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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 oElectrical ancElectronicsEngineering
Supervisor :Prof. DrMuammer Er mi K

Decembef018, 216 Pages

In order to prevent the harmful effects of MedHsmequency 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 MeHBreaquency
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 vkp 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 bandmtepigsal of

novel performance evaluation criten, implementation of hierarchical control system
architectureand 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 experimettresults 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, Hysteresi€urrent Control]MF, Interharmonics, Power Quality
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CHAPTER 1

INTRODUCTION

Following the great advancememtssemiconductor physics and power electronics,
nontlinear loads have become widely used more than ever in industry. Excessive use
of those noHdinear loads significantly deteriorates the quality of ¢kextricalpower
supplied via transmission and dibution systems. Power Quality (PQ) is defined as
the perfection of delivered electrical power iterms of wave shape, frequency,
amplitude and sustainability1]-[3]. Current and voltage wavefornaf an ideal
electrical grid should be iforms of perfectsinusoidalwavein-phase to each other
having constant frequency and defined constant magrit{«8]. In addition to their
qguantifiable parameters, the sustainability is also an important factor for PQ analysis
of an electrical grid1]-[3]. Voltageandfrequency transientseactive powershort
duration voltage sagndswells[4], long duration overand undewoltages,voltage
imbalances, DC offsets in voltage and current waveforms, voltage and current
harmonics, interharmonics, notching, high frequyemoises, and flickers are the most
widely known PQ problemg], [3].

Flexible AC Transmission System (FACTS) devices had been introduced to overcome
some of the PQ problemat fundamental frequenclpy making use of power
electronics converters to fm a transmission system allowing an enhanced
controllability and increased power transfer capabili§], [5]-[8]. Static
Compensators (STATCOMY]-[11]], and Static VAR Compensators (SMQ}], [13]

are well known FACTS devices providing reactive powempensation, voltage
regulation and flicker mitigatiofi3]. Moreover, vulnerable industrial loads can be
protected from the short duration voltage sag and swells via specialized power

electronics converterf8] such as Dynamic Voltage Restorer (DVR¥]-[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, interharasortiheir

harmful effects, and an Induction Melting Furnace (IMF) load, one of the most

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

1.1. Definition of Harmonics and Harmonic Problems

Harmonics, as defined in IEEE guide for harneagontrol 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 sourmesh agpower electronic converters, saturated
electromagnetic equipment anthernonlinear loadq23], [24]. Especially vith the
increased integration of power electronic converters to thepsystem, harmonics

have become an importastbjectfor the power system2pB], [24]. Controlled
electrical machinesSwitch Mode Power plies (SMPS)three and singlephase

bridge rectifierspulsewidth modulated inverters, arstiaticcompensatorare some
examples of the power electronics devices whapeseriousharmonic source2.

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].

h=kq 1 (1.2)

,whereh is the harmonic ordek,is any integer, angis the pulse number of the power
electronics converterFor example, 8, 7", 11", 13" ¢é are the <characte

harmonics of a sipulseconverter.

On the other hand, induction and synchronous machines, metal melting and shaping
furnacespower transformersgycloconverters, and some pulse burst heaters are the
examples of other industriabnlineaoadsthat may generate harmon[&3]. Unlike

characteristic harmonics, namaracteristic harmonicare caused by asymmetrical



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

harmonics andlassifiedas thenon-characteristic harmonicg]f

Those characteristiend norcharacteristic harmonics causes some serious problems
in the power systen?f], [25]. Some of the harmful effects of harmonics are listed as
follows [24], [29):

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

electrial machines.
ii.  Capacitor bankand cabldailures dueo dielectric breakdown

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

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

Severity of those effectsegend on thetype ofharmonic source, its locatian the
power system, and the characteristics ofttaesmission/distribution network.

In order to illustrate thgeneration of harmonica three phase diode bridge rectifier,
widely used in Uninterruptable Power Supplies (UPS) and various motor drives, has
been simulatedThe simulation results are givémFigure1.1. As can be seen from
Figurel.l.a, line current waveforms of @aphase are highly distorted, which causes

a harmonic spectrum as given kigure 1.1.b. Since the current waveforms have
quarter wave symmetry, there are no evatepharmonics can be observed from
Figurel.1.b. In addition, harmonicahich are integer multiple of thredo not exist

due to thehreephase converter topology.

Hamonic content of a periodical waveform can be described with the help of some
measures such &sstortion Factor ([F), Total Harmonic Distortion (THD)@and Total
Demand Distortion (TDD]1]. DFis defined as theatio ofRootMeanSquare RMS)



of the harmonic content to RMS fundamental content in percentage representation
(1.2), THD is the definition oDF when the quantities aceirrentor voltage(1.3, 1.4),

and TDD as the ratio of RMS harmonic current distortion to the maximum demand
load current1.5).
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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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Squareof amplitudeof fundament

2 2
THD (current) = lRMIS—ZIFHOC% (1.3)
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TDD=-Y-RMS_ 'F 100% (15)
MAX_DEMAND

Each individual harmonic voltagend current has allowed limits determined by the
regulatory authorities of each country and international standHrdsllpwed limits

for individual voltage harmonics and total voltage distortioswsggestedn [1] are
given in Table 1.1. Similarly, allowed limits for individual current harmonics and

THD as suggested iri] are given inTablel.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
69.001kV through 161 kV 1.5 2.5
161.001 kV and above 1.0 1.5

Table 1.2 Allowed limits for individualcurrentharmonics and total distortion

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

e <11 11th<17 17Ch<23 23Ch<35 35Ch TDD
<20* 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 35 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 harmonicare limited to 25% of the odd harmonic limits above

Current distortions that result in a dc offset, e.g.,-hal¥e converters, are n
allowed

* All power generation equipment is limited to these values of current disto
regardless of actusdd|..

Where,lsc= maximum shortircuit current aPoint of Common Couplind?CO.
IL = maximum demand load current (fundamental frequency component) at F




Characteristic andgion-characteristic harmonics, appeared in the power system, can
be analyzed in erms of positive, negative and zeresequencesymmetrical
components toolP], [26]. Positive, negative and zeresequenceharacteristic and
noncharacteristic harmonics are listed 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 rotattrig&le
machines, power transformers, basipuise power electronics converters, and line
commutated converters. However, this is not the case for some other industrial loads

generating notiinteger multiples oharmonicq20], [22], [27].

Table 1.3 Symmetrical components of characteristic and-closracteristic

harmonics
3 Phase Sinusoidal - . Non-characteristic
Characteristic Harmonics :
Current Systems Harmonics
PositiveSequence st 7 o13h 1gh é 4t 10h 160, 229 ¢
NegativeSequence gt 11h 170 239 & 2nd gh 140 200 &
Zero-Sequence 3d gh 18" 210 & 6, 120 18" 24" &

1.1.1. Definition of Interharmonics and Interharmonic Sources

Interharmonics are defined as the frequetmyponent of a periodic quantity that is

not an integer multiple of the fundamental frequency of the supply sy&&mr{

other words, interharmonics cover a wide range of frequencies in the frequency
spectrum other than the integer multiples of the #&mental frequency2p).
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 V&apotential to interact with pas/e shunt reactive
power compensation systems resulting in amplification of some interharmonic
frequencies instead of suppressing theh7].[ Amplified interharmonics have

destructive effects on those reactive power compensation equigtient [



The majoriy of interharmonics areegerated by the converteraking use of two AC
systems running at different frequencies, if they are fed from common ddfiik [
[22], [29). This phenomenon is named as crosxlulation phenomenoriT], [19],
[20] and themathematical expression of it is given in the following sectmnthis

chapter

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

1kv

TI0 03 I 03 TIn 03 I 03
g3 8§ | &z 8§ 33 8% &3 28

&g &, & 8| & 3| & s
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 0.4
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
cycloconvertersHigh Voltage Direct CurrenHVDC) convertersvariable speed AC

motor drivesand the metal shaping and melting systemsléikiée furnaces, Electric

Arc FurnacegEAF), andIMFs. [19], [20], [22], [29]. Although, interharmonics are

as harmful as harmonics to the power systémeye is not, unfortunately, any
regulation regarding interharmonics yet. However, the last version of the IEEE
standard for harmonic powdras defined the interharmoniesd proposed some
suggestions of the voltage interharmonics of EAF Idadshe prevention oflicker

only [28]. Those voltage interharmonic limjtsletermined for 68z fundamental

frequency gridor voltage level 1kV or Igs are as given iffablel1.4. Allowed limits



for the interharmonic frequencies from 61 to 104 Hz are identical to those given in
Tablel.4 except the frequency of interest must be subtracted from 120 before reading
the corresponding valu@§]. It is suggested in this thesis that some regulations for
the interharmonigsaused # usual operation ofariousindustrial loadsshould also

be integrated to standards.

1.2. Harmonic Suppression Techniques

Suppressionof harmonic and interharmonic problems described in the previous
section is essential for power system. Indeed, allowedslifoitvoltage and current
harmonics has already been defined in various stanfi,d28] and Turkish grid
code[30]. Harmonic suppression systenis other words filtersgan be divided into
two categories namely passifiters and Active PowerFilters (APF). The most
common, easy to implement, cheap and conventional satitidrarmonic problems

are passive filters. However, they have soisadlantages, some of which are listed

as follows:

- Passive filters may cause resonance with the other pdsads

- 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
disadvantags 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 topolognestheir 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 duedddht 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 impeddocése 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 unwarttadnonic 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 botvever, series passive filters subject

to all of the load current. For this reason)y shunt passive filters are used for the
grid connected harmonic filtering applications. Shunt passive filters also provide

reactive power to the grid.

The most commoionventional shunt passive filter topologiesedfor utility grid
applications arsingletuned 29 order undamped,"2order damped, andQorder G

type as given respectivein Figure 1.2.a, b, and cC-type shunt passive filters
illustrated inFigure 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
Figurel.2.b, is also one of the commonly used passive filter topologies for various
industryapplications 35]-[37] and this topology is the improved version of sirgle
tuned 29 order undamped filter topolog®§] in terms of parallel resonance problem.
However,it has very little impact on high order harmoni83][ for this reason, this
topology is also called ad%brderHigh PassFilter (HPP) in the literature 35]-[37].
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Figure 1.2 Conventional passive filter topologies:sigletuned2™ order
undamped, b)™ order damped, and c}%brder Gtype

Singletuned 29 order undamped passive filtepology, illustrated irFigure 1.2.a,

shows a typical Bad Pass FilteBPF characteristics and is the most commonly used
passive filter topology due to their simplicity in desighis passive filter behaves as

low impedance path around the designed tuning frequency and high impedance path
for rest of the frquencies, which makes it a typidPF. However, its characteristics

and thus the performance change with the changing utility grid conditions. Moreover,
singletuned passive filter topology causes a parallel resonance with the grid
impedance and it ampifs some frequency components a bit lower than tuning

frequency. The impedance of the sintleed 29 order passive filter topology is as

given in (1.6).

e
Ziiter = Rt +18WLriIter %vcfilter (1.6)

As canbededuced from (1.6) that the lowest filter impedance occurs when imaginary
partof the expression is zero. This situation occurs for a specific frequency value and
this frequency is defined as thening frequency. Tuning frequencfs, can be

expressed as (1.7) with respect to filter induance Liiter, and capacitanc€iter.

f = 1 (L.7)

0=
zpﬂ LfilterCfiIter

Since singlduned passive filter is a reactive power source at the fundamental

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

10



The reactive power supporkVARiter, Of singletuned harmonic filter can be
calculated a given in (1.8).
V2
kV'A‘Rilter =m_—t— (18)
filter, fund
,whereVi.nis the line to neutral voltage of the busis the number of phase&&iter fund

is the filter impedance at fundamental frequency.

Another design parametdor singletuned harmonic filter is the sharpness of the
attenuation characteristics, which is also defined as quality f&gtof,the filter and

can be calculated by the equation (1.9). AlthoBgh: value given in this equation
can be an externalamping resistor connected in series with the filter, this value is
chosen as the internal resistance of the sendsctor for the undamped filter

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

L.
Q - 1 filter (1.9)

One of the most important design considerations is that the tuning frequency should
not beexactlythe 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 CommorCoupling PCQ.

It has already mentioned in this chapter that sighed passive filters cause parallel
resonances due to thanteraction with source impedande, The parallel resonance
frequency can be expressed as given in (1.10) and amdefaequency 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 harmamagsbe amplified.

11



1
f =
" 2p\/(l—filter + I-S)Cfilter

(1.10)

In order to better observe the parallel resonance problem, load to source current
transfer characteristics of a typicdl Barmonic singlgéuned 29 order passive shunt

filter tuned to 240Hz is shown Figurel.3.
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Figure 1.3 Singletuned 29 order undamped passive shéfitharmonicfilter
current transfecharacteristics

1.2.2. Active Power Filters

Active harmonic filtering concept and APF operating principles were firstly
introduced in early 1970889], [40] and improved rapidlyn the following decades

with the enhacements in power electronics areaAlthough, MetalOxide-
Semiconductor FieldEffectTransistos (MOSFETY and Gate TurrOff Thyristors

(GTO9g are used as semiconductor switches in the early works, researchers started
preferring Insulged Gate Bipolar Transistors (IGBjTdue to their superior electrical
features. Advancements on semiconductor physics, Digital Signal Processors (DSP),
Field Programmable Gate Arrays (FPGA), common usage otffalit sensors and

thus decreasing costs é&d much more researchers to work on APF area for the

mitigation of unwanted harmonic4q]-[45].

12



Basic operatig principle of the APF is to measuithe harmonic content causing
distortion in the load side and to injeeach individual harmonic to the utility grid
with exactly the same magnitude @sresponding referendmit antiphase By this

way, the load side and corresponding filter side individual harmonics tend to cancel
out each other, resulting in an undistdrieaveform at the source side observe the

APF operatig principle, a basic illustration ifigure 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 soursile. It should be noted that this illustration is an ideal
representation of APF operatidhere is no needn practicefor 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 canéregulated 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 competssdosses.

Source Current Load Current

™\ ™\ an an
N N4 j cJ cJ
Utlllty L Y Y YL —> mNonllnear

Grid Load
4
Filter Current
\ \
\ /

Shunt APF

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 regulasiod load balancing

depending on the requirements of the load.

1.2.2.1. Classification of APF

APFscan be classified into several types in terms of both their converter topologies
and used system configuratioA$2F 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 conditida lin& 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 systdigucation.

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 thrgghase thresvire two-level VSC based APF
topology and itgrid connection aras illustrated irFigure1l.5.a and b, respectively

Jg} JH} JE}

Nonlinear
Load

Jg} Jg} JI:;f -

Figure 1.5 VSCtype APF topology a) circuit diagraaf threephase thresvire
two-level converteand b) system configuration

14



AlthoughFigurel.5 shows a thre@hase thresvire cirauit topology, VSC converters
can be singlphase, threphase fowwire 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 theto abjkxt
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 convertdarSim

to VSC type, CSC type APFs are also connected to the utility grid via coupling
inductors. Typical circuit diagram of the thrpkase thresvire two-level CSC based

APF topology and its grid connection are as illustratedrigure 1.6.a and b,
respectively Although Figure 1.6 shows a thre@hase threavire circuit topology,

CSC converters can be singlbase, threphase fowwire or multilevel depending

on the power system conditions, load characteristics and design requirements.

Nonlinear
Load

I f N
]

RA Jg
. ﬁ —

a) b)

Figure 1.6 CSC type APF topology a) circuit diagrashthreephase thresvire
two-level converteand b) system configuration
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When available power ratings, allowed switching frequency, conduction and
switching losses features are dolesed, using IGBTs as semiconductor switches for
both VSC and CSC configurations seem to be the most advaosagelution as
compared to GTOs or MOSFETsis important to note that the semiconductor switch
connections are different from each otherW&C and CSC topologies. While VSC
topology contains semiconductor switches with -patiallel body diodes,
semiconductor switches are connected in series with a diode for CSC topology.
Commercially available IGBTSs, that product ranges of the most famausgfatdurers

with respect to voltage and current ratings are illustratédguare 1.7, are generally

sold together with anparallel body diode46]-[50]. For this reason, there is a need

for external series diode modules for CSC type converters, which brings extra cost
and sze for CSC type converters. Also, using inductors as dc link causes an increase
in losses$1]. Despite those disadvantages, CSC topology has also some stipgrio

to VSC topology such as robust current controllability, high reliability and fast
respone. 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 linef the most famous semiconttar manufacturers

APFs can also be dividedto four types in terms of their system configurations
namely shunt APF, series APF, Unified Power Quality Conditioner (UPQC) and
Hybrid Active Power Filter (HAPF)32], [53]. Shunt APFs generally are used for the
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mitigation of current harmonics and reactive power compensa&@n[p5]. Figure

1.8 shows the representation of shunt ARE the operating principle is mentioned in
previous section using illustration lgure1.4. The illustration shown ifrigure1.9
describes the topology of series APF. Series APFs are often used for suppressing the
voltage harmonics and providing bus voltage regulation on source or loa&@ide [
[59]. It can be considered as ttieal of shunt APF topology, and its basic opexati
principle is as illustrated ikigure1.9. Series APF injects a voltage compon&fat

to the power systemwith a specially designed power transfornrea way that this
voltage appears in series between source and load sideslstihrition busBY this

way, voltage harmonics can be preventt bus voltage can be regulated in either
side of the transformer. A drawback of the series APF is that the series transormer
subjected to full load current resulting in an oversizemhdformer for power

converter.

—

!
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14
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Shunt APF

Figure 1.8 Shunt Active Power Filter

Another type of activdiltering system is UPQC. UPQC is composed of a series and
a shunt APF connected battkback with a common Dlink as shown irFigurel.10.
This type of power conditioning system can manage voltage and current harmonic

filtering, voltage regulation, and reactive powempensationg9]. 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.

Filter Voltage
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Series APF

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 withriteggration of different control
philosophies. Various researchers have implemented different and advanced control
systems on APF converter8([-[72] such as sliding mode contrd@4], predictive
current control 5], constant power controbf], sinusoidl source current control

[66], [67], Proportional htegral (PI) control§8], Kalman filter based PI contrab§),
proportional control 70}, multi-rate fractional order repetitive controf]], and

hysteresis band current contr@p].

Finally, as thdast type of active filtering device, HAPF systems are formed with the
combination of active and passive filtering equipmdihieir working principle and

varioustopologiesare mentioned in the following section.

1.2.2.2. Hybrid Active Power Filters

As the APF systms 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 solutieanfier
researchers to use pass filters together withAPF 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 wiftequency 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 irethterature 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 showrFigure1.11[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 instalteagacity 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.

19



utility [~~~ ~~~y~_| Nonlinear
Grid Load
Shunt APF

Figure 1.11 Combination of &huntAPF and shunt passive filter

Another HAPF topology is the combination of series APF and a shunt passive filter
as can be seen igure1.12 [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 illustratedrigure1.13, on the other hand, is a series
APF connected in series with a shunt passive {i&6}, [81]. In this HAPF topology,

APF converter is used to eliminate the seria$ @arallel resonant risk of the passive

filter and to provide an improved harmonic suppression performance.

| I
Utility > ~ % [Nonlinear
Grid el Load
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Series APF

Figure 1.12 Combination of a series APF and shunt passive filter
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Figure 1.13 Series APF connected in series with shunt passive filter
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Figure 1.14 Injection type HAPF
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Another combination of APF and passive filters is called as injection type HAPF and
the circuit diagram of it is as given kigure 1.14 [82]-[85]. This topology is he
advanced version of the HAPF topology giverFigure 1.13. The most important
advantage of this HAPF topology is to tune the LC filter located in the parallehbran

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 miconductor ratings. Although this topology has brought some important
features, it still contains a bulky injection transformer and increased number of passive

elements.

s, .

Grid J_ L oad

K}
]

Figure 1.15 Circuit topology of sshunt HAPF

Shunt HAPF topology, on the other hand, is a shunt APF connected to grid via a
passive filter coupling element as showirigurel.15[19], [20], [86]-[91]. The most
important feature of this HAPF topology is that APF converter never generates voltage
waveform in fundamental frequencgd, [20] which is due to high impedance
characteristics of the passive filter at fundamental frequet@jyTherefore, DC link

of theHAPF 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 tHeFHbanverter, its
impedance characteristics determines the frequency range and bandwidth for which
the HAPF is effective 4J0]. Some researchers suggest the use of combination of
passive filters tuned to different frequencies instead of a single tuned orger to

make the HAPF effective for various frequency rangékdt the expnse 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 superio APF in terms of reduced DC link voltage thus
lower semiconduor ratings and switching losse&9[, [20], [89], significantly
reduced converter installed capadiBg], [87], increased effective frequency range
[20], reduced overall cost8§], [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 frequéaty[R0],
existence of passive filter components, and reduced suppression performance for the
frequencies out of the intetes frequency range.

Considering the listed superiorities, a shunt HAPF topologysistablesolutionfor
the suppression of medium freencylMF loadwhichis the harmonic current source

under investigation by thihiesisand described in the followirgection

1.3.  Medium Frequency Induction Melting Furnaces

Medium Frequency IMF installation §hecome widely used for the last two decades

in metal melting and forming industrgspecially 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 30N up to 32MW with operating frequencies of 15@®50 Hz

for medium frequency IMFsMetal melting capacitiesf IMF installationshave

known to reach up to 60 tons.

1.3.1. Brief Description

IMF system melts the metals charged into the ladle via excessive heatl taueddy

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 wa§][ Although IMF work coil had

been driven by a motagenerator setup based frequency converters inzailg P3,

high power converters equipped with thyristors or IGBTs have been used for nearly
half a decade with the advancememtspower semiconductor industf®4]. A
simplified circuit diagram of a typical medium frequency coreless IMF installation is
as given irFigurel.16. In high power density IMFs, work coil is fed by a single phase
load resonansolid stateconverter as can be seen gure 1.16, operating in a
predetermined frequencgnge Load resonant converters can change the operating
frequency during a complete melting cycle in order to maintain tuning to theahat
frequency of the work co[B5]-[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 12or 24-pulse thyristor rectifier, as can be séégurel.16.

OZp—

§ K - AAATTT
/

2 f" / ; / iL(t)
i W Y =
i ] / * 4 <
o s e vty Lo 4
= - ! = L == c____.__.‘-)
2 .y / - ==
i / — —~ 7
— ‘,"r Z ;z Resonance Workcoil
e § 2{ Capacitor and

- Bank Crucible

12-pulse Iron-Core Load Resonant
Rectifier System DC Link Reactor H-Bridge Inverter

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 tb 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 harmBligegr,
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voltage sig/swell, and voltage/current unbalance analysis has been condudtéd in [

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 96].[ The contribution of

IMFs to the flicker is found to be negligibly small.

ii. Voltage sag and swells at PCC are not the characteristics of medium

frequencycoreless IMF load The origin of the voltage sags and swells

recorded during the measuremestmainlythe faults in the outside or inside

of the small steemnelting facility under investigation.

iii.  Unbalanced bus voltages and line currents are not the characteristics of the

mediumfrequency coreless IMF load, because each IMF is supplied from the

power systenvia a 12pulse or a 24ulse 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 seEigumne 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 tMF load should be compensated.

Reactive power demand variation of the IMF load isim@t 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, these of FACTS devices is not recommended for the reactive power
compensation of the IMF load, instead ldaeakswitch switched tuned or detuned
shunt passive harmonic filters are suggested. However, in this case, series and shunt
resonance characterigiof 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 severeltage harmonic source, it is one of the most
problematic loads in the power system in terms of current interharmdiissis
because, thenedium frequency coreless IMF syststructure given irFigure 1.16
produces harmonic and interharmonic current components in the supply side due to
the crossmodulation phenomenon in the AGC-AC link of the multipulse rectifier

and load resonant converter cascpdg, [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 cyf€], [19], [20]. Chang 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 wittextra metals during melting phaderequencies ointerharmonic
components,fi,, caused by mentioned cres®dulation phenomenon can be
formulated as irf1.11)

f, =(1 NP) £, 2KkE (1) (1.12)

whereP is the pulse number of the rectifier circdidthe frequency of the supply side
power systemf, the operating frequency of the load resonant converter, imeeX,
1, 2, 3, K=1,283n.d i ndex

Since operating frequency of the load resonant converkegumel.16 changes from
150 to 250 Hz, the corresponding most dominant interharmonic frequencies due to
crossmodulation phenomenon can be calculated to be changing between 250 to 550

Hz by using (1.11) witln = 0,k = 1. As indexn andk changes, various interharmonic
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frequencies can be found by using (1.11). However, the magnitudes of those
interharmonics tendtdecrease dramatically as indeandk increase.
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Figure 1.18 Variations in supphside line current interharmonics and harmonics for
a 12pulse IMF installation during a typical melting cy¢teeduced from the data
recorded in the field)][7]. Type A: Interharmonics due to the cross modulation of

fundamental supply frequenéyand the inverter output fundamental frequency

referred to the dc linRf,, wherefer = 2f, N 5. fType B: The cross modulation faf

with current harmonic frequencies at the dc linRlds , withk=2, 3, . . ., wheré;

= 2kf, N s.fType C: The cross modulation of supply harmonic current frequencies at
(1 N slfarn3 1 2,3, ..., ahthe delink current harmonic frequency 2k,

wherefe= (1 &N 322n) f
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Also, the result of (1.11) can be negative or posifivee 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 posits&guence.

Interharmonic frequencies and their symmetrical components have been calculated by
using (1.11) ak=1, 2 anch =0, 1 for load resonant converter operating frequencies,

fo, 150, 175, 185, 20@25, and 235 Hz in0] and the findings can be observed in
[20]. Time varying harmonics and interharmonics can be observed in the harmonic
spectrum of IMF load, given iRigurel.18, deduced by the field measurements of the
steel melting facility under investigatioth].

1.4. Scope of the Thesis

Harmonic distortion in both transmission and distribution networks due tdirear

loads in industry and domestic applicatidnas become a serious problem for a few
decades. Various researchers have worked on mitigating unwanted harmful harmonic
components caused by those nonlineads[31]-[49], [52]-[59], [73]-[91]. Passive
filtering systems have been implemented widelydig of researchers to overcome
harmonic problems due to their low cost and efficief8}}-[38]. However, due to
resonance risk, source impedance dependent performance, and fixed compensation
characteristics gpassive filter solutions, active filteringjgipment 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 featurhere have been proposed
various active filtering topologies in thetdrature[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 teseadue to their
advantages such as low dc link requirement, low converter capacity, effectiveness in
wide frequency range and extra reactive power supp8H{91]. By this way, HAPF
topologies overcome the drawbacks of APF and passive filters by kge#pn

advantages of both.
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In this thesis, a HAPF systecomposed of nine identical thrpbase thresvire two-

level shunt HAPF unitsis designed and implemented in order to eliminate the
harmonics and time varyingterharmonics of emedium frequency coreless IMF load
Each of the shunt HAPF units consists a series LC filter connected in series with the
HAPF converterThe implemented system has been successfully installed to a steel
melting facility located in Hatdyurkey. The steeimelting 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 impleadeas the waveform
modulation method of each HAPF convertkre to its basic implementation and
impressive current reference tracking characteridgdesormance of the implemented
system has been verified by the field measurements that the propossd sgst
suppress all the harmonics, interharmonics, 8H® 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
sydem is evaluated using this criteria.

Moreover, the mathematical model of the hysteresis switchedpheee threeavire
two-level HAPF converter is derived for eight possible switching schddssg this
mode| a fuzzy logic based hysteresis bandwidthegation method is proposed and
implemented in the field in order to reduce the switchingel®saused by hysteresis
current contral By this way, hysteresis band can be narrowed for better reference
tracking or widened for reducing the switching countsthosses according to the
proposed hysteresis band generation methbd.reduction in overall losses with the
fuzzy hysteresis band method is obsem@tiout a significant reduction in harmonic
suppression performanty analyzing the field measuremengrthermore, effects

of sampling frequency and execution time on hysteresis switchiradsafermulized

and some suggestions are proposed for the current tracking, esnarsof the
drawbacks of proposed HAPF systefli of the necessary formulationexderived,

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 2system topology is introduceshdoperating 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 inthe reference calculation procedure. Finally, the details of hysteresis band
control technique and proposed waveform modulation method is mentioned in detalil.
Comparison of proposed method with conventional HAPF control method is made
and the mathematicalodel 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 fieldneasurements. 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 diterpower stage

the implenented 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 resuls 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 andgested 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 harmaahics an
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 imporigimal contributions

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

The proposed Hybrid Active Power Filter with the posed hysteresis band current
control algorithm is the only industrial application publisheth@literature in terms

of the active suppression of time varying harmonics and interharmonics in a wide
range. The proposed Hybrid Active Power Filter is shtovioe 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 effectiierpemnce
evaluation criterionis missing for the evaluation of the performance offtliering
equipment ina wide frequency range. A novel performance evaluation criterion,
namely Suppression Factor, is proposed in this thesis astidghisand long terrfield
performance of the Hybrid Active Power Filter is evaluated for the entire frequency
rangeduring a sufficiently long recording period by using Suppression Feahaept.

After successive implementation tie proposed hysteresis band current cdntro
method to the HAPF systeran 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
gererated via fuzzy logic relations to reduce the switching lasfSid&\PFfor the first

time in the literature on thrgehase thresvire two-level voltage sourced converters.

It is shown in the results of the research work that the adaptive fuzzy hystemsis
current control strategy is reduced the overall losses of implemented HAPF system by

around 9%.
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CHAPTER 2

HYSTERESIS BAND CONTROL OF HAPF

For the compensatiaf PQ problemsespecially harmonic distortion, of the IMF load
introduced in the previousection, a HAPF topology together with thigsteresis
Band Control (HBC) is proposed this research workThe detailsof 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, haswo 12pulse and one 2gulsemedium frequencyMFs eachof them is

run randomly depending on therkload,type and amount of trsteel to be melThe
singleline diagram illustratingll the components dhe facility is given inFigure

2.1

In addition to the IMF installations, steel melting facility contains some other loads
like dustcollector blowers, lightning, electrical machines, and cooling puetps
Those other loads do not create considerable harntbsiortion, 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 poweconsumed 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 I¢dad].

In addition to thementioned PQ problems of IMF marlier parts of the thesis, the

whole steel melting plant load can be considered as aphisse thregvire balanced
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system. In order to show the balanced structure of the overall planvtitdye and
current waveforms of the source, load, and thre etiall phassare given inFigure

2.2 - Figure 2.4 by using the measurements of class AgdP@lyzeintroduced if10Q.
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Figure 2.1 Single line diagram of the steel melting facility

Figure2.2.a shows the phase voltage waveforms of the grid together with the sum of
all instantaneous phase voltages. For better evaludtigure 2.2.b is given as the
zoomed version of the sum of all instantaneous voltgjeslarly, the line current
waveforms of the source while HAPF is operating are illustrat&igure2.3.a with

the sum of all the instantaneous values and its zoomed verdioguire2.3.b. Since

Figure2.3 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 figuréggare 2.4. As can be observed

from theFigure2.2 - Figure 2.4 that the sursof 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 ngpefilant load under

investigation is a threphase threavire balanced load.
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Figure 2.2 Source voltages (field measurements)}ta}t voltage waveforms and b)
sum of instantaneous valuesl@b-n voltages

Moreover, it is also formulated in earlier chapters that some harmonics may exist in a
negative or positive sequendéerm by (1.11). If thereare more than one IMF
installations operating simultaneously in the steel plant, there maye#ispositive

and negative sequence current components at the same time for some harmonics and
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interharmonicsconsidering the working regime of a single IMF lokijure2.5.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 negatguence components
simultaneously

1000

2 SO:T X\\ ;K.><¥ \ / X\l A X\\ /X XN
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e 2 s 60 80 100
10 a)
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b)
Figure 2.3 Source currents of the steel melting facility containing HAPF system
(field measurements) a) line current waveforms and b) sum of instantdimeous
currents

Figure 2.5.a showsthe symmetrical component analysis of fundamental frequency
component, 50 Hz in this particular applicationcdin beseenin this figurethat
fundamental component does not contaggative or zero sequence components

which impliesthat the IMF load is &alanced and symmetric lodgxistence of both
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negative and positive sequence composiantllustrated inFigure 2.5.b for the 7"
harmonic component of the load current. It should be noted thaarfonic is one

of the most dominant characteristic harmonics in p@ystem and it always appears

as apositive sequence fornHowever, it can @o be in negative sequence form for

the melting facility load.Symmetrical component analysis for an interharmonic
frequency has also been giverFigure2.5.c. It can easily be observedkigure2.5.c
thatboth negative and positive sequence components may exist at the same time for
an interharmonic, 43Hz for this partialar 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 styathgphends on the working regime
of each of the furnaces and resonant frequency for the load resonant converters driving
them. One of the important condit®rior the existence of both symmetrical
components is that there mustdideast two IMF loads op&ting at the same time for

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

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 ELTAkKk Transformer Co
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 transformesecondary bus. Therefore, the total installed capacity of the HAPF

system reaches up to 2.5 MV

Each HAPF unibasicallycontains a threphase thregvire VSC in seriesvith an LC

type input filter.The circuit diagram of each identical HAPF unit iga&n inFigure

2.6. Each HAPF unit hasome auxiliary circuits and devices for the proper and safe
operation as shown irigure2.6. A dischage circuitry is used for the discharging of

DC link capacitors in case of any fault or stopping proceddiseharging resistor is
switched using contactors for discharge operation. A contactor switchethamge
branch should also be needed for soft energizing the passive LC filter, since it draws
excessive current at cold starhe precharge resistor helfisniting the inrush current

of LC filter. After precharging the passivaements, the CB is switched automatically
and short circuit the preharge branch for normal operation of HAPF ur@t8.is also

used for overcurrent protectiguirposes.

Precharge and Passive Discharge
Protection Filter Circuit
Circuit | I I

™ C“f Vi
vy I_,/ | _rr‘:-:n_ﬁr Vfon VdcT=
Sb-A

i

v.‘(.'—”

v.\'l‘l-ﬂ

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 waveftioss.
harmonics andnterharmonics should be thoroughly analyzed so that the HAPF
system camenerate the proper reémce signals thus the proper current wavefdnm.
thisthesis some auxiliary methods have been used for the generation of filter current
references. Phase Locked Loop (PLL), Synchronous Reference Frame (SRF) method
and SelectivéeHarmonic ExtractionRHEX are some of the important methods used
for the control algorithm Moreover, use of the correstaveform modulation
technique haalso an essential part of the proper realization of reference signals. For
this purpose HBC has bee 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 connectedpower electronics converte PLL is themost widely used and
effective method fopbbtainingphase angleOutput of PLLis basicallyused for the
reference for any other relative phase angles of currents and voltages inside the
system.Furthermorea reference phase angle locked to source voltage is needed for
regulation ofreactive andactive power flow at fundamental frequency, which is a
necessity for DC link regulation of the convertaraddition to fundamental frequency
reference calculation®?LL phase angle can also be used to generate an integer
multiple of it, which creates airtual phase angle for an integer multiple of
fundamental frequency. Obtaining integer multiple of fundamental frequency is
important for creating precise referendes active harmonic filtering equipment
especially when fundamentiaéquency deviates arouiitd rated valuel-or example,

to illustrate the importance of integer multiple of phase angles, when fundamental
frequency changes 0.5 Har a 50 Hz systerthe 25" harmonicfrequencychanges

12.5 Hz which may correspond to calculation failure lehrmonic references.

However, ifPLL is used, it robustly follows the voltageaveform even if the grid
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synchronoudrequency changes. The expected outcome of the Plas igiven in

Figure2.7, where T in this figure represents theriod

The block diagram for the calculation of phase angles of the source voltages via PLL
method is a illustrated inFigure 2.8. Instantaneous valaef source voltagesare
transformed to dq reference frame via a sequence of (a0}, [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 methodis given in the following sectionVy component of the signal
transformed to dq reference frame is applied to PI controller and then integrated to get
d angle. It should be noted that the resultant angle is used as the feedback for Park
transformation block. Moreove¥q reference in the bik 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 ta gesimilar waveform given ikigure

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 FraméSRF)

Alternating signals can be represented as veotbasingwith an angular velocity of

its angular frequencyys, on a Cartesian coordinate referefreeneas illustrated in
Figure2.9.a Magnitude of those vectors are the peak values of corresponding signal
phase. Alternating signal vector representations are shown tootaing 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 eitler 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 frameiSigure2.9.b and c illustrate the same alternating signal
vectors with respect to reference frames rotating clockwise with an angular velocity
of wi and counter clockwise with an angular velocitynef respectivelyAs can be

sea fromFigure2.9.b, relative angular velocity of alternating signal vectowd$ w1

with respect to the reference frame rotating in the same direction with trad. sign
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 aiagotéth
angular velocity ofvs + w2 with respect to the reference framatingin opposite
direction as illustrated ifrigure 2.9.c. On the other handf the reference frame is
chosen to rotate at exactly the same angular velocity with the alternating signal, this

reference frame isalled as the SRF. Considerithge previous explanations, it can be
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reached by inspection that the alternating signaloveare observed as if they are

stationary with respect to SRIS shown irFigure2.10.

By using SRF method, all the harmonic content of the IMF load under investigat

by thisthesiscan be obtained. ASRF rotating synchronously with the fundamental
frequency of the load current signal should be formed in order to reach this aim.
Forming a SRF requires two successive transformation processes, namely Clarke and
Park transformationg102], [103] At first, three phase signal vectors should be
converted to perpendicular two phase, namely pHase ( al pha) and b
representation as illustratedfigure2.11.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 turningddckwise and c) counter clockwise direction

Wy = Wg

w =1

b

Figure 2.10 Representation of three phase signals in a synchronously rotating
reference frame
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a) b)

Figure 2.11 Alternating current signals in a) three phase form andptiaase
representations with respect to b) stationary and c) synchronous reference frames

Power invarianiClark transformation and its corresponding inverse transformation
matricesare aggiven in (2.1)and (2.2), respectivelflarke transformation matrices

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

el 1 1o
G S0 G2 7 32U 5,
AR R 2 2y €°u
gl € é J3 J3u E:H

e0 — -—-0

e 2 2 U

THENY
8,9 4,9 ev2 0 6,9
’au_Cleog_ 2¢1 1 V33 é u
bu=C =385 3 Zu del
8.t sl ¢ 1 \/§3 P

&2 2 249

(2.1)

(2.2)

Following Clarke transformation, twphase representation of the signals should be
converted to direct (d) and quadrature (q) axes of SRF by using Park transformation

as illustrated irFigure2.11.c. The projectiosof alpha and beta phases on the d and

g axes of SRF are constant values depending afighgle and can be found by using

the wellknown Park transformation matrix given {8.3). Corresponding inverse

transformation matrix is also given in (2.4).
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Rate of change ofl angle is the angular velocity of the SRF which is also the
fundamental frequency of the signal under investigation. As mentioned ierearli
sectiond 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 signhal contains a positive sequence
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fundamental componérb0 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 sequencel3s0and 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 la@plied, the fundamental frequency
component can be easily extracted from the whole signal with the help of a Low Pass
Filter (LPF) having cutoffrequency of 2680 Hz without any distortion on the other

components.

Remaining signal, after extracting tiendamental componentontainsall the
harmonics of the loadurrent but with respect to SRIR.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.Zhe overall block diagram
representing the reference generation by SRF method isesigiFigure2.12. As

shown inFigure 2.12, negative sequence componewfsfundamental frequency
shouldalso be extracted in order to eliminate the fundamental currents caused by

unbalance.

2.2.3. Selective Harmonic Extraction(SHEX)

A nonlinear loado be compensataday consist some harmonic componesmltsch

are not wantedh converter réerence current. Therefore, those harmostosuld be
extracted from the reference current signal. Sarasons for extraction ofre@rmonic

from referencesignalmay be thathe harmonic may not exceed allowable lintitss

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 equgesgmned
specifically to suppress iThe load under consideration of this thesis contaiffs 23
and 2% characteristic harmonics due to the 48d 24pulsestructures of IMFsSince

the HAPF convertespecifically 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

239 and 248" harmonic frequencies. Therefore, HAB&nverter may not be able to

suppress 23and 2%' charateristic harmonics even if theexistvery high reference

signals for them. For those reasons? 28d 2%' characteristic harmonics are needed

to be extracted from current reference sigmalleft uncompensated with a suggestion

of passiveharmonicfil ter equipment tunetb those frequencies
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Figure 2.13 lllustration for the use of rotating reference frames onSiEthod

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 selectivelpbtains the harmonic to be extracted by using SRF rotating at that

harmonic frequencyl he selected harmonic will appear as a DC signal relative to the

SRF becaus# 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 ratey reference frames on SkEnethod can be seen in
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Figure2.13. Figure2.13 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 alofigha other components other than
DC should beotallyfil teredoutby an LPF without any attenuation on DC component
The corner frequency of tHhd”F shouldbe thoroughly designe&or this reasorthe
whole load frequency spectrum should be known bedppying the SHE method
in order to make sure that there is not any closely located harmomponent
relatively rotating around SRF frequenayhich may cause wrong calculation of
selected harmonic frequendn illustration of an effective filtering for obtaining the

DC component of the example signaFigure2.13is given inFigure2.14.
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Figure 2.14 lllustration for an effective filtering of transformed signal on SHE
method

Another alternative for filtering out relative frequencies may be the use of mean
calculation for the whole wavefortransformed 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 deitadow 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 cemit since it contains lots of

interharmonics which are not integer multiple of each other.
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Figure 2.15 lllustration forthe backtransformation on SHEmethod

After effectively filtering all the other rative frequencies, the resultant signal should

be backiransformed to get exactly the same form of the selected frequency as before
applying the SHE method. lllustration of the effect of battansformation is given

in Figure2.15again on the example signal introducedrigure2.13. The application

of SHEx method on the systermder investigation is given as the block diagram in
Figure2.16. Selected harmonic frequencies are converted to rotating reference frames
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using SRF technique mentionedrlier, properly filtered, baekansformed to alpha
beta domain and finally ready for extraction from the converter reference signal as
shown inFigure2.16. By this way, HAPF converter never generates tHé &gl 2%’

characteristic harmonic current references.
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Figure 2.16 Block diagram representation of Skilhethod

2.2.4. Control and Waveform Modulation Methods

Generated reference currents should be used for the modulation of output voltages and
currentsn order to realize the intended wavefdionthe HAPF converteilhe HAPF
converteimplemented for this particular studgn only modulatéhe output voltage

due toits 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 sQuGE Vsbn, Vsen)

ard converter voltage8#an, Vio-n, Vicn). It is esential to note that voltage-current
magnitude and phasensfer functions of each harmom@mponendiffer from each

other due to the fact that input LC filtewgether with coupling transforméasan
impedance characteristics over the whole frequency specifbm sigle phase

equivalent circuit withnine parallel HAPF modulesand a sampleimpedance
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characteristicéor dominant harmonic frequenciage givenin Figure2.17 andFigure

2.18, respectively
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Figure 2.17 Singlephase 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 beemtroduced 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 PQ], and it has observed that the control method does not effectively suppress
some harmonic coponents. Therefore,naHBC 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 metlhadactive filtering equipmerds

well as HAPF systemig0], [70], [76], [86], [87], [104}[106]. The simplified block
diagram showing the components of proportional control is giveffigare 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 componenatsrito
extract the fundamental component from the reference signal. Before applying back
transformation, 28 and 2%' characteristic components are also extracted from the
reference. The resultant reference signal is faisformed to instantaneous@nt

form and multiplied by a proportionality constaftto generate harmonic voltage
references. Note that the dc link regulation method is not shokigune2.19for the

sake of simplicityFinally, the voltage referencesecompared with a carrier signal

as aSinusoidal PWMechnigue in order to realize it on the converter hardware
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isc | afy N dq I PF o af | /abc

IRRAN!
Gate Signals

Figure 2.19 Simplified blockdiagram of the proportional control method

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

source harmonic current with a proportionalitynstantK as illustrated inFigure
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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,ande modelled asshort circuit at
fundamental frequency. Thus, the equivalent circuit at fundamental frequency turns
out to be as given iRigure2.20.b.

Ls Is Iy Ls Iy, "y Ls Iy Iy

’ To Load % To Load To Load
1 Loop-1 Ipy
, Zy , Zy Zy
Ve f Vs ! Vs=10 ’
Klg, Klg,
(a) (b) (c)

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 cawoetrblled voltage source, while
an idealgrid as a shortircuit for the other harmonic frequenciéhe equivalent
circuit representation for the harmonic frequencies is illustrat€thure2.20.c. For

the Loop-1 of harnonic equivalent circuit(2.5) can be written usinKki r chof f 6s
Voltage Law(KVL).

Vs =lsiks * Zelpn +Klgy (2.9

whereVsis the source voltage vectbgnthe source current vectogn the filter current
vector, Zr the filter impedance vectols the source impedance vector, addhe

proportional control constant.

By re-arranging the4.5), (2.6) can be dduced.
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Vs =(K+Lg)lght Zel (2.6

Equation(2.6) canalso beconsidered as the KVL equatiof the Loop-2 in Figure

2.21. As can be deduced from the illustrationFigure 2.21, proportional control
method behaves as ifputs 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 cotains an LC filter, its impedance is almost zero at resonance frequency
and increases as the frequency gets apart from resonance fregaelhgstrated in
Figure 2.18. Therefore, th filtering performance is expected teduce for the
harmonic and interharmonic frequencies far from the resonance freqlraregsing
proportionality constanK may improvethe filtering performance but it is at the
expense of losingtransient stability [105. In order to enhance the filtering
performance of the HAPF system and provide an effective current trackjather

with a better transierstability, Hysteresis Ban@urrentControl methods proposed

and implemented in this thesis.

",!,.l’r
_—’._
To Load

Loop-2 Fh

)

Z

e=10

Figure 2.21 Circuit representation for the mathematical model of proportional
control algorithm
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2.2.4.2. Proposed Hysteresis Band Control Method

Hysteresis band contrid a waveforrmodulation method allowintipe control system

to track a current reference; even though, the inverter is VSC type. Refeveresde
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
directionsaregiven inFigure2.22. Sx= 1 in Figure2.22, means that the IGBT on the
upper half of the leg, corresponding to phases turned on while the one in lower
half is tuned off. Similarly,S< = 0 means that the IGBT on the lower half of the leg,

corresponding to phaseis turned on while the one in upper half is turned off.

..‘)‘\': I ..S‘\':” S‘\_! S \'_{) T T

S S L i i
Switching State

Figure 2.22 Hysteresis band controlustration and current paths for switching
states
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Hysteresis Band Control method has been widely used for power electronics
converterslue to its basic theory and easy implementdti®h, [72], [87], [89], [9]],
[107]-[121]]. Various researchers haveplamented hysteresis band control for motor
drive [108}{111], APF [73, [112]-[118], HAPF [19, [89], [91], DVR [119, static
compensator]20}121], and general VSC1R2}[124] applications Different than

other implementationdyysteresis band controf HAPF system is implemented

this thesis workor the suppression of time varying harmonics and interharmonics of

IMF loadfor the first time in literature

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

Sampling Instants

Figure 2.23 lllustration for the digital imf@mentation of hysteresis switching

Hysteresis band control, generally, has been implemented via analog circiiitdips [
However, some applications including this research work have implemented the
hysteresis band control via digital controllefi®%. Due to the restrictions of the
digital implementation such as execution time and sampling frequency, some tracking
errors may arise. TH8BC method illustration considering the digital implementation

is given inFigure2.23, however, the effect of both sampling frequency and execution
time on hysteresis band control is focused odetail on Chapter 5. IRigure2.23,

€ &, ts+1, ts+2€ are the sampling instanffthe fixed sampling periode the execution

time, i the actual current in analog form in phasef each HAPF unitjsxs) the
digitized actal current sampled & andix s)the reference value of the HAPF current
calculated inTe just afterts from the samples collectedtatFurthermoreHBC allows

strict current tracking without any significant phase error, which provides better
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utilization of active filtering equipment. On the other habhdauses high switching
losses in order to reach good current tracking [89], FH[22§]. The switching
frequency is not constant, it is indeed distributed at high frequgB€ie$120}-[126)].
Someresearchers have ah@dy 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 conveitethreephase thresvire
converter, the inantaneous values of each phasterfere the dynamic switching
behavior of othes: The most important drawback is obviously high switching loss.
An adaptive fuzzy hysteresis band based modification has alreadydonducted in

this thesisin order to reduce the switching losses without a significant reduction in
performanceand it isgiven on Chapteb. In addition to those disadvantages, there
have been observed during the field tests that hysteresis bandlledntiAPF
converter generates high frequency current harmonics unlike traditional voltage
control methods. The obsevdigh frequency currents cauae overheating on the

iron core filter reactor although the rms and peak valudit@f currentis lessthan
proportional controlTable2.1 summarizes the advantages and disadvantad¢BOf

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
Bettercurrent protection Phase interaction for thrgghase three

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

The block diagram representation of the proposed control system is givaguire
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 rdgtion partsAfter creating the reference currents,
hysteresis band controller Figure2.17 modulates the inverter output waveform by
creating proper IGBT gate mds PLL generation and selective harmonic extraction
parts of the control system has already been explained in previous parts, however,
interharmonic and harmonic current reference generationigatill needed tde

clarified.

The harmonic and interhraonic currend arebased on theperation regime ofwerall

load system. Since there are lots of load feeders in the steel melting facility, total load
currens (Iua, Ius, ILc) areobtainedoy subtracting filter currentsey, Irs, Irc) from the
sourcecurrents [sa, Iss, Isc), bothmeasured at MV leel. Since the HAPF converter

is physically connected toow Voltage (V) bus(690V), the current reference should
also beeferred to LV side so that tlaetualfilter currenswill be in correct phasand
magnitudeatfter transformedo MV side.By this way, a transformer conversion is
applied to thdoad currerd and they are transformed to LV side as givelrigure

2.24. An important feature of transformer conversion is that it creates proper phase
shifts needed foggY transformer for both positer and negativsequence current

components

If the signal wee just converted using turnatio multiplication and constant phase
shift, the reference would be wrong because pos#iaegience harmonics shifted 30
degrees in positive direction while negats@guencdiarmonic components in

negativedirection.

239 ard 25" harmonic componentsre extracted from the load current signalGrb
domain using SHEmethod after transformer conversion. Then an SRF is generated
atfundamental frequency to eliminate the fundamental component of the load current
as illustratedn Figure2.24 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 themG in Figure2.24 is a real number between 0 and 1, by this
way, HAPF capacity can be adjusted such that gatihidual harmonic and THD at
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source current aveform stays within allowed limits. Further mitigation of harmonics
and thus reducing the THD mdiean recommended standards [1], [28],30] is not

necessary and economical.

In addition to harmonic and interharmonic components of load current, &alkisc
current component for dc link regulation and a quadraaMie current component for
eliminating fundamental frequency voltage reference should also be added to

reference.

If eventually converter do not generate voltagenponent at fundamental épgency
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 andxplained in detail in Chapter Jherefore, this expected
cumrent component should be added to reference, otherwise, hysteresis controller will
generate fundamental voltage in order to eliminate fundamental cutrsdrdguld also

be noted that current signal due to LC filter is added to quadiatis&omponent 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-abisct
component of the reference since it shouldmactive current, allowing4alirectional

transfer of active power to regulate dc link voltage.

J2ohLe +

1
; (2.7)
120, Ce
where, f1 is the fundamental frequenclr the filter inductance an@r the filter

capacitance.

The resultant signal after addirajl the necessary components is finally back
transformed to stationary reference framleqdomain) and converted to gate signals
via hysteresis band controller. In the following section, the mathematical model of
hysteresis band controller is developedtfee implementation on thrgghase three

wire two-level HAPF converters in order to understand the dynamics of waveform

modulation.
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2.2.4.2.1. Mathematical Modelling of Hysteresis Band Controlled HAPF

In thisthesis 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 passthe thresholds according to the criteria giverTable2.2 using
theterminology ofdigital implementationn Figure2.23. Switching state&, & and

S for phasesa, b andc are determined by the comparison of digitized agbhalse
currents sampled at instat(itacs), i) Ircs) With the calculated current references
inside ahysteresis band«{ N dpin N dp, irc N @) using the samples collected at
tsduring execution tim&e. Since HAPF converter under investigation is a tiplease
threewire converter, there are three IGBT legs representing each ghasgethere
areeight 23=8) possibleswitchingschemesn a fam of S, which are000, 001,

010 011, 100 101, 110 111 The corresponding simplified equivalent circuits for

each switching schemaseshown inTable2.3.

Table 2.2 Switching criteria for hysteresis band control

Hysteresis Switching Criteria

If itxs)> itx (s)+ O thenSc=1
If itx(s)<itx (5)T O thenS«<=0
If it ()T O <itx(9 < itx (5)F P then do not change the previo

switching pattern

L1V,

Figure 225Equi val ent circuit for switchi
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Table 2.3 List of hysteresis switching schemes and their corresponding equivalent

circuits

Switching Scheme

000-111

001

010

011

100

101

110

Equivalent Circuit

‘ ., ¢
Vyg-n ._nﬁnn_|
Vipon ._NYY‘\_|
Vse-n ._/Y'YV\_|

Vig-ne— Yy |
Vb a—r Y Y|
Vieon a—YY Y

Vigon e— Y |
Vipne— Y Yy |

Vien ._rv'rv\_1

Vg @—Y Y Y
Vb @— Y Y
Ve o—Y Y

Vigon e—Y Y Y|
Vibona— Yy Yy |
Vie-n a—Y Y Y

]
Vigen e— Y Y Y —|

Vb —Y Y Y1 |

Voo a— Y Yy

Vig-n a— Y Y —]
Vibor a— Y Y Y
Vipon o—YY Y

Vien j_l Ve

]'_'..I'EI;J 1

e

s Ve
Vih-n de

Vien €—

Viis-n

]’_,fh-n l Ve
1’_‘_& -1 |

]'_’,r'fr-n

; 1
]’.f}"" _—T Vi

1’_‘_&_- 1

v_.fc.l; "

vy Vde
Vibon dc

"_'.fi';lr —>

Viit-n

Vib-n

".‘J‘rf"-” _|_T Ve

Each switching scheme has unique voltage valugbéaerminals\fan, Vib-n, Vic-n) Of

t he

HAPF

converter.

Vol tage

der i

vat i

derived in this sectignwhile the other derivations are given in AppendixTo

f or mul

ate

t he

Figure 2.25 is solved using the KVL equatiorsf loop-1 and-2 as (2.8) and (2.9)

respectively.

san - f

difa _ ﬁ fandt

dt

Cy
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v difC_M_ %- ﬁfbdt_

scn - -f dt Cf Veoc ™ Vde = Vsbon - Lf dt C—f Veob (2-9)

where Vcoa, Vcobandveoc are the initial voltage values across the series tipacitor
C: for each phase, amdrepresents the virtual neutral point which can be considered

as the neutral point of the coupling transformer secondary.

Balanced system constraints for thpesethreewire converter can be written as
(2.10 and @.11).

g +ig +ig =0 (2.10

V,

sa-n +Vsl}n tV,

se.n =0 (2.19)

HAPF converter voltagesan, Vio-n andvicn can beexpressed via coupling transformer

secondary voltagesan, Vsbn andvsen as giverrespectivelyin (2.12 7 (2.14).

Vsa-n = Lt dta - C— - Veoa = Vfa-n (2-13
f
di, [indt
Vep-n = Lt R Veob = Vib-n (2.13
f
Vse.n = Ly dtc - C—- Veoc = Vie-n (2-14
f

Eqn. .15 can be obtained by making use »8)7 (2.11).

dig, 3fjndt

f

+2VCob' Veoa™ Veoc™ Vde =0 (2-13

Substitution of 2.13 into (2.15 gives .16. Then @.17) is obtained by rearranging
(2.16.
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- 3Vfb-n = Veoa™ Veob™ Veoe™ Ve =0 (2.19

V, \/ +V, +V,
Vi = - %_ ( Coa (g)b Coc) (2_17)

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

capacitors of each phag@.18 is derived by summing u12), (2.13), (2.4) and
using(2.11).

Veoa Voo T Veoe =+ (Vfa-n Vi n +Vfc-n) (2.18
1f
> 05
3 I |
% 0 ‘!““u‘“l“\"u""H;J!" ‘;‘w'u"vn' “‘U"I"‘"I”""“l” i ‘uw“'v‘v“”v“\|~‘v‘ N ;\"W||“‘l|y'{l T uﬁ‘l‘“w'w""|m||"|\u‘v‘ |H“m|“|w il
(>3 -0.5 \ \ ‘
At [ [ r C
0 1 2 3 4 5 6 7 8 9 10
Time, s

Figure 2.26 Sum of converter terminal voltages for normal operation (simulation

results)
Or :
--"""'-——_
> -20 I/"'"
S -40
> /
60°" . : . . -
0 12 24 36 48 60 72 84 96 108 120
Time, s

Figure 2.27 Sum of converter terminal voltagesthe case of &ault (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 onehw filter capaitors at starup. This
assumption can bproved by using the PSCAD simulation showing the sum of
converter terminal voltages Figure2.26. As can be seen iRigure2.26, the sum of
converter terminal voltagas negligible during HAPF system normal operatiGm

the other hand, if there is a common mode noise in the systétter 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 cémacin proposedHAPF
converters The effectof discharge resistors on the sum of HAPF converter terminal
voltageswith an unexpectednitial voltage condition of one of thecapacitos is
simulated on PSCAD and the resulgisen inFigure2.27. As can be deduced from
Figure 2.26 and Figure 2.27, sum of HAPF converter terminal voltages can be
assumed as zervdn + Vion + Vien = 0). For this reasorrjght hand side ofZ.18 can

be neglected, thug (18 can be reduced t@.(L9.

Vip-n

—_ Vdac 2.19
3 (2.19)

SinceVtan = Vi-n andVicn = Vibn + Vdc Dy inspection on equivalent circuit Figure
2.25, (2.20) and (2.21) can be directly obtained from (2.19).

= _ Vdc 2.20
Vien =" g (2.20)
v, . = % (2.21)

Applying the same derivation to other switching schengagen in AppendixA,
eventually yields the phase voltage \eunTable2.4 with respect to virtual neutral
point for all of the switching schemes. As can be understoodTabie2.4, terminal
voltage of a phase is strongtiependent on the states of other phases since the
converter topology is threghase threavire VSC. Forexample, the voltage value of
phasea, Vtan, atS: = 1 is 2V4d/3 when the states of both phdsandc are zeroVqd/3
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when the state of only one of the phasandc are one, an@® when states of both

phaseb andc are oneFigure2.28 illustrates a piece of simulation for verifying the

voltage values given ihable2.4.

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

point for all switching schemes

Switching Scheme Vian Vio-n Vicn
00071 111 0 0 0
001 -Vad3 -Vad3 2Vud3
010 -Vud3 2V4d3 -Vad3
011 -2Vud3 Vid3 Vad3
100 2Vud3 -Vud3 -Vad3
101 Vad3 -2Vud3 Vad3
110 Vid3 Vad3 -2Vud3
600
— > (100)
< 400 (101 or 110) e
53 200 2 vde/3 Y HB ref
LS) “>6 — ~ Z S\ =
S 0 el
S E (001 or 010)
~ S -Vdc/3
Sg 200 | -
o8 1 1 A L]
% -400 -2Vdc/3
S _ 011)
-600
0 0.2 0.4 0.6 0.8
Time, msec
a)
600
—_ 100)
< 400 Nde/3
= 101 or 110
52 200 =N | “aEs A
52 = LA~ | s AT S
O o — === — ~V
22 0 N
5 | | || || L L
%% -200 Vdci3 -
E = -400 (001 or 010) -2Vdc/3
S (011) _
-600
0 0.2 0.4 0.6 0.8
Time, msec
b)

Figure 2.28 Simulation waveforms illustrating the conventitage levels for a)
wide and b) narrow hysteresis band
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In addition to analyzing théerminal 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 aimimplified singlephase equivalent circuit Figure
2.29.ashould be solved for each phase individualith (2.22).

1 di,
+— At % L+—= v_+ O 2.22
fx n C Cox T dt SX-n (

where,vcox s the initialinstantaneousapacitor voltage for phase

—_—— e = —_——— e e ————

Single phase harmonic
(qum‘( nt circuit

—— e o ——

Single phase fundamental
cqmmkm rnrim

¢

| | | | |
' C b ! |
I L f Ly
i i Iy | | i 't.I'\ h [ I.I'\ 1
I ._rvvv-\_| | | | ._/V'W\_' |
| = 1= O . —
1. | . |
|1'.\'.\' n Vien : : X"f\ n | :1'-\'-\'-!'? |
| L virtual neutral 1 | | virtual neutral 1 | | L virtual neutral |
o ______ p - __ Lo T . '
a) c

Figure 2.29 Single phase equivalent circuit representation of HAPF system for each
phase withrespect to virtual ground

HAPF converter input LC filter is designed such that the capacitor of thechltees
almost all of the fundamental frequency voltage due to the impedance characteristics
of the filter. Thus,for the sake of simplicity, soure®ltage is assumed to be blocked

on the filter capacitor (blocking capacitor assumptigielding (2.23 and @.24),

since converter is not designed to generate fundamental component abkéepdy

state except a negligible amount for dc link regulatidBquation 2.23 is the
mathematical formulation of fundamental frequency equivalent cilltustrated in
Figure2.29.c.

1
Ve n C_n Coxl (223)

Ifxl

L, dty ~0 (negligible) (2.29
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whereity 1 is the fundamental component of the line current of pRaselvcox,1is the

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

When @.23 and @.24) areconsidered,4.22 can be reduced t@.25, which also
represents the dynamic behavior of harmonic equivalent circkigure2.29.b.

1 diy,
C_ﬁfx,hdt+VCoxh -H-f% Vi n (2'25
f

whereiixn is the harmonic component of the line current of phaaedvcoxnis the

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

Equation .25 shows thathe harmonic currents athe outcome obnly applied
converter voltages with respect to virtual grou@hanging switching schemes
according to theriteria inTable2.2, corresponds to different converter voltages given
in Table2.4. Those converter voltages yieldlgnamiccurrent behavior represented
by the differential equation i{2.25)

In addition to the mathematical representation ofdyx@amiccurrent behavior, the
hysteresis band wildtis 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 asténesks/s
band width isincreased Narrowing the hysteresis band provides better tracking
performance at the egpse of higher switching frequency and thus higher switching
losses as illustrated on the simulation resgiten 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 hystresis band control, bandwidth and the tracking performance
is notlinearly proportional to each other, the reason of which is thoroughly analyzed
in Chapters.
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CHAPTER 3

DESIGN OF CIRCUIT PARAMETERS FOR HAPF CONVERTER

HAPF system can be divided into two parts, the pestis 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 ingtdllcapacity, semiconductor currents, dc link
voltage cooling requirementgtc, while resonance frequenay,, reactive power
support, filter inductor,Ls, and filter capacitorCs, for the passive partSome
parameters can be determined via theoreticitutzions considering the load
characteristicshowever, 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 loadgether withthe IMF installationss investigated
based on the field measurements. In addition, design of input LC filter parameters is
explained in detailFinally, 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 problemsnd sample harmonic spectrdan 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 loatts.order to obseve the overall harmonic
behavior of steel meltingatility load, Class Atype field measuremenf40(d were
conducted for a time interval during which all the three IMF installations are available
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for normal operationThe raw data is pogirocessed viadst Fourier Transform (FFT)

with 200 msec windows in order to get a harmonic spectrum of 5 Hz resolution as
given inFigure3.1. As can be seen froffeigure 3.1, the prominent harmonics and
interharmonics are located between 250 and 550 Hz for almost all frequéinsies.
observed that two, four and six promingniérharmonics are observsignultaneously

and their frequencies aohangingirregularlyin time wthile one, twoand three IMF
installationsare in operation, respectivelyn addition to those prominent harmonics
and interharmonics, Mand 13 characteristic harmonics due 1@-pulse,and 2%

and 29" characteristitiarmonics due to both 1and 24pulse structures of the load

resonant IMF converters icalso be observed.

1000 750

1250
1500 Frequency(Hz)

Figure 3.1 Frequencyspectrum of interharmonics and harmonics of the line current
waveforms for the steel melting facility containing three INffiidd measurements)

Furthermore as mentioned before, thosarmonics and interharmoniosay appear
as negative sequenqaositive sequencer both sequences at the same tigiace
Figure3.1is not suitable to illustrate the symmetrical components for each individual
harmonic frequenes, 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 givem Appendix B in detail The following findings are

obtained from the results of symmesi components analysis:
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i) Harmonic and interharmonic frequencies from 250856 Hz, except ¥ harmonic,

appeanonly in negative sequence form,

i) Harmonic and interharmonic frequencies fra0 to 545 Hzappear only in

positive sequence form,

i) Harmonic and interharmonic frequencié®tween360 and 435 Hz and ¥
harmonic may appear only positive sequence, only negative sequence or both at the

same time,

iv) 11", 13", 23%9and 24" characteristic harmonics appear as expedi€id[[20], [26]
that 11" and 2% are only negative while Band 2% 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 toPHAystem line currents. The
design parameters for input LC filter are filter inductanggefilter capacitanceCs,

and natural frequencyy.. Design criteria for those parameters is mentioned in the

following sections.

3.2.1. Natural Frequency Determination

Sinceprominent harmonic and interharmonic frequenciesbietyveen 250 and 550

Hz, it is vital tokeep impedance characteristics as minimum value as possible over
this frequency range so that required interharmonic and harmonic currents can be
generated vih a lowestpossiblevoltage drop and phase differen€er 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 betwen 250 and 550 Hz. The reason for choosing natural frequency
closer to lower boundary, 250 Hz, instead of higher boundary, 556 ltzat he
impedance characteristics rapidly increatesthe frequencies lower than natural

frequency. By choosing 385 His the natural frequency, th€ filter impedancesf
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both 250 Hz and 550 Hz are made close to each faheine parallel unitsas can be

observed irFigure3.2.

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 inFigure3.2, 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 contrat, but
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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=
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10"

250 300 350 400 450 500 550 600 650
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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 Supporiand Minimum DC link Requirement

Determination of only naturétequency, solely, is not enoufdr designing input LC
filter because there are infinitely many numberLe€ pairs satisfying a specific

natural frequencyo,= & L. Elgure3.3illustrates the impedance characteristics curves
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of differentL = Ly + Ly (filter inductor together with coupling transformer) and
correspondingCs values for the same natural frequendy.s obvious inFigure 3.3

that the filter overall impedance values are increasing as the filter inductor increases.
Actually, changing filter parametersl.C, affects not only the impedance
characterigcs but also miimum dc link voltage required for worst case operation
[129, 130 and reactive power production at fundamental frequeitye basic

philosophyunderlying thedetermination of filter parameters is given as follows:
1) Minimum dc link voltage requirement féine worst case filtering operation,

i) Fundamental component of the reactive power support due to the series LC filter.
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Figure 3.3 Impedance characteristics for different filter inductance vahgesther
with coupling transformer

Minimum required invertedc link voltage can be determined as the sum of all voltage
components due to tlexistingharmonic and interharmancurrents over the coupling
impedance as if their peak values coincitlg],[[129], [13(. In order to reach this

aim, IMF duty regimehas beerobserved from the field recordings amorst case
condition was determined such that three IMF installations are operating at the same
time with resultant interharmonic frequencies appéeanighest possible coupling
impedance$19]. Moreover, produced capacitive reactive povaer to the fact that

filter impedance is subjected to fundamefraduency grid voltage, is also calculated
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for different filter inductancesMinimum dc link voltage requirerant and reactive
power support ardrawn on the same graph over the filter inductor together with

coupling transformer as given kigure 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 HAPFopology that dc link voltage can be lower than grid voltd§é [

[20], [52], [53], [129]. In order to reduce the dc link voltage, filter inductor should be
decreased as can be seen fiagure 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 consideratid filter inductor
together with the coupling transformerdbosen as 3® H thas 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 fatigwi

concerns:

i) Total reactive power support should &®und700kVAR for supporting the MV

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

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

Furthermore, filter inductor value is also important floysteresis switching.
Increasng filter inductor provides a reduction in the rate of change of cymlédt.

By this way, a more stable tracking performance can be obtained especially for digital
implementedontrol systems, which is also mentioned in Chant&ince dc link and
reactive power support parameters are more dominant than the hysteresig) track
performance in terms of inverter capacity and efficiency, another solution is proposed
in Chaptel5 for enhancinghe current tracking performance

3.3. Simulation Model and Theoretical Results

Input LC filter parameters are designed as described in me\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 @&in. 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 mogortant feature of

this simulation environment is that it hasme 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
componentsAs another feature, EMTDC/PSCAD provides a recording system for
both reading thexternal data as inputs and importing the simulation results to a text

file.
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In thisthesis the field recordings are exported to the simulation environment as a steel
melting facility load instead of using artificial ndinear loads provided by the
program in order to make the simulation circuit more realistic. Proposed control
algorithm is aso written in FORTRAN programming language as a script instead of
using predefined power electronics contrdllocks provided by the simulation
environment PLL, SHEx and SRF methodsogether with the hysteresis switching
have also been implemented in Hueipt by modelling the sampling frequency of the

hardwareoo.

The screenshot of the simulation environment in system level can be dagarm
3.5. HAPF modules 19 shown in this figure contains each HAPF unit with both
electrical circuit and control algorithrBcreenshoof one oftheidenticalHAPF unit
blocks is alsogiven in Figure 3.6. The HAPF system and the proposed control
algorithm have been simulated and the resulth®&imulaton model are given in
this section othe thesisThere have been numerous runs fordineulation model in
order to reach to the most effective design, however, only thesesufinalized

model is given.

Figure3.7 shows the waveforms of source, HARRd 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 sotwoentTHD is
decreased to 2.99% while the load current THD is 8.97i¢ure 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 contaisly 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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Figure 3.5 Screenshot of the simulation environment in system level
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The harmonic spectra of load, HAPF and source current waveforms gieyune

3.7 are drawn in a common graphkigure3.8. Note that the proposed HAPF system
model and the controlystem 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 daysedIMF 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 ofoad HAPF andsourcecurrents in MV leve(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 harmonisuppression. For this purpose, each HAPF unit starts with short
intervals of DC link buildup and DC link regulation phasésgure3.9 illustrates the
startup behavior of each HAPF unit. The DC link build phase are divided into two

sections as can also be seen fiigure3.9.
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Figure 3.8 Harmonic spectrum of the load, HAPF and source current waveforms
(simulation results)
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During DC link buildup, an active current reference are tracked by the hysteresis
current controller in addition to the wmable reactive current component due to input
LC filter. The only difference between partl and part2 of the DC link-bpipphase

is the magnitude of the active current reference-Parovides a soft starting by a
small active current reference inder to avoid any Hush currents towards
semiconductors, then the Rarffollows with a higher active current reference by
increasing the PI controller limits in order to accelerate the DC linkJopildOnce

the required DC link value is reached, theeater regulates the dc link voltage for
some time without harmonic filtering as shownHigure 3.9. Finally, the normal
control algorithm operation for the suppriessof load harmonic content starts, the

DC link regulation behavior of which is also giverFigure3.9.
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Figure 3.9 lllustration of stardup phases of each HAPF unit

The switching behavior oéach HAPF unit due to thleysteresis current control
philosophy is shown in the sample HAPF unit currenEigure 3.10. This figure
represents the typical hysteresis switching waveform foitrieking of reference
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current signal. When the harmonic spectrum of the HAPF unit current is analyzed, the
harmonic and interharmonic content of it can be deduced as giFeguine3.11using

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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Figure3.11l.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 investigted in order to observe those frequency components. As can be observed
from Figure 3.11.b, high frequency components arising from hysteresis switching
appearfrom 2kHz up to 5 kHzwith 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 contromethod.
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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 Figure4.1. In this chapter, the componentsthé

implemented system and experimental results are presented in detalil.

Figure 4.1 View of the HAPF system implemented in the field
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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 equiameent
introduced m the following sections. A field photograph showing the power stage is

given inFigure4.2.

Filter
Capacitors

Filter
Reactor

Circuit Braker

Figure 4.2 View of the power stage for each of the nidenticalHAPF units
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4.1.1. Semiconductor Switching Equipment

The switchingequipmentused in the power electronic converter is IGBT, which
allows high speed switching on high voltage and current conditi®imze the
converter is threphase thresvire two-level converter topology, there must be six
IGBTs in order to implement it. Thus, twmack IGBT modules ofSemikron
(SEMIX854GB176HD areused for each phase. The circuit representation of each
module is as given ikigure4.3. The voltage and current ratings of each individual
IGBT are 1200V and 600A, respectively. In order to operate IGBTs, IGBT gate driver
card ofSemikron (SKYPER 32PRO)Rs used. The driver pvides a feedback signal

for observing the semiconductor healthalogcase temperatusef each IGBT in the
module,and shocthrough protectionSince theelectricalpowerto be conditioneth

the cawerter is very high, the overall lossthe IGBTSs isalso too high to be cooled
downvia air ventilationdespite a goodfficiency.For this reason, IGBT modules are
mounted on an aluminurmold plate which contains copper tubes located exactly
under hottest points. The cold platesigoplied by MERSEN compg. Since IGBT
control signals are high frequency signals, low inductance flat cables with minimum

possible length are used to connect gate drieerentrol card.

+Vpe

QD

To
Phase

-Voe

Figure 4.3 Dual Pack IGBT module used 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 eachitbtlzer mwsulation sheet
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between themas given irFigure4.4. Also, capacitors are eventlystributed through
the dc bus for distributing the current path over theximam crosssection.
Therefore, the voltage overshoots that IGBTs are expossutiteg turnoff are kept
at reasonable leveBince the converter are designed with 550V dc link voltage,

voltage overshoot margis 650Vfor 1200V IGBTSs.

DC LINK CAPACITORS

IGBTs AND COLD PLATE

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

4.1.2. DC Link Capacitor

DC link capacitor is determined 8snF using the simulations by taken into account
voltage rippé and dc link current concernBue to the instantaneous current and
capacity restrictions, dc link capacitor is implemented ax-pack capacitor bank
illustration of which is shown ifrigure4.5. DC link capacitors are chosen to dy

type metallized film power electronic capacitors in ordermptovide fast and high
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current ripples with a seliealing property. The dc link voltage value is theoretically
calculated as 550V with 10% ripple as mentioned in Ch&htbowever, the rated
voltage of the capacitors used in implemented system have been chdd€0\as

The reason for choosing such higher voltage capacitors is that the capacitors, in worst
case, may be charged up to #1990V thepeakvalue of 690V grid voltagelhe worst

case condition is realized when all of the IGBTs are OFF state resulting in a three

phasediode rectifier mode of operation.
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Figure 4.5 Capacitor bank for the DC link implementation

| X-axis
Y-axis
Laminated
Busbars

Figure 4.6 lllustration of capacitor arrangement on DC linksbars

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 capacitorsifc,1i ipc,) are not shared equally. Unequatrent sharing is

caused due to the arrangement of capacitors, field view of which is givagure
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4.4, on the dc link busbars with respect to IGBTs as illustiatédyure4.6. Although

dc link is designed as laminated busbars to reduce both resistance and inductance of
the connection, there may still exist impedance differehetween the current paths

of capacitors (path 1 and 2 as illustratedFigure 4.6) especially during high

frequency commutation of currents between semiconductors.

i

3

SSIVE FILTER

PASSIVE FILTER
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 systswgiven irFigure4.7 by taking into
accountboth analytical calculations and simulation resuRassive 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 condering the fundamental frequency voltage with some tolerance. The
filter capacitor is the standard product of Electronicon, Germany and is @owWe:
electronicscapacitor equipped by metallized film technology with castor oil for
effective cooling. In adition, it has selhealing feature. In order to provide faster
discharging on turoff procedure, parallel resistors are externally connected to the
terminals of capacitorszive capacitors are used as a bank for each phase as can be

seen irFigure4.7.

The reactor is designed by the compaians von Mangoldt~or the design, not only
fundamental current component but also some dominant harmonic currents are given
together withthe rms currentating to the producer in order to specifically design the
filter reactor for HAPF application. Theesactor is composk of copper sheets
wounded on laminated iron core with type Fulasion 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, vghictld be taken into

accountwhenthe 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 prevantfoasituationsin this section othe
thesis, protection means and measurement equipment are mentioned then the

operation of control system devices is described asscions.

For the safety of the operators and protection of the converter compandistharge
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 safadesebn as
possible when the HAPF unit is turneff. In order to reach this aina powerful

resistor is connected to dc link busbars via a contactor, as can be Sepred.4,
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for fast reclosingThe 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 lmgash current due to the passive filter
response. The simulation of passive filter elements on the -a@sst energization
process is as given iigure4.8. The worstcase 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 systems can be & in Figure 4.7. An automation code is
implemented for sofswitching the passive filter through a resistor with the help of a
contactor. Three seconds after somgization of the passive filter, a circuitlaker
by-passing the contactoesistor 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 $¢a shorcircuited 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 duengrgization
under worst case conditions

Overload and shoxircuit protection is provided by using the three pole circuit

breaker seen ifrigure4.7. The circuit beaker, supplied by ABB, has an adjustable
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trip unit rated at 800A current and 690V grid voltagdéadobserved several times in

the field after some period of normal operation that the electronic trip unit of the circuit
breaker failed and started tripgi the system wrongly although there was not any
overcurrents. 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 ek of operation.

In addition to unit level protections, the HAPYs&em itself igprotected aMV level
via a protection relgySEPAMi Schneider Electric, and a metal clactuit breaker
located at the feeder reserved for HAPF systermundervoltagepvercurrent and

earth fault.

For the control and measurement purposes, some sensors ara tisedHAPF
systemCurrent transducers are used on each HAPF unit for the measurement of unit
currents. DC link voltage is measured via a resistivaldnMocatedt the control card

IGBT case temperatures are sensed Negative Temperature CoefficiemTC)

temperature sensoasd given to controller analog channels.

Calculating the control system references can only be possible by measuring the MV
side sourcerad HAPF currents.HAPF currents are measured via a toroidairent
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 circuitedSource current is obtained from the already available
measurement cell of the steel melting facilitithout preventing the other systems
from taking the measurementBhe shorcircuited termination of the measurement
transformer is serially connecteal &ll 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 variousluties. The main DSP board, shown Higure 4.9, is
composed of five parts namely DC link amdmperaturéMeasure(DTM) board
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Voltage andCurrentMeasurgVCM) board Supply Board(SB), Firing Board(FB),
andDigital Interface(DI) board Each boards indicatedandlabeledin Figure4.9.

MEASUREN
BOARD

VOLTAGE AND
CURRENT
MEASURE
BOARD

INTERFACE
= BOARD

e

L —

Figure 4.9 The main DSP board and its modular components

DTM boardis responsible for the pigrocessing of dc link vadige and IGBT case
temperaturesDC link voltage is dowsscaled 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 betweawain board and power stage.
Similarly, temperéures of IGBT cases ameasured bNTC temperatureensos fed

to isolation amplifier before reaching main board.

VCM boardcontains toroidal current transducers in order to obtain the instantaneous
current values get from curremeasuring transformergso, PCB type precise
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voltage transformers are used for desaaling the voltage values get from voltage
measuring transformer$his board contains scaling and offset adding circuitry for
each voltage and current signal in ortteiincrease resolution &nalog to Digital
Converer (ADC) by coveringthe whole voltage range of DSP analog input channels.

FB is responsible for sending the IGBT gate triggering pulses to the corresponding
gate driversThe triggering pulses and corresuling feedback signals are transferred

between gate driver and main board via isolation amplifiers.

SBcontains an ofthe-shelfisolated SMPS anits auxiliary component&B provides
the necessary power for all the smodules connected to main boarddover, input
and output passive filters for the proper operatd®SMPS arealso located in this

board.

Peripheral digital signals are sent and/or received by the main board usiDy the
board It containsopto-couplerintegrated CircuitsiCs) for optical isolation of digital

signals.

The main DSP boar doned théenssiapaverful wantrol2iS P 6 s ,
TMS32(28335 havingfloating pointcore with clock frequency 150MHzwhich
hereinafter will benamedas control DSPThe control algathms for HAPF system
power electronics hardware are handledocaatrol DSP Sampling frequency of the
measured signals is chosen to2iekHzt hus ti me i nterval of
successive sampling instants is available for the execution of calgooithm.Since

there are lots of time consumimgperations to be handled by control DSP, some
operations are determined as the responsibility of ancotiroller Monitoring of

field signals, RMS, mean, FFT calculations and sending theHutan Machie
Interface HMI) via Ethernet communication are the most important dutighisf
controller [Tl Stellaris ARM Cortex M3, which hereinafter will be named as

monitoring DSP

Control algorithmsfulfilled by control DSR 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 inFigure4.10. 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 fopnitoring DSP by making use imath

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 algiom specifically designed for this
application by the author via modifying the open soul&(micro IP) [L33 library.

In addition to processed data signals, generated alarm bytes are also added to the

communication frame in order not to use lots of @pables for each alarm signal.
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Figure 4.10 Block diagram representation of the responsibilittgsnonitoring DSP
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As can be seen irfrigure 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 operatedated to each HAPF

unit, while system monitoring device handles the system level calculations. System
monitoring DSP calculates the RMS valwésVV signalsand calculates active and
reactive powers by using instantaneous PQ thel@4] [ [136§. Monitoring DSPs of

each HAPF unit, however, calculates the mean valwe bhk 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 B&RHeFFT in

order to illustrate the harmonic and interharmonic content of each HAPF unit and MV
source and filter currents. In order to reach this ainecursive FFT algorithm, shown

in Figure4.10, is used for the calculation of harmonic content as fast as possible. The
algorithm works as the recursive operation2goint Discrete Fourier Transform
(DFT9 up toN-point DFT calculations, where N must be some integer poivar

(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
framesize. 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 systdavel control operations other than the converter control
algorithm, an industrial automati@ystemstructure has been assembléde main
duties of industrial automation systesnto operate C& control MV relays, provide
HMI, manageWaterCooling Systtm (WCS) command$andle reclosing of HAPF
systempperate automatized stastop and fault procedures etc. Programmable Logic
Controller (PLC), with brand name Siemens-22D0, and necessary I/O modules

have been used to manage all the mentioned funsctidlso, various types of
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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 /0O moduleminiature circuit breakers, various relays,
connectors, power supplies and HMI are located inside the control panel shown in
Figure4.11

VARIOUS
RELAYS

Figure 4.11 Control panel for handling industrial automation and user interface

HMI is a touch panel monitoring device, which is the procafcSiemens HMI
contains a software, in WinCC Flexible, to read/write information fromé&onory
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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 gamgluter. Also, CB
controls, start, and stop commands can be sent to corresp@odnppnents of the
HAPF system via HMI.

4.3. Water Cooling System

High power semiconductor devices, duehteit norideal structure, causeo kinds

of loss componentsduring operation, namely conduction loss and switching loss.
While conduction loss is the loss component dudogduction of current due to the
onstate voltage drop of the semiconductor, switching loss is the one due to the
existence of high voltages and currents at the same time dewvery switching
instant. Both loss components are dissipated as heat eaattly semiconductor
junction. Manufacturers specifthe maximum allowed junction temperature, 25

for the devices used in thiystem in order not to harm the semiconductor devices.
Since converter currents are very high, cooling the semiconductargorced

ventilationis not sufficient for keeping the junction temperature of them at reasonable

values.
Tj
IGBT
Cases Ripjc
Copper T,
Water  Pipes Water R
In Out e
W ¥ Lo
R.rh.r‘p-p
Tu-' in T-r.ur.l
v, i ;‘r:n
R.’J’r.p-u'
T,

Figure 4.12 lllustration of cooling plate structure and corresponding thermal
resistances

For this reason, AISIiC 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 kigure4.12. Temperature and the flow of inlet water is
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determined by considering the temperature drop on the thermal resistances of junction
to IGBT caseRun,jc), case to cold plateRg,ccp), cold plate to pipeRi,.cpp), and pipe

to water, Rnpw), as given inFigure 4.12. The cooling liquid, soft water for this
particular research work, is forced to flow through the copgees with a certain
pressure created by the redundantly working pumps in water cooling system given in
Figure4.13.

Figure 4.13 Water cooling systenmstalledin the field

As the flowing wateabsorbghe dissipated heat, its temperature increases too. If the
water does not cooled down, the junction temperature will eventually reach dangerous
values. Therefore, theooling water is cooled down inside tiéCSvia a wateito-

water heat exa@nger WCS is controlled by the industrial automation system. Liquid
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flowing system isasemiclosed cycleneconnectedo air via a filter. Cooling water
reaches to each module through the thick polymer water pipes and hoses connected

parallel to each other as showrFigure4.14.

Figure 4.14 View of coolingwaterhose 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 th control DSP and the other is monitoring DSP. Riez
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 thalhe 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 ofnecessary 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 timete, should be smaller than the time between two successive sampling
instants. In other wdss, the necessary calculations corresponding to a sampling
instantand resultant acthould be completed before the next samples &wfevare
flowchart is given for both control and monitoring DSPs-igure4.15 and Figure

4.16, respectively.

Real Time
Implementation .y
TIMER cvedous | Strtof
O INTERRUPT AN Conversion | ————1
Ts = 40us for ADC 4
Trigger new samples
every 40usec Y —
¥ Calculation
[ Counter of
Trigger Trigger References
100ms Is (SHE,PLL,SRF) t
h 4 Y e
Series LED jnewre ferences
Communication Blink Hysteresis
l - sam] »  Band
Monitoring NEW SAMPIES | Control
DSP v
Gate Pulses ———— bk

Figure 4.15 Softwae flowchart of the control DSP

As can beseen 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, whike 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. d&ltawtransfer 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 progos@®PF systemdn

order to handle the coordination of signal processors together with other auxiliary
equipment 137 7 [142. An array of resonant controllers lebeen proposed in
[137]. Fully digital FPGA based control system architecture is suggest&8dh Ref.

[139 recommends an FPGA based SystamwChip solution for the control of APF.

A hierarchical control system architecture has been proposed forpihase four

wire APF systems inl4(Q. Ref. [141] recommends a digital deadbeat current control
structure. An APF implementation of a hierarchical information structure has been
illustrated in L42. Although those control systems are fully digitalized dadigned
specifically for APFs, neitheof them proposes a generalized architecture for a
modular and scalable control system for modular ABRsthe other hand, handling

the control duties for distributedhjodular and scalable systems have been satisfie
via hierarchically partitioned control system architectimgsarious researche$43

i [150. Mentioned control system architectsteave been used in various areas like
MARX modulator fL143, telescope systemgl44], autonomous vehiclesl145,
microgrids [L46), [147], power systems1i48), parallel operated VSC systerh4d],
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and discrete event systemi$(). In addition to those mentioned systems, high power
electronic convertersomposed of Power Electronics Building Blocks (PEBB) should

also egipped 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, lossesl weight 157, [153. In addition to
physical benefits, PEBB based structurpsovide hardware standardization and
flexibility in the design 152. APF systems designed using PEBiave also been

proposed in the literaturé$4 in order to take advaage 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 propd$&fl [ [160 as a
suitable control system structure fEBB based power electronics convertard an

IEEE Standard guiding the suitable control system architetiasdbeen published in

2011 [157]. It is mentioned in all of the workd %5 i [16( and IEEE guide I51]

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 componenf&61]. 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 thékisis an example
of the control system architecture proposed in IEEE guit&l][ with some
suggestions and contributions on k6§. By this way, the control system is
partitionedinto four hierarchical laysras given inFigure 4.17 accordingto their
functional and temporal requirement$e strictest difference for the partitioning is

the timing concerns as can be seeffrigure 4.17. While the bottomdyer gathers
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information or acts against an action in less th@s) the top layer updates information
about the system for each secorithe complexity of the control duties are

dramatically increases from top to bottom layer

Layer 3
Remote Control SytemHMI ~ 1sec
Layer 2 Industrial Automation
System ~15msec

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

Layer O
HAPF Converter, Hardware < 1use

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 uker and
accepting user commands6p]. 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 controlsLayer 1 contains control system devices that zeali

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 desigred and implementedhierarchical control system architectufer the

modular HAPF system under investigatisrgivenin Figure4.18.

The IEEE guideline for high power converterslq1] also suggests a useful
communication structure and necessary data to be transferred between hierarchical
layers. The proposedontrol system architecture utilizes the suggested structure
together with some extra @ds 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 areafiotved to communicate to each other
for the sake of reduced complexity. However,dbeices belonging to two successive
layer communicates to each other due to the hierarchical structure of the control
system layers. The communication structure is coatdd 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 interyakch of them are resed for

the communication of a specific controller. This type of communication method is
called Time Division Multiplexing (TDM)and theillustration of TDM is given in
Figure4.19. 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 thawedser
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 lllustration 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 byER CELIK Metallurgy Co, Iskenderun/TURKEY. All the
components of the implemented systamagiven in detail including brand names and

part numberst Table4.1.

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

3Ph Coupling Tr an 3.0/4.0MVA, 31.5/0.69 kV
DYnll, U =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 (Electronicor 500 uF/ph

Switching Method Hysteresis Band Switched

Power Semiconductor 1700V, 600A IGBT

(Semikron SEMIX854GB176HpP

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

(Semikron SKYPER 32PRO)R

Switching Fregency 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 1100Vvd
1.5mF x 6

The implemented system successfullgrified in the field that it satisfactorily
suppresses all the interharmonic and harmonic frequencies to the allowed limits by
the international standard$|[[28 and Turkish grid code30] on power qualityIn

order to show the harmonic filtering penitance over 100 minutes time interval for

a wide frequency rangdsigure 4.20 is drawn for both load and source current
waveforms at MV level. The harmonic spectra for both load and source current

waveforms ar@ostprocessedising FFT having 5 Hz resolutidar every 200 msec
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during 100 minutes period and shown respectivehiguire4.20.a andrigure4.20.b.
According to given figure, all interharmonicnéd harmonic frequencies are
successfully mitigated for the simultaneous operation of 1, 2 and 3 IMF installations
considering all the steel meltinghases (boring, meltingnd refining. The time

varying characteristics of the IMF load harmonics can adssden irFigure4.20.

100 “qegg 1250 1000 750
Frequency(Hz)

0
SO0 250
100 “qegg 1250 1000 7S

Frequency(Hz)
b)

Figure 4.20 Harmonic spectra of the field measurements a) load current and b)
soure@ current
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Figure 4.21 Source, HAPF and load current measurements while only one IMF is in

operation

Source Current, A

Filter Current, A

Load Current, A

The MV waveforms and the corresponding harmonic spectra of the proposed HAPF
system can be seen kigure 4.21 to Figure 4.26 while one, two and three IMF

installations are simultaneously in operation.

The THD of the loadurrent waveform is shown to be reduced by the HAPF system
from 9.52% to 3.07% at the@srce side as given kigure4.21 for only one IMF load

is in service When the corresponding wavefatogether with their remaining parts

in a 200 msec windovare analyzed via FFT, thRMS values of each individual
harmonic frequency can be observed as harmonic spectra givgyuie4.22. It can

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

interharmonics are satisfactorily suppressed for this particular inG@mgidering the
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dominant harmonics ifigure4.21 andequation(1.11), operatingfrequency of the

load resonant converter driving IMF in operatiocasculated to be 150 Hz.
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Figure 4.22 Harmonicspectra 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 negatimad positive sequence form using (1.11),
respedtely. Moreover, 11 and 13 characteristic powesystem harmonics are also
observed in this figure, which is duettee 12pulse structure of the IMF driver as

expected by (1.1).

Figure4.23, on the other hand, represents the MV waveforms of the source, HAPF

and load currents while two IMF installations are simultaneously in operAsaran
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be understood from this figure that the THD of the load current wavefod#%®

reduced to 3.93% at the source current measurei@enilar to one IMF operation
case, harmonic content of all of the current wavefamfsgure4.23 can be drawn
with 5 Hz resolution (200 msec windoag given irFigure4.24.
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Figure 4.23 Source, HAPFRandload current measurements while tiMFs are
simultaneouslyn operation

When the harmonic and interharmonic content of spectrum in this figure is analyzed,
the dominant interharmonics appear as 295, 395, 315, Hl%ogether with
characteristic 1 and13" power system harmonics. Those interharmonics represent
the typical behavior for simultaneous operation of two IMF installations. 295 and 395
Hz interharmonic frequemnes aredue to one IMF load driven at load resonant

frequency of 172.5 Hz, while 31&nd 415 Hz components are due to another IMF
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load driven at load resonant frequency of 182.5 Himbgectionusing (1.11).11"
and 13 characteristic powesystem harmonics are the natural cause epul8e
rectification of the IMF drivers. It is observed in the field during tests tibiad
magnitude ofL1" and 1% harmonic componentsre tend to be less than the sum of
the contributions ofeach IMF driverwhile even number of IMF loads are
simultaneously in operatigrsince they are connected to the MV grid via different

transformers having different phase lags.
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Figure 4.24 Harmonic spectra of theurce, HAPF andhd current waveforms
while two IMFs are simultaneousiy operation

Load Current, A
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o

The source, HAPF and load current waveforms illustrating the performance of HAPF

system while three IMF installations are simultaneously in operation are given in

Figure4.25. 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 corrsponding waveforms are analyzed, it is shownFigure 4.26 that six
individual harmonic frequencies appear at the same time as expected. Those frequency
pairs can béisted as 340 440 Hz, 350' 450 Hz, and 380480 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, HAPFRandload current measurements while thiééFs are
simultaneouslyn 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 summarizaolén

4.2 for the simultaneous operation of one, two and three IMF |ddustable 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 thathe THD values should be calculated for a longer period of time at least

a melting period long (around 45 minutek/]). For this reason, THD valuis
calculated for source current waveform durfigminutesandgivenin Figure4.27,

which verifies the performance over the whole melting cycle.
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Figure 4.26 Harmonic spectra of the source, HAPF amall current waveims
while threelMFs are simultaneousiy 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 ladlthough 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 ramdbehavior for the IMF load harmonics and

interharmonics.
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Figure 4.27 Total Harmonic Distortion, THD, of the source current wavefatm
MV side (field measurements)
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Each IMF load, as mentioneth previous sections, causes two interharmonic
frequencies 100 Hz apart fromabaother due to the crossodulation 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 appeartpgs negative, or both at the same time.
Figure 4.28.a andFigure 4.29.a shows the field measurement$ the load current
containing both positive and negative sequences at the sanrespeetivelyfor 350

and 435 Hz harmonic fgeienciesThe proposed HAPF system has also shown to be
successful under balanced but unsymmetrigalrking conditions as can be
understood from the source current field measurements given in corresponding figures
Figure4.28.b andFigure4.29.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) soutaerent

In addition to MV results, HAPF unit currents of each of the converter should also be
analyzed at LV levelFor thispurpose, the oscilloscope recordings have been drawn
in Figure 4.30.a together with the illustration of approximate reference signal and
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corresponding high and low hysteresis bands. The characteristics of hysteresis
switching can easily be understood from this figure. It is also showigure4.30.a

that the HAPF unit current waveform usually passes the hysteresis bands, the reason
of which is explainedn detail at Chapter 5.2n order to evaluate the occurrence of
hysteresis bands violations, reference tracking error of the corresponding waveform,
in Figure4.30.a, is given inFigure 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 giverfrigure4.31.ausing the 200msec

window (5-Hz resolution) of oscilloscope recordingss shown in this figure, the
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dominant interharmonic pairs due to the IMF working regime are- 3% Hz and

3307 430 Hz. Those interharmonic frequencies correspond to a simultaneous
operation of two IMF instaditions with driveoperating frequencies 182.5 Hzd190

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 iifrigure 4.31b. The high frequency harmonic
components are distributeds expectedrom 3 kHz to 4.5 kHz. Unfixed switching
frequency can be considered as a drawlotlysteresis current control meth@9],

[124, [126 and the switching frequency can be fixed to a certain value using
advanced method411],[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
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Mitigation of each individual harmonis important because of the suggedterits

for each integer multiple harmonics of the fundamental frequency in starjdirds
[28] and grid codeg30]. Otherwise, excessive operating penalties may be charged to
the electricity usersThe allowed limitsor each individuakurrentharmonic & as

given in Table 1.2. Only harmonics corresponding to odd and even multiples of
fundamental frequendyave limitsas can be seen frohablel.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 canling o

integer multiples of current harmonias mentioned in the first chapter of tthesis

The detailed analysis for airrentharmonic components to 4@ harmonids given

in AppendixC duringthe field measurement period of 26 dagsdall the ndividual
subgroup harmoniasxcept 23 and 2% componentsire 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. Foeab@y a novel
performance criteria, namely Suppression Factor (SF), is propogbis research
work for a wide frequency filtering equipment andsdebed in the following section

4.6.1. Suppression Factor as an Evaluation Criteria for Wide Frequency

Filterin g Equipment

Harmonics and interharmonics caused by industrial loads can be mitigated by using
various active and/or passip®wer filteringequipment. Those filtering equipment

can be optimized for increased suppression performance when the frequen®f range
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
shout be defined for tbse kind of filtering equipment; since their characteristics may
change as the frequency changes. Some researchers have been using performance

evaluation methodfl63 i [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 frgquenc
harmonic filtering equipment, SHs proposed. Theoretical calculations of SF for
various ative 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, feld implementation results and recordings of both proportional
control method antlysteresis 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 magnda and antphase to load sideference signal, it may not be

the case in practic€iltering devices may fail to track the referemesulting in some
magnitude antr phaseerrors Since the vector sum of load and filter current or
voltage forms the saoe side current or voltage, the phase and magnitude of the filter
side have a great importance for afeetive filtering, which isllustrated inFigure

4.32. Although SF can be used for both current and voltage harmonics, it will be used,
from now on, for the current harmonicsorder torelak it to the specific case being

investigated in this thesis.
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Figure 4.32 lllustration 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 providesdecrease in source current magnitude for each individual

hamonic frequency{169§. Its mathematical expression is given4nlj.

‘ I h,load

'“mwgnm (4.)

h, filter

%SF, =

Percentage SF of 100% for a harmonic component indicates that the filter current is
in correct phase (antihase) with théoad 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 frequendyigure4.32 shows the illustration of a practical
filtering for a sample harmonic componefs can be observed froRigure4.32, the
magnitudes of load, filter and source current waveforms are 1.0, 0.7 38wn@s,
respectively. This means that only Diéits of load current can be suppressed by 0.7
units of filter current, wiah yields88.6% 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 Hamonicequivalent circuits

are givenin Figure4.33. Singletuned passive shunt harmonic filt€idure4.33.c),
combination of passive shunt filterBigure 4.33.d), voltage mode controlled APF
(Figure 4.33.e), and voltage mode controlled HAPHdure 4.33.f) topologies are
selected for the evaluation in terms of SF criteBiace the frequency range ibfe

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) singletuned passive filter, d) combination of passive filtars]
proportional controlled e) APF afidHAPF.

Theoretical curves of the single tuned shunt harmoner fittpology inFigure4.33.c

is given inFigure4.34. The tuning frequencysichosen to be the midway of the whole
frequency range so that as much frequency components as passioleeredby the

filter characteristics. As can be observed fiBigure4.34 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 perforreanaf some other frequencies, it is not

possibleto decrease the Q factor to cover the whole frequency range.
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Figure 4.34 Theoretical Suppression Factor for singleed passive filter topology
given inFigure4.33.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 Wwhéctuned to different
frequeneesas illustrated ifrigure4.33.d. Figure4.35shows 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
characteristicsThis filter topology providesnore 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 aigtoh in suppression performance in
between tuning frequencies. Although, decreasing Q factor increases the suppression
performances of some other frequenciearby each tuning frequenaystill has no

effect to the frequencies lay in between tunimggfrencies.
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Figure 4.35 Theoretical Suppression Factor for combination of passive filters given
in Figure4.33.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 fRigure4.33.e. Figure4.36 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 seerfFigane 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 fooportional controlled APF
topology given irFigure4.33.e
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Figure 4.37 Theoretical Suppression Factor fooportional controlled HAPF
topology given inFigure4.33.f

HAPF converter topology, illustrated iigure 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 frequergeysa
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that its characteristics show low impedance for as much frequency as pésgivie.
4.37 illustrates the theoretical suppression factor for the HAPF systatroied 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
proportiondity 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 passand APF topologies, is
necessarto find proper control method for maximum suppression perform&noee

the proportional control method is a voltage mode control method, it has a dependency
on the coupling element impedance characteristicsmentned in earlier sections

An adaptive proportinal resonant control algorithiwan improve the suppression
performance at the expense of excessive computational blslieg. current mode
control methods, on the other hand, helps the improvement of suppress
performance due the fact that they track the reference cuesiiting in almost no
phase error for each harmonic frequeniegr this reason, hysteresis batgrent
controlled HAPF topology, given irigure4.38, proposed in thigiesiss able to have
100% of SF over the whole frequency raripeoretically.Figure4.39 shanvsthe SF
values of the proposed hysteresis band current controlled HAPF topology by using the

field measurements.

1 source,h

ll'l]l-:r,h

V:;_h =0 Zhﬂpi. CB I load,h

-K.1 load.h

Figure 4.38 Harmonic equivalent circuitfddAPF controlled with proposed
hysteresis bandontrol method
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Figure 4.39 Harmonic suppression performance of HAPF system with proposed
hysteresis band contrdeduced from field measurements)

It can be deduced frorRigure 4.39 that the proposed method provides SF values
above 90% for most of the interharmonic and harmonic frequdiney SF graph is
formed in a cloud diagram form so that the suppression perfoertamcbe 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 wayalBE of each
harmonic frequency can be calculated tens of times to give a clue flanthéerm

and dynamigerformance.
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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 systewoatrol algorithm.

In this chapter of the thesispme further improvements and analysis for the critical

issuesabout 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 andirregular switching frequencies thus high switching log8ak Therefore,

as a first section dhis chaptera novelfuzzy logic based adaptive hysteresis band
generation method for the reduction of switching losses has been prdp6Sed

Then, the pssible reasons for the hysteresis band tracking errors are formulized and

some solutions to that problesisuggested as another section.

5.1. Adaptive Fuzzy Hysteresis Band Control &r Reducing the Switching
Losses

Fuzzy Logic Control (FLC) algorithmisave leen used for the control of different
industrial power converterg10§, [117], [11§, [169, [170 T [17§. 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 Pl control 172, [173. On the other handome other works in literature
have already proposed FLC for the generation of adaptive hysteresid 08nfil[74

T [178. Width of the hysteresisamd has been changed adaptively by making use of
fuzzy expressions for a series APE/{], shunt APFs 175, [176, motor drive
converter 108, and gridconnected inverterd 7], [178§.

In this part otthe thesis a novel adaptive fuzzy hysteresis bandent control system

is proposed by making use of fuzzy expressions for both HAPF current and integral
of its harmonic componentBy this way, the switching losses of the semiconductor
switches of the HAPF converter is reduced notably withousamyficantchange 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 inFigure 2.6 should be analyzed. If the grid voltage and the converter itself
are considered amltage sourcg circuit diagram irFigure2.6 can be represented as

a single phase equivalent circuit showrFigure5.1. The voltage loop equatioin
Figure5.1 can bewritten as $.1). In order tosimplify (5.1) andreach meaningful
results, a couple of assumptions should be made.

di ) v. £ O 5.1
dt in\;() ()

Vo(O) 2 Odt o Lt
Cf

Loo,
Vg T P T Viny
-«

. neutral

Figure 5.1 Single phase equivalent circuit of the HAPF converter

Assumption 1 Blocking Capacitor Assumptioithe impedance of the input LC filter
is designed such that it l@ves 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 chaptefshe thesis

By making use of those information, the source voltage at fundamental frequency can
be assumed to appdatally on theterminals of the filter capacitor as a voltage drop
[70], yielding (.2).

1 ~
Vs @‘/co "E n f, fund(t)dt (5-2)
f

By using assumption 1he voltage loogquation in %.1) can be simplified as given
in (5.3). Rearrangingq.3) turns out to bex(4).

1 di, (t) 53
Cf ﬁf yhafm(t )dt + Lf dt -k/inv(t) G ( . )

dig(t) _ v, () 1 5
dt - Lf Lf (:f ﬁf ,harm(t )dt ( 4)

Actual Current, i

v+ — - - I 1/ |

tk tk+1 tk+2 tk+3 1:k+4

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

In order to observe the mathematical model of hysteresis switbitinging b.4), an
illustration showing the digital implementation of hysteresis band is givEigure
5.2. In Figureb.2, Te stands for the execution time, the time needed for the completion

of all control dutiesTs the sampling periodix the actuaturrent waeform of phase
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X, Iref the reference current signal amicthe hysteresis banBor the sake of simplicity,
only two switching instants are illustrated. There needs to be another assumption for

the proper formulization afwitching period by.4) andFigure5.2.

Assumption 2 Linear LC Filter Response and Fast Control Hardware Assumption
It is assumed that the control hardware is fast enough so that the endicug, Te,

and sampling period,Ts, are small enough so that the reference tracking error is
negligible as compared to hysteresis bghdMoreover, the hysteresis barg, is

small enough thus the LC filter response can be considered[88ar

By usang the linear switching behavior$on and Tt time intervals inFigure 5.2
corresponding respectively to switch on and off percaisbe approximated as given
in equations(5.5 and 6.6). Rearranging 4.5 and 6.6) results to $.7) and 6.9),
which are the matheatical formulization offon andTort time intervals.

Dif — Vlnv(t) 1

TON Lf Lfo

ﬁf,harm(t)d't (55)

Dif _Vinv(t) L 1

TOFF Lf Lf Cf

i+ pam()dt (5.6)

LD,

- 57
Vinv (t) - Ci ﬁf,harm(t)dt

Ton =

L:Di

1 ~
Vinv (t) + Ci n f ,harm(t)dt
f

(5.9

Torr =

Since the switching period;sw, for anyinstant can be considered to be the sum of

switch on and off time intervals, switching period can be found as givé9n (

1 2, ()L,Di
f_:TSW Ton  Fore 31 — ZC (5.9
SW
v (1) - o t)ydt ¢
|nv( ) éﬁi f,harm( ) g
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It should be noted thakaching $.9 can only be possible by assuming inverter
terminal voltageyiny, to be the same foFon and Torr time intervalswhich is not

always the case as mentioned in Chaptdiis assumptions valid becauseb(9) is

only used for showing a relation between parametstead ofreaching an exact

result. Indeed, these proportional relations are enough for creating a ffetzzipn
between switching frequency and integrahafmonic currentghere isno need for

exact proportionality factors or equatiotising 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 showthihéuzzy relations

rather than exact relations can be more useful to determine the proper hysteresis band

for this particular application.

It obvious at $.9) that thehysteresis bandwidth and the switching frequency is
inversely proportional to eachhar. Thus this equation can also be used for deducing

a fuzzy relation between switching frequency thus switching losses and integral of
harmonic currentsAs can beunderstood fromH.9) thatthe integralof harmonic

currents are inversely proportional switching frequencyTherefore if integral of

har monic currents is represented by Iling
hysteresis band would be narrowed without considerable increase in switching
frequency for AHI GHO v warentseSimilarlyy hysteresis | of
band should be widened in order not to i

integral of harmonic currents.

Furthermore, it is widely known that the switching losses on a semiconductor switch

Is proportional to switchedurrent. Similar to previous condition, hysteresis band can

be narrowed for ALOWO values of HAPF cur
tracking. I f the HAPF current is @AHI GHO,

be widened in order to reduceigching 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 impleetent the field [169].
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Figure 5.3 Control block diagram of the adaptive fuzzy hysteresis band control method
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The block diagram representing the overall control system together with integrated
adaptive fuzzy hysteresis band generation technique is gi@gure5.3. As can le

seen fronfigure5.3, interharmonic and harmonic current reference generation block,
the same as fixed hysteresis band control proposed in Chapter 2, calculetesetite
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 diagramRigure5.3. The ultimate
current references atleen limited and backansformed to abc domain. This form of
reference signal is ready for the modulatiorcreate gate pulséy hysteres band

controller withthe providedadaptive fuzzy hystesis bandwidth.

5.1.2. Generation of Linguistic Expressionsand Fuzzy Hysteresis Band

Adaptively changing hysteresis bandwidth is generated by a sequence of processes,
those processes are explained is g@ction in detailAt 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 exses.

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 vded into four linguistic expressions as givenFigure 5.4,
namel vy AVERY L OWo, ALOWOo, AHI GHoO, and
MATLAB toolbox. The resultant fuzzy merebship 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 Figure5.5. Similarly, integral of harmonic currents also divided into two linguistic
expressions, namely fAHI GHO and #ALOWO,

determined by manual iterations conducted in PSCAD laition environment. It is
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also known that the fuzzy membership functions can be optimized using advanced
techniques like neural networkk71]. The linearized and manually optimized fuzzy
membership functions are as givenHigure 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 HAgurrent (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 instantaH&dRIS 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 necessaoywa 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, givenrable5.1, is used for the

proposed control method. Using the matrix givenTable 5.1, the degree of
memberslip for the output variables to the narrow or widen act can be determined.
There are six output | inguistic variabl e
and @A WWWOo, where fANO corresponds to ANar
two and three successivelette r especti vely represent mor

or AWideno act
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Figure 5.6 Fuzzy membership functions of a) HAPF current and b) integral of its
harmonic currents together with correspondirayeforms
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Table 5.1 Fuzzy Rule Matrix

iref
VerylLow Low High Very High
Low NN N WWwW WWW

High NNN NN w WWwW

Udtn

The mapping of input variables to the output ones is obtained in two steps. First, a
temporary valu€Tj, is given to each element of the rule matrix locateéd ilow and

j™ column by taking the minimum of the membership degrees of the corresponding
rows and columns. For examplBg is determined by the minimum of the degree of

membership of the filter current to fAHI GHO vV
the integral o f the current har monics to @l
membershipof he out put variables ANO, ANNO, ANNNO,

can be determined by the criteria giveregms. (5.10) (5.15). It shoulde noted that,

at any instant during operation, more than one output variable may coatetero

values.
D, =T, (5.10)
Dw =T 5 (5.11)
Duw =T (5.12)
D, =T, (5.13)
D =y/T2 2 (5.14)
Dy = Tia (5.15)

Finally, the fuzzy output variables are defuziftogenerate a dynamically changing

hysteresis band according to the formula given in (51®)].
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15D,y + 1Dy ¥, D, M0, 1B

HB=HB,., + (5.16)
DWWW+DWW -lDW BN D-l-NN D-thN

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 iRigure5.7. As can be seen frorRigure5.7, hysteresis

band is largdor the instants corresponding to high euwts; however, it is narrow for

the instants corresponding to low currents. This observation correctly represents the
expected behavior of suggested adaptive fuzzy hysteresis band strdetunenic
suppression performance, on the other hand, can beag@loy looking at the MV
current waveforms, which are givenkigure5.8. Figure5.8 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 operati
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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 thesource and HAPF currents (simulation results)

Table 5.2 Simulation results of both fuzzy and fixed band hystem@sigentcontrol

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

simulaions 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 parameterand tabulated ifable 5.2. Simulation results have shown

that the suggested fuzzy band improvement provides approximately 9% reduction in

average switching losse#though 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 inTable5.2 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 witiegrated 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 r@sorded 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 harmo and interharmonic suppression performance of the
HAPF system, the recorded MV waveforms are drawn in a same graph giigarna
5.9.

It can be seen iRigure5.9 that the THD is decreased fror3% at the load side to
4.8% at the sorce side by the HAPF system. Harmonic suppression performance for
each individual harmonic or interharmonic can be obsetwedooking at the
harmonic spectra for load, source and HAPF currents, which is givegure5.10.

As can be understood frofigure 5.10 by using the mentioned methods in earlier
chapters that there are ¢lerIMF loads simultaneously in operation with load resonant
frequencied 72.5 195and212.5Hz causing corresponding interharmonic frequency
pairs295-395, 340-440, and F5-475Hz, respectively.
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Figure 5.10 Frequencyspectrum 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 unit4V side. Mentioned recordings

IS given inFigure5.11. Red colored circles, iRigure5.11, 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 digethe 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 thisection 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 IMFE loads
However, there is still a pointdh 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
sufficiertly 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 fuzg band improvement and the fixed band method had been run separately
duringfive hours, which is sufficiently long period for an IMF load having complete
melting cycle of 45 minutes, and the measurements are rec&ided.the operation

time is sufficienlty 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 hysésis band control techniques. As can be
observed from those figures, adaptive fuzzy hysteresis band improvement provides a

significant reduction, aroun@l 2%, in overall losses.
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Figure 5.12 Efficiency cuwres 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 hamonic 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

144



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.

< < Mﬂﬂ*ww«wrﬂ*“WM il R MWMW W

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 formulatiomake 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
formulationis compensatetly 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 contteld waveform modulabin technique and an improvememt

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, ig et 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 curgakitig performance

is analyzed.

Digitizing of field meastements and computational delays éam important role on
the control dynamics for digital implementation of hysteresis current coRtrothe
sake of simplicitythe termsampling period will be used as a constant time interval
between two successive nspling 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 baowhtrol [126], [179 T [189. Choosing a high
sampling frequency thus low sampling period has been suggested in various
applications likegrid connected invertdrl 79, PWM rectifier[18(, motor drives

[181] T [183, and shunt APF184]. It is suggestedh [184] that the quality of APF
current waveform can be enhanced by increasing the sampling frequencyl126o,

and [L85 has used dynamically changing sampling periods by predicting the reference
signal in order to overcome the tracking errors causqeebpdic sampling instants.

In addition to sampling periods, execution time has also been mentioned as an
important parameter for hysteresis band cortgohnique 186 1 [189. The use of
powerful controllers has beesuggested bylB6 in order to redue the dfect of
execution delay on hysteresis band controlled A¥E.increase in torque ripples has
been related to execution time B[] and[188. Ref.[188 has suggested that the
time consuming processes should not be implemented during a sameting.
Finally it has been pointed out ih§9 that reducingsolely the sampling periad not
enoughfor the reduction of unintended effects withanly decrease in execution time

too.

In this section of the thesis, the effects of both sampling freguaamtexecution 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 perforenancfield

implemented HAPF systennder investigation by this thess 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 converkegune 2.6

and its singlgphase equivalent circuit iRigure5.1 has already been reached in this
chapter asH.4). Using 6.4), onecan model the worst case reference tracking error
with the help of an illustrationgiven in Figure 5.14, showing the digital
implementation of hysteresis band contial.Figure 5.14, Te is execution timeTs
sampling periodi(s) the actual current of phasesampled at sampling instant

it (S)the reference current of phasealculated by the samples collectedsgandod

the hysteresis banéGreen shaded area igure 5.14 represents the interval where

the actual current lays out of hysteresis band. In order to obtain worst case reference
tracking errorjt is assumed that the actual current passes the band immediately after
ts sampling istant. By this way, the controllerould be able to understand that the
current is out of band after reference current signals corresponding to next sampling
instant iscalculated. An assumption isqured for the linear representation of

hysteresis switching behavior.
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Figure 5.14 lllustration of worst case switching condition for hysterésisd control
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Assumption Linear LC Filter Responsd=xecution timeTe, sampling periods, (Ts
+ Te), and hysteresis barmd are small enough so that LC filter step response can be

consider in linearegion B9|.

Using theassumptionFigure5.14, and 6.4), (5.11) can be reached. By rearranging
(5.11), one can obtairb(12) in order to represent worst case error

D, v, (D) 1
= t)dt 5.1
T.+T, L, L,C, Ao .19

T+T.¢© 1
error=———=2g v _(t) —
L, é C,

. (t)dt (5.12
When 6.12) is observedit can be understood that the reference tracking error depends
on the coupling filter inductoks, sampling periodls, execution timeTle, and the
inverter terminal voltagenv. Inverter terminal voltage has been derived in Chapter 2
and it is strongly depends on the dc link voltA@geand the switching positions of
other phases. All the possible inverter voltage vataesobserved by looking @able

2.4. Following measures can be taken by the evaluatiob.d®)(in order to reduce

reference current tracking error:

i) Increasing sampling frequency hence reducing sampling p&satdhe expnse of

higher switching losses.

i) Reducing execution tim&e by using more powerful controller or using parallel

processing186§. By this way sampling period can also be eéased189.

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

to generate harmonic referencé29.

iv) Increasing filter inductanck. Actually it may eventually cause an increase in dc
link voltage in order to belde to provide necessary voltage for the harmonic
references]29.
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Figure 5.15 lllustration showing the digital implementation of hysteresis band
control for a) the field implemented control system, buoedl execution time, and
c¢) reduced both execution time and sampling period

The value of coupling inductoks 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 parami&ielSC based HAPF converter, and
choosing of filter inductance is mentioned in detail at ChaptéoBthis reason, it is

not possible to change filter inductance for this particular reseafehink voltage,

also, an important design parameter and ialready 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 performanteroposed 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 pentnce.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 scenariba) sample 20ns waveform and b)-fins
part of the sample waveform for observing switching instants

5.2.2. Simulations of Different Digital Implementation Scenarios

Field implemented HAPF convertand 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 eBefore mentioning simulation
results, an illustration, given Figure5.15, showing the possible simulation scenarios
should be investigated to provide an idea atioeitaim of conducted worka Figure
5.15.a, the sample illustration for the field implemented control system is given. On
the other hand, sample illustrations forueed execution time and reduced execution
time together with sampling period cases are given kigure 5.15b and c,
respectively.All those three illustrations show that the improvement of reduced
sampling frequency and execution time at theeegp of higher switching frequency
can be clearly olesved. The simulation models of all three cases are given in this part

of the thesis.

Scenarid 1 (=25 kHz, E= 40 (s, and = 20 Gs): This scenario can be considered
as the implementation of the digital control algorithm implemented in the fibkl. T
sampling frequency implemented in the field is 25 kHz and the average execution time
of the implemented control system has been measured@s\&®en the simulation
is run under these conditiores,current waveform given iRigure5.16.a is reached.
For providing a better observation of the digital implementation, zoomed version of
the resultant waveform is also shown Hgure 5.16.b. In addition to current
waveforms, an error graph, Figure5.17, is also drawn for a better observatimi
reference current tracking performanées can be seen ifigure 5.17, reference
current tracking error reaches up to four times larger than the width of hysteaedi
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Figure 5.17 Reference tracking error of hysteresis current control for simulation
scenariel
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Figure 5.18 Simulation results of scenariba) sample 20ns waveform and b)-fins
part of the sample waveform for observing switching instants
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Figure 5.19 Reference tracking error of hysteresis curremtil for simulation
scenarie2

Scenaria 2 (fs= 25 kHz, 5= 40Gs, and T=5 Gs). 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@s r this simulation scenario
which is correponding toFigure5.15.b. Current wavefornof scenarie2 for the same

time interval as the first scenaris given inFigure 5.18.a. Moreover, a zoomed
version of this waveform, given irigure5.18.b, is also provided so that thaidal
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 inFigure5.19. As can be recognized froRigure5.19 that the reduction in

execution time reduces the errors thus increases the reference trackingaeséorm
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Figure 5.20 Simulation results of scenar®ba) sample 20ns waveform and b)-ins
part of the sample waveform for observing switching instants

Scenarid 3 (fs=50kHz, &=200s, and T=5 Gs): Finally in this scenario, sampling
period is also halved together with the previous reduction in executionwimeh
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corresponds to the illustration irigure 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 successigampling instats. When this scenario is modelled and run in
simulation environment, current waveform kigure 5.20.a is reached. Similar to
other scenarios, a zoomed version of tvaveform is also drawn as givenHigure

5.20.b in order to better understand the behavior of digital implementation
Furthermore, reference current tracking perfance can be analyzed by using the
error graph given irFigure 5.21. Satisfying the expectations, reference current
tracking error is significantly reduced and reddadown to acceptable values as
shown inFigure5.21. Although this scenario provides and improvement in reference
tracking performance, it also cause an increase in switching frequency thus higher

losses.
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Figure 5.21 Reference tracking error of hysteresis curremtiml| for simulation
scenarie3

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 s&éenario
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in order to show their similaritiesigure 5.22.a shows20 msec long oscilloscope
reading collected in the field, andiepresentsurrent waveform of one of the HAPF
units. As a first opinion, it can be seen iigure 5.22.a that the field current often

seem to exceed the hysteresis baBuhilar to evaluation of simulation results,
reference tracking error for the field recordings are also deduced and drawn in a graph
as given inFigure5.22.b. As carnbe seen irFigure5.22.b, current waveform of the
implemented HAPF converter exceeds the hysteresis band by significant amounts as
expected. This situation may caus®Eme harmonics around switching frequency to
reach high magnitudes. The frequency spectrum givdfigare 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)

155



100¢
=~ 80
s
g
::’ 60
_8“ 40 Effects of High Frequency
2 Switching Arising from
c .
S 20 Hysteresis BT Control
E N l L
Al MR A M st st T P

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency, Hz

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 insuf§amapting
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 hypashesis
verified in simulation environmen#@s a result of the analysis given in tloisapter

the following counter measures should be taken in order to increase the reference
tracking performance of the HAPF system implemented in the[fiola].

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

eliminated or moved to an auxiliary processor.

i) Processors allowing a parallel processing like FPG&Aomplex Programmable

Logic Device(CPLD) can be used to decrease execultimm.t

iii) Sampling frequency should be increased at theemsg of higherswitching
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 shoulde completed before next samples are colledledeover, igher
switching losses can be eliminated by integration of adaptive fuzzy hysteresis bands
as given in this chaptetJse of fuzzy bands will be much more effective with

improved current trackinggsformance.
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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 teuppress the time varying harmonics and interharmonics of the IMF load.

The developed system is connected to MV bus of the steel melting facil&R of
CELIK Metallurgy Hatay/Turkeyvia a specially designed coupling transformer. In
the LV side, on the otménand, 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. Tkir 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 FacisrproposedAll 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 investigatioare successfullysuppressed by all the three differen

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 extensiuely 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 rangej Z&80) 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, proportionaltaainare 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 usekkdease 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 @wver electronics converters composed of PEBBSs.

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 usedralyae 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, unessary 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 atileed to clarify some points that are
not clear and to further contribute to the power quality of IMF loads. The suggested

future works to te research work described in this thesis is given below:
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i) Due to hysteresis current modulation technique thewe tagh 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 cunggries of HBC

which does not appear in voltage mode control metheatshis reasonhe iron core

losses of the reactor subjected to hysteresis switching should be analyzed and the

reactor design should be updated to reduce operating temperatureeaictioe. r

i) Since HAPF system proposed in the scope of this thesis does not manage to
suppress 23 and 2% characteristic harmonics, a passive filter solution should be

suggested and implemented for the suppression of these harmonics.
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APPENDIX A

MATHEMATICAL MODELLING OF CONVERTER VOLTAGES FOR
HYSTERESIS BAND CONTROL SWITCHING SCHEMES

Each switching scheme has unique voltage values for the termiaa)sin, Vicn) of
the HAPF converter. Voltage derivations &ach possible switching scheme except
i00 10 isnaleiady given in earlier parts of the thesis,deevedin this part of

the thesis.

AlSwitching Schemes A0000 and A1110

Switching schemes A0000 and A1110 shows
circuit representation is illustrated Figure A.1. By inspection, all the terminal

voltages are found out to be 0, tha¥ris=0, Vibn=0, Vic-n=0.

Figure A.1 Equivalent circuit represerttan of the switching schers@d 0 0 0 6 an d
Al1110
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A2.SwitchingllB8cheme AO0

Equivalent <circuit representation of
FigureA.2.

the sw

Figure A2Equi val ent <circuit repred®Emntation of

In order to formulate thb e havi or of the switching

circuit given inFigureA.2 is solved using the KVL equations of ledmand-2 as (C.1)
and (C.2) respectively.

di, fudt di, it
v, -L— 2 v vz L—= —/= v, -V c.1
sa n f dt Cf Coa sb-n f dt Cr Cob c ( )

di. et di. it
V. - C —— ¢%. vz L— — v, -V C.2
sG- n f dt Cf Coc sb-n f dt C1 Cob c ( )

where Vcoa Vcob @andvcocare the initial voltage values across the series filter capacitor
C: for each phase, andrepresents the virtual neutral point which can be considered

as the neutral point of the coupling transformer secondary.

Balanced systemonstraints for threphase threavire converter can be written as
(C.3) and (C.4).

ity +, © (C.3)

Vsa n+Vsb—n -Fvsc -n @ (C4)

180

scheme



HAPF converter voltagesan, Vio-n andvicn can be expressed via coupling transformer

secondary voltagesan, Vsbn andvsen as given respectively in (C.5)(C.7).

di dt
Vsa— n- Lf = ﬁf VCoa
dt  C,

VZ ., (C.5)

di, [sdt
Voor Lt o Ve Vi (C.6)
di. et
v, - L —% —— v, V= C.7
SCG- n f dt Cf Coc Tc-r ( )
Equation (C.8) can be obtained by making use of (C(D).4).
dig, 3f}edt
'3\/st>n 'BLfE T 2‘7"cOb Vesa Veod 2Vdc+c (C.8)

Substitution of (C.6) into (C.8) gives (C.9). Then (C.10) is obtaineckagranging
(C.9).

- 3Vfb- n V.

Coa

VCob Véoc Z\H(;c O (C-g)

Vv - 2Vdc (VCoa+ VCob -H/Cot)
fb-n

3 3

(C.10)

In order to find a relation for the sum of cumulative initial voltages across the
capacitors of each phase, (C.14)derived by summing up (C.5), (C.6), (C.7) and
using (C.4).

V

Coa+v

Cob +VC0c :(\’Lfan Vft-yl-n Vfc-h 0 (C-ll)

Sum of converter terminal voltages are found out to be zero in Chapamn2: {i-n
+ Vicn = 0). Thus, (C.10) can be rewritten as (C.bg)using (C.11).
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2v
- dc
Vip.n =

SiNCeVran = Vic-n @andVien = Vion - Vde DY inspection on equivalent circuit FigureA.2,

(C.13) and (C.14) can be directly obtained from (C.12).

v
Vian = — (C.13)
3
V
Ve n = ;C (C.14)

A3.Switchingll8cheme A0

Equivalent <circuit
FigureA.3.

representation

L7,

FiguueASEqQui val ent circuit

In order tof or mul ate t he behavior of t he

circuit given inFigure A.3 is solved using the KVL equations of ledpand-2 as
(C.15) and (C.16) respectively.

di At di, it
Vsa n~ Lf = ﬁf Yeoa V& Vein L f_fb —ﬂﬁ‘ Ve (C15)
dt G dt C
di At di, it
Vsc- n~ Lf - ﬁf VCoc V§_B- n L f_fb f;ﬁ VCo\ (C 16)
dt C, dt C
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Equation (C.17tan be obtained by making use of (C.15), (C.16), (C.3) and (C.4).

_3vst>n _BLf d;:b ’rz;b 2v_Cob Vega Veod Ve ) (C17)
f

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

B 3Vfb- n -VCoa VCob V(-Zoc VdEl- O (C-18)
— Vdc (VCoa+ VCob +VC0)
v, =-dc C.19
fb-n 3 3 ( )
Using the deduction in (C.11) on (C.19) yields (C.20).
v,
Vg o = % (C.20)

SinCceVion = Vien andVimn = Vian + Vdc DYy inspection on equivalent circuit Figure
A.3, (C.21) and (C.22) can be directly obtained from (C.20).

Vfa-n = 3dc (C21)
Vy

\Vj =_dc C.22

fc-n 3 ( )

A. 4. Switching Scheme fil1000

Equivalent <circuit representation of the
FigureA 4.

=1

Figure AAEqui val ent circuit representation
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In order to formulate the behaviorf t he switching scheme

circuit given inFigure A.4 is solved using the KVL equations of ledpand-2 as
(C.23) and (C.24) resptvely.

di 2t di, it
Vsa— n~ f = ﬁf VCoa Vac Vsb: n L f_fb —ﬁﬁ‘ \" Cc (C . 23)
dt C dt G
di At di, it
Ve n ™~ Lf = ﬁf Ycoc V- n f_fb ﬂ Vol (C24)
dt C, dt G

Equation (C.25) can be obtained by making use of (C.23), (C.24), (C.3) and (C.4).

di 3 . dt
-3vsk}n -BLfd_;:b _+ﬁC:L 2V-Cob Vesa Veod Ve < (C25)
f

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

B 3Vfb- n Veoa Yoo Veoo Vi 0 (C.26)
— Vdc (VCoa+ VCob +VC0)
vV, = C.27
fb-n 3 3 ( )
Using the deduction in (C.11) on (C.27) yields (C.28).
V
Vio-n = ;C (C.28)

SiNCEeVth-n = Vicn aNdVio-n = Vian - Vde DY INspection on equivalent circuit igureA .4,
(C.29) and (C.30) can be directly obtained from (C.28).

V., = C.29
fa- n 3 ( )
Vy
V, = c C.30
fc- n 3 ( )
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A.5. Switching Scheme fA1010

Equivalent <circuit representation of
Figure A.5.

FigureASEqui val ent <circuit representation

I n order to formulate the behavior of
circuit given inFigure A.5 is solved using the KVL equations of ledpand-2 as
(C.31) and (C.32) respectively.

di dt di it
Vsa n”~ f_fa ﬁf Yeoa VT-n Lf—fb ﬂ Veon - Ve (031)
dt C, dt G
di At di i Gt
Vee n~ Lf - ﬁf Yeoc V3B n f_fb f;ﬁ Veon "V (C32)
dt C, dt C

Equation (C.3) can be obtained by making use of (C.31), (C.32), (C.3) and (C.4).

_3vsb-n _BLf d;:b |F(1:fb 20'_Cob Vega Voo 2Vdc_ C (C33)
f

Substitution of (C.6) into (C.33) gives (C.34). Then (C.35) is obtained by rearranging
(C.34).

'3Vfb-n V

Coa

Y,

Cob v

Coc 2V_dc 0 (C.34)

v = e Voot Vew Weod (C.35)

fb-n 3 3
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Using the deduction in (C.11) on (C.35) yields (C.36).

(C.36)

SiNCeVta-n = Vicn @aNdVio-n = Vian - Vde DY iINSpection on equivalent circuit Figure A.5,
(C.37) and (C.38) can be directly obtained from (C.36).

V
Vi, , = % (C.37)
Vd
\V/ =_dc C.38
fc-n 3 ( )

A. 6. Switching Scheme fA1100

Equivalent <circuit representation of the sw
FigureA.6.

Figure AGEqui val ent <circuit representation of

I n order to formulate the bogehatvhere gpui vtahlee ns
circuit given inFigure A.6 is solved using the KVL equations of ledpand-2 as
(C.39) and (C.40) respectively.

di At di, it
Vsa— n- f i ﬁf VCoa VE_B— n L fﬁ f;ﬁ Vco\ (C39)
dt C dt C
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di At di i 4t
\V/ - L Ifc ﬁf V(-]](-: Vsb;n L fﬂ ﬂ VCo (C40)
d G

. A
sc n f dt (:f Coc

Equation (C.41) can be obtained by making use of (C.39), (C.40), (C.3) and (C.4).

\% Voo Ve © (C.41)

Coa

di. 3. dt
-3v, | -BLfd—f[b ﬁL M

Cob
f

Substitution of (C.6) into (C.41) gives (C.42). Then (C.43) isinbthby rearranging
(C.42).

B 3Vfb- n Veoa Yoo Ve VdE}- 0 (C.42)
— Vdc (VCOa+ VCob -H/COD
v, = Va C.43
fb- n 3 3 ( )
Using the deduction in (C.11) on (C.43) yields (C.44).
\Y
Vo = % (C.44)

SinceVtan = V-n andVion = Vien + Vdc by inspection on equivalent circuit Figure
A.6, (C.45) and (C.46) can be directly obtained from (C.44).

A

v, =4 C.45
fa- n 3 ( )
Vien = 2\;‘” (C.46)
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APPENDIX B

SYMMETRICAL COMPONENT ANALYSIS REPORT FOR
INTERHARMONIC FREQUENCIES

Symmetrical components are used to represémiee phase system with two sets of
balanced phasors and a set of single phase ptizadanced three phase phasors are
called agpositive andhegative sequence componensile the single phase phasor

is called as zero sequence compondpPobsitive, negate and zero sequence
symmetrical components of a three phase system can be deduced using the
transformation matrix given in (B.1¢.orresponding inverse transformation matrix is
also given in (B.2)The symmetrical components transformation matrices. i) @hd

(B.2) are given for current signals however it is also valid for voltage signal.

O pp p O
O pd & O (B.1)
0O p & O O
0 p p p O
O -p & ® O (B.2)
o) p &G & O

In equations (B.1) and (B.2)s, Ib andlc are respectively phasg b andc current
phasors, whildo, I+ andl. are respectively zero, positive and negative symmetrical
components. The symbals a phasor rotation operator which rotates a phasor by 120
degrees, that ia = €/ 2 Similarly a? is a phasor rotation operator which rotates a
phasor by-120 degrees, that ia = €? 3. In order to analyze the symmetrical

components of each of thearmonic and interharmonic components with 5 Hz
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resolution, the entire field record is divided into 200msec long windows. For each
window, phase, b andc current records are peptocessed via FFT, by this way,
magnitude and phase information of eachn@ric 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 phapoesentation 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 givea in t
following figures, whichFigureB.1 represents 150 HEjgureB.2 represents 250 Hz,
FigureB.3 to FigureB.16 represent interharmonics between 265 and 535 Hz with 5

Hz steps,Figure B.17 represents 550 Hz, anléigure B.18 represents 650 Hz

com ponents.
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Figure B.1 Symmetrical components of 150 Hz current harmonic of steel melting
facility at MV level

‘ ‘ | Positi\_/e i

4 Negative |
:ﬁ. 3l M L, | Zer‘o
: )
‘cé'n P |1I“|1 ,,,,,, lel n|
= W“’m M LT

ﬂ SR TR ORI,
20 40
Time, min

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) 26&, 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, c¢) 315 Hz, and d) 320
Hz current interharmoniasf 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, c¢) 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, ¢) 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, c) 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, c) 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 W},450 Hz, c) 455 Hz, and d)
460 Hz current harmonic and interharmonics of steel melting facility at MV level
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Figure B.14 Symmetrical components of a) 485 Hz, b) 490 Hz, c) 495 Hz, and d)
500 Hz current harmonic amaterharmonics of steel melting facility at MV level
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Figure B.15 Symmetrical components of a) 505 Hz, b) 510 Hz, c¢) 515 Hz, and d)
520 Hz current interharmonics of steel meltiagility at MV level
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APPENDIX C

HARMONIC ANALYSIS REPORT

Current and voltage wavefornoé steel melting facility under investigation by the
research work have beeallected 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 measuremés have been collectedlring 26 daydy a multipurpose power
quality analyzer 100 with data sampling rate of 25.6 kHz. Sampled data has been
postprocessed by using Fourier Transform in 200 ms window, resulting in 5 Hz
resolution. Subgroup harmonict0D] are used to determine exact value of each
individual harmonic componerftigureC.1 - FigureC.10, represents theagnitudes

of each individual harmonic up to %@s a percentage of maximum demak (n
addition to individual harmonics, TDD curve is givenFigure C.11. It is deduced
from FigureC.1 - FigureC.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 maigs them below allowdelimits except some high
frequency oned-igure C.8 shows that the proposed system has no significant effect
on 23% and 248" harmonics. Thus, a passive filter s@uattuned to a proper frequency

in between 28 and 23" 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 thah [2rmonic, somé@nes exceeds the

limit.
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Figure C.9 36", 38" and 48" current harmonics of steel melting facility at MV level
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Figure C.11 CurrentTotal Demand Distortion (TDD) of the steel melting facility at
MV level
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