching frequency

Better current protection Phase interaction for three-phase three-

wire converters
Better filtering performance for active High frequency current components in
filtering equipment converter current
Better reference tracking

The block diagram representation of the proposed control system is given in Figure
2.24. The control system creates the reference current signals using PLL signal

generation, interharmonic and harmonic current reference generation, selective
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harmonic extraction, and dc link regulation parts. After creating the reference currents,
hysteresis band controller in Figure 2.17 modulates the inverter output waveform by
creating proper IGBT gate pulses. PLL generation and selective harmonic extraction
parts of the control system has already been explained in previous parts, however,
interharmonic and harmonic current reference generation part is still needed to be

clarified.

The harmonic and interharmonic currents are based on the operation regime of overall
load system. Since there are lots of load feeders in the steel melting facility, total load
currents (Ia, Is, ILc) are obtained by subtracting filter currents (Ira, Irg, Irc) from the
source currents (Isa, Isg, Isc), both measured at MV level. Since the HAPF converter
is physically connected to Low Voltage (LV) bus (690V), the current reference should
also be referred to LV side so that the actual filter currents will be in correct phase and
magnitude after transformed to MV side. By this way, a transformer conversion is
applied to the load currents and they are transformed to LV side as given in Figure
2.24. An important feature of transformer conversion is that it creates proper phase
shifts needed for A/Y transformer for both positive and negative-sequence current

components.

If the signal were just converted using turns-ratio multiplication and constant phase
shift, the reference would be wrong because positive-sequence harmonics shifted 30
degrees in positive direction while negative-sequence-harmonic components in

negative-direction.

23" and 25" harmonic components are extracted from the load current signal in of
domain using SHEx method after transformer conversion. Then an SRF is generated
at fundamental frequency to eliminate the fundamental component of the load current
as illustrated in Figure 2.24 in order not to generate reference signals in fundamental
frequency. After that the resultant signal is multiplied with a suppression gain for
satisfactorily suppressing the interharmonic and harmonic components instead of
totally eliminating them. G in Figure 2.24 is a real number between 0 and 1, by this

way, HAPF capacity can be adjusted such that each individual harmonic and THD at
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source current waveform stays within allowed limits. Further mitigation of harmonics
and thus reducing the THD more than recommended in standards [1], [28], [30] is not

necessary and economical.

In addition to harmonic and interharmonic components of load current, a direct-axis
current component for dc link regulation and a quadrature-axis current component for
eliminating fundamental frequency voltage reference should also be added to

reference.

If eventually converter do not generate voltage component at fundamental frequency
except a negligible amount for dc link regulation, there will be an inevitable
fundamental current component due to the impedance of input LC filter given in (2.7),
which is expected and explained in detail in Chapter 3. Therefore, this expected
current component should be added to reference, otherwise, hysteresis controller will
generate fundamental voltage in order to eliminate fundamental current. It should also
be noted that current signal due to LC filter is added to quadrature-axis component of
the reference since it is obviously a reactive current due to reactive impedance.
However, the current component due to dc link regulation is added to direct-axis
component of the reference since it should be an active current, allowing bi-directional

transfer of active power to regulate dc link voltage.

j2rf L + (2.7)

jortC
where, f1 is the fundamental frequency, Lr the filter inductance and Cr the filter

capacitance.

The resultant signal after adding all the necessary components is finally back-
transformed to stationary reference frame (abc domain) and converted to gate signals
via hysteresis band controller. In the following section, the mathematical model of
hysteresis band controller is developed for the implementation on three-phase three-
wire two-level HAPF converters in order to understand the dynamics of waveform

modulation.
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Figure 2.24 Block diagram representation of the proposed hysteresis current control method
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2.2.4.2.1. Mathematical Modelling of Hysteresis Band Controlled HAPF

In this thesis, a fixed hysteresis band structure has been used for the implementation
of hysteresis band control. The fixed hysteresis bandwidth has been defined for the
reference signal and associated acts have been applied when instantaneous values of
phase currents passes the thresholds according to the criteria given in Table 2.2 using
the terminology of digital implementation in Figure 2.23. Switching states Sa, Sp and
S¢ for phases a, b and c are determined by the comparison of digitized actual phase
currents sampled at instant ts (itacs), Ito(s), Ite(s)) With the calculated current references
inside a hysteresis band (it )41, i =41 , it =41) using the samples collected at
ts during execution time Te. Since HAPF converter under investigation is a three-phase
three-wire converter, there are three IGBT legs representing each phase. Thus, there
are eight (23=8) possible switching schemes in a form of SaSpSc, which are 000, 001,
010, 011, 100, 101, 110, 111. The corresponding simplified equivalent circuits for

each switching schemes are shown in Table 2.3.

Table 2.2 Switching criteria for hysteresis band control

Hysteresis Switching Criteria

If itx(s) > it (5) + 41 then Sx =1
If ifus) < itx (s)— 41 then Sx =0
If () — A1 < litxs) < i (5) + 41 then do not change the previous

switching pattern

Figure 2.25 Equivalent circuit for switching scheme “001”
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Table 2.3 List of hysteresis switching schemes and their corresponding equivalent
circuits

Switching Scheme Equivalent Circuit

Via-n
000 - 111

Vsb-n
Vien

Vsg-n e—n— o~

Vin.

001 Vibon e— Y Y Y | J ~
lv(&'

Vieon a—rr | L Ve T

; Via-n
Via-n @— Y —ryo ——;
Vih-n .

010 Vih-n e—Y Y ¥ —1.—{ }—
. "_-”( -y —
Vien ._rv'rv\_1 }—.—

Viis-n

Vig-n o—Y YN _lf._—l— v
N _’fh- l dy
" e 1
. fo-n
Vien a—Y Y] s

]'_’,r'fr-n

Vig-ne— Yy y |
Vi =1,

100 Vibh-ne—y Yy oo T]'d’c'
Vi

Vien e—rrvr | feg

Via-n
1”.\'(!-.’1 — Y Y >

101 Vib-n @—Y Y —|
Vic-n a—Y

vy Vde
Vibon dc

"_'.fi';lr —>

v Viit-n
sat-n @— Y Y &
110 Vsbn a—mY

Vv 1'}'{_'” _I_T Ve
-t — Y Y Y

Vib-n

Each switching scheme has unique voltage values for the terminals (Vsa-n, Vib-n, Vic-n) Of
the HAPF converter. Voltage derivations for an example switching scheme, “001”, is
derived in this section, while the other derivations are given in Appendix A. To
formulate the behavior of the switching scheme “001”, the equivalent circuit given in
Figure 2.25 is solved using the KVL equations of loop-1 and -2 as (2.8) and (2.9)

respectively.

digp [igdt dig [ipdt

Ve, o — YV = n — YV 28
sa—n f dt Cf Coa sh-n f dt Cf Cob ( )
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difc_jifcdt %_Iifbdt

Ve p — —Vege — Vg = -L -V, 2.9
sc—n f dt Cf Coc dc sb-n f dt Cf Cob ( )

where, Vcoa, Vcob and Vcoc are the initial voltage values across the series filter capacitor
Cs for each phase, and n represents the virtual neutral point which can be considered

as the neutral point of the coupling transformer secondary.

Balanced system constraints for three-phase three-wire converter can be written as
(2.10) and (2.11).

iy +igp +ig =0 (2.10)

V. +V

sh-n Vv

scn =0 (2.11)

Sa—n

HAPF converter voltages Vran, Vib-n and Vicn can be expressed via coupling transformer

secondary voltages Vsa-n, Vsb-n and Vscn @s given respectively in (2.12) — (2.14).

di, [idt
Vsa—n — Lf d'[a - jc —Veoa = Via-n (2.12)
f
dig (it
Vgp—n — L¢ ot _IC— —Veob = Vib-n (2.13)
f
dif ifcdt
Vse—n — Lf dtc _IC—_VCOC =Vieon (2.14)
f

Eqn. (2.15) can be obtained by making use of (2.8) — (2.11).

dip, 3fipt
f

+ 2VCob ~Veoa ~Veoe ~Vae = 0 (2-15)

Substitution of (2.13) into (2.15) gives (2.16). Then (2.17) is obtained by rearranging
(2.16).
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_3Vfb—n ~Veoa ~Veob ~Veoe ~Vde = 0 (2.16)

Vv V +V +V
Vi = _%_ ( Coa %Ob Coc) (2.17)

In order to find a relation for the sum of cumulative initial voltages across the

capacitors of each phase, (2.18) is derived by summing up (2.12), (2.13), (2.14) and
using (2.11).

Veoa 1 Veob TVeoc = —(v fa-n TVipn T Vfc—n) (2.18)
1f
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S
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Figure 2.26 Sum of converter terminal voltages for normal operation (simulation

results)
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Figure 2.27 Sum of converter terminal voltages in the case of a fault (simulation
results)
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Sum of HAPF converter terminal voltages are assumed to be zero unless there is a
common mode noise or initial voltage on one of the filter capacitors at start-up. This
assumption can be proved by using the PSCAD simulation showing the sum of
converter terminal voltages in Figure 2.26. As can be seen in Figure 2.26, the sum of
converter terminal voltages is negligible during HAPF system normal operation. On
the other hand, if there is a common mode noise in the system or filter capacitors of
one phase starts with an initial voltage, the sum of HAPF converter terminal voltages
can be different than zero. For rapidly decreasing the common mode effects, discharge
resistors are connected in parallel with each filter capacitor on proposed HAPF
converters. The effect of discharge resistors on the sum of HAPF converter terminal
voltages with an unexpected initial voltage condition of one of the capacitors is
simulated on PSCAD and the result is given in Figure 2.27. As can be deduced from
Figure 2.26 and Figure 2.27, sum of HAPF converter terminal voltages can be
assumed as zero (Vfa-n + Vib-n + Vien = 0). For this reason, right hand side of (2.18) can
be neglected, thus (2.18) can be reduced to (2.19).
V

Vipn = —% (2.19)
Since Vfan = V-n and Vien = Vin-n + Ve Dy inspection on equivalent circuit in Figure
2.25, (2.20) and (2.21) can be directly obtained from (2.19).

__Vac 2.20
Vean : (2.20)
Vi =+ 20 (2.21)

Applying the same derivation to other switching schemes, given in Appendix A,
eventually yields the phase voltage values in Table 2.4 with respect to virtual neutral
point for all of the switching schemes. As can be understood from Table 2.4, terminal
voltage of a phase is strongly dependent on the states of other phases since the
converter topology is three-phase three-wire VSC. For example, the voltage value of
phase a, Vfa-n, at Sa = 1 is 2Vq4c/3 when the states of both phase b and c are zero, Vc/3
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when the state of only one of the phase b and c are one, and 0 when states of both

phase b and c are one. Figure 2.28 illustrates a piece of simulation for verifying the

voltage values given in Table 2.4.

Table 2.4 Phase voltages of each HAPF converter with respect to virtual neutral

point for all switching schemes

Switching Scheme Vfan Vio-n Vicn
000 - 111 0 0 0
001 -Vic/3 -Vdc/3 2Vdc/3
010 'Vdc/3 2Vdc/3 'Vdc/3
011 -2V4cl3 Vac/3 Vic/3
100 2Vdc/3 -Vdc/3 'Vdc/3
101 Vic/3 -2V4c/3 Vic/3
110 VdC/3 Vdc/3 '2Vdc/3
600
= 1
< 400 Vdc ?{/39?2
EO (101 or 110) | Iref
E2 oo Ifa vdc/3 Y HB
- R ey =
O o -~ = AN —
T v 0 P
& E (001 or 010)
S€ Lo I_[ | Vo3
>
88 o L1 [ | L
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Figure 2.28 Simulation waveforms illustrating the converter voltage levels for a)
wide and b) narrow hysteresis band
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In addition to analyzing the terminal voltages, the formulation for the converter
currents is also needed for proper modeling of the hysteresis band control of HAPF
system. In order to reach this aim, simplified single phase equivalent circuit in Figure
2.29.a should be solved for each phase individually with (2.22).

X +v, =0 (2.22)

0X f dt SX—n

-V

fx—n

1 ..
+C—fJ.|fth+vC

where, Vcox IS the initial instantaneous capacitor voltage for phase x.
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Figure 2.29 Single phase equivalent circuit representation of HAPF system for each
phase with respect to virtual ground

HAPF converter input LC filter is designed such that the capacitor of the filter carries
almost all of the fundamental frequency voltage due to the impedance characteristics
of the filter. Thus, for the sake of simplicity, source voltage is assumed to be blocked
on the filter capacitor (blocking capacitor assumption) yielding (2.23) and (2.24),
since converter is not designed to generate fundamental component voltage at steady
state except a negligible amount for dc link regulation. Equation (2.23) is the
mathematical formulation of fundamental frequency equivalent circuit illustrated in
Figure 2.29.c.

1 .
st—n = C_ Ifx,ldt + VCox,l (223)

dlfxl

L, dt' ~0 (negligible) (2.24)
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where i1 is the fundamental component of the line current of phase x and vcox.1 is the

fundamental component of the initial voltage drop of the filter capacitor.

When (2.23) and (2.24) are considered, (2.22) can be reduced to (2.25), which also
represents the dynamic behavior of harmonic equivalent circuit in Figure 2.29.b.

1, di,
aflfxyhdeCoxvh + L c;t'h =V, . (2.25)

where it h is the harmonic component of the line current of phase x and Vcoxh is the

harmonic component of the initial voltage drop of the filter capacitor.

Equation (2.25) shows that the harmonic currents are the outcome of only applied
converter voltages with respect to virtual ground. Changing switching schemes
according to the criteriain Table 2.2, corresponds to different converter voltages given
in Table 2.4. Those converter voltages yield a dynamic current behavior represented
by the differential equation in (2.25).

In addition to the mathematical representation of the dynamic current behavior, the
hysteresis band width is also important for understanding the content of the HAPF
current. Since hysteresis band represents the allowed limits of the actual current with
respect to intended reference current, the tracking error increases as the hysteresis
band width is increased. Narrowing the hysteresis band provides better tracking
performance at the expense of higher switching frequency and thus higher switching
losses as illustrated on the simulation results given in Figure 2.28. Narrowing the
band, indeed, provides better tracking performance up to a limit dictated by the digital
implementation of hysteresis band control. Due to some problems of the digital
implementation of hysteresis band control, bandwidth and the tracking performance
is not linearly proportional to each other, the reason of which is thoroughly analyzed
in Chapter 5.
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CHAPTER 3

DESIGN OF CIRCUIT PARAMETERS FOR HAPF CONVERTER

HAPF system can be divided into two parts, the first part is the active part formed by
inverter and the other is the passive part composed of input LC filter. Components to
be designed for active part are installed capacity, semiconductor currents, dc link
voltage, cooling requirements etc, while resonance frequency, wo, reactive power
support, filter inductor, L, and filter capacitor, Cs, for the passive part. Some
parameters can be determined via theoretical calculations considering the load
characteristics; however, some others may require simulations. For this reason, it is
vital to analyze the load characteristics before starting the design procedure. In this
chapter, steel melting facility load together with the IMF installations is investigated
based on the field measurements. In addition, design of input LC filter parameters is
explained in detail. Finally, a simulation environment is formed with the designed LC

filter for tuning the control system and observing the effect of inverter parameters.

3.1. Harmonic Content of the Load Analyzed from the Field Measurements

Harmonic problems and sample harmonic spectrum for a single IMF installation has
already been given in introduction part of the thesis. However, the steel melting
facility under investigation contains three randomly operating IMF installations
together with some other industrial loads. In order to observe the overall harmonic
behavior of steel melting facility load, Class A type field measurements [100] were
conducted for a time interval during which all the three IMF installations are available
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for normal operation. The raw data is post-processed via Fast Fourier Transform (FFT)
with 200 msec windows in order to get a harmonic spectrum of 5 Hz resolution as
given in Figure 3.1. As can be seen from Figure 3.1, the prominent harmonics and
interharmonics are located between 250 and 550 Hz for almost all frequencies. It is
observed that two, four and six prominent interharmonics are observed simultaneously
and their frequencies are changing irregularly in time while one, two and three IMF
installations are in operation, respectively. In addition to those prominent harmonics
and interharmonics, 11" and 13™ characteristic harmonics due to 12-pulse, and 23™
and 25" characteristic harmonics due to both 12- and 24-pulse structures of the load

resonant IMF converters can also be observed.

1000 750

1250
1500 Frequency(Hz)

Figure 3.1 Frequency spectrum of interharmonics and harmonics of the line current
waveforms for the steel melting facility containing three IMFs (field measurements)

Furthermore, as mentioned before, those harmonics and interharmonics may appear
as negative sequence, positive sequence or both sequences at the same time. Since
Figure 3.1 is not suitable to illustrate the symmetrical components for each individual
harmonic frequencies, symmetrical components analysis is also conducted for each
harmonic and interharmonic frequency from 250 Hz to 550 Hz with 5 Hz steps.
Mentioned analysis is given in Appendix B in detail. The following findings are

obtained from the results of symmetrical components analysis:
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i) Harmonic and interharmonic frequencies from 250 to 355 Hz, except 7! harmonic,

appear only in negative sequence form,

i) Harmonic and interharmonic frequencies from 440 to 545 Hz appear only in

positive sequence form,

iii) Harmonic and interharmonic frequencies between 360 and 435 Hz and 7"
harmonic may appear only positive sequence, only negative sequence or both at the

same time,

iv) 11™, 13" 23" and 25" characteristic harmonics appear as expected [19], [20], [26]
that 11" and 23" are only negative while 13" and 25" harmonics are only positive

sequence.

3.2.  Design of Input LC Filter

Input LC filter, together with the coupling transformer, behaves as a transfer
impedance to convert inverter terminal voltages to HAPF system line currents. The
design parameters for input LC filter are filter inductance, L, filter capacitance, Cy,
and natural frequency, wo. Design criteria for those parameters is mentioned in the

following sections.

3.2.1. Natural Frequency Determination

Since prominent harmonic and interharmonic frequencies lay between 250 and 550
Hz, it is vital to keep impedance characteristics as minimum value as possible over
this frequency range so that required interharmonic and harmonic currents can be
generated with a lowest possible voltage drop and phase difference. For this reason,
natural frequency of the input LC filter is chosen to be 385 Hz for nine parallel
operating HAPF units. The chosen value determined as a bit smaller value than the
400Hz, midway between 250 and 550 Hz. The reason for choosing natural frequency
closer to lower boundary, 250 Hz, instead of higher boundary, 550 Hz, is that the
impedance characteristics rapidly increases for the frequencies lower than natural

frequency. By choosing 385 Hz as the natural frequency, the LC filter impedances of
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both 250 Hz and 550 Hz are made close to each other for nine parallel units, as can be

observed in Figure 3.2.

An important point for natural frequency determination of input LC filter is that
natural frequency increases as the number of HAPF units in operation decreases as
given in Figure 3.2, which causes higher voltage drops for low frequencies on input
filter than the nine HAPF unit case. Actually, this situation does not arise a decrease
in filtering performance for hysteresis band control, unlike proportional control, but it
causes an increase in the need of minimum dc link requirement for the inverter in
order to suppress the same load characteristics as nine HAPF unit case. On the other
hand, proportional control is highly fragile for changes in the number of parallel
HAPF units. The filtering performance dramatically decreases for the low frequencies
as natural frequency moves toward higher values, since proportional control method

is highly dependent on the filter impedances as mentioned before.
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Figure 3.2 Impedance characteristics of the input LC filter with different number of
parallel HAPF unit

3.2.2. Reactive Power Support and Minimum DC link Requirement

Determination of only natural frequency, solely, is not enough for designing input LC
filter because there are infinitely many number of L-C pairs satisfying a specific

natural frequency, wo=VLC. Figure 3.3 illustrates the impedance characteristics curves
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of different L = Ly + Lt (filter inductor together with coupling transformer) and
corresponding Cs values for the same natural frequency. It is obvious in Figure 3.3
that the filter overall impedance values are increasing as the filter inductor increases.
Actually, changing filter parameters, LC, affects not only the impedance
characteristics but also minimum dc link voltage required for worst case operation
[129, 130] and reactive power production at fundamental frequency. The basic

philosophy underlying the determination of filter parameters is given as follows:
1) Minimum dc link voltage requirement for the worst case filtering operation,

i) Fundamental component of the reactive power support due to the series LC filter.
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0
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Frequency, Hz

Figure 3.3 Impedance characteristics for different filter inductance values together
with coupling transformer

Minimum required inverter dc link voltage can be determined as the sum of all voltage
components due to the existing harmonic and interharmonic currents over the coupling
impedance as if their peak values coincide [19], [129], [130]. In order to reach this
aim, IMF duty regime has been observed from the field recordings and worst case
condition was determined such that three IMF installations are operating at the same
time with resultant interharmonic frequencies appear at highest possible coupling
impedances [19]. Moreover, produced capacitive reactive power, due to the fact that

filter impedance is subjected to fundamental frequency grid voltage, is also calculated
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for different filter inductances. Minimum dc link voltage requirement and reactive
power support are drawn on the same graph over the filter inductor together with

coupling transformer as given in Figure 3.4.
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Figure 3.4 Required minimum dc link voltage and total reactive power support for
filter inductances

Choosing the dc link voltage value as low as possible is very useful for reducing the
voltage stress on semiconductors and switching losses. It is one of the most important
feature of the HAPF topology that dc link voltage can be lower than grid voltage [19],
[20], [52], [53], [129]. In order to reduce the dc link voltage, filter inductor should be
decreased as can be seen from Figure 3.4, however this act, at the same time, causes
a higher reactive power support thus fundamental frequency currents flowing through
inverter. All the design parameters are taken into consideration and filter inductor
together with the coupling transformer is chosen as 38 uH so that corresponding
minimum dc link requirement is lower than 550V and total reactive power support is
around 700 kVAR. The chosen value is determined considering the following

concerns:

i) Total reactive power support should be around 700 kVAR for supporting the MV

reactive power compensation,
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i) Magnitude of fundamental frequency current components, conduction losses and

thus semiconductor stress should be as low as possible,
iii) Minimum dc link requirement thus switching losses should be as low as possible.

Furthermore, filter inductor value is also important for hysteresis switching.
Increasing filter inductor provides a reduction in the rate of change of current, di/dt.
By this way, a more stable tracking performance can be obtained especially for digital
implemented control systems, which is also mentioned in Chapter 5. Since dc link and
reactive power support parameters are more dominant than the hysteresis tracking
performance in terms of inverter capacity and efficiency, another solution is proposed
in Chapter 5 for enhancing the current tracking performance.

3.3.  Simulation Model and Theoretical Results

Input LC filter parameters are designed as described in previous parts, however,
design of inverter parameters needs circuit simulations in addition to theoretical
results. Inverter design parameters such as a sample converter line current waveform,
dc link voltage ripple, dc link current waveforms, IGBT losses etc. can be obtained
using the simulation environment and those findings can be used in experimental

verification.

EMTDC/PSCAD [131] simulation environment has been used for the simulation of
both electrical circuit and the control algorithm. One of the most important feature of
this simulation environment is that it has some structures specifically designed for
power electronics applications. Moreover, EMTDC/PSCAD allows writing scripts in
FORTRAN programming language in order to model the control algorithm too.
Therefore, the converter components with realistic simulation models can be
evaluated using the control algorithm, which allows testing the system with all the
components. As another feature, EMTDC/PSCAD provides a recording system for
both reading the external data as inputs and importing the simulation results to a text
file.
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In this thesis, the field recordings are exported to the simulation environment as a steel
melting facility load instead of using artificial non-linear loads provided by the
program in order to make the simulation circuit more realistic. Proposed control
algorithm is also written in FORTRAN programming language as a script instead of
using pre-defined power electronics control blocks provided by the simulation
environment. PLL, SHEx and SRF methods together with the hysteresis switching
have also been implemented in the script by modelling the sampling frequency of the
hardware too.

The screenshot of the simulation environment in system level can be seen in Figure
3.5. HAPF modules 1-9 shown in this figure contains each HAPF unit with both
electrical circuit and control algorithm. Screenshot of one of the identical HAPF unit
blocks is also given in Figure 3.6. The HAPF system and the proposed control
algorithm have been simulated and the results of the simulation model are given in
this section of the thesis. There have been numerous runs for the simulation model in
order to reach to the most effective design, however, only the results of finalized

model is given.

Figure 3.7 shows the waveforms of source, HAPF and load current in MV level. The
proposed HAPF system is shown to be very successful for the suppression of
harmonics and interharmonics of the IMF load. Actually, the source current THD is
decreased to 2.99% while the load current THD is 8.57%. Figure 3.7 shows also
waveforms of the HAPF system before HAPF converters are turned on. The
corresponding filter current waveform when the HAPF converter is turned off
represents the behavior of passive part of the HAPF system. The corresponding part
of the filter current waveform contains only reactive power at fundamental frequency
due to input LC filter of HAPF converter. This part also contains some harmonics too,
which is due to the fact that some harmonic and interharmonic current components of
the IMF load naturally flow through the LC filter according to the filter impedances

of corresponding frequencies.
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The harmonic spectra of load, HAPF and source current waveforms given in Figure
3.7 are drawn in a common graph in Figure 3.8. Note that the proposed HAPF system
model and the control system architecture effectively suppresses the interharmonics
caused by the IMF load under investigation.

The dominant interharmonics for the particular instant of the load regime are 295, 355,
395, and 455Hz. The interharmonics at 295 and 395 Hz are caused by an IMF load
operating at converter frequency 172.5 Hz, while the interharmonics at 355 and 455

Hz are due to another IMF installation operating at converter frequency 202.5 Hz.
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Figure 3.7 Waveforms of load, HAPF and source currents in MV level (simulation
results)
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In addition to MV level results, it is also important to analyze the performance of each
HAPF unit in LV level too. A proper DC link voltage level should be reached before
starting of harmonic suppression. For this purpose, each HAPF unit starts with short
intervals of DC link build-up and DC link regulation phases. Figure 3.9 illustrates the
start-up behavior of each HAPF unit. The DC link build-up phase are divided into two

sections as can also be seen from Figure 3.9.
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During DC link build-up, an active current reference are tracked by the hysteresis
current controller in addition to the inevitable reactive current component due to input
LC filter. The only difference between partl and part2 of the DC link built-up phase
is the magnitude of the active current reference. Part-1 provides a soft starting by a
small active current reference in order to avoid any in-rush currents towards
semiconductors, then the Part-2 follows with a higher active current reference by
increasing the PI controller limits in order to accelerate the DC link build-up. Once
the required DC link value is reached, the converter regulates the dc link voltage for
some time without harmonic filtering as shown in Figure 3.9. Finally, the normal
control algorithm operation for the suppression of load harmonic content starts, the

DC link regulation behavior of which is also given in Figure 3.9.
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Figure 3.9 lllustration of start-up phases of each HAPF unit

The switching behavior of each HAPF unit due to the hysteresis current control
philosophy is shown in the sample HAPF unit current in Figure 3.10. This figure
represents the typical hysteresis switching waveform for the tracking of reference

81



current signal. When the harmonic spectrum of the HAPF unit current is analyzed, the
harmonic and interharmonic content of it can be deduced as given in Figure 3.11 using

the FFT of the exported signal.
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Figure 3.10 HAPF unit current waveform with hysteresis current control philosophy
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Figure 3.11.a shows that the interharmonic content of the HAPF unit current strongly
related to the ones at MV level. Since the hysteresis switching causes high frequency
and irregular switching behavior, the whole frequency band (up to 10kHz) should also
be investigated in order to observe those frequency components. As can be observed
from Figure 3.11.b, high frequency components arising from hysteresis switching
appear from 2 kHz up to 5 kHz with mostly concentrated around 3 kHz. The effect of
switching frequency is shown as distributed around a wide range as expected instead
of integer multiples of a single frequency, which is a drawback of proposed hysteresis

current control method.
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CHAPTER 4

IMPLEMENTATION OF PROPOSED HAPF SYSTEM TO IMF AND
EXPERIMENTAL RESULTS

The proposed HAPF system, composed of nine identical HAPF units, has been
implemented in the field for the verification of proposed solution to harmonic
problems of steel melting facility under investigation. Overall view of the
implemented system is given in Figure 4.1. In this chapter, the components of the

implemented system and experimental results are presented in detail.

Figure 4.1 View of the HAPF system implemented in the field

85



4.1. Power Stage

The power stage is part of the HAPF unit and composed of input LC filter, dc link and
converter semiconductor switches. Those high power electronics equipment are
introduced in the following sections. A field photograph showing the power stage is

given in Figure 4.2.

Filter
Capacitors

Filter
Reactor

Circuit Braker

Figure 4.2 View of the power stage for each of the nine identical HAPF units
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4.1.1. Semiconductor Switching Equipment

The switching equipment used in the power electronic converter is IGBT, which
allows high speed switching on high voltage and current conditions. Since the
converter is three-phase three-wire two-level converter topology, there must be six
IGBTs in order to implement it. Thus, two-pack IGBT modules of Semikron
(SEMIX854GB176HD) are used for each phase. The circuit representation of each
module is as given in Figure 4.3. The voltage and current ratings of each individual
IGBT are 1200V and 600A, respectively. In order to operate IGBTSs, IGBT gate driver
card of Semikron (SKYPER 32PRO R) is used. The driver provides a feedback signal
for observing the semiconductor health, analog case temperatures of each IGBT in the
module, and shoot-through protection. Since the electrical power to be conditioned in
the converter is very high, the overall loss in the IGBTSs is also too high to be cooled
down via air ventilation despite a good efficiency. For this reason, IGBT modules are
mounted on an aluminum cold plate which contains copper tubes located exactly
under hottest points. The cold plate is supplied by MERSEN company. Since IGBT
control signals are high frequency signals, low inductance flat cables with minimum

possible length are used to connect gate drivers to control card.
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Figure 4.3 Dual Pack IGBT module used in HAPF unit power stage

Inductance on the current path between IGBTs and dc link capacitors are minimized
by keeping the path as short as possible. For the same concern, positive and negative

current paths are designed as busbars squeezed to each other with an insulation sheet
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between them, as given in Figure 4.4. Also, capacitors are evenly distributed through
the dc bus for distributing the current path over the maximum cross-section.
Therefore, the voltage overshoots that IGBTSs are exposed to during turn-off are kept
at reasonable level. Since the converter are designed with 550V dc link voltage,
voltage overshoot margin is 650V for 1200V IGBTSs.

DC LINK CAPACITORS

IGBTs AND COLD PLATE

Figure 4.4 View of the dc link, semiconductors and busbar arrangement for the field
implementation

4.1.2. DC Link Capacitor

DC link capacitor is determined as 9 mF using the simulations by taken into account
voltage ripple and dc link current concerns. Due to the instantaneous current and
capacity restrictions, dc link capacitor is implemented as a six-pack capacitor bank
illustration of which is shown in Figure 4.5. DC link capacitors are chosen to be dry

type metallized film power electronic capacitors in order to provide fast and high
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current ripples with a self-healing property. The dc link voltage value is theoretically
calculated as 550V with 10% ripple as mentioned in Chapter 3, however, the rated
voltage of the capacitors used in implemented system have been chosen as 1100V.
The reason for choosing such higher voltage capacitors is that the capacitors, in worst
case, may be charged up to the 1000V the peak value of 690V grid voltage. The worst
case condition is realized when all of the IGBTs are OFF state resulting in a three-

phase diode rectifier mode of operation.
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Figure 4.5 Capacitor bank for the DC link implementation
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Figure 4.6 lllustration of capacitor arrangement on DC link busbars

The current rating of individual capacitors is designed a bit higher than expected dc
link current divided by the number of capacitors due to the fact that the currents of the
individual capacitors (ipc,1 — ipc,6) are not shared equally. Unequal current sharing is

caused due to the arrangement of capacitors, field view of which is given in Figure
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4.4, on the dc link busbars with respect to IGBTSs as illustrated in Figure 4.6. Although
dc link is designed as laminated busbars to reduce both resistance and inductance of
the connection, there may still exist impedance differences between the current paths
of capacitors (path 1 and 2 as illustrated in Figure 4.6) especially during high

frequency commutation of currents between semiconductors.

Ll
'ASSIVE FILTER
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INDUCTOR

SOFT START _
CONTACTOR

Figure 4.7 View of the passive filter of each HAPF unit

4.1.3. Passive Filter

Passive filter is implemented in the HAPF system as given in Figure 4.7 by taking into

account both analytical calculations and simulation results. Passive filter capacitor
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carries almost all of the fundamental frequency grid voltage between its terminals due
to the impedance characteristics of the passive filter. However, the voltage drop on
the capacitor terminals due to harmonic and interharmonic currents are very low as
compared to fundamental component. Therefore, filter capacitor ratings are
determined considering the fundamental frequency voltage with some tolerance. The
filter capacitor is the standard product of Electronicon, Germany and is an AC power
electronics capacitor equipped by metallized film technology with castor oil for
effective cooling. In addition, it has self-healing feature. In order to provide faster
discharging on turn-off procedure, parallel resistors are externally connected to the
terminals of capacitors. Five capacitors are used as a bank for each phase as can be

seen in Figure 4.7.

The reactor is designed by the company Hans von Mangoldt. For the design, not only
fundamental current component but also some dominant harmonic currents are given
together with the rms current rating to the producer in order to specifically design the
filter reactor for HAPF application. The reactor is composed of copper sheets
wounded on laminated iron core with type F insulation material. There is an important
issue for the design of the filter reactor that the reactor core is overheated due to the
high frequency currents caused by hysteresis switching, which should be taken into

account when the waveform modulation method is hysteresis band switching.

4.2. Control and Protection Circuits

There are some mechanisms for controlling various system level operations of HAPF
system and some protection means to prevent harmful situations. In this section of the
thesis, protection means and measurement equipment are mentioned then the

operation of control system devices is described as sub-sections.

For the safety of the operators and protection of the converter components, a discharge
mechanism has been installed to the dc link of each of the HAPF units. The aim of the
discharge mechanism is to make sure that dc link voltage is at safe level as soon as
possible when the HAPF unit is turned-off. In order to reach this aim, a powerful

resistor is connected to dc link busbars via a contactor, as can be seen in Figure 4.4,
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for fast reclosing. The resistor chassis is made of aluminum and is mounted on the

mounting plate of panel in order to cool down the resistor.

Before turning the HAPF system on, the passive component must be energized. The
initial energization process causes a very high inrush current due to the passive filter
response. The simulation of passive filter elements on the worst-case energization
process is as given in Figure 4.8. The worst-case inrush current occurs at the switching
instant when the corresponding instantaneous grid voltage is at peak value. In order
to prevent the harmful effects of passive filter inrush current, a soft start circuitry has
been added to the system as can be seen in Figure 4.7. An automation code is
implemented for soft-switching the passive filter through a resistor with the help of a
contactor. Three seconds after soft energization of the passive filter, a circuit breaker
by-passing the contactor-resistor pair is turned on so that all the current is commutated
to circuit breaker for proceeding to normal energization of passive filter. By the
feedback of circuit breaker state, short-circuited contactor can be turned off under zero

current condition thus significantly increasing the lifetime of it.
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Figure 4.8 Simulated current waveform of the passive filter during energization
under worst case conditions

Overload and short-circuit protection is provided by using the three pole circuit
breaker seen in Figure 4.7. The circuit breaker, supplied by ABB, has an adjustable
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trip unit rated at 800A current and 690V grid voltage. It had observed several times in
the field after some period of normal operation that the electronic trip unit of the circuit
breaker failed and started tripping the system wrongly although there was not any
over-currents. After some discussion with the manufacturer, it is found out that the
magnetic fields created by the harmonics and interharmonics may cause failures on

the trip unit electronics after some period of operation.

In addition to unit level protections, the HAPF system itself is protected at MV level
via a protection relay, SEPAM — Schneider Electric, and a metal clad circuit breaker
located at the feeder reserved for HAPF system for undervoltage, overcurrent and

earth fault.

For the control and measurement purposes, some sensors are used in the HAPF
system. Current transducers are used on each HAPF unit for the measurement of unit
currents. DC link voltage is measured via a resistive divider located at the control card.
IGBT case temperatures are sensed via Negative Temperature Coefficient (NTC)

temperature sensors and given to controller analog channels.

Calculating the control system references can only be possible by measuring the MV
side source and HAPF currents. HAPF currents are measured via a toroidal current
measurement transformer having conversion ratio of 100/5A. The secondary of HAPF
current measurement transformer is connected serially MV relay and all nine HAPF
units then short circuited. Source current is obtained from the already available
measurement cell of the steel melting facility without preventing the other systems
from taking the measurements. The short-circuited termination of the measurement
transformer is serially connected to all of the HAPF units and then again terminated
with a short circuit.

4.2.1. DSP Board

Control system algorithm has been implemented on a PCB composed of modular
boards realizing various duties. The main DSP board, shown in Figure 4.9, is
composed of five parts namely DC link and Temperature Measure (DTM) board,
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Voltage and Current Measure (VCM) board, Supply Board (SB), Firing Board (FB),
and Digital Interface (DI) board. Each board is indicated and labeled in Figure 4.9.

MEASUREN
BOARD

VOLTAGE AND
CURRENT
MEASURE
BOARD

INTERFACE
= BOARD

Figure 4.9 The main DSP board and its modular components

DTM board is responsible for the pre-processing of dc link voltage and IGBT case
temperatures. DC link voltage is down-scaled to low voltage level via a resistive
divider and the resultant signal is fed to isolation amplifier before reaching to
controllers in order to provide an isolation between main board and power stage.
Similarly, temperatures of IGBT cases are measured by NTC temperature sensors fed

to isolation amplifier before reaching main board.

VVCM board contains toroidal current transducers in order to obtain the instantaneous

current values get from current measuring transformers. Also, PCB type precise
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voltage transformers are used for down-scaling the voltage values get from voltage
measuring transformers. This board contains scaling and offset adding circuitry for
each voltage and current signal in order to increase resolution of Analog to Digital
Converter (ADC) by covering the whole voltage range of DSP analog input channels.

FB is responsible for sending the IGBT gate triggering pulses to the corresponding
gate drivers. The triggering pulses and corresponding feedback signals are transferred

between gate driver and main board via isolation amplifiers.

SB contains an off-the-shelf isolated SMPS and its auxiliary components. SB provides
the necessary power for all the sub-modules connected to main board. Moreover, input
and output passive filters for the proper operation of SMPS are also located in this

board.

Peripheral digital signals are sent and/or received by the main board using the DI
board. It contains opto-coupler Integrated Circuits (ICs) for optical isolation of digital

signals.

The main DSP board contains two DSP’s, one of them is a powerful controller,
TMS320F28335, having floating point core with clock frequency 150MHz, which
hereinafter will be named as control DSP. The control algorithms for HAPF system
power electronics hardware are handled via control DSP. Sampling frequency of the
measured signals is chosen to be 25 kHz thus time interval of 40usec between two
successive sampling instants is available for the execution of control algorithm. Since
there are lots of time consuming operations to be handled by control DSP, some
operations are determined as the responsibility of another controller. Monitoring of
field signals, RMS, mean, FFT calculations and sending them to Human Machine
Interface (HMI) via Ethernet communication are the most important duties of this
controller (TI Stellaris ARM Cortex M3), which hereinafter will be named as
monitoring DSP.

Control algorithms, fulfilled by control DSP, have already been explained in previous
parts of the thesis, therefore, only the duties of monitoring DSP will be mentioned in

this section. The block diagram showing all the responsibilities of monitoring DSP is
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given in Figure 4.10. It is essential to note that although monitoring DSP is required
to conduct floating point calculations, it is actually a fixed point controller. The
floating point calculations are handled by monitoring DSP by making use of IQmath
library [132], which is an open source library for floating point structures formed by
fixed point variables. All the information processed by monitoring DSP is sent to HMI
via a TCP/IP communications handling algorithm specifically designed for this
application by the author via modifying the open source ulP (micro IP) [133] library.
In addition to processed data signals, generated alarm bytes are also added to the

communication frame in order not to use lots of copper cables for each alarm signal.
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Figure 4.10 Block diagram representation of the responsibilities for monitoring DSP
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As can be seen in Figure 4.10, monitoring DSP duties are divided into two
classifications namely system monitoring device and HAPF unit monitoring devices.
HAPF unit monitoring devices are responsible for the operations related to each HAPF
unit, while system monitoring device handles the system level calculations. System
monitoring DSP calculates the RMS values of MV signals and calculates active and
reactive powers by using instantaneous PQ theory [134] — [136]. Monitoring DSPs of
each HAPF unit, however, calculates the mean value of dc link voltage, RMS value
of unit line current, IGBT case temperatures and generate corresponding alarm

signals.

In addition to basic RMS and mean calculations, the monitoring DSPs handle FFT in
order to illustrate the harmonic and interharmonic content of each HAPF unit and MV
source and filter currents. In order to reach this aim, a recursive FFT algorithm, shown
in Figure 4.10, is used for the calculation of harmonic content as fast as possible. The
algorithm works as the recursive operation of 2-point Discrete Fourier Transform
(DFTs) up to N-point DFT calculations, where N must be some integer power of 2
(2", n is integer). Since the dominant harmonic frequencies vary in time, the most
dominant harmonics and interharmonics with 5 Hz resolution should be sent to HMI
instead of sending the whole frequency band in order to reduce the communication
frame size. For this reason, a bubble sort algorithm is used to sort all the harmonic
frequencies and most dominant twenty frequencies are added to the communication

frame together with their magnitudes.

4.2.2. Industrial Automation System

In order to handle the system level control operations other than the converter control
algorithm, an industrial automation system structure has been assembled. The main
duties of industrial automation system is to operate CBs, control MV relays, provide
HMI, manage Water Cooling System (WCS) commands, handle reclosing of HAPF
system, operate automatized start, stop and fault procedures etc. Programmable Logic
Controller (PLC), with brand name Siemens S7-1200, and necessary 1/O modules

have been used to manage all the mentioned functions. Also, various types of

97



industrial relays are also used as the auxiliary components of industrial automation
system to adapt different voltage levels and deliver high power to required units. PLC
controller together with its I/0O modules, miniature circuit breakers, various relays,
connectors, power supplies and HMI are located inside the control panel shown in

Figure 4.11.

. GO S SESASSSS————

- — e — —
g

VARIOUS
RELAYS

Figure 4.11 Control panel for handling industrial automation and user interface

HMI is a touch panel monitoring device, which is the product of Siemens. HMI
contains a software, in WinCC Flexible, to read/write information from/to memory
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blocks of PLC. By this way, all voltage current values, frequency spectrum, and HAPF
unit semiconductor temperatures are shown on this touch panel computer. Also, CB
controls, start, and stop commands can be sent to corresponding components of the
HAPF system via HMI.

4.3.  Water Cooling System

High power semiconductor devices, due to their non-ideal structure, cause two kinds
of loss components during operation, namely conduction loss and switching loss.
While conduction loss is the loss component during conduction of current due to the
on-state voltage drop of the semiconductor, switching loss is the one due to the
existence of high voltages and currents at the same time during every switching
instant. Both loss components are dissipated as heat exactly at the semiconductor
junction. Manufacturers specify the maximum allowed junction temperature, 125 °C
for the devices used in this system, in order not to harm the semiconductor devices.
Since converter currents are very high, cooling the semiconductors via forced

ventilation is not sufficient for keeping the junction temperature of them at reasonable

values.
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Figure 4.12 Illustration of cooling plate structure and corresponding thermal
resistances

For this reason, AISIC cold plates with buried copper pipes are used to allow the water
flow inside them. An illustration showing the cooling plate, semiconductors, and

copper pipes is as given in Figure 4.12. Temperature and the flow of inlet water is

99



determined by considering the temperature drop on the thermal resistances of junction
to IGBT case (Rin,j-c), case to cold plate, (Rnc-cp), cold plate to pipe, (Rih,cp-p), and pipe
to water, (Rip-w), as given in Figure 4.12. The cooling liquid, soft water for this
particular research work, is forced to flow through the copper pipes with a certain
pressure created by the redundantly working pumps in water cooling system given in
Figure 4.13.

Figure 4.13 Water cooling system installed in the field

As the flowing water absorbs the dissipated heat, its temperature increases too. If the
water does not cooled down, the junction temperature will eventually reach dangerous
values. Therefore, the cooling water is cooled down inside the WCS via a water-to-

water heat exchanger. WCS is controlled by the industrial automation system. Liquid
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flowing system is a semi-closed cycle one connected to air via a filter. Cooling water
reaches to each module through the thick polymer water pipes and hoses connected

parallel to each other as shown in Figure 4.14.

Figure 4.14 View of cooling water hose connections and polymer main pipes

4.4. Flowchart of the Control Algorithm

As mentioned in early sections, the control system has been composed of two
controller, one is the control DSP and the other is monitoring DSP. Real-time
programming philosophy is used to realize the algorithms due to the time dependent
nature of the application. When the system is run, time is divided into equal intervals
via timer interrupts so that the control algorithm is triggered in real time. Even if the
controller has completed all the duties for a time interval, it waits in idle mode until
the next trigger signal arises. At the instant of each trigger, the controllers initiate the
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sampling of necessary inputs and calculate all the duties during a certain time,
execution time. The most important rule for this kind of programming is that the
execution time, te, should be smaller than the time between two successive sampling
instants. In other words, the necessary calculations corresponding to a sampling
instant and resultant acts should be completed before the next samples arise. Software
flowchart is given for both control and monitoring DSPs in Figure 4.15 and Figure

4.16, respectively.
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Figure 4.15 Software flowchart of the control DSP

As can be seen in both figures that all the functions in the flowchart are time dependent
and triggered by the interrupt tick signals. Control DSP handles the time critical
reference calculations for HAPF converters, while the monitoring DSP processes the
sampled data and sends them to industrial automation system just for user observation.
Thus, the output of control DSP is updated in every sampling period, however,
monitoring DSP sends the resultant data every second. Slow data transfer cycle of
monitoring DSP is due to the fact that the change of the observable data should be as

slow as user can observe.
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Figure 4.16 Software flowchart of the monitoring DSP

4.5. Hierarchical Control System Architecture

Various digital control system architectures have been proposed for APF systems in
order to handle the coordination of signal processors together with other auxiliary
equipment [137] — [142]. An array of resonant controllers have been proposed in
[137]. Fully digital FPGA based control system architecture is suggested in [138]. Ref.
[139] recommends an FPGA based System-on-Chip solution for the control of APF.
A hierarchical control system architecture has been proposed for three-phase four-
wire APF systems in [140]. Ref. [141] recommends a digital deadbeat current control
structure. An APF implementation of a hierarchical information structure has been
illustrated in [142]. Although those control systems are fully digitalized and designed
specifically for APFs, neither of them proposes a generalized architecture for a
modular and scalable control system for modular APFs. On the other hand, handling
the control duties for distributed, modular and scalable systems have been satisfied
via hierarchically partitioned control system architectures by various researchers [143]
— [150]. Mentioned control system architectures have been used in various areas like
MARX modulator [143], telescope systems [144], autonomous vehicles [145],
microgrids [146], [147], power systems [148], parallel operated VSC system [149],
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and discrete event systems [150]. In addition to those mentioned systems, high power
electronic converters composed of Power Electronics Building Blocks (PEBB) should
also equipped with modular and scalable hierarchical control system architectures
[151].

4.5.1. Power Electronics Building Blocks (PEBB) Concept

High power electronics converters have recently been composed of generic modules,
PEBB, in order to reduce size, cost, losses and weight [152], [153]. In addition to
physical benefits, PEBB based structures provide hardware standardization and
flexibility in the design [152]. APF systems designed using PEBBs have also been

proposed in the literature [154] in order to take advantage of this concept.

Similarly, the control system should also be modular, scalable and standardized so
that the modularity and efficiency of the overall system can be maximized.
Hierarchical control system architectures have been proposed [155] — [160] as a
suitable control system structure for PEBB based power electronics converters and an
IEEE Standard guiding the suitable control system architecture has been published in
2011 [151]. It is mentioned in all of the works [155] — [160] and IEEE guide [151]
that the control system architecture should be divided into hierarchical layers. The
division of layers can be determined using the functional and temporal properties of
the control system components [161]. All the requirements such as timing, duties,
interfaces, communication frames etc. should be determined for a general PEBB based

converter.

4.5.2. Implementation

The control system architecture proposed and implemented in this thesis is an example
of the control system architecture proposed in IEEE guide [151], with some
suggestions and contributions on it [162]. By this way, the control system is
partitioned into four hierarchical layers as given in Figure 4.17 according to their
functional and temporal requirements. The strictest difference for the partitioning is

the timing concerns as can be seen in Figure 4.17. While the bottom layer gathers
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information or acts against an action in less than 1us, the top layer updates information
about the system for each second. The complexity of the control duties are

dramatically increases from top to bottom layer.

Layer 3
A
Remote Control Sytem, HMI ~ 1sec W
Layer 2 Industrial Automation
System ~ 15msec

Layer L~ Monitoring System  ~ 100 usec
Control System ~ 40 usec

Layer O
HAPF Converter, Hardware < 1 usec

Figure 4.17 Functional and temporal partitioning of hierarchical control layers

Layer 3, the top layer, composed of human machine interface and remote control
equipment. It is responsible for monitoring of the overall system to the user and
accepting user commands [162]. The next layer, Layer 2, is used to determine the
working state of the system and handles the industrial automation duties like circuit
breaker, relay, WCS controls. Layer 1 contains control system devices that realizes
the converter control algorithm. Power electronic converter switching instants are
determined by this layer. The bottom layer, Layer 0, contains hardware of the
converter, the semiconductor switches, filters, sensors, and analog signal electronics.
The designed and implemented hierarchical control system architecture for the

modular HAPF system under investigation is given in Figure 4.18.

The IEEE guideline for high power converters [151] also suggests a useful
communication structure and necessary data to be transferred between hierarchical
layers. The proposed control system architecture utilizes the suggested structure
together with some extra details specifically needed for the HAPF system under

investigation.
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Figure 4.18 Hierarchical control system architecture proposed for modular HAPF system
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The devices located in the same layer are not allowed to communicate to each other
for the sake of reduced complexity. However, the devices belonging to two successive
layer communicates to each other due to the hierarchical structure of the control
system layers. The communication structure is coordinated by the PLCs, as an

industrial automation controller, which are located in Layer 2.

In order to avoid the clashes during communication structure of ten processors located
in Layer 1, the real time is divided into equal intervals, each of them are reserved for
the communication of a specific controller. This type of communication method is
called Time Division Multiplexing (TDM) and the illustration of TDM is given in
Figure 4.19. Each reserved time interval is 200 ms long and it is assumed that the
necessary information is sent from PLC to DSPs and corresponding answer is returned
during this time interval. Actually, bidirectional data transfer lasts less than reserved
time interval, but some time buffers are added to avoid data collisions in case of

repetition of lost packets.
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Figure 4.19 Illustration of TDM based communication frame
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4.6. Experimental Results

The HAPF system mentioned in this chapter is implemented in the steel melting and
forming facility owned by ER CELIK Metallurgy Co, Iskenderun/TURKEY. All the
components of the implemented system are given in detail including brand names and

part numbers at Table 4.1.

Table 4.1 Components of the implemented HAPF system

Hybrid Active Power Filter System

Rated Power 2.7 MVA

Rated Voltage 690 V

Number of HAPF Units 9

3-Ph Coupling Transformer (Eltas) 3.0/4.0 MVA , 31.5/0.69 kV
DYn11, Uk = 5.6%

HAPF Units

Inverter Topology Three Phase Full Bridge Inverter

Blocking Reactor (H.v Mangoldt) 0.1 mH/ph, iron core

Blocking Capacitor Bank (Electronicon) 500 uF/ph

Switching Method Hysteresis Band Switched

Power Semiconductor 1700V, 600A IGBT

(Semikron SEMIX854GB176HD)

Power Semiconductor Driver Circuit +15V, Flat Cable Signal Link

(Semikron SKYPER 32PRO R)

Switching Frequency 3.5-5kHz

DC Link Voltage 550V

Cold Plate Cooling System (Mersen) Single Side, Copper Pipe, Al Plate
10lt/min Flow Rate

DC Link Capacitors (Electronicon) Dry Resin, MKP, Polypropilen 1100Vdc
1.5mF x 6

The implemented system successfully verified in the field that it satisfactorily
suppresses all the interharmonic and harmonic frequencies to the allowed limits by
the international standards [1], [28] and Turkish grid code [30] on power quality. In
order to show the harmonic filtering performance over 100 minutes time interval for
a wide frequency range, Figure 4.20 is drawn for both load and source current
waveforms at MV level. The harmonic spectra for both load and source current
waveforms are post-processed using FFT having 5 Hz resolution for every 200 msec
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during 100 minutes period and shown respectively in Figure 4.20.a and Figure 4.20.b.
According to given figure, all interharmonic and harmonic frequencies are
successfully mitigated for the simultaneous operation of 1, 2 and 3 IMF installations
considering all the steel melting phases (boring, melting and refining). The time

varying characteristics of the IMF load harmonics can also be seen in Figure 4.20.
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0
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100 “qegg 1250 1000 7S
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Figure 4.20 Harmonic spectra of the field measurements a) load current and b)
source current
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Figure 4.21 Source, HAPF and load current measurements while only one IMF is in

operation

The MV waveforms and the corresponding harmonic spectra of the proposed HAPF

system can be seen in Figure 4.21 to Figure 4.26 while one, two and three IMF

installations are simultaneously in operation.

The THD of the load current waveform is shown to be reduced by the HAPF system

from 9.52% to 3.07% at the source side as given in Figure 4.21 for only one IMF load

is in service. When the corresponding waveforms together with their remaining parts

in a 200 msec window are analyzed via FFT, the RMS values of each individual

harmonic frequency can be observed as harmonic spectra given in Figure 4.22. It can

be observed from Figure 4.21 and Figure 4.22 that all the harmonics and

interharmonics are satisfactorily suppressed for this particular instant. Considering the
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dominant harmonics in Figure 4.21 and equation (1.11), operating frequency of the

load resonant converter driving IMF in operation is calculated to be 150 Hz.
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Figure 4.22 Harmonic spectra of the source, HAPF and load current waveforms
while only one IMF is in operation

By this way, 250 and 350 Hz components due to the working regime of existing IMF
load are expected to be in negative and positive sequence form using (1.11),
respectively. Moreover, 11" and 13™ characteristic power system harmonics are also
observed in this figure, which is due to the 12-pulse structure of the IMF driver as
expected by (1.1).

Figure 4.23, on the other hand, represents the MV waveforms of the source, HAPF

and load currents while two IMF installations are simultaneously in operation. As can
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be understood from this figure that the THD of the load current waveform, 9.44%,
reduced to 3.93% at the source current measurement. Similar to one IMF operation
case, harmonic content of all of the current waveforms in Figure 4.23 can be drawn

with 5 Hz resolution (200 msec window) as given in Figure 4.24.
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Figure 4.23 Source, HAPF and load current measurements while two IMFs are
simultaneously in operation

When the harmonic and interharmonic content of spectrum in this figure is analyzed,
the dominant interharmonics appear as 295, 395, 315, 415 Hz together with
characteristic 11" and 13" power system harmonics. Those interharmonics represent
the typical behavior for simultaneous operation of two IMF installations. 295 and 395
Hz interharmonic frequencies are due to one IMF load driven at load resonant

frequency of 172.5 Hz, while 315 and 415 Hz components are due to another IMF

112



load driven at load resonant frequency of 182.5 Hz by inspection using (1.11). 11™
and 13" characteristic power system harmonics are the natural cause of 12-pulse
rectification of the IMF drivers. It is observed in the field during tests that total
magnitude of 11" and 13" harmonic components are tend to be less than the sum of
the contributions of each IMF driver while even number of IMF loads are
simultaneously in operation; since they are connected to the MV grid via different

transformers having different phase lags.
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Figure 4.24 Harmonic spectra of the source, HAPF and load current waveforms
while two IMFs are simultaneously in operation

The source, HAPF and load current waveforms illustrating the performance of HAPF
system while three IMF installations are simultaneously in operation are given in

Figure 4.25. The implemented HAPF system is shown to reduce the THD of the load
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current from 9,52% down to 2.88% at the source side. When the harmonic spectra of
the corresponding waveforms are analyzed, it is shown in Figure 4.26 that six
individual harmonic frequencies appear at the same time as expected. Those frequency
pairs can be listed as 340 — 440 Hz, 350 — 450 Hz, and 380 - 480 Hz, corresponding
respectively to IMF load driver operating frequencies of 195, 200, and 215 Hz by
using (1.11).
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Figure 4.25 Source, HAPF and load current measurements while three IMFs are
simultaneously in operation

Table 4.2 Summary of Harmonic Filtering Performance

1 IMF 2 IMFs 3 IMFs
Load THD 9.52% 9.44% 9.52%
Source THD 3.07% 3.93% 2.88%
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The filtering performances of the implemented HAPF system are summarized in Table
4.2 for the simultaneous operation of one, two and three IMF loads. The table shows
that the designed and implemented HAPF system is successful for the each of the duty
regime. However, since those THD values are calculated for a specific instant, it is
essential that the THD values should be calculated for a longer period of time at least
a melting period long (around 45 minutes [17]). For this reason, THD value is
calculated for source current waveform during 75 minutes and given in Figure 4.27,

which verifies the performance over the whole melting cycle.
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Figure 4.26 Harmonic spectra of the source, HAPF and load current waveforms
while three IMFs are simultaneously in operation

Load Current, A

It should be noted that the IMF load driver operating frequencies for each IMF depend

on the quality of the metal molded, the phase of metal melting process and extra
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material charges to the ladle. Although it is observed in the field that usual working
regime yields an increase in operating frequency during standard metal melting
process, different iron ore percentages and indiscriminately charging of metals to the
ladle during process cause a random behavior for the IMF load harmonics and

interharmonics.
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Figure 4.27 Total Harmonic Distortion, THD, of the source current waveform at
MV side (field measurements)
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Each IMF load, as mentioned in previous sections, causes two interharmonic
frequencies 100 Hz apart from each other due to the cross-modulation phenomenon,
where the smaller frequency is negative and the greater is positive sequence form for
three phase systems. When two or more IMF installations are simultaneously in
operation, any interharmonic may appear positive, negative, or both at the same time.
Figure 4.28.a and Figure 4.29.a shows the field measurements of the load current
containing both positive and negative sequences at the same time respectively for 350
and 435 Hz harmonic frequencies. The proposed HAPF system has also shown to be
successful under balanced but unsymmetrical working conditions as can be
understood from the source current field measurements given in corresponding figures
Figure 4.28.b and Figure 4.29.b.
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Figure 4.29 Simultaneous appearance of both negative and positive sequences for
435 Hz at a) load current and b) source current

In addition to MV results, HAPF unit currents of each of the converter should also be
analyzed at LV level. For this purpose, the oscilloscope recordings have been drawn
in Figure 4.30.a together with the illustration of approximate reference signal and

117



corresponding high and low hysteresis bands. The characteristics of hysteresis
switching can easily be understood from this figure. It is also shown in Figure 4.30.a
that the HAPF unit current waveform usually passes the hysteresis bands, the reason
of which is explained in detail at Chapter 5.2. In order to evaluate the occurrence of
hysteresis bands violations, reference tracking error of the corresponding waveform,
in Figure 4.30.a, is given in Figure 4.30.b. The hysteresis switched current of the
converter exceeds the hysteresis bands by up to 250A, which should cause high

frequency components in the harmonic spectrum.
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Figure 4.30 a) Line current waveform of each HAPF units, tracked reference,
implemented hysteresis bands, and b) corresponding reference tracking error

The harmonic spectrum for examining the dominant harmonic and interharmonic
content of the corresponding waveform is given in Figure 4.31.a using the 200msec

window (5-Hz resolution) of oscilloscope recordings. As shown in this figure, the
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dominant interharmonic pairs due to the IMF working regime are 315 - 415 Hz and
330 — 430 Hz. Those interharmonic frequencies correspond to a simultaneous
operation of two IMF installations with driver operating frequencies 182.5 Hz and 190
Hz, respectively. As mentioned before, there should also be high frequency
components due to the hysteresis switching. The harmonic spectrum showing the
higher frequencies is given in Figure 4.31.b. The high frequency harmonic
components are distributed, as expected, from 3 kHz to 4.5 kHz. Unfixed switching
frequency can be considered as a drawback of hysteresis current control method [89],
[120], [126] and the switching frequency can be fixed to a certain value using
advanced methods [111], [114], [119], [127], which is not the subject of this research

work.
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Figure 4.31 Harmonic spectrum of the HAPF unit currents a) dominant harmonics
and interharmonics, and b) high frequency components due to hysteresis switching

119



Mitigation of each individual harmonic is important because of the suggested limits
for each integer multiple harmonics of the fundamental frequency in standards [1],
[28] and grid codes [30]. Otherwise, excessive operating penalties may be charged to
the electricity users. The allowed limits for each individual current harmonic are as
given in Table 1.2. Only harmonics corresponding to odd and even multiples of
fundamental frequency have limits as can be seen from Table 1.2. Unfortunately, there
IS not any regulation on interharmonics because of the fact that traditional industrial
loads only creates harmonics due to fundamental frequency voltage causing only

integer multiples of current harmonics as mentioned in the first chapter of this thesis.

The detailed analysis for all current harmonic components up to 40" harmonic is given
in Appendix C during the field measurement period of 26 days, and all the individual
subgroup harmonics except 23" and 25" components are shown to be within allowed
limits by standards. Nevertheless, this criteria is not enough for the performance
evaluation of the proposed HAPF system since the IMF load harmonics to be
suppressed are distributed among a wide frequency range. For this reason, a novel
performance criteria, namely Suppression Factor (SF), is proposed in this research
work for a wide frequency filtering equipment and described in the following section.

4.6.1. Suppression Factor as an Evaluation Criteria for Wide Frequency

Filtering Equipment

Harmonics and interharmonics caused by industrial loads can be mitigated by using
various active and/or passive power filtering equipment. Those filtering equipment
can be optimized for increased suppression performance when the frequency range of
harmonics to be mitigated is narrow. On the other hand, performance of filtering
equipment may be different for each harmonic frequency, if the frequency range of
harmful harmonics is wide. For this reason, a novel performance evaluation criteria
should be defined for these kind of filtering equipment; since their characteristics may
change as the frequency changes. Some researchers have been using performance

evaluation methods [163] — [167]; nevertheless, neither of them gives satisfactory
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information about the effectiveness of filtering equipment over a wide frequency

range.

In this part of the thesis, a novel performance evaluation criteria for wide frequency
harmonic filtering equipment, SF, is proposed. Theoretical calculations of SF for
various active and passive filter topologies have been given. The behavior of APF and
HAPF under different control methods have been analyzed theoretically in terms of
SF. Moreover, field implementation results and recordings of both proportional
control method and hysteresis band control method under investigation of this thesis
have been compared in terms of SF criteria.

4.6.1.1. Definition of Suppression Factor

Although all of the filtering equipment are designed to inject current or voltage having
exactly the same magnitude and anti-phase to load side reference signal, it may not be
the case in practice. Filtering devices may fail to track the reference resulting in some
magnitude and/or phase errors. Since the vector sum of load and filter current or
voltage forms the source side current or voltage, the phase and magnitude of the filter
side have a great importance for an effective filtering, which is illustrated in Figure
4.32. Although SF can be used for both current and voltage harmonics, it will be used,
from now on, for the current harmonics in order to relate it to the specific case being

investigated in this thesis.
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Figure 4.32 Illustration of practical filtering for a sample harmonic frequency
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SF, as a novel criteria, is an indicator of the effective percent of the filter current
magnitude which provides a decrease in source current magnitude for each individual

harmonic frequency [168]. Its mathematical expression is given in (4.1).

‘ Ih,Ioad _‘ I h,source

%SF, = x100 (4.1)

h, filter

Percentage SF of 100% for a harmonic component indicates that the filter current is
in correct phase (anti-phase) with the load current for that harmonic component. This
does not mean that the corresponding frequency totally vanished, instead it shows that
the amount of injected filter current cause the same amount of decrease in source
current for that particular frequency. Figure 4.32 shows the illustration of a practical
filtering for a sample harmonic component. As can be observed from Figure 4.32, the
magnitudes of load, filter and source current waveforms are 1.0, 0.7 and 0.38 units,
respectively. This means that only 0.62 units of load current can be suppressed by 0.7
units of filter current, which yields 88.6% suppression factor.

4.6.1.2. Evaluation of Various Filtering Equipment

In this section, theoretical evaluations of various passive and active filtering
topologies are analyzed. Used filter topologies and their harmonic equivalent circuits
are given in Figure 4.33. Single-tuned passive shunt harmonic filter (Figure 4.33.c),
combination of passive shunt filters (Figure 4.33.d), voltage mode controlled APF
(Figure 4.33.e), and voltage mode controlled HAPF (Figure 4.33.f) topologies are
selected for the evaluation in terms of SF criteria. Since the frequency range of the
IMF load under investigation by this thesis is from 250 to 550 Hz, those sample filter

topologies are evaluated for this frequency range.
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Figure 4.33 a) Generalized equivalent circuit, b) generalized harmonic equivalent
circuit for c) single-tuned passive filter, d) combination of passive filters, and
proportional controlled e) APF and f) HAPF.

Theoretical curves of the single tuned shunt harmonic filter topology in Figure 4.33.c
is given in Figure 4.34. The tuning frequency is chosen to be the midway of the whole
frequency range so that as much frequency components as possible are covered by the
filter characteristics. As can be observed from Figure 4.34 that, this filter topology is
very successful for the frequency components near tuning frequency; however, it has
almost no effect for the rest of the frequency components. Although, decreasing Q
factor increases the suppression performances of some other frequencies, it is not

possible to decrease the Q factor to cover the whole frequency range.
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Figure 4.34 Theoretical Suppression Factor for single-tuned passive filter topology
given in Figure 4.33.c
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An improvement on the SF values for a wider frequency range can be provided by
using combination of passive harmonic filters each of which is tuned to different
frequencies as illustrated in Figure 4.33.d. Figure 4.35 shows the theoretical SF values
for the combination of three shunt harmonic filters. Tuning frequencies of those filters
are chosen so that as much frequency components as possible are covered by the filter
characteristics. This filter topology provides more effective suppression as compared
to single tuned passive shunt harmonic filter, however, it has still limited SF values
over the whole frequency range. This topology provides very effective suppression
around tuning frequencies at the expense of reduction in suppression performance in
between tuning frequencies. Although, decreasing Q factor increases the suppression
performances of some other frequencies nearby each tuning frequency, it still has no
effect to the frequencies lay in between tuning frequencies.

/ B

Q Factor is
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0 - == -
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Figure 4.35 Theoretical Suppression Factor for combination of passive filters given
in Figure 4.33.d.

To overcome the problems of passive filters, active filtering solutions has been used
by various researchers. Sample APF and HAPF topologies are also analyzed in terms
of SF. In addition, their control method should also be considered for evaluating their
suppression performance. Proportional control method, described previously as a
conventional control method in earlier chapters, is used as the control method for the

sample APF topology given in Figure 4.33.e. Figure 4.36 illustrates the SF curves of
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the APF system. As expected, APF system is much more effective for the suppression
of harmonics spread in a wide frequency range. As can be seen from Figure 4.36,
increasing proportionality constant improves the suppression performance however,
it cannot be increased to high levels due to the stability problems.
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Figure 4.36 Theoretical Suppression Factor for proportional controlled APF
topology given in Figure 4.33.e

100 r
X
< 80
S
©
F 60 —
c . . .
S ol Proportional Control Constant is Increasing
7
o
2 20
n
0 L L L
250 300 350 400 450 500 550

Frequency, Hz

Figure 4.37 Theoretical Suppression Factor for proportional controlled HAPF
topology given in Figure 4.33.f

HAPF converter topology, illustrated in Figure 4.33.f, can be used to increase SF
values over the whole frequency range due to its impedance characteristics. Passive

part tuning frequency should be tuned to the midway of the whole frequency range so
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that its characteristics show low impedance for as much frequency as possible. Figure
4.37 illustrates the theoretical suppression factor for the HAPF system controlled by
proportional control method. As can be seen from this figure, suppression
performance of HAPF topology is very high around tuning frequency, and modest as
the frequency gets far from tuning frequency. Similar to APF case, increasing
proportionality factor improves the suppression performance however, it cannot be

increased to high levels due to the stability problems.

4.6.1.3. Evaluation of Proposed Hysteresis Band Current Controlled
HAPF Topology

After finding out that HAPF topology is superior to passive and APF topologies, it is
necessary to find proper control method for maximum suppression performance. Since
the proportional control method is a voltage mode control method, it has a dependency
on the coupling element impedance characteristics as mentioned in earlier sections.
An adaptive proportional resonant control algorithm can improve the suppression
performance at the expense of excessive computational burden. Using current mode
control methods, on the other hand, helps the improvement of suppression
performance due the fact that they track the reference current resulting in almost no
phase error for each harmonic frequency. For this reason, hysteresis band current
controlled HAPF topology, given in Figure 4.38, proposed in this thesis is able to have
100% of SF over the whole frequency range, theoretically. Figure 4.39 shows the SF
values of the proposed hysteresis band current controlled HAPF topology by using the

field measurements.
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Figure 4.38 Harmonic equivalent circuit of HAPF controlled with proposed
hysteresis band control method
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Figure 4.39 Harmonic suppression performance of HAPF system with proposed
hysteresis band control (deduced from field measurements)

It can be deduced from Figure 4.39 that the proposed method provides SF values
above 90% for most of the interharmonic and harmonic frequency. The SF graph is
formed in a cloud diagram form so that the suppression performance can be observed
over a long time interval including loading transients. Each point in SF cloud diagram
represents the calculation of SF for a specific harmonic frequency corresponding to
each 200 msec window during a whole recording time. By this way, SF value of each
harmonic frequency can be calculated tens of times to give a clue for the long term

and dynamic performance.
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CHAPTER 5

FURTHER IMPROVEMENTS ON HYSTERESIS BAND CONTROL

Following the successful implementation and tests of hysteresis band control in the
field on a steel melting facility, it is found out that there are some points ,which still
need to be clarified and can be further improved, on the system and control algorithm.
In this chapter of the thesis, some further improvements and analysis for the critical

issues about hysteresis band control are addressed.

The proposed control system mentioned in Chapter 4 very successfully suppresses all
the harmonics and interharmonics however it has some disadvantages due to nature of
hysteresis band modulation technique. The most important disadvantage is having
high and irregular switching frequencies thus high switching losses [91]. Therefore,
as a first section of this chapter, a novel fuzzy logic based adaptive hysteresis band
generation method for the reduction of switching losses has been proposed [169].
Then, the possible reasons for the hysteresis band tracking errors are formulized and

some solutions to that problem is suggested as another section.

5.1. Adaptive Fuzzy Hysteresis Band Control for Reducing the Switching

Losses

Fuzzy Logic Control (FLC) algorithms have been used for the control of different
industrial power converters. [108], [117], [118], [169], [170] — [178]. The most
common application of FLC on APFs is to use it for the dc link regulation of the

converter [118], [172], [173] because of its known advantages as compared to
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traditional PI control [172], [173]. On the other hand, some other works in literature
have already proposed FLC for the generation of adaptive hysteresis band [108], [174]
— [178]. Width of the hysteresis band has been changed adaptively by making use of
fuzzy expressions for a series APF [174], shunt APFs [175], [176], motor drive
converter [108], and grid connected inverters [177], [178].

In this part of the thesis, a novel adaptive fuzzy hysteresis band current control system
is proposed by making use of fuzzy expressions for both HAPF current and integral
of its harmonic components. By this way, the switching losses of the semiconductor
switches of the HAPF converter is reduced notably without any significant change in

reference tracking performance.

5.1.1. Formulation of Fuzzy Control Parameters

In order to represent the hysteresis bandwidth by the fuzzy expressions, the circuit
diagram in Figure 2.6 should be analyzed. If the grid voltage and the converter itself
are considered as voltage sources, circuit diagram in Figure 2.6 can be represented as
a single phase equivalent circuit shown in Figure 5.1. The voltage loop equation in
Figure 5.1 can be written as (5.1). In order to simplify (5.1) and reach meaningful
results, a couple of assumptions should be made.

1. di (t) ~
v, (t)+C—f [is @dt+vgo +L, — (=0 (5.1)

Loo,
Vg T P T Viny
-«

. neutral o

Figure 5.1 Single phase equivalent circuit of the HAPF converter

Assumption 1 — Blocking Capacitor Assumption: The impedance of the input LC filter
is designed such that it behaves as almost capacitive impedance at fundamental
frequency. Also, converter is controlled in order not to generate voltage components
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at fundamental frequency too, except a negligibly small amount for dc link regulation

as mentioned in earlier chapters of the thesis.

By making use of those information, the source voltage at fundamental frequency can
be assumed to appear totally on the terminals of the filter capacitor as a voltage drop
[70], yielding (5.2).

1 ¢.
Vs =Veo +C_f_[|f,fund (t)dt (5.2)

By using assumption 1, the voltage loop equation in (5.1) can be simplified as given
in (5.3). Rearranging (5.3) turns out to be (5.4).

1 ;. di. (1)
c Jicpam O+ Ly =225+, () =0 (53)
di,t) v () 1 .
=t s t)dt 5.4
dt Lf Lfo J'If,harm() ( )

Actual Current, i
begrdl = L1 o) /o

Figure 5.2 lllustration of sample switching for the digital implementation of
hysteresis current control

In order to observe the mathematical model of hysteresis switching by using (5.4), an
illustration showing the digital implementation of hysteresis band is given in Figure
5.2. In Figure 5.2, Te stands for the execution time, the time needed for the completion

of all control duties, Ts the sampling period, is the actual current waveform of phase
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X, Iref the reference current signal and 41 the hysteresis band. For the sake of simplicity,
only two switching instants are illustrated. There needs to be another assumption for

the proper formulization of switching period by (5.4) and Figure 5.2.

Assumption 2 — Linear LC Filter Response and Fast Control Hardware Assumption:
It is assumed that the control hardware is fast enough so that the execution time, Te,
and sampling period, Ts, are small enough so that the reference tracking error is
negligible as compared to hysteresis band 41. Moreover, the hysteresis band, 41, is

small enough thus the LC filter response can be considered linear [89].

By using the linear switching behaviors, Ton and Tosf time intervals in Figure 5.2
corresponding respectively to switch on and off periods can be approximated as given
in equations (5.5) and (5.6). Rearranging (5.5) and (5.6) results to (5.7) and (5.8),

which are the mathematical formulization of Ton and Tosf time intervals.

Aig v (1) 1 .

SLVAV/ t)dt 5.5
Tow L LC [ ©) (5:5)
Al v (1) 1 .

= Yiny t)dt 5.6
Tore Ly +Lfcff'f,harm() (56)

L, Ai,

(5.7)
Vinv (t) - C;I-I if ,harm (t)dt

TON =

L, Ai,

1 .
Vinv (t) + a I If ,harm (t)dt

(5.8)

Torr =

Since the switching period, Tsw, for any instant can be considered to be the sum of

switch on and off time intervals, switching period can be found as given in (5.9).

1 2v,., ()L, Al
_:Tsw :TON +TOFF = —

fsw 1 ‘
2 -
Vinv (t) _[CfJ‘If,harm (t)dt]

(5.9)
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It should be noted that reaching (5.9) can only be possible by assuming inverter
terminal voltage, viny, to be the same for Ton and Torr time intervals which is not
always the case as mentioned in Chapter 2. This assumption is valid because (5.9) is
only used for showing a relation between parameters instead of reaching an exact
result. Indeed, these proportional relations are enough for creating a fuzzy relation
between switching frequency and integral of harmonic currents, there is no need for
exact proportionality factors or equations doing so. Especially for three phase three
wire converters, converter voltage at any phase strongly related to the switching
positions of others as mentioned earlier. This situation shows that the fuzzy relations
rather than exact relations can be more useful to determine the proper hysteresis band

for this particular application.

It obvious at (5.9) that the hysteresis bandwidth and the switching frequency is
inversely proportional to each other. Thus this equation can also be used for deducing
a fuzzy relation between switching frequency thus switching losses and integral of
harmonic currents. As can be understood from (5.9) that the integral of harmonic
currents are inversely proportional to switching frequency. Therefore if integral of
harmonic currents is represented by linguistic expressions like “HIGH” and “LOW”,
hysteresis band would be narrowed without considerable increase in switching
frequency for “HIGH” valued integral of harmonic currents. Similarly, hysteresis
band should be widened in order not to increase switching losses for “LOW” valued

integral of harmonic currents.

Furthermore, it is widely known that the switching losses on a semiconductor switch
Is proportional to switched current. Similar to previous condition, hysteresis band can
be narrowed for “LOW” values of HAPF current in order to provide better reference
tracking. If the HAPF current is “HIGH”, on the other hand, hysteresis band should

be widened in order to reduce switching frequency thus switching losses.

In this thesis, a complete method making use of both HAPF current and the integral
of its harmonic currents is proposed to generate novel adaptive fuzzy hysteresis bands.

The proposed improvement has been implemented in the field [169].
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Figure 5.3 Control block diagram of the adaptive fuzzy hysteresis band control method

134



The block diagram representing the overall control system together with integrated
adaptive fuzzy hysteresis band generation technique is given in Figure 5.3. As can be
seen from Figure 5.3, interharmonic and harmonic current reference generation block,
the same as fixed hysteresis band control proposed in Chapter 2, calculates the current
signals to be tracked. In order to satisfy other requirements of control system, PLL
signal generation, DC link regulation and 50Hz reference generation blocks are
already integrated into the overall control block diagram in Figure 5.3. The ultimate
current references are then limited and back-transformed to abc domain. This form of
reference signal is ready for the modulation to create gate pulses by hysteresis band

controller with the provided adaptive fuzzy hysteresis bandwidth.

5.1.2. Generation of Linguistic Expressions and Fuzzy Hysteresis Band

Adaptively changing hysteresis bandwidth is generated by a sequence of processes,
those processes are explained in this section in detail. At first, the HAPF line current
and integral of its harmonic currents should be mapped to proper linguistic
expressions. In order to reach this aim, there is a need for fuzzy membership functions

corresponding to each linguistic expression.

In this particular research, those fuzzy membership functions have been determined
with the help of Fuzzy Logic Toolbox of MATLAB by using the real field data and
switching loss model formed in EMTDC/PSCAD simulation environment. HAPF
current values are divided into four linguistic expressions as given in Figure 5.4,
namely “VERY LOW”, “LOW”, “HIGH”, and “VERY HIGH”, by using the
MATLAB toolbox. The resultant fuzzy membership functions have been linearized
for the sake of reduced computational burden in control hardware and they are tuned
for optimized switching loss results via simulations in PSCAD environment as given
in Figure 5.5. Similarly, integral of harmonic currents also divided into two linguistic
expressions, namely “HIGH” and “LOW?”, and their membership functions are

determined by manual iterations conducted in PSCAD simulation environment. It is
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also known that the fuzzy membership functions can be optimized using advanced
techniques like neural networks [171]. The linearized and manually optimized fuzzy
membership functions are as given in Figure 5.6.a and b, respectively for HAPF

current and integral of its harmonic currents.
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Figure 5.4 Fuzzy membership functions of input variable HAPF current (MATLAB
Fuzzy Logic Toolbox)
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Figure 5.5 Fuzzy membership functions of input variable HAPF current (Manually
optimized using PSCAD)

Once fuzzy membership functions are determined and instantaneous HAPF current
and integral of its harmonic currents are mapped with fuzzification process to defined
linguistic expressions, there should be a Fuzzy Rule Matrix in order to evaluate the
resultant linguistic expressions. This matrix defines the necessary narrow or widen act
of the hysteresis band for corresponding linguistic expressions. Considering the

previously mentioned relation between linguistic expressions and the hysteresis band
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narrowing or widening act, a Fuzzy Rule Matrix, given in Table 5.1, is used for the

proposed control method. Using the matrix given in Table 5.1, the degree of

membership for the output variables to the narrow or widen act can be determined.
There are six output linguistic variables namely “N”, “NN”, “NNN”, “W”, “WW?”,

and “WWW?”, where “N” corresponds to “Narrow”, “W” corresponds to “Widen”,

two and three successive letters respectively represent more and much more “Narrow”

or “Widen” act.
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Figure 5.6 Fuzzy membership functions of a) HAPF current and b) integral of its
harmonic currents together with corresponding waveforms
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Table 5.1 Fuzzy Rule Matrix

iref
VeryLow Low High VeryHigh
Low NN N WW WWW

High NNN NN w WWwW

I iref,h

The mapping of input variables to the output ones is obtained in two steps. First, a
temporary value, Tij, is given to each element of the rule matrix located in i row and
j™" column by taking the minimum of the membership degrees of the corresponding
rows and columns. For example, T13 is determined by the minimum of the degree of
membership of the filter current to “HIGH” variable and the degree of membership of
the integral of the current harmonics to “LOW” variable. Second, the degree of
membership of the output variables “N”, “NN”, “NNN”, “W”, “WW?”_ and “WWW”
can be determined by the criteria given in Eqgns. (5.10)— (5.15). It should be noted that,

at any instant during operation, more than one output variable may contain non-zero

values.
D, =T, (5.10)
Dy =yT2+T2 (5.11)
Dy = Tos (5.12)
D, =T, (5.13)
Do =T + Tt (5.14)
D = Toa (5.15)

Finally, the fuzzy output variables are defuzzified to generate a dynamically changing

hysteresis band according to the formula given in (5.16) [169].
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5.1.3. Simulation Results

Adaptive fuzzy hysteresis band improvement together with proposed control system
have been simulated on the PSCAD simulation environment. Similar to previous
simulations, field measurements of steel melting facility are integrated to simulation

model as IMF load.

In order to show the adaptively changing hysteresis bandwidth, a 7 milliseconds long
current waveform is given in Figure 5.7. As can be seen from Figure 5.7, hysteresis
band is large for the instants corresponding to high currents; however, it is narrow for
the instants corresponding to low currents. This observation correctly represents the
expected behavior of suggested adaptive fuzzy hysteresis band structure. Harmonic
suppression performance, on the other hand, can be evaluated by looking at the MV
current waveforms, which are given in Figure 5.8. Figure 5.8 shows that the suggested
control algorithm successfully suppresses the harmonics and interharmonics of the
IMF load under investigation. Indeed, the source current THD is shown to be reduced

from 8.7% down to 3.2% when HAPF system starts operation.
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Figure 5.7 Sample current waveform of a HAPF unit together with corresponding
hysteresis band (simulation results)
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Figure 5.8 MV waveforms of the source and HAPF currents (simulation results)

Table 5.2 Simulation results of both fuzzy and fixed band hysteresis current control

Average Average Source Current
Switching Frequency Switching Loss THD (%)
Fuzzy Band 3737 Hz 2331 W 3.20
Fixed Band 3772 Hz 2571 W 3.17

It is essential to investigate the effect of suggested adaptive fuzzy hysteresis band
improvement on switching loss, which is the main motivation of forming an adaptive
band. In order to observe the contribution of the fuzzy band structure, separate
simulations have been run for both fixed and fuzzy hysteresis band so that they can be
easily compared under the same conditions. Average switching loss, average
switching frequency and THD values are noted during 650 msec simulation run as
comparative parameters and tabulated in Table 5.2. Simulation results have shown
that the suggested fuzzy band improvement provides approximately 9% reduction in
average switching losses although average switching frequency is kept in the similar

values. The performance of the suggested fuzzy band structure is verified by
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comparing the THD values of both fixed and fuzzy hysteresis band values. THD
results in Table 5.2 shows that the fuzzy hysteresis band does not cause a reduction in

harmonic and interharmonic suppression performance.

5.1.4. Experimental Results

Proposed hysteresis band control together with integrated adaptive fuzzy band
improvement has been implemented in the field as a software patch to the existing
HAPF system installed in the steel melting facility under investigation. Similar to
other experiments, results given in this section are also recorded while three IMF

installations are simultaneously in operation.
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Figure 5.9 MV current waveforms for the proposed adaptive fuzzy hysteresis band
current control method
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In order to observe the harmonic and interharmonic suppression performance of the
HAPF system, the recorded MV waveforms are drawn in a same graph given in Figure
5.9.

It can be seen in Figure 5.9 that the THD is decreased from 7.45% at the load side to
4.8% at the source side by the HAPF system. Harmonic suppression performance for
each individual harmonic or interharmonic can be observed by looking at the
harmonic spectra for load, source and HAPF currents, which is given in Figure 5.10.
As can be understood from Figure 5.10 by using the mentioned methods in earlier
chapters that there are three IMF loads simultaneously in operation with load resonant
frequencies 172.5, 195 and 212.5 Hz causing corresponding interharmonic frequency
pairs 295-395, 340-440, and 375-475 Hz, respectively.
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Figure 5.10 Frequency spectrum of the MV current waveforms for the proposed
adaptive fuzzy hysteresis band current control method
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Adaptively changing hysteresis band structure can be observed using the oscilloscope
recordings of one of the nine identical HAPF units at LV side. Mentioned recordings
is given in Figure 5.11. Red colored circles, in Figure 5.11, illustrates the hysteresis
band widening and narrowing instants corresponding respectively to high and low
current values. It can also be observed from this figure that hysteresis band may still
be high for low currents too, which is due to the fact that integral of harmonic currents

are also considered for the determination of hysteresis band.

600
400
200

-200 -
-400
600

HAPF Unit Current, A
]

Figure 5.11 Field record of the current waveform for one of the HAPF units

It is shown in this section that the proposed hysteresis band control algorithm together
with the integration of adaptive fuzzy band improvement has successfully
implemented in the field to suppress interharmonics and harmonics of IMF loads.
However, there is still a point that is not clear, whether the proposed improvement

provides a decrease in overall losses or not.

5.1.5. Evaluation of Reduction in Overall Losses of Adaptive Fuzzy Hysteresis
Band

Adaptive fuzzy hysteresis band control improvement is needed to be run for
sufficiently long time period in order to show its superiority in terms of overall losses;

since, the simultaneous experiments under the same working conditions are not
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possible for fuzzy and fixed hysteresis band control methods. For this reason, the
proposed fuzzy band improvement and the fixed band method had been run separately
during five hours, which is sufficiently long period for an IMF load having complete
melting cycle of 45 minutes, and the measurements are recorded. Since the operation
time is sufficiently long, both working conditions can be assumed to be similar. Thus,

the results surely give a good approximation for overall loss comparison.

Figure 5.12 and Figure 5.13 show the overall efficiency of the HAPF system
respectively for fixed and fuzzy hysteresis band control techniques. As can be
observed from those figures, adaptive fuzzy hysteresis band improvement provides a

significant reduction, around 9.2%, in overall losses.
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Figure 5.12 Efficiency curves of fixed band hysteresis current control for the entire
measurement period

Although the results show that the adaptive fuzzy band philosophy provides and
improvement on overall losses, the formulization is not enough for a complete relation
between hysteresis band and fuzzified input parameters HAPF current and integral of
its harmonic currents but it only gives an idea on proportionality relation, which is
still valid for fuzzy control. The reason for this issue is because of that control
hardware is not fast enough and reference tracking error is not negligible with respect

to hysteresis bandwidth despite the fact that it is assumed to be so during formulation
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part. Reference tracking error, indeed, may reach up to the twice of the width of
hysteresis band, the reasons of which is analyzed and details are given in the following

section in detail.
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Figure 5.13 Efficiency curves of the adaptive fuzzy band hysteresis current control
for the entire measurement period

The change in the mentioned assumption made during the formulation may make the
formulization more complex but it still will not affect the proportionality relation
between the input parameters and switching frequency. In fact, the errors in
formulation is compensated by the MATLAB fuzzy logic toolbox due to the nature of
fuzzy membership functions since they are determined using the exact field

measurements and theoretically calculated corresponding switching loss terms.

5.2.  Effect of Sampling Frequency and Execution Time on Current Tracking

Performance

Hysteresis band controlled waveform modulation technique and an improvement on
it are mentioned for the control of proposed HAPF system investigated so far in this
thesis. However, digital implementation of hysteresis band modulation strategy,
known to be an analog method, is not yet introduced properly. In this section of the

thesis, digital implementation of hysteresis band modulation strategy is formulized
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and effect of sampling frequency and execution time on current tracking performance

is analyzed.

Digitizing of field measurements and computational delays have an important role on
the control dynamics for digital implementation of hysteresis current control. For the
sake of simplicity the term sampling period will be used as a constant time interval
between two successive sampling instants and execution time as a maximum

necessary time for the completion of all digital processes for reference generation.

Sampling period has been shown as an important parameter for digital systems in the
literature so as for hysteresis band control [126], [179] — [189]. Choosing a high
sampling frequency thus low sampling period has been suggested in various
applications like grid connected inverter [179], PWM rectifier [180], motor drives
[181] — [183], and shunt APF [184]. It is suggested in [184] that the quality of APF
current waveform can be enhanced by increasing the sampling frequency. Also, [126]
and [185] has used dynamically changing sampling periods by predicting the reference
signal in order to overcome the tracking errors caused by periodic sampling instants.
In addition to sampling periods, execution time has also been mentioned as an
important parameter for hysteresis band control technique [186] — [189]. The use of
powerful controllers has been suggested by [186] in order to reduce the effect of
execution delay on hysteresis band controlled APF. The increase in torque ripples has
been related to execution time in [187] and [188]. Ref. [188] has suggested that the
time consuming processes should not be implemented during a sampling period.
Finally it has been pointed out in [189] that reducing solely the sampling period is not
enough for the reduction of unintended effects without any decrease in execution time

too.

In this section of the thesis, the effects of both sampling frequency and execution time
on the reference tracking performance of hysteresis band controlled HAPF converter
are investigated and the findings are verified with simulation results. Using the
verifications on simulation environment, reference tracking performance of field

implemented HAPF system under investigation by this thesis is compared with the
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simulation model of it and its control system. Finally, some solutions to reference

tracking error problem of the implemented HAPF system are proposed.

5.2.1. Modelling of Reference Tracking Error

Analysis derived for the mathematical representation of the converter in Figure 2.6
and its single phase equivalent circuit in Figure 5.1 has already been reached in this
chapter as (5.4). Using (5.4), one can model the worst case reference tracking error
with the help of an illustration, given in Figure 5.14, showing the digital
implementation of hysteresis band control. In Figure 5.14, Te is execution time, Ts
sampling period, iw(s) the actual current of phase x sampled at sampling instant ts,
itx (s) the reference current of phase x calculated by the samples collected at ts, and A1
the hysteresis band. Green shaded area in Figure 5.14 represents the interval where
the actual current lays out of hysteresis band. In order to obtain worst case reference
tracking error, it is assumed that the actual current passes the band immediately after
ts sampling instant. By this way, the controller would be able to understand that the
current is out of band after reference current signals corresponding to next sampling
instant is calculated. An assumption is required for the linear representation of

hysteresis switching behavior.

Actual Current, iy
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Figure 5.14 Illustration of worst case switching condition for hysteresis band control
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Assumption — Linear LC Filter Response: Execution time Te, sampling period Ts, (Ts
+ Te), and hysteresis band 41 are small enough so that LC filter step response can be

consider in linear region [89].

Using the assumption, Figure 5.14, and (5.4), (5.11) can be reached. By rearranging
(5.11), one can obtain (5.12) in order to represent worst case error.

Al v, (1) 1 .
= t)dt 5.11
T, +T, L, Lfch'L() G41)
T, +T, 1.
error = —=——=| —v,_ (t)——|i_(t)dt ,
» { () CfIL() } (5.12)

When (5.12) is observed, it can be understood that the reference tracking error depends
on the coupling filter inductor L¢, sampling period Ts, execution time Te, and the
inverter terminal voltage vin. Inverter terminal voltage has been derived in Chapter 2
and it is strongly depends on the dc link voltage Vqc and the switching positions of
other phases. All the possible inverter voltage values can observed by looking at Table
2.4. Following measures can be taken by the evaluation of (5.12) in order to reduce

reference current tracking error:

i) Increasing sampling frequency hence reducing sampling period Ts at the expense of

higher switching losses.

ii) Reducing execution time Te by using more powerful controller or using parallel

processing [186]. By this way sampling period can also be decreased [189].

iii) Keeping the dc link voltage as low as possible. However, it should be high enough

to generate harmonic references [129].

iv) Increasing filter inductance L+. Actually it may eventually cause an increase in dc
link voltage in order to be able to provide necessary voltage for the harmonic
references [129].
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Figure 5.15 Illustration showing the digital implementation of hysteresis band
control for a) the field implemented control system, b) reduced execution time, and
c) reduced both execution time and sampling period

The value of coupling inductor Lt is inversely proportional to reference current
tracking error. Thus, increasing inductance dramatically improves the reference
tracking performance. However, similar to majority of converter types, coupling
inductor value is an important design parameter for VSC based HAPF converter, and
choosing of filter inductance is mentioned in detail at Chapter 3. For this reason, it is
not possible to change filter inductance for this particular research. DC link voltage,
also, an important design parameter and it is already designed to be the minimum
possible value at Chapter 3. Hence, it is not possible to further reduce DC link voltage

too.

Eventually, sampling period and execution time are the remaining parameters for

reducing the reference tracking performance of proposed hysteresis band controlled
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HAPF converter. Since the reference current tracking error is proportional to the sum
of those two parameters, reducing both sampling period and execution time provide
an advantage for the improvement of tracking performance. Three scenarios has been
run for illustrating the effects of both sampling period and execution time on the
EMTDC/PSCAD simulation environment, and the results are given in the following

section.
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Figure 5.16 Simulation results of scenario-1 a) sample 20-ms waveform and b) 1-ms
part of the sample waveform for observing switching instants

5.2.2. Simulations of Different Digital Implementation Scenarios

Field implemented HAPF converter and the digital implementation of proposed

hysteresis band control algorithm are modeled using real field measurements on
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EMTDC/PSCAD simulation environment in order to observe the effects of sampling
period and execution time on reference tracking error. Before mentioning simulation
results, an illustration, given in Figure 5.15, showing the possible simulation scenarios
should be investigated to provide an idea about the aim of conducted work. In Figure
5.15.a, the sample illustration for the field implemented control system is given. On
the other hand, sample illustrations for reduced execution time and reduced execution
time together with sampling period cases are given in Figure 5.15.b and c,
respectively. All those three illustrations show that the improvement of reduced
sampling frequency and execution time at the expense of higher switching frequency
can be clearly observed. The simulation models of all three cases are given in this part
of the thesis.

Scenario — 1 (fs = 25 kHz, Ts =40 us, and Te = 20 uS): This scenario can be considered
as the implementation of the digital control algorithm implemented in the field. The
sampling frequency implemented in the field is 25 kHz and the average execution time
of the implemented control system has been measured as 20 us. When the simulation
is run under these conditions, a current waveform given in Figure 5.16.a is reached.
For providing a better observation of the digital implementation, zoomed version of
the resultant waveform is also shown in Figure 5.16.b. In addition to current
waveforms, an error graph, in Figure 5.17, is also drawn for a better observation of
reference current tracking performance. As can be seen in Figure 5.17, reference

current tracking error reaches up to four times larger than the width of hysteresis band.
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Figure 5.17 Reference tracking error of hysteresis current control for simulation
scenario-1
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Figure 5.18 Simulation results of scenario-2 a) sample 20-ms waveform and b) 1-ms
part of the sample waveform for observing switching instants
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Figure 5.19 Reference tracking error of hysteresis current control for simulation
scenario-2

Scenario — 2 (fs = 25 kHz, Ts = 40 us, and Te = 5 us): In order to observe the effect of

reduced execution time on the reference tracking performance of hysteresis band
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control method, execution time value is reduced to 5us for this simulation scenario
which is corresponding to Figure 5.15.b. Current waveform of scenario -2 for the same
time interval as the first scenario is given in Figure 5.18.a. Moreover, a zoomed
version of this waveform, given in Figure 5.18.b, is also provided so that the digital
implementation of the hysteresis band control can be traced. Reference current
tracking performance can be compared to other scenarios by looking at the error curve
shown in Figure 5.19. As can be recognized from Figure 5.19 that the reduction in

execution time reduces the errors thus increases the reference tracking performance.
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Figure 5.20 Simulation results of scenario-3 a) sample 20-ms waveform and b) 1-ms
part of the sample waveform for observing switching instants

Scenario — 3 (fs = 50 kHz, Ts = 20 us, and Te = 5 us): Finally in this scenario, sampling

period is also halved together with the previous reduction in execution time, which

153



corresponds to the illustration in Figure 5.15.c. Please note that the reduction in
sampling period can only be possible with the reduced execution time, which is due
to the fact that all the necessary calculations for a control system should be completed
between two successive sampling instants. When this scenario is modelled and run in
simulation environment, current waveform in Figure 5.20.a is reached. Similar to
other scenarios, a zoomed version of this waveform is also drawn as given in Figure
5.20.b in order to better understand the behavior of digital implementation.
Furthermore, reference current tracking performance can be analyzed by using the
error graph given in Figure 5.21. Satisfying the expectations, reference current
tracking error is significantly reduced and reduced down to acceptable values as
shown in Figure 5.21. Although this scenario provides and improvement in reference
tracking performance, it also cause an increase in switching frequency thus higher

losses.

=

gl

==
==

L
il
IS

il Il

1
o
—+
=_-5
==
==
= -
=Sh

Tracking Error, A
o

0 4 8 ) 12 16 20
Time, ms

Figure 5.21 Reference tracking error of hysteresis current control for simulation
scenario-3

5.2.3. Evaluation of Field Implemented HAPF System and Suggestions

First scenario in the simulation results is already defined in previous sections as the
case of the HAPF system implemented in the field. In this section, real field

measurement are compared with the results obtained from the simulation scenario-1
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in order to show their similarities. Figure 5.22.a shows 20 msec long oscilloscope
reading, collected in the field, and it represents current waveform of one of the HAPF
units. As a first opinion, it can be seen in Figure 5.22.a that the field current often
seem to exceed the hysteresis band. Similar to evaluation of simulation results,
reference tracking error for the field recordings are also deduced and drawn in a graph
as given in Figure 5.22.b. As can be seen in Figure 5.22.b, current waveform of the
implemented HAPF converter exceeds the hysteresis band by significant amounts as
expected. This situation may cause some harmonics around switching frequency to
reach high magnitudes. The frequency spectrum given in Figure 5.23 verifies this

hypothesis.
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Figure 5.22 a) Line current waveform of an HAPF unit, tracked reference,
implemented hysteresis bands, and b) corresponding reference tracking error (field
measurements)
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Figure 5.23 Harmonic spectrum of the HAPF unit current collected in the field

In this part of the thesis, reference current tracking errors, observed in the field, is
analyzed and the causes of this problem are verified to be the insufficient sampling
frequency and excessive execution time. It is put forward that increase in sampling
frequency and reduction in execution time together enhance the performance of the
digitally implemented hysteresis band modulation technique. Then, this hypothesis is
verified in simulation environment. As a result of the analysis given in this chapter,
the following counter measures should be taken in order to increase the reference

tracking performance of the HAPF system implemented in the field [190].

i) Optimization in the control algorithm, unnecessary computational burden should be

eliminated or moved to an auxiliary processor.

i1) Processors allowing a parallel processing like FPGA or Complex Programmable

Logic Device (CPLD) can be used to decrease execution time.

iii) Sampling frequency should be increased at the expense of higher switching
frequency and higher losses. However, this can only be possible after the
improvements on execution time which is due to the fact that all the necessary
calculations should be completed before next samples are collected. Moreover, higher
switching losses can be eliminated by integration of adaptive fuzzy hysteresis bands
as given in this chapter. Use of fuzzy bands will be much more effective with

improved current tracking performance.
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CHAPTER 6

CONCLUSIONS

In this research work, the design and implementation of a three phase three wire two
level shunt connected HAPF is carried out. The overall system is designed and

developed to suppress the time varying harmonics and interharmonics of the IMF load.

The developed system is connected to MV bus of the steel melting facility of ER
CELIK Metallurgy Hatay/Turkey via a specially designed coupling transformer. In
the LV side, on the other hand, there are nine identical HAPF converters. In the scope
of the thesis, the HAPF converters controller is implemented by three different control
methods namely proportional control, hysteresis band current control and adaptive
fuzzy logic control. Their harmonic and interharmonic suppression performances are
investigated and the results are given accordingly in the related chapters. The
comparison of the filtering performances are made and a novel performance
evaluation criterion, Suppression Factor, is proposed. All the necessary design steps

are given in detail in the related sections.

The results of this research proves that all the harmonics and interharmonics of the
IMF load under investigation are successfully suppressed by all the three different

control method.

The following conclusion can be drawn from the results of theoretical and

experimental work of this research:
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i) IMF load is one of the most problematic loads in terms of its harmonic and
interharmonic current content. Thus, an extensive study should be made to suggest

penalty limits for the interharmonics of industrial loads as well as harmonics.

i) HAPF converter topology is the most effective system for the suppression of
harmonics and interharmonics spread over a wide range, 250 — 550 Hz for this
particular application. This is because of the low impedance characteristics of the
coupling element over the entire frequency range and possibility of using low dc link

voltage.

iii) Traditional voltage mode control methods, proportional control, are not effective
for the loads having harmonic frequencies in a wide range. Current controls, HBC, are

better for reference tracking and thus harmonic suppression of this kind of loads.

iv) Advanced techniques, FLC or neural networks, can be used to decrease the
switching losses of the hysteresis band current controlled HAPF converters at the

expense of slightly decreased suppression performance.

v) Hierarchical control system architectures should be implemented for the control of

high power module power electronics converters composed of PEBBs.

vi) Existing performance evaluation criteria are not enough to describe the
performance of the filtering equipment operating in a wide frequency range. The novel
criterion, Suppression Factor, can be used to analyze the effectiveness of these

equipment.

vii) In order to decrease the reference tracking errors of the hysteresis band controlled
converters, the sampling frequency should be increased with the reduced execution
time. In order to reach this aim, unnecessary computational burden can be eliminated

and faster controllers or controllers allowing parallel processing should be used.

Although necessary improvements have been investigated and implemented to the
proposed HAPF converter topology, there is still a need to clarify some points that are
not clear and to further contribute to the power quality of IMF loads. The suggested

future works to the research work described in this thesis is given below:
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i) Due to hysteresis current modulation technique there are high frequency
components in the HAPF line current waveform. Although the RMS and peak values
of this current are less than the waveform in proportional control case, they cause the
filter reactor to overheat. This is due to the high frequency current ripples of HBC
which does not appear in voltage mode control methods. For this reason, the iron core
losses of the reactor subjected to hysteresis switching should be analyzed and the

reactor design should be updated to reduce operating temperature of the reactor.

i) Since HAPF system proposed in the scope of this thesis does not manage to
suppress 23" and 25" characteristic harmonics, a passive filter solution should be

suggested and implemented for the suppression of these harmonics.

159



160



[1]

[2]

[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

IEEE, “IEEE Recommended Practices and Requirements for Harmonic
Control in Electrical Power Systems”, IEEE Std. 519-1992, 1993.

IEEE, “IEEE Recommended Practice for Monitoring Electric Power Quality”,
IEEE Std. 1159-2009, 2009.

IEEE, “IEEE Guide for Application of Power Electronics for Power Quality
Improvement on Distribution Systems Rated 1kV Through 38kV”, IEEE Std.
1409-2012, 2012.

IEEE, “IEEE Guide for Voltage Sag Indices”, IEEE Std. 1564-2014, 2014.

F. S. Young, "Flexible AC transmission systems: technology for the future,”
Proceedings of the 20th Electrical Electronics Insulation Conference, Boston,
MA, pp. 216-219, 1991.

N. G. Hingorani, "High Power Electronics and flexible AC Transmission
System," IEEE Power Engineering Review, vol. 8, no. 7, pp. 3-4, July 1988.

P. Moore, P. Ashmole, "Flexible AC transmission systems,” Power
Engineering Journal, vol. 9, no. 6, pp. 282-286, Dec. 1995.

N. G. Hingorani, "Flexible AC transmission,” IEEE Spectrum, vol. 30, no. 4,
pp. 40-45, April 1993.

B. Gultekin, C. O. Gercek, T. Atalik et.al. “Design and Implementation of a
154-kV + 50-Mvar Transmission STATCOM Based on 21-Level Cascaded
Multilevel Converter,” IEEE Transactions on Industry Applications, vol. 48,
no. 3, pp. 1030-1045, May/June 2012.

B. Gultekin, M. Ermis, “Cascaded Multilevel Converter-Based Transmission
STATCOM: System Design Methodology and Development of a 12 kV + 12
MVAr Power Stage”, IEEE Transactions on Power Electronics, vol. 28, no.
11, pp. 4930-4950, November 2013.

J. C. Das, “Application of STATCOM to an Industrial Distribution System
Connected to a Weak Utility System”, IEEE Transactions on Industry
Applications, vol. 52, no. 6, pp. 5345-5354, November/December 2016

H. Fujita, S. Tominaga, H. Akagi, “Analysis and Design of a DC Voltage-
Controlled Static Var Compensator Using Quad-Series Voltage-Source

161



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Inverters”, IEEE Transactions on Industry Applications, vol. 32, no. 4, pp.
970-978, July/August 1996.

B. Mutluer, I. Cadirci, M. Ermis et.al. “A Unified Relocatable SVC for Open-
Cast Lignite Mining in Turkey”, IEEE Transactions on Industry Applications,
vol. 40, no. 2, pp 650-663, March/April 2016.

G. A. A. Carlos, E. C. dos Santos, C. B. Jacobina et. al. “Dynamic Voltage
Restorer Based on Three-Phase Inverters Cascaded Through an Open-End
Winding Transformer”, IEEE Transactions on Power Electronics, vol. 31, no.
1, pp. 188-199, January 2016.

S. Galeshi, H. Iman-Eini, “Dynamic voltage restorer employing multilevel
cascaded H-bridge inverter”, IET Power Electronics, vol. 9, no. 11, pp. 2196-
2204, 2016.

A. M. Gee, F. Robinson, W. Yuan, “A Superconducting Magnetic Energy
Storage-Emulator/Battery Supported Dynamic Voltage Restorer”, IEEE
Transactions on Energy Conversion, vol. 32, no. 1, pp. 55-64, March 2017.

I. Yilmaz, M. Ermis, I. Cadirci, “Medium-Frequency induction melting
furnace as a load on the power system”, IEEE Transactions on Industry
Applications, vol. 48, no. 4, pp. 1203-1214, July/August 2012,

I. Yilmaz, O. Salor, M. Ermis, 1. Cadirci, “Field-data-based modeling of
medium-frequency induction melting furnaces for power quality studies”,
IEEE Transactions on Industry Applications, vol. 48, no. 4, pp. 1215-1224,
July/August 2012.

E. Durna, I. Yilmaz, M. Ermis, “Suppression of Time Varying Interharmonics
Produced by Medium-Frequency Induction Melting Furnaces by a HAPF
System”, IEEE Transactions on Power Electronics, vol. 32, no.2, pp. 1030-
1044, February 2017.

I. Yilmaz, E. Durna, M. Ermis, “Design and implementation of a hybrid
system for the mitigation of PQ problems of medium-frequency induction

steel-melting furnaces”, IEEE Transactions on Industrial Applications, vol. 52,
no. 3, pp. 2700-2713, May/June 2016.

A. Tan, K. C. Bayindir, “Modeling and analysis of power quality problems
caused by coreless induction melting furnace connected to distribution
network” Electrical Engineering, vol. 96, no. 3, pp. 239-253, September 2014.

A. Testa et. al. “Interharmonics: Theory and modeling”, IEEE Transactions on
Power Delivery, vol. 22, no. 4, pp. 2335-2348, October 2007.

R. Yacamini, “Power system harmonics: Part 1 Harmonic Sources”, Power
Engineering Journal, vol. 8, no. 4, pp. 193-198, 1994,

162



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

A. Mahmood, R. Owen, T. H. Ortmeyer et.al. “Power system harmonics: an

overview”, IEEE Transactions on Power Apparatus and Systems, vol. 102, no.
8, pp. 2455-2460, August 1983.

T. H. Ortmeyer, R. Chakravarthi, A. Mahmood et.al. “The effects of power
system harmonics on power system equipment and loads”, IEEE Transactions
on Power Apparatus and Systems, vol. 104, no. 9, pp. 2555-2463, September
1985.

G. Atkinson-Hope, “Relationship between harmonics and symmetrical
components,” Int. J. Eng. Educ., vol. 41, no.2, pp. 93-104, 2004.

E. W. Gunther, “Interharmonics-recommended updates to IEEE 519”, Proc.
IEEE Power Eng. Soc. Summer Meeting, vol. 2, pp. 950-954, July 2002.

IEEE, “IEEE Recommended Practice and Requirements for Harmonic Control
in Electric Power Systems”, IEEE Standard 519-2014, 2014.

R. Yacamini. “Power system harmonics: Part 4 Interharmonics”, Power
Engineering Journal, vol. 10, no. 4, pp. 185-193, 1996.

Republic of Turkey Energy Market Regulatory Authority [Online]. “Elektrik
Sebeke Yonetmeligi (Electricity Grid Code)”, http://epdk.org.tr/Detay/
Icerik/3-0-159-3/yonetmelikler, Nov. 26, 2015, last visited on Oct. 21, 2018.

S. H. E. A. Aleem, et.al. “Optimal C-type passive filter based on minimization
of the voltage harmonic distortion for nonlinear loads” IEEE Transactions on
Industrial Electronics, vol. 59, no. 1, pp. 281-289, January 2012.

C. O. Gercek, M. Ermis, A. Ertas, K. N. Kose, O. Unsar, “Design,
implementation, and operation of a new C-type 2" harmonic filter for electric
arc and ladle furnaces”, IEEE Transactions on Industry Applications, vol. 47,
no. 4, pp. 1545-1557, July/August 2011.

P. S. Bodger, G. D. Irwin, D. A. Woodford, “Controlling harmonic instability
of HVDC links connected to weak ac systems”, IEEE Transactions on Power
Delivery, vol. 5, no. 4, pp. 2039-2046, November 1990.

H. Hu, Z. He, S. Gao, “Passive filter design for china high-speed railway with
considering harmonic resonance and characteristic harmonics”, IEEE
Transactions on Power Delivery, vol. 30, no. 1, pp. 505-514, February 2015.

L. Moran, C. A. Albistur, R. Burgos, “Multimega VAR passive filters for
mining applications: practical limitations and technical considerations”, IEEE
Transactions on Industry Applications, vol. 52, no. 6, pp. 5310-5317,
November/December 2016.

163


http://epdk.org.tr/Detay/%20Icerik/3-0-159-3/yonetmelikler
http://epdk.org.tr/Detay/%20Icerik/3-0-159-3/yonetmelikler

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

J. C. Das, “Design and application of a second-order high-pass damped filter
for 8000-hp ID fan drives — a case study”, IEEE Transactions on Industry
Applications, vol. 51, no. 2, pp. 1417-1426, March/April 2015.

B. Badrzadeh, K. S. Smith, R. C. Wilson, “Designing passive harmonic filters
for an aluminum smelting plant”, IEEE Transactions on Industry Applications,
vol. 47, no. 2, pp. 973-983, March/April 2011.

V. Dzhankhotov, J. Pyrhonen, “Passive LC filter design considerations for
motor applications”, IEEE Transactions on Industrial Electronics, vol. 60, no.
10, pp. 4253-4259, October 2013.

H. Sasaki, T. Machida, “A new method to eliminate AC harmonic currents by
magnetic flux compensation — considerations on basic design” IEEE
Transactions Power App Syst., vol. 90, no, 5, pp. 2009-2019, Sep/Oct. 1971.

W. E. Newell, “ Power Electronics — Emerging from Limbo”, IEEE
Transactions on Industry Applications, vol. 10, no. 1, pp. 7- 11, Jan/Feb. 1974.

G-H. Choe, M-H. Park, “A new injection method for AC harmonic elimination
by active power filter”, IEEE Transactions on Industrial Electronics, vol. 35,
no. 1, pp. 141-147, February 1988.

F-Z. Peng, H. Akagi, A. Nabae, “A study of active power filters using quad-
series voltage-source PWM converters for harmonic compensation”, IEEE
Transactions on Power Electronics, vol. 5, no. 1, pp. 9-15, January 1990.

V. B. Bhavaraju, P. N. Enjeti, “Analysis and design of an active power filter
for balancing unbalanced loads”, IEEE Transactions on Power Electronics,
vol. 8, no. 4, pp. 640-647, October 1993.

E. H. Watanabe, R. M. Stephan, M. Aredes, “New concepts of instantaneous
active and reactive powers in electrical systems with generic loads”, IEEE
Transactions on Power Delivery, vol. 8, no. 2, pp. 697-703, April 1993.

L. A. Moran, J. W. Dixon, R. R. Wallace, “A three-phase active power filter
operating with fixed switching frequency for reactive power and current
harmonic compensation”, IEEE Transactions on Industrial Electronics, vol.
42, no. 4, pp. 402-408, August 1995.

ABB [Online], “IGBT and Diode Modules with SPT and SPT+ Chips”,
https://new.abb.com/semiconductors/igbt-and-diode-modules, last visited on
Oct. 21, 2018.

Mitshubishi Electric [Online], “HVIGBT Modules/HVIPM?”,
http://www.mitsubishielectric.com/semiconductors/products/powermod/hvig
btmod/index.html, last visited on Oct. 21, 2018.

164


https://new.abb.com/semiconductors/igbt-and-diode-modules
http://www.mitsubishielectric.com/

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Infineon [Online], “IGBT Modules”, https://www.infineon.com/cms/
en/product/power /igbt/igbt-modules/, last visited on Oct. 21, 2018.

Hitachi Power Semiconductor Device [Online], “IGBT/SiC Feature”,
http:/www.hitachi-power-semiconductor-device.co.jp/en/products/igbt/index.
html, last visited on Oct. 21, 2018.

Fuji Electric [Online], “IGBT”, https://www.fujielectric.com/products/
semiconductor/model/igbt/, last visited on Oct. 21, 2018.

L. Benchaita, S. Saadate, A. Salemnia, “A comparison of voltage and current
source shunt active filter by simulation and experimentation”, IEEE
Transactions on Power Systems, vol. 14, no. 2, pp. 642-647, May 1999.

H. Akagi, “New Trends in Active Filters for Power Conditioning”, IEEE
Transactions on Industry Applications, vol.32, no. 6, pp. 1312-1322,
November/December 1996.

H. Akagi, “Active Harmonic Filters”, Proceedings of the IEEE, vol. 93, no.
12, pp.2128-2141, December 2005.

Y. Tang, P. C. Loh, P. Wang, et al., “Generalized Design of High Performance
Shunt Active Power Filter with Output LCL Filter”, IEEE Transactions on
Industrial Electronics, vol. 59, no. 3, pp. 1443-1452, March 2012.

S. Rahmani, N. Mendalek, K. Al-Haddad, “Experimental Design of a
Nonlinear Control Technique for Three-Phase Shunt Active Power Filter”,
IEEE Transactions on Industrial Electronics, vol. 57, no. 10, pp. 3364-3375,
October 2010.

J. W. Dixon, G. Venegas, L. A. Moran, “A Series Active Power Filter Based
on a Sinusoidal Current-Controlled Voltage-Sourced Inverter”, IEEE
Transactions on Industrial Electronics, vol. 44, no. 5, pp. 612-620, October
1997.

Z. Wang, Q. Wang, W. Yao, et. al., “A Series Active Power Filter Adopting
Hybrid Control Approach”, IEEE Transactions on Power Electronics, vol. 16,
no. 3, pp. 301-310, May 2001.

G. A. A. Carlos, C. B. Jacobina, “Series Compensator Based on Cascaded
Transformers Coupled with Three-Phase Bridge Converters”, IEEE
Transactions on Industry Applications, vol. 53, no. 2, pp. 1271-1279,
March/April 2017.

H. Fujita, H. Akagi, “The Unified Power Quality Conditioner: The Integration

of Series- and Shunt-Active Filters”, IEEE Transactions on Power Electronics,
vol. 13, no. 2, pp.315-322, March 1998.

165


https://www.infineon.com/cms/%20en/product/power%20/igbt/igbt-modules/
https://www.infineon.com/cms/%20en/product/power%20/igbt/igbt-modules/
https://www.fujielectric.com/products/%20semiconductor/
https://www.fujielectric.com/products/%20semiconductor/

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

J. W. Dixon, J. J. Garcia, L. Moran, “Control System for Three-Phase Active
Power Filter which Simultaneously Compensates Power Factor and
Unbalanced Loads”, IEEE Transactions on Industrial Electronics, vol. 42, no.
6, pp. 636-641, December 1995.

T. C. Green, J. H. Marks, “Control Techniques for Active Power Filters”, IEE
Proc.-Electr. Power Appl., vol. 152, no. 2, pp.369-381, March 2005.

M. 1. M. Montero, E. R. Cadaval, F. B. Gonzalez, “Comparison of Control
Strategies for Shunt Active Power Filters in Three-Phase Four-Wire Systems”,
IEEE Transactions on Power Electronics, vol. 22, no. 1, pp. 229-236, January
2007.

H. Akagi, A. Nabae, S. Atoh, “Control Strategy of Active Power Filters Using
Multiple Voltage-Source PWM Converters”, IEEE Transactions on Industry
Applications, vol. IA-22, no. 3, pp. 460-465, May/June 1986.

S. Saetieo, R. Devaraj, D. A. Torrey, “The Design and Implementation of a
Three-Phase Active Power Filter Based on Sliding Mode Control”, IEEE
Transactions on Industry Applications, vol. 31, no. 5, pp. 993-1000,
September/October 1995.

S-G. Jeong, M-H. Woo, “DSP-based Active Power Filter with Predictive
Current Control”, IEEE Transactions on Industrial Electronics, vol. 44, no. 3,
pp. 329-336, June 1997.

M. Aredes, J. Hafner, K. Heumann, “Three-Phase Four-Wire Shunt Active
Filter Control Strategies” IEEE Transactions on Power Electronics, vol. 12,
no. 2, pp. 311-318, March 1997

G. W. Chang, T-C Shee, “A Novel Reference Compensation Current Strategy
for Shunt Active Power Filter Control”, IEEE Transactions on Power
Delivery, vol. 19, no. 4, pp. 1751-1758, October 2004.

X. Yuan, W. Merk, H. Stemmler et.al., “Stationary-Frame Generalized
Integrators for Current Control of Active Power Filters with Zero Steady-State
Error for Current Harmonics of Concern Under Unbalanced and Distorted
Operating Conditions”, IEEE Transactions on Industry Applications, vol. 38,
no. 2, pp. 523-532, March/April 2002.

R. Panigrahi, B. Subudhi, “Performance Enhancement of Shunt Active Power
Filter-Based H.. Control Strategy”, IEEE Transactions on Power Electronics,
vol. 32, no. 4, pp. 2622-2630, April 2017.

W. Tangtheerajaroonwong, T. Hatada, K. Wada, and H. Akagi, “Design and
performance of a transformerless shunt hybrid filter integrated into a three-

166



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

phase diode rectifier,” IEEE Transactions on Power Electronics, vol. 22, no.
5, pp. 1882-1889, Sep. 2007.

C. Xie, X. Zhao, M. Savaghebi et. al., “Multirate Fractional-Order Repetitive
Control of Shunt Active Power Filter Suitable for Microgrid Applications”,
IEEE Journal of Emerging and Selected Topics on Power Electronics, vol. 5,
no. 2, pp. 809-819, June 2017.

A. Fereidouni, M. A. S. Masoum, K. M. Smedley, “Supervisory Nearly
Constant Frequency Hysteresis Current Control for Active Power Filter
Applications in Stationary Reference Frame”, IEEE Power and Energy
Technology Systems Journal, vol. 3, no. 1, pp. 1-12, March 2016.

J. Solanki, N. Frohleke, J. Bocker, “Implementation of Hybrid Filter for 12-
Pulse Thyristor Rectifier Supplying High-Current Variable-Voltage DC
Load”, IEEE Transactions on Industrial Electronics, vol. 62, no. 8, pp. 4691-
4701, August 2015.

P. Dey, S. Mekhilef, “Current Harmonics Compensation with Three-Phase
Four-Wire Shunt Hybrid Active Power Filter based on Modified D-Q Theory”,
IET Power Electronics, vol. 8, no. 11, pp. 2265-2280, 2015.

V. S. R. Oruganti, A. S. Bubshait, V. S. S. Dhanikonda, et. al., “Real-time
Control of Hybrid Active Power Filter Using Conservative Power Theory in
Industrial Power System”, IET Power Electronics, vol. 10, no. 2, pp. 196-207,
2017.

S. P. Litran, P. Salmeron, “Analysis and Design of Different Control Strategies
of Hybrid Active Power Filter Based on State Model”, IET Power Electronics,
vol. 5, no. 8, pp. 1341-1350, 2012.

L. Jianben, D. Shaojun, C. Qiaofu, et. al., “Modelling and Industrial
Application of Series Hybrid Active Power Filter”, IET Power Electronics,
vol. 6, no. 8, pp. 1707-1714, 2013.

M. A. Mulla, C. Rajagopalan, A. Chowdhury, “Compensation of Three-Phase
Diode Rectifier with Capacitive Filter Working Under Unbalanced Supply
Conditions Using Series Hybrid Active Power Filter”, IET Power Electronics,
vol. 7, no. 6, pp. 1566-1577, 2014.

S. D. Swain, P. K. Ray, K. B. Mohanty, “Improvement of Power Quality Using
a Robust Hybrid Series Active Power Filter”, IEEE Transactions on Power
Electronics, vol. 32, no. 5, pp. 3490-3498, May 2017.

D. Basic, V. S. Ramsden, P. K. Muttik, “Hybrid Filter Control System with
Adaptive Filters for Selective Elimination of Harmonics and Interharmonics”,
IEE Proc. Electr. Power Appl., vol. 147, no. 3, pp.295-303, May 2000.

167



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

D. Rivas, L. Moran, J. Dixon, J. Espinoza, “A Simple Control Scheme for
Hybrid Active Power Filter”, IEE Proc. Gener. Transm. Distrib., vol. 149, no.
4, pp. 485-490, July 2002.

A. Luo, Z. Shuai, W. Zhu et al., “Development of Hybrid Active Power Filter
Based on the Adaptive Fuzzy Dividing Frequency-Control Method”, IEEE
Transactions on Power Delivery, vol. 24, no. 1, pp. 424-432, January 2009.

Z. Shuai, A. Luo, W. Zhu et al., “Study on a Novel Hybrid Active Power Filter
Applied to a High-Voltage Grid”, IEEE Transactions on Power Delivery, vol.
24, no. 4, pp. 2344-2352, October 2009.

W. Zhao, A. Luo, Z. J. Shen et al., “Injection-type Hybrid Active Power Filter
in High-Power Grid with Background Harmonic Voltage”, IET Power
Electronics, vol. 4, no. 1, pp. 63-71, 2011.

T. N. Nguyen, A. Luo, Z. Shuai et al., “Generalised Design Method for
Improving Control Quality of Hybrid Active Power Filter with Injection
Circuit”, IET Power Electronics, vol. 7, no. 5, pp. 1204-1215, 2014.

S. Srianthumrong, H. Akagi, “A Medium-Voltage Transformerless AC/DC
Power Conversion System Consisting of a Diode Rectifier and a Shunt Hybrid
Filter”, IEEE Transactions on Industry Applications, vol. 39, no. 3, pp. 874-
882, May/June 2003.

V. F. Corasaniti, M. B. Barbieri, P. L. Arnera et al., “Hybrid Power Filter to
Enhance Power Quality in a Medium-Voltage Distribution Network”, IEEE
Transactions on Industrial Electronics, vol. 56, no. 8, pp. 2885-2893, August
20009.

S. Rahmani, A. Hamadi, K. Al-Haddad, “A Lyapunov-Function-Based
Control for a Three-Phase Shunt Hybrid Active Power Filter”, IEEE
Transactions on Industrial Electronics, vol. 59, no. 3, pp. 1418-1429, March
2012.

C.-S. Lam, M.-C. Wong, Y.-D. Han, “Hysteresis Current Control of Hybrid
Active Power Filters”, IET Power Electronics, vol. 5, no. 7, pp. 1175-1187,
2012.

T-L. Lee, Y-C. Wang, J-C. Li et al., “Hybrid Active Filter With Variable
Conductance for Harmonic Resonance Suppression in Industrial Power
Systems”, IEEE Transactions on Industrial Electronics, vol. 62, no. 2, pp. 746-
756, February 2015.

L. Wang, C.-S. Lam, M.-C Wong et al., “Non-linear Adaptive Hysteresis Band

Pulse-Width Modulation Control for Hybrid Active Power Filters to Reduce
Switching Loss”, IET Power Electronics, vol. 8, no. 11, pp. 2156-2167, 2015.

168



[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

M. J. Marchbanks, “The Steel-melting Coreless Induction Furnace”, Journal
of the Institution of Electrical Engineers, vol. 73, no. 443, pp. 509-519, 1933.

C. C. Levy, “Electrical Equipment for Induction Furnaces”, Electrical
Engineering, vol. 53, no. 1, pp. 43-48, 1934.

E-S. El-Bedweihi, P.P. Biringer, “SCR Control of Power for Induction
Melting”, IEEE Transactions on Industry Applications, vol. 1A-10, no. 4, pp.
501-507, July/August 1974.

E. J. Davies, P. G. Simpson, “Induction heating for industry,” Electron. Power,
pp. 508-515, Jul. 1979.

C. J. Edgerley, L. Smith, C. F. Wilford, “Electric metal melting-a review,”
Power Eng. J., pp. 83-92, Mar. 1988.

F. P. Dawson, P. Jain, “A comparison of load commutated inverter systems
for induction heating and melting applications,” IEEE Transactions on Power
Electronics, vol. 6, no. 3, pp. 430-441, Jul. 1991.

E. Altntas, O. Salor, I. Cadirci, et. al. “A new flicker contribution tracing
method based on individual reactive current components of multiple EAFs at
PCC,” IEEE Transactions on Industry Applications, vol. 46, no. 5, pp. 1746—
1754, Sep./Oct. 2010.

R. C. Dugan, L. E. Conrad, “Impact of induction furnace interharmonics on
distribution systems,” in Proc. 1991 IEEE Transmiss. Distrib. Conf., Apr. 11—
16, 1999, vol. 2, pp. 791-796.

T. Atalik, I. Cadirci, T. Demirci, et. al. “Multipurpose platform for power
system monitoring and analysis with sample grid applications,” IEEE Trans.
Instrum. Meas., vol.63, no. 3, pp. 566-582, Mar. 2014.

ELTAS Transformator [Online], “Uriinler”, https://www.eltas.com.tr/urun-
gruplarimiz /1001/urunler.aspx, last visited on Oct. 21, 2018.

N. D. Rao, H. N. R. Rao, “Study of symmetrical and related components
through the theory of linear vector spaces”, Proceedings of the Institute of
Electrical Engineers, vol. 113, no. 6, pp. 1057-1062, June 1966.

R. W. Long, D. Gelopulos, “Component transformations — Eigenvalue
analysis succinctly defines their relationships”, IEEE Transactions on Power
Apparatus and Systems, vol. PAS-101, no. 10, pp. 4055-4063, October 1982.

J.-H. Sung, S. Park, K. Nam, “New hybrid parallel active filter configuration
minimizing active filter size”, IEE Proc. Electr. Power Appl., vol. 147, no. 2,
pp. 93-98, March 2000.

169


https://www.eltas.com.tr/urun-gruplarimiz%20/1001/urunler.aspx
https://www.eltas.com.tr/urun-gruplarimiz%20/1001/urunler.aspx

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

A. F. Zobaa, “Optimal Multiobjective Design of Hybrid Active Power Filters
Considering a Distorted Environment”, IEEE Transactions on Industrial
Electronics, vol. 61, no. 1, pp. 107-114, January 2014,

V. F. Corasaniti, M. B. Barbieri, P. L. Arnera, “Compensation with Hybrid
Active Power Filter in an Industrial Plant”, IEEE Latin America Transactions,
vol. 11, no. 1, pp. 447-452, February 2013.

W. Choi, C. Lam, M. Won, Y. Han, “Analysis of DC-link voltage controls in
three-phase four-wire hybrid active power filters,” IEEE Transactions on
Power Electronics, vol. 28, no. 5, pp. 2180-2191, May 2013.

R. S. Rebeiro, M. N. Uddin, “Performance analysis of an FLC-based online
adaptation of both hysteresis and PI controllers for IPMSM drive,” IEEE
Transactions on Industry Applications, vol. 48, no. 1, pp. 12-19, Jan.—Feb.
2012.

V. Ambrozic, G. S. Buja, R. Menis, “Band-constrained technique for direct
torque control of induction motor,” IEEE Transactions on Industrial
Electronics, vol. 51, no. 4, pp. 776-784, Aug. 2004.

B.-R. Lin, “Analysis of neural and fuzzy-power electronic control,” IEE Proc.
Sci. Meas. Technol., vol. 144, no. 1, pp. 25-33, Jan. 1997.

B. K. Bose, “An adaptive hysteresis-band current control technique of a
voltage-fed PWM inverter for machine drive system,” IEEE Transactions on
Industrial Electronics, vol. 37, no. 5, pp. 402—408, Oct. 1990.

P. Lohia, M. K. Mishra, K. Karthikeyan, K. Vasudevan, “A Minimally
switched control algorithm for three-phase four-leg VSI topology to
compensate unbalanced and nonlinear load,” IEEE Transactions on Power
Electronics, vol. 23, no. 4, pp. 1935-1944, Jul. 2008.

J. R. Vazquez, P. Salmeron, “Active power filter control using neural network
technologies,” IEE Proc. Electr. Power Appl., vol. 150, no. 2, pp. 139-145,
Mar. 2003.

L. Malesani, P. Mattavelli, P. Tomasin, “High-performance hysteresis
modulation technique for active filters,” IEEE Transactions on Power
Electronics, vol. 12, no. 5, pp. 876-884, Sep. 1997.

S. K. Khadem, M. Basu, M. F. Conlon, “Harmonic power compensation
capacity of shunt active power filter and its relationship with design
parameters,” IET Power Electronics, vol. 7, no. 2, pp. 418-430, Feb. 2014,

S. Mikkili, A. K. Panda, “Simulation and real-time implementation of shunt
active filter id-iq control strategy for mitigation of harmonics with different

170



[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

fuzzy membership functions,” IET Power Electronics, vol. 5, no. 9, pp. 1856—
1872, Nov. 2012.

A. K. Panda, R. Patel, “Adaptive hysteresis and fuzzy logic controlled- based
shunt active power filter resistant to shoot-through phenomenon”, IET Power
Electronics, vol. 8, no. 10, pp. 1963-1977, 2015.

Y. Suresh, A. K. Panda, M. Suresh, “Real-time implementation of adaptive
fuzzy hysteresis-band current control technique for shunt active power filter”,
IET Power Electronics, vol. 5, no. 7, pp. 1188-1195, 2012.

S. Sasitharan, M. K. Mishra, “Constant switching frequency band controller
for dynamic voltage restorer,” IET Power Electronics, vol. 3, no. 5, pp. 657—
667, Sep. 2010.

A. Ghosh, A. Joshi, “A new approach to load balancing and power factor
correction in power distribution system,” IEEE Transactions on Power
Delivery, vol. 15, no. 1, pp. 417-422, Jan. 2000.

V. George, M. K. Mishra, “Design and analysis of user-defined constant
switching frequency current-control-based four-leg DSTATCOM”, IEEE
Transactions on Power Electronics, vol. 24, no. 9, pp. 2148-2158, September
2009.

L. Malesani, P. Mattavelli, P. Tomasin, “Improved Constant-Frequency
Hysteresis Current Control of VSI Inverters with Simple Feedforward
Bandwidth Prediction”, IEEE Transactions on Industry Applications, vol. 33,
no. 5, pp. 1194-1202, September/October 1997.

P. C. Loh, D. G. Holmes, “A Variable Band Universal Flux/Charge Modulator
for VSI and CSI Modulation”, IEEE Transactions on Industry Applications,
vol. 38, no. 3, pp. 695-705, May/June 2002.

G. Wang, Y. W. Li, “Parabolic PWM for Current Control of Voltage-Source
Converters (VSCs)”, IEEE Transactions on Industrial Electronics, vol. 57, no.
10, October 2010.

H. Yi, F. Zhuo, F. Wang, Z. Wang, “A Digital Hysteresis Current Controller
for Three-Level Neutral-Point-Clamped Inverter with Mixed-Levels and
Prediction-Based Sampling”, IEEE Transactions on Power Electronics, vol.
31, no. 5, pp. 3945-3957, May 2016.

F. Wu, F. Feng, L. Luo, J. Duan, L. Sun, “Sampling period online adjusting-
based hysteresis current control without band with constant switching
frequency,” IEEE Transactions on Industrial Electronics, vol. 62, no. 1, pp.
270-277, Jan. 2015.

171



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

R. Davoodnezhad, D. G. Holmes, B. P.McGrath, “A novel three-level
hysteresis current regulation strategy for three-phase three-level inverters,”
IEEE Transactions on Power Electronics, vol. 29, no. 11, pp. 6100-6109, Nov.
2014.

L. Zhang, B. Gu, J. Dominic, B. Chen, C. Zheng, J.-S. Lai, “A deadtime
compensation method for parabolic current control with improved current
tracking and enhanced stability range,” IEEE Transactions on Power
Electronics, vol. 30, no. 7, pp. 3892-3902, Jul. 2015

C.-S. Lam, X.-X. Cui, W.-H. Choi, et. al., “Minimum inverter capacity design
for LC-hybrid active power filters in three-phase four-wire distribution
systems”, IET Power Electronics, vol. 5, no. 7, pp. 956-968, 2012.

K.-W. Lao, M.-C. Wong, N. Y. Dai, et. al., “Analysis of DC-link operation
voltage of a hybrid railway power quality conditioner and its PQ compensation
capability in High-Speed cophase traction power supply”, IEEE Transactions
on Power Electronics, vol. 31, no. 2, pp. 1643-1656, February 2016.

Manitoba HVDC [Online], “EMTDC/PSCAD”, https://hvdc.ca/pscad/, last
visited on Oct. 21, 2018.

Texas  Instruments  [Online], “IQmath  Library  for  C28x”,
http://processors.wiki.ti.com/index.php/igmath_library_for_c28x, last visited
on Oct. 21, 2018.

A. Dunkels [Online]. “ulP tagged releases from GitHub”. http://github.com/
adamdunkels/uip/tags, 2013, last visited on Oct. 21, 2018.

H. Akagi, Y. Kanazawa, A. Nabae, “Generalized theory of instantaneous
reactive power and its applications,” Transactions of the IEEE Japan, Part B,
vol. 103, no. 7, pp. 483-490, 1983.

H. Akagi, Y. Kanazawa, A. Nabae, “Generalized theory of the instantaneous
reactive power in three phase circuits,” IPEC’83 International Power
Electronics Conference, Tokyo, Japan, pp. 1375-1386, 1983.

H. Akagi, Y. Kanazawa, A. Nabae, “Instantaneous reactive power
compensator comprising switching devices without energy storage
components,” IEEE Transactions on Industry Applications, vol. 1A-20, no. 3,
pp. 625-630, 1984.

L. Asiminoaei, C. Lascu, F. Blaabjerg, I. Boldea, "New Current Control

Structure for Shunt Active Power Filters," Industry Applications Conference,
41st IAS Annual Meeting., vol.1, no., pp.183-190, 8-12 Oct. 2006.

172


https://hvdc.ca/pscad/
http://github.com/%20adamdunkels/uip/tags
http://github.com/%20adamdunkels/uip/tags

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Z. Shu, Y. Guo, J. Lian, "Steady-State and Dynamic Study of Active Power
Filter With Efficient FPGA-Based Control Algorithm,” IEEE Transactions on
Industrial Electronics, vol.55, no.4, pp.1527-1536, 2008.

A. Labbe, P. Poure, F. Aubepart, F. Braun, "HDL software development and
hardware prototyping of a system-on-chip for an active filter controller,” The
8th IEEE International Conference on Electronics, Circuits and Systems,
ICECS 2001, vol.2, pp.895-898, 2001.

F. Liu, C. Shen, J. Chen, S. Mei, D. Cheng, "Feedforward-Feedback Current
Tracking Control with Input Saturation for APF in 3-phase, 4-wire systems,"
15T IEEE Conference on Industrial Electronics and Applications, pp.1-6, 24-
26 May 2006.

J. Mossoba, P.W. Lehn, "A controller architecture for high bandwidth active
power filters," IEEE Transactions on Power Electronics, vol.18, no.1, pp.317-
325, Jan 2003 .

G. Deconinck, K. Vanthournout, J. Van de Vyver, J. Driesen, R. Belmans,
"Unbounded system model allows robust communication infrastructure for
power quality measurement and control,” CIGRE/IEEE PES International
Symposium on Quality and Security of Electric Power Delivery Systems,
pp.165-169, 8-10 Oct. 2003.

K. Macken, C. Burkhart, R. Larsen, M.N. Nguyen, J. Olsen, "A hierarchical
control architecture for a PEBB-based ILC Marx modulator,” Pulsed Power
Conference, pp.826-831, June 28 2009-July 2 2009.

G. Baiwei; L. Zaozhen, "Hierarchical control architecture for a space based
telescope,” Chinese Control and Decision Conference (CCDC '09), pp.3066-
3069, 17-19 June 20009.

J. Li, X. Bian, Z. Qin, X. Shi, "Research on hierarchical control architecture
for autonomous underwater vehicle,” IEEE International Conference on
Mechatronics and Automation (ICMA 2008), pp.483-487, 5-8 Aug. 2008.

Y. Han, P. Shen, X. Zhao, J.M. Guerrero, "Control Strategies for Islanded
Microgrid Using Enhanced Hierarchical Control Structure With Multiple
Current-Loop Damping Schemes," IEEE Trans Smart Grid, vol. 8, no. 3, pp.
1139-1153, 2017.

J.M. Guerrero, M. Chandorkar, T. Lee, P.C. Loh, "Advanced Control
Architectures for Intelligent Microgrids—Part 1. Decentralized and
Hierarchical Control," IEEE Transactions on Industrial Electronics, vol.60,
no.4, pp.1254-1262, April 2013.

173



[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

L.D. Marinovici, J. Lian; K. Kalsi, P. Du, M. Elizondo, "Distributed
Hierarchical Control Architecture for Transient Dynamics Improvement in
Power Systems," IEEE Transactions on Power Systems, vol.28, no.3, pp.3065-
3074, Aug. 2013.

J. C. Vasquez, J. M. Guerrero, M. Savaghebi, J. Eloy-Garcia, R. Teodorescu,
"Modeling, Analysis, and Design of Stationary-Reference-Frame Droop-
Controlled Parallel Three-Phase Voltage Source Inverters,” IEEE
Transactions on Industrial Electronics, vol.60, no.4, pp.1271-1280, April 2013

L. Feng. W.M. Wonham, "Supervisory Control Architecture for Discrete-
Event Systems,” IEEE Transactions on Automatic Control, vol.53, no.6, pp.
1449-1461, July 2008.

IEEE, “IEEE Guide for Control Architecture for High Power Electronics (1
MW and Greater) Used in Electric Power Transmission and Distribution
Systems," IEEE Std 1676-2010, pp.1-47, Feb. 11 2011.

T. Ericsen, N. Hingorani, Y. Khersonsky, "PEBB - Power Electronics Building
Blocks from Concept to Reality,” IEEE Industry Applications Society 53rd
Annual Petroleum and Chemical Industry Conference (PCIC '06), pp.1-7, 11-
15 Sept. 2006.

T. Ericsen, "The Second Electronic Revolution (It's All About Control),” IEEE
Transactions on Industry Applications, vol.46, no.5, pp.1778-1786, 2010.

Q. Huang, K. Borisov, H.L. I1l Ginn, "PEBB-based shunt active power filter
for shipboard power systems," IEEE Electric Ship Technologies Symposium,
pp.393-399, 27-27 July 2005.

A. Monti, F. Ponci, "PEBB Standardization for High-Level Control: A
Proposal,” IEEE Transactions on Industrial Electronics, vol.59, no.10,
pp.3700-3709, Oct. 2012.

S. Rosado, F. Wang, D. Boroyevich, R. Wachal, "Control interface
characterization of power electronics building blocks (PEBB) in utility power
system applications,” IEEE Power Engineering Society General Meeting,
vol.3, no., pp.1355, 13-17 July 2003.

S. Herold, "A practical assessment of the guide for control architecture for
high power electronics used in electric power transmission and distribution
systems," IEEE Power and Energy Society General Meeting - Conversion and
Delivery of Electrical Energy in the 21st Century, pp.1-4, 20-24 July 2008.

N. Hingorani, H.L. 111 Ginn, J. Sullivan, "Control/protection architecture for
power electronic converters,” Industry Applications Society 57th Annual

174



[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Petroleum and Chemical Industry Conference (PCIC), pp.1-8, 20-22 Sept.
2010.

I. Celanovic, I. Milosavljevic, D. Boroyevich, R. Cooley, J. Guo, "A new
distributed digital controller for the next generation of power electronics
building blocks," IEEE Applied Power Electronics Conference and Exposition
(APEC) , vol.2, pp.889-894, 2000.

J. Guo, I. Celanovic, D. Borojevic, "Distributed software architecture of
PEBB-based plug and play power electronics systems,” Sixteenth Annual
IEEE Applied Power Electronics Conference and Exposition, vol.2, pp.772-
777, 2001.

C. Verlinde, E. Georgel, J.P. Thomesse, "Hierarchical and functional
architecture for control systems,” 15th Annual Conference of IEEE Industrial
Electronics Society (IECON '89), pp.462-468, 6-10 Nov 1989.

E. Durna, I. Yilmaz, “Design and implementation of a hierarchical control
system architecture for a modular HAPF system to suppress time varying
interharmonics”, International Symposium on Power Electronics, Electrical
Drives, Automation and Motion (SPEEDAM), pp. 809-816, 2016.

R. M. Duke, S. D. Round, “ The Steady-State Performance of a Controlled
Current Active Filter” IEEE Transactions on Power Electronics, vol. 8, no. 3,
pp. 140-146, April 1993.

J-S. Lai, T. S. Key, “Effectiveness of Harmonic Mitigation Equipment for
Commercial Office Buildings”, IEEE Transactions on Industry Applications,
vol. 33, no. 4, pp. 1104-1110, July/Aug. 1997.

T. Thomas, K. Haddad, G. Jous, and A. Jaafari, “Design and Performance of
Active Power Filters” IEEE Ind. App. Magazine, vol. 4, no. 5, pp. 38-46,
Sept./Oct. 1998.

G. W. Chang, “ A new Approach for Optimal Shunt Active Power Filter
Control Considering Alternative Performance Indices”, IEEE Transactions on
Power Delivery, vol. 21, no. 1, pp. 406-413, January 2006.

A. Bhattacharya, C. Chakraborty, S. Bhattacharya, “Parallel-Connected Shunt
Hybrid Active Power Filters Operating at Different Switching Frequencies for
Improved Performance”, IEEE Transactions on Industrial Electronics, vol. 59,
no. 11, November 2012.

E. Durna, M. Ermis, “Suppression factor as an evaluation criterion for wide

frequency filtering equipment”, The 9" International Conference on Power
Electronics, Machines and Drives (PEMD 18), 17-19 April 2018.

175



[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

E. Durna, “Adaptive Fuzzy Hysteresis Band Current Control for Reducing
Switching Losses of Hybrid Active Power Filter”, IET Power Electronics, vol.
11, no. 5, pp. 937-944, 2018.

Y. Hoon, M. A. M. Radzi, M. K. Hassan, et al.: ‘Neutral-point voltage
deviation control for three-level inverter-based shunt active power filter with
fuzzy-based dwell time allocation’, IET Power Electronics, vol. 10, no. 4, pp.
429-441, 2007.

L. Faa-Jeng, L. Kuang-Chin, K. Ting-Han, et al.: ‘Reactive power control of
three-phase grid-connected pv system during grid faults using Takagi—
Sugeno—Kang probabilistic fuzzy neural network control’, IEEE Transactions
on Industrial Electronics, vol. 62, no. 9, pp. 5516-5528, 2015.

H. Afghoul, F. Krim, D. Chikouche, et al.: ‘Design and real time
implementation of fuzzy switched controller for single phase active power
filter’, ISA Trans., vol. 58, pp. 614-621, 2015.

S. Mikkili, A. K. Panda, ‘Real-time implementation of Pl and fuzzy logic
controllers based shunt active filter control strategies for power quality
improvement’, Electric Power Energy Syst., vol. 43, pp. 1114-1126, 2012.

F. Mekri, M. Machmoum, N. Ait-Ahmed, et al.: ‘A comparative study of
voltage controllers for series active power filter’, Electr. Power Syst. Res., vol.
80, pp. 615-626, 2010.

P. Karuppanan, K. K. Mahapatra, ‘PI and fuzzy logic controllers for shunt
active power filter — a report’, ISA Trans., vol. 51, pp. 163-169, 2012.

R.R. Pereira, C. H. da Silva, L. E. M. Cavalcanti, et al. ‘A simple full digital
adaptive current hysteresis control with constant modulation frequency for
active power filters’. IEEE Industry Applications Conf. 42nd IAS Annual
Meeting, September, pp. 1644-1648, 2007.

D. Wang, G. Ji, J. Li, et al. ‘A novel hysteresis current control strategy based
on neural network’. Int. Conf. Computer Design and Applications (ICCDA),
pp. 369-372, June 2010.

R. Sunny, R. Anto, ‘Harmonics control and performance analysis of a grid
connected photovoltaic system’. Int. Conf. Advanced Computing and
Communication Systems (ICACCS), pp. 1-6, December 2013.

M.A. Elsaharty, M.S. Hamad, H.A. Ashour, "Digital hysteresis current control

for grid-connected converters with LCL filter,” 37th Annual Conference on
IEEE Industrial Electronics Society (IECON), pp.4685-4690, 7-10 Nov. 2011.

176



[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

M. Monfared, H. Rastegar, H. M. Kojabadi, “High performance direct
instantaneous power control of PWM rectifiers,” Energy Conversion and
Management, vol. 51, pp. 947-954, 2010.

F. Morel, X. Lin-Shi, J-M. Retif, B. Allard, “A predictive current control
applied to a permanent magnet synchronous machine, comparison with a

classical direct torque control,” Electric Power Systems Research, vol.78, pp.
1437-1447, 2008.

J-K. Kang, S-K Sul, "Torque ripple minimization strategy for direct torque
control of production motor,” Thirty-Third IAS Annual Meeting Industry
Applications Conference, vol.1, pp.438-443, 12-15 Oct. 1998.

J-K. Kang, S-K Sul, "Analysis and prediction of inverter switching frequency
in direct torque control of induction machine based on hysteresis bands and
machine parameters,” IEEE Transactions on Industrial Electronics, vol.48,
no.3, pp.545-553, Jun 2001.

A. Chaoui, J-P. Gaubert, F. Krim, “Power quality improvement using DPC
controlled three-phase shunt active filter,” Electric Power Systems Research,
vol. 80, pp. 657-666, 2010.

S. Gunter, F.W. Fuchs, "Switching time prediction for digital hysteresis
control for high frequency current in grid impedance measurement
application,” 16th European Conference on Power Electronics and
Applications (EPE'14-ECCE Europe), pp.1-8, 26-28 Aug. 2014.

7. Zhou, Y. Liu. “Pre-sampled data based prediction control for active power
filters,” Electrical Power and Energy Systems, vol.37, pp. 13-22, 2012.

J. Beerten, J. Verveckken, J. Driesen, "Predictive Direct Torque Control for
Flux and Torque Ripple Reduction,”, IEEE Transactions on Industrial
Electronics, vol.57, no.1, pp.404-412, Jan. 2010.

S. Vaez-Zadeh, G.H. Mazarei, "Open loop control of hysteresis band
amplitudes in direct torque control of induction machines," Industry
Applications Conference, vol.3, pp.1519-1524, 2000.

J. Beerten, J. Verveckken, J. Driesen, "Prediction-based ripple reduction in
Direct Torque Control of an induction machine,” 18th International
Conference on Electrical Machines (ICEM 2008), pp.1-6, 6-9 Sept. 2008.

E. Durna, “Effect of Sampling Frequency and Execution Time on Hysteresis
Current Controlled Three-Phase Three-Wire HAPF Converters”, International
Symposium on Power Electronics, Electrical Drives, Automation and Motion
(SPEEDAM), pp. 817-824, 2016.

177



178



APPENDIX A

MATHEMATICAL MODELLING OF CONVERTER VOLTAGES FOR
HYSTERESIS BAND CONTROL SWITCHING SCHEMES

Each switching scheme has unique voltage values for the terminals (Vfa-n, Vo-n, Vic-n) OF
the HAPF converter. VVoltage derivations for each possible switching scheme except
“001” which is already given in earlier parts of the thesis, are derived in this part of

the thesis.

A.1l. Switching Schemes “000” and “111”

Switching schemes “000” and “111” shows similar behavior and their equivalent
circuit representation is illustrated in Figure A.1. By inspection, all the terminal

voltages are found out to be 0, that is Vta-n=0, Vio-n=0, Vtc-n=0.

Figure A.1 Equivalent circuit representation of the switching schemes “000” and
‘61 1 15’
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A.2. Switching Scheme “010”

Equivalent circuit representation of the switching scheme “010” is as illustrated in

Figure A.2.

Figure A.2 Equivalent circuit representation of the switching scheme “010”

In order to formulate the behavior of the switching scheme “010”, the equivalent
circuit given in Figure A.2 is solved using the KVL equations of loop-1 and -2 as (C.1)
and (C.2) respectively.

di, [t di, [int
v, —L —2- Vo, =V — L —2— ~Vgyy —V c.1
sa-n f dt Cf Coa sb—n f dt Cf Cob dc ( )
v, —L —C— —v,. =v, —-L —2_ —V., —V C2
sc-n f dt Cf Coc sh-n f dt Cf Cob de ( )

where, Vcoa, Vcob and Vo are the initial voltage values across the series filter capacitor
Cs for each phase, and n represents the virtual neutral point which can be considered

as the neutral point of the coupling transformer secondary.

Balanced system constraints for three-phase three-wire converter can be written as
(C.3) and (C.4).

i +ig+i =0 (C.3)

Vsa—n +Vsb—n +Vsc—n = O (C4)
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HAPF converter voltages Vfan, Vib-n and vicn can be expressed via coupling transformer

secondary voltages Vsa-n, Vsb-n and Vscn @s given respectively in (C.5) — (C.7).

di, [igdt
v, —L —— —V. =V (C.5)
sa—n f dt Cf Coa fa—n
di i, dt
Vepon — Lf d_;b _J.C—f_VCob =Vipon (C'G)
di, [igdt
v, —L —S— —V, =V (C.7)
sc—n f dt Cf Coc fc—n
Equation (C.8) can be obtained by making use of (C.1) — (C.4).
di, 3[ist
-3vg ,+3L —+ +2Vegp —Veoa —Veoe T2V4 =0 (C.8)

f

Substitution of (C.6) into (C.8) gives (C.9). Then (C.10) is obtained by rearranging
(C.9).
_3Vfb—n ~Veoa ~Veoo ~ Voo T 2Vdc =0 (C.9)

v _ 2Vdc _ (VCoa +VCob +VCoc)
fo-n T 3 3

(C.10)

In order to find a relation for the sum of cumulative initial voltages across the
capacitors of each phase, (C.11) is derived by summing up (C.5), (C.6), (C.7) and
using (C.4).

Veoa T Veob Voo = _(Vfafn Vi +Vfc—n) =0 (C-ll)

Sum of converter terminal voltages are found out to be zero in Chapter 2. (Vfa-n + Vio-n
+ Vien = 0). Thus, (C.10) can be rewritten as (C.12) by using (C.11).
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2V
Vi o = % (C.12)

SiNce Via-n = Vien @and Vien = Vio-n - Vde DY Inspection on equivalent circuit in Figure A.2,
(C.13) and (C.14) can be directly obtained from (C.12).

v
Vian = - (C.13)
3
V
Vi = —? (C.14)

A.3. Switching Scheme “011”

Equivalent circuit representation of the switching scheme “011” is as illustrated in

Figure A.3.

L7,

Figure A.3 Equivalent circuit representation of the switching scheme “011”

In order to formulate the behavior of the switching scheme “011”, the equivalent
circuit given in Figure A.3 is solved using the KVL equations of loop-1 and -2 as
(C.15) and (C.16) respectively.

di i dt di i dt
Vean — Lf - _.[ : —Veoa TVae =Vepon — Lf — - I ° —Veon (C15)
at  C, dt  C,
di idt di i dt
Vsc—n - Lf - _If— _VCoc = Vsb—n - Lf —2— I - _VCob (C16)
dt  C, at  C,
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Equation (C.17) can be obtained by making use of (C.15), (C.16), (C.3) and (C.4).

di. 3[i.dt
—3v, . +3L, —d:’ + IC“’ + 2V —Veos —
f

Veo, +Vy, =0 (C.17)

Coc

Substitution of (C.6) into (C.17) gives (C.18). Then (C.19) is obtained by rearranging
(C.18).

_3Vfb—n ~Veoa ~Veoh ~Veoo TVee = 0 (C.18)
\Y) V, +V +V
Vfb—n — %_( Coa C;b Coc) (Clg)

Using the deduction in (C.11) on (C.19) yields (C.20).

V
Vio-n = ? (C.20)

Since Vo-n = Vfen and Van = Vian + Vaec DY inspection on equivalent circuit in Figure
A.3, (C.21) and (C.22) can be directly obtained from (C.20).

2V
fa—n = —% (C21)
Vd
v, =-% C.22
fc—n 3 ( )

A.4. Switching Scheme “100”

Equivalent circuit representation of the switching scheme “100” is as illustrated in

Figure A.4.

=1

Figure A.4 Equivalent circuit representation of the switching scheme “100”
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In order to formulate the behavior of the switching scheme “100”, the equivalent
circuit given in Figure A.4 is solved using the KVL equations of loop-1 and -2 as
(C.23) and (C.24) respectively.

di,  [igdt di.  [i.dt
Vearn — Lf d;: - J.C ~Veoa ™ Vae = Vepon — Lf d_;:b_ J.C: —Veob (C23)
f f
_ di _Ilfcdt_ :VSbn_Lfm_fb_jlfbdt_ (C.24)

Vsc—n f dt Cf VCoc
Equation (C.25) can be obtained by making use of (C.23), (C.24), (C.3) and (C.4).

di 3li, dt
—3v, , +3L, —fb+J-L+2v

dt Cf Cob — —Vie = 0 (C25)

V,

Coc

V,

Coa

Substitution of (C.6) into (C.25) gives (C.26). Then (C.27) is obtained by rearranging
(C.26).

_3Vfb—n ~Veoa = Veab ~Veor Vi = 0 (C.26)
V V, +V +V
Vfbfn — _%_( Coa (io:)b Coc) (C27)

Using the deduction in (C.11) on (C.27) yields (C.28).

v
Vg = —% (C.28)

SiNCe Vib-n = Vic-n @and Viv-n = Via-n - Vac DY inspection on equivalent circuit in Figure A.4,
(C.29) and (C.30) can be directly obtained from (C.28).

2v,
v, —=—%¢ C.29
fa—n 3 ( )
Vd
v,  =——< C.30
fc—n 3 ( )
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A.5. Switching Scheme “101”

Equivalent circuit representation of the switching scheme “101” is as illustrated in

Figure A.5.

Figure A.5 Equivalent circuit representation of the switching scheme “101”

In order to formulate the behavior of the switching scheme “101”, the equivalent
circuit given in Figure A.5 is solved using the KVL equations of loop-1 and -2 as
(C.31) and (C.32) respectively.

di,, _Iifadt_

dip, [ipdt
Vean — Ly Veoa . -V
at  C,

dt C . Cob + Vdc (C31)

=Vgn — Lg

~-L di, __-[ifcdt -

di., [igot
Vsen f dt Cf Veoo =V, - Lf —r_ I —Veop T Ve (C32)

sb=n d  C,

Equation (C.33) can be obtained by making use of (C.31), (C.32), (C.3) and (C.4).

di. 3[igdt
—3vsb7n+3Lfd—;b+ chb
f

+ 2VCob ~Veoa ™ Veoe T 2Vdc =0 (C33)

Substitution of (C.6) into (C.33) gives (C.34). Then (C.35) is obtained by rearranging
(C.34).

_3Vfb—n —Ve Voo ~Veoe ~ 2Vdc =0 (C-34)

oa

\V; —_ 2Vdc _ (VCoa + VCob +VCoc)

C.35
fb—n 3 3 ( )
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Using the deduction in (C.11) on (C.35) yields (C.36).

v o 2V,

C.36
fo—n 3 ( )

SINCe Vfa-n = Vicn @nd Vio-n = Vfan - Ve DY inspection on equivalent circuit in Figure A.5,
(C.37) and (C.38) can be directly obtained from (C.36).

Vien =5 (C.37)
Vd

% & C.38

fc—n 3 ( )

A.6. Switching Scheme “110”

Equivalent circuit representation of the switching scheme “110” is as illustrated in

Figure A.6.

Figure A.6 Equivalent circuit representation of the switching scheme “110”

In order to formulate the behavior of the switching scheme “110”, the equivalent
circuit given in Figure A.6 is solved using the KVL equations of loop-1 and -2 as
(C.39) and (C.40) respectively.

di,, _J'ifadt_

di i dt
Vean — Ls Veoa i - I - Vv (C39)
at  C,

dt C, ~ Vcob

=V, ,—L;

sb—n
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di,, _Iifcdt_v

» di Jindt (C.40)
a C,

dt Cf Cob

Ve, — Ly

sc—n

Voo =Vepon — Lf

Equation (C.41) can be obtained by making use of (C.39), (C.40), (C.3) and (C.4).

di 3|i,dt
+3L, —ft’+"‘L+2vCob —V,

-n oa — Voo TV = 0 (C41)
a | C,

—3v,

Substitution of (C.6) into (C.41) gives (C.42). Then (C.43) is obtained by rearranging
(C.42).

_3Vfb—n ~Veoa ™ Ve ~Veoe T Vo = 0 (C.42)
V V, +V, +V
Vfbfn — ?_( Coa (;:)b Coc) (C43)

Using the deduction in (C.11) on (C.43) yields (C.44).

v
Vo, = ? (C.44)

Since Vian = Vi-n and Vi-n = Vien + Vac by inspection on equivalent circuit in Figure
A.6, (C.45) and (C.46) can be directly obtained from (C.44).

Vd

V =_4a C.45
fa—n 3 ( )
Vi, = ——2\:;“ (C.46)
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APPENDIX B

SYMMETRICAL COMPONENT ANALYSIS REPORT FOR
INTERHARMONIC FREQUENCIES

Symmetrical components are used to represent a three phase system with two sets of
balanced phasors and a set of single phase phasor. Balanced three phase phasors are
called as positive and negative sequence components, while the single phase phasor
is called as zero sequence component. Positive, negative and zero sequence
symmetrical components of a three phase system can be deduced using the
transformation matrix given in (B.1). Corresponding inverse transformation matrix is
also given in (B.2). The symmetrical components transformation matrices in (B.1) and

(B.2) are given for current signals however it is also valid for voltage signal.

Io 1 1 171[d
[Ib] =11 g2 a] [[+] (B.l)
I, 1 a a?lll
Iy 1 1 11[l
H _ ;[1 . ] H 82
I_ 1 a?> alll,

In equations (B.1) and (B.2), la, Ip and I¢ are respectively phase a, b and ¢ current
phasors, while lo, I+ and I. are respectively zero, positive and negative symmetrical
components. The symbol a is a phasor rotation operator which rotates a phasor by 120
degrees, that is a = e?*™. Similarly a? is a phasor rotation operator which rotates a
phasor by -120 degrees, that is a = €%*™. In order to analyze the symmetrical

components of each of the harmonic and interharmonic components with 5 Hz

189



resolution, the entire field record is divided into 200msec long windows. For each
window, phase a, b and ¢ current records are post-processed via FFT, by this way,
magnitude and phase information of each harmonic and interharmonic component
corresponding to each phase are derived. When these magnitude and phase
information are combined in phasor representation for each phase and multiplied with
symmetrical components transformation matrix in (B.2), the phasor representation of
positive, negative and zero sequence symmetrical components are reached for any
particular data window. In this section of the thesis, symmetrical components of
harmonic and interharmonics for the entire measurement period are given in the
following figures, which Figure B.1 represents 150 Hz, Figure B.2 represents 250 Hz,
Figure B.3 to Figure B.16 represent interharmonics between 265 and 535 Hz with 5
Hz steps, Figure B.17 represents 550 Hz, and Figure B.18 represents 650 Hz

Components.
8r . F
Positive

6 Negative |
<E_ Zero
3
2 4
c
()]
gl | i ] |
s 2 0 T Iy | , | |

il 1 i b I ‘ I
0 ’»”I"l'l"l it '-,l“ﬁ,||«||‘|||‘<,<|||"‘|‘|\ ||\||| r||' I l'lu‘|||'v' il |||'|‘| ‘|I“'L""|’|‘“|I<|li |||'|| lluu I | "I”ll'|"|||||\ll|',l|||\|‘ I i 'Iwu|||."'|“|||\|\||.|"||‘||m|l| "|.|'|||‘|r|‘|| WMWM{
0 20 40 60 80

Time, min

Figure B.1 Symmetrical components of 150 Hz current harmonic of steel melting

facility at MV level
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Figure B.2 Symmetrical components of 250 Hz current harmonic of steel melting
facility at MV level
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Figure B.3 Symmetrical components of a) 265 Hz, b) 270 Hz, ¢) 275 Hz, and d) 280
Hz current interharmonics of steel melting facility at MV level
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Figure B.4 Symmetrical components of a) 285 Hz, b) 290 Hz, c) 295 Hz, and d) 300
Hz current harmonic and interharmonics of steel melting facility at MV level
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Figure B.5 Symmetrical components of a) 305 Hz, b) 310 Hz, ¢) 315 Hz, and d) 320
Hz current interharmonics of steel melting facility at MV level
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Figure B.6 Symmetrical components of a) 325 Hz, b) 330 Hz, c) 335 Hz, and d) 340
Hz current interharmonics of steel melting facility at MV level
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Figure B.7 Symmetrical components of a) 345 Hz, b) 350 Hz, ¢) 355 Hz, and d) 360
Hz current harmonic and interharmonics of steel melting facility at MV level
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Figure B.8 Symmetrical components of a) 365 Hz, b) 370 Hz, c¢) 375 Hz, and d) 380
Hz current interharmonics of steel melting facility at MV level
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Figure B.9 Symmetrical components of a) 385 Hz, b) 390 Hz, ¢) 395 Hz, and d) 400
Hz current harmonic and interharmonics of steel melting facility at MV level
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Figure B.10 Symmetrical components of a) 405 Hz, b) 410 Hz, c¢) 415 Hz, and d)
420 Hz current interharmonics of steel melting facility at MV level
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Figure B.11 Symmetrical components of a) 425 Hz, b) 430 Hz, ¢) 435 Hz, and d)
440 Hz current interharmonics of steel melting facility at MV level
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Figure B.12 Symmetrical components of a) 445 Hz, b) 450 Hz, ¢) 455 Hz, and d)
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200



N
o

[y
o

<
[0}
©
2 10
C
[@)]
©
=

15

al

Magnitude, A

10

Magnitude, A

15

10

Magnitude, A

Positive
Negative
Zero

_m}ﬂm hu

Positive
Negative
Zero

Positive
Negative
Zero

Positive

Negative
Zero

adllbn

60

80

Figure B.13 Symmetrical components of a) 465 Hz, b) 470 Hz, ¢) 475 Hz, and d)

201

480 Hz current interharmonics of steel melting facility at MV level



15

Positive |
< Negative
< 10 Zero
©
2
c
g 5
=

0 b . HMM_L@ sl " HWMMM sl
a)
15 . F

Positive
< Negative
) 10 Zero
°
2
§ M
g 5
=

0 MMMMW il . il me . WWMM s
b)
15 r

Positive
< Negative
) 10 Zero
°
2
g 5
2 i1

0 MHMHM MN&MM‘M]]MMM sl " ﬂmﬁm sl
c)
15 r

Positive

Negative
<
s 10 Zero
° \

2
c
o
o]
=

Time, min

d)

Figure B.14 Symmetrical components of a) 485 Hz, b) 490 Hz, c¢) 495 Hz, and d)
500 Hz current harmonic and interharmonics of steel melting facility at MV level
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APPENDIX C

HARMONIC ANALYSIS REPORT

Current and voltage waveforms of steel melting facility under investigation by the
research work have been collected at MV level and are analyzed in terms of harmonic
content in this section of the thesis. Since international standards suggests limits for
harmonics only, interharmonic content is not considered for this harmonic analysis

report.

Field measurements have been collected during 26 days by a multipurpose power
quality analyzer [100] with data sampling rate of 25.6 kHz. Sampled data has been
post-processed by using Fourier Transform in 200 ms window, resulting in 5 Hz
resolution. Subgroup harmonics [100] are used to determine exact value of each
individual harmonic component. Figure C.1 - Figure C.10, represents the magnitudes
of each individual harmonic up to 40" as a percentage of maximum demand (I.). In
addition to individual harmonics, TDD curve is given in Figure C.11. It is deduced
from Figure C.1 - Figure C.11 that the proposed solution to the harmonic problem of
IMF load under investigation is very effective for the suppression of even and odd
harmonics and successfully mitigates them below allowed limits except some high
frequency ones. Figure C.8 shows that the proposed system has no significant effect
on 23" and 25™ harmonics. Thus, a passive filter solution tuned to a proper frequency
in between 23" and 25" harmonics should be implemented for mitigating them below
allowed limits. It is also seen from the report that high frequency harmonic
components, especially the ones larger than 20" harmonic, sometimes exceeds the

limit.
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Figure C.9 36", 38" and 40" current harmonics of steel melting facility at MV level
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