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ABSTRACT

DESIGN AND IMPLEMENTATION OF A CURRENT SOURCE CONVERTER BAD
ACTIVE POWER FILTER FOR MEDIUM VOLTAGE APPLICATIONS

Terciyanl, Alper
Ph.D., Department of Electrical and Electronics Engimegri
Supervisor : Prof. Dr. Muammer Ermis

Co-Supervisor : Prof. Dr. Isik Cadirci

March 2010, 179 pages

This research work is devoted to the design, developmenimapi@mentation of a Current
Source Converter (CSC) based Active Power Filter (APF) fedMm Voltage (MV) appli-
cations. A new approach has been proposed to the design 688dased APF for reducing
the converter kVA rating considerably. This design appihdacalled the Selective Harmonic
Amplification Method (SHAM), and is based on the amplificataf some selected harmonic
current components of the CSC by the input filter, and the C&@ral system, which is
specifically designed for this purpose.

The proposed SHAM has been implemented on the first indu§&8& based APF for the
elimination of 11" and 13" current harmonics of 12-pulse rectifiers fed from Mediumt\ol
age (MV) underground cables in order to comply with IEEE &#i9-1992. 450 kVA rated
APF with only 205 kVA CSC rating has been connected to the M¥\ia a coupling trans-
former of 1600kVA, 34.A..1 kV. The power stage of the CSC based APF is composed of
water-cooled high voltage IGBT and diode modules.

Reference currents to be generated by the CSC are obtairibd bge of a selective harmonic

extraction method, by employing synchronously rotatinfignence frames for each selected
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harmonic component. An Active damping method is also useslippress the oscillations

around the natural frequency of the input filter, excludihg harmonic components to be
eliminated by APF.

Simulation and field test results have shown that SHAM canessgfully be applied to a CSC
based APF for reduction of converter kVA rating, thus makiragcost-competitive alternative

to voltage source converter based APFs traditionally uséadiustry applications.

Keywords: Active filters, pulse width modulated power cateies, harmonic distortion, power

quality, current source converter
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ORTA GERLIM UYGULAMALAR ICIN AKIM KAYNAKLI CEV IRGECE DAYALI
AKTIF GUC FALTRESI TASARIMI VE UYGULAMASI

Terciyanl, Alper
Doktora, Elektrik ve Elektronik Muhendisligi Bolim{
Tez YOneticisi . Prof. Dr. Muammer Ermis
Ortak Tez Yoneticisi : Prof. Dr. Isik Cadirci

Mart 2010, 179 sayfa

Bu calisma, Orta Gerilim (OG) uygulamalari icin Akim Keakli Cevirgece (AKC) dayall
Aktif Gug Filtresi (AGF) sisteminin tasarimina, gelifiinesine ve tesis edilmesine hasredilmek-
tedir. AKC dayali AGF sisteminin tasariminda, ¢evirgagna gucuni dikkate deger bicimde
azaltacak yeni bir yaklasim sunulmaktadir. Bu yaklasegilsBHarmonik Yukseltme Metodu
(SHYM) olarak aniimakta, ve cevirgecin Urettigi baz¢imis harmonik bilesenlerin giris fil-
tresi ve bu ise 0zel tasarlanmis kontrol sistemi tadamyukseltiimesine dayanmaktadir.
One siirillen SHYM, OG vyer alt1 kablolarindan beslenen aibeli dogrultucularin 11. ve 13.
akim harmoniklerinin IEEE Std. 519-1992 standardina uyadlagyabilmek amaciyla yok
edilmesi icin ilk endustriyel AKC dayall AGF sisteminggulanmistir. 450 kVA guctndeki
AGF sisteminin 205 kVA giicinde AKC anma giict olup, OGdya 1600 kVA, 34.8..1 kV
bir kuplaj transformatoril Uizerinden baglanmak-

tadir. AGF sisteminin gug¢ kati su sogutmal yuksek lgariGBT ve diyot modullerinden
olusmaktadir.

AKC tarafindan olusturulan referans akimlar, dncedsgilsiis her bir harmonik bilesen igin

senkron donen referans diizlemler kullanan bir secititoik ayristirma metodu kullanilarak
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elde edilmektedir. Giris filtresinin akord frekansi etnafa ve AGF sisteminin yok edecegi
harmonik bilesenler haricindeki salinimlari bastirmakaaiyla da bir aktif sonimlendirme
metodu kullaniimistir.

Benzetim ve saha test sonuclari gostermistir ki SHY®&¥jigecin kVA degerinin dusurilmesi
icin AKC dayall AGF sistemine basarili bir bicimde uygnabilmekte, boylece onu endustriyel
uygulamalarda geleneksel olarak kullanilan gerilim kdgingevirgece dayali AGF sistemleri-

ne karsi fiyat agisindan rekabetci bir alternatif yaptadi.

Anahtar Kelimeler: Aktif filtreler, darbe genisligi kiphimli ¢cevirgecler, harmonik bozulum,

guc¢ kalitesi, akim kaynakli ¢evirgeg
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CHAPTER 1

INTRODUCTION

1.1 General

In recent years, utilization of electrical energy has clahgith the improvements in power
electronic systems and their widespread usage in all kihdg@ipment. Conventional type
loads have been replaced by those having sophisticatedr pbeatronics systems. As an ex-
ample, AC motors being widely used in all types of industpiadcesses have been equipped
with AC motor drives for ease of control, and energy savingdjuitable Speed Drives
(ASDs), Uninterruptible Power Supplies (UPSs), compuders their peripherals, consumer
electronics appliances, etc. are the most common apjlitaincorporating power electronic
systems [1]. Although these systems provide many conveegto improve theféciency

in electrical energy utilization, they also yield inevitalproblems like degradation of power

quality in both distribution and transmission systems.

The main power quality problem arising from the power elsuts systems is the non si-
nusoidal currents injected to the network as a nature of tie-linear load characteristics.
These non-sinusoidal currents, or harmonics, distort tftage waveform of the supply, and
affect all other loads connected to the same bus. Many undksafécts of the harmonic cur-
rentgvoltages on the distribution and transmission systems bega reported [3, 4]. Among
them, the increase in rms currents and losses, excessitiagheatransformers and motors,
malfunctioning of relays and circuit breakers, and failofeapacitors due to resonance prob-

lems are the most well-knowrffects of the harmonics.

In order to minimize the harmonic related problems, and tprove the quality of the elec-

trical energy supplied, various national and internati@ggencies have published standards,



recommendations and regulations that specify limits omtagnitudes of harmonic currents
and voltages. Standards IEC 61000-3-2 [5], and IEC 6108(J&-specify the limits of har-
monic current components of the equipments, which are b&ingected to the Low Voltage
(LV) distribution systems, and having input current rasingp to 16 A (included), and exceed-
ing 16 A, respectively. In contrast to thégjuipment basedpproach, IEEE has released the
guide, IEEE Std.519-1992 [7] which contains recommendedtimes and requirements for

harmonic control in electric power systems specified botltéstomers and utilities.

In IEEE Std.519-1992, individual and total distortion ioels have been introduced both for
current and voltage harmonics. As a common representafiotal Harmonic Distortion
(THD), as given in 1.1, is used to define the total distortievel of a waveform including
harmonic components. Since, THD is defined with respectaduhdamental components of
the voltage and current waveforms; it may be nonsense undes sircumstances for evaluat-
ing the distortion level of current waveforms. As an examgl&ing the energization instants
of transformers, high amounts of second, third and fourtimioaic current components, as
well as DC, can be seen. Hence, THD value can be measuredigbr@25.0 %), exceeding
the limit values. However, these harmonic components anesrmaall compared to the rated

fundamental current of the transformer, and have very dichétect on the network.

THD = Yanliyioo
(1.1)
THD, = Y21“ix100

wheren= 2,3, ...

Another approach is proposed in IEEE Std.519-1992 to et@tha distortion level of current
harmonics. In this approach, limit values are defined wiglpeet to both rated or maximum
current of the loa@ystem under evaluation, and the short-circuit MVA of ths, lba which the
load'system is connected. Table 1.1 shows the individual antdoteent harmonic distortion

limits both for customers, and utilities.

In Table 1.1]sc denotes the short-circuit current of the bus at the Pointosh@on Coupling
(PCC), and_ is the maximum rms value of the fundamental current comppmérich is cal-

culated by using the 15-30 min. averaged data for the whokesarement interval, which is
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Table 1.1: Current Distortion Limits for Distribution andahsmission Systems (up to 36
kV*) according to IEEE Std.519-1992

Maximum Harmonic Current Distortion in Percentlof
Individual Harmonic Order (Odd Harmonics)

Isc/IL <11 1ich<17 17<h<23 2Xh<35 3%h TDD
20< 4 2 15 0.6 0.3 5
20<50 7 3.5 2.5 1 0.5 8
50<100 10 4.5 4 15 0.7 12
100<1000 12 55 5 2 1 15
>1000 15 7 6 2.5 14 20

Even harmonics are limited to 25% of the odd harmonic limiits\e.
* Above 36 kV, for transmission system, limit values are ladlthe values given in this table.
where
Isc = maximum short-circuit current at PCC.
I, = maximum demand load current (fundamental frequency coemtdmat PCC.

defined as at least one week continuously in IEC 61000-4-Baf[éhere is no sificient in-
formation, or the system is not existing,can be taken as the rated current of the legstem
under consideration, for design purposes. As an altem&iviHD, Total Demand Distor-
tion (TDD) is defined with respect th as given in (1.2) to evaluate the current harmonic

distortion.

TDD = @xloo (1.2)

Until January 2003, neither distribution companies notauers have had restrictions on
voltage and current harmonics in Turkey. However, Eleityriglarket Regulatory Authority
(EMRA) has published the harmonic limits firstly for disuiibn companies, and customers
connected to the transmission system directly; and thefighell the corresponding limits
for all customers connected to the distribution system.r&foee, as of September 2006, all
the customers and distribution companies shall comply thigrcurrent and voltage distortion
limits specified in these regulations [9]-[11]. Limit vakien the current harmonics specified
in the regulations are almost identical to those in IEEE®S18:1992, and the limit values on

voltage harmonics are almost the same with those in EN 50180 [

Besides, EMRA has published the new and very tight reguiatj@0, 13] on reactive energy
consumptions as of January, 1st 2008. According to thesdatsons, all customers and
distribution companies should have average power factoraanthly basis as 0.98, and 0.99

for inductive and capacitive regions, respectively.
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1.2 Solutions for Harmonic Filtering

A traditional solution for filtering of harmonics generatey non-linear loads is using either
series or shunt connected passive harmonic filters. Vastrityapf the passive filters applied
to industrial systems are shunt harmonic filters. Seriepectied passive filters are usually
used to bring the harmonics to a certain level, at which the and the cost of the passive
filter are kept at an optimum point. On the other hand, shussipe filters provide a low
impedance path to the currents at one or more harmonic fnregese and they have fierent
topologies such as single tuned filters, de-tuned filtergh Ipiass filters, and higher order
filters, depending the type of application as shown in Figufe In general, a number of
second order single tuned filters connected in parallelcartigh pass damped filters are
suficient to filter out the harmonics of many loads in industry. fitdt sight, passive filters
seem to be attractive owing to their ease of application,caists. However, they have many
significant drawbacks [4, 14]. First of all, the filtering feemance of the passive filters
completely depends on the network parameters. Since thésdanply the Kirché’s current
law, as the impedance of the network increases, the filtg@nfprmance of the passive filters
also increases. Hence, filtering performance degradesisantly for stiff (with high short
circuit MVA) networks. Besides, passive filters result isarance circuits with the source
andor load impedances. This may yield to high amounts of harmomirents and dangerous

overvoltages in the resonant circuit.

Band Pass High Pass Double Band Pass C - type
L L X L

2R :

< g R
r 7 r
C G

I C T ‘%
¢

Figure 1.1: Various passive filter topologies



Since most of the customers in Turkey pay their attentioméopower factor correction due
to very tight regulations on reactive energy, and monetanafiies, harmonic filtering issue
is usually under emphasized. In addition to this, the iremrusage of shunt plain capaci-
tors also increases the level of harmonic curkeitage components. Thereby, distribution
companies take measures against harmonics to comply wiitMalues specified in the asso-
ciated standards. However, in LV distribution systemss itdt easy to measure the harmonic
emissions of thousands of customers, and forcing them tedse their harmonic emissions.
For that reason, distribution companies are trying to foneelium and high power customers
for taking counter-measures against harmonics, as well&inginvestment at the interface

of distribution and transmission systems.

The increased severity of harmonic related problems haactatl the attention to develop
dynamic and adjustable solutions to the power quality gnoisl. With the development of

power semiconductor devices, modern solutions such aveABtower Filters (APF) have

become a valuable alternative to solve the power qualityplpros of both customers and
utilities. Although basic operating principles of APFs wéantroduced in early 1970's, deeper
interest has been shown by the advent of self-commutatimgepeemiconductor devices,
and the progress of the digital technology, such as micogssors, micro-controllers, digital

signal processors (DSP), and analog-to-digitaX’converters.

1.3 Active Power Filter Topologies

Thanks to the self-commutating power semiconductor deyiaad new digital control sys-
tems, APFs are superior in filtering performance of harnmson@mpared to the conventional
passive filter solutions. APFs can be used not only for filgedf harmonics, but also for reac-
tive power compensation, load balancing, harmonic ismhatvoltage regulation, and neutral
current and flicker compensation issues. For these purp8$dss having dierent circuit

topologies, and various connection schemes are being LSedl§]. Fundamentally, like pas-
sive filters, APFs can also be classified as shunt filterseséiiers, and as a combination of
these as shown in Figures 1.2 and 1.3. Shunt APFs are codriagtarallel with the load,

and act as a controlled current source. Shunt APFs are nssthble for compensating of
harmonic currents generated by a load acting as a harmomentsource, such as controlled

or uncontrolled rectifiers with inductive load on dc sidewdth capacitive load on dc side and
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a series passive filter on ac side. Shunt APFs, which aregaasia current source, can also be
used for the compensation of negative-sequence, zer@segand reactive components of
the disturbing loads. On the other hand, series APFs act@asteotted voltage source, which
makes them suitable for compensating harmonic voltagecesusuch as a rectifier with a
capacitive dc load, thus providing isolation between tletutlbing load and the supply [17].
The combination of shunt and series connected APFs is eefféoras Unified Power Quality
Conditioner (UPQC), which provides a complete solutionagtfor all type of power qual-
ity problems. However, UPQC systems are not so common irsingldue to their complex

power and control circuits, and higher costs as comparetiuatsAPFs, and conventional

solutions.
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Figure 1.2: Shunt and series connected APFs
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In some cases, APFs are being used together with passivehiarfiters to reduce the rating
of APF. One topology is shown in Figure 1.4, and is referredg@ hybrid filter [16]. The

combination of APF with one or more passive harmonic filteekes it possible to reduce
the rating of APF significantly both for harmonic filteringydreactive power compensation.
Although, hybrid filters are very attractive for high poweipéications, special care should
be taken in the design, especially for the parallel openabibAPFs with passive harmonic
filters [18]. In most cases, other existing passive harméitiers or shunt plain capacitors
change the system impedance seen from the loataA®F side, thus this may deteriorate

the performance of APF.
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Figure 1.4: Hybrid filter topology

APFs can also be classified as Voltage Source Converter (¥8€3d, and Current Source
Converter (CSC) based according to their power circuit ltmgies [19], as shown in Figure
1.5. Vast majority of shunt connected APFs are based on V3Coapacitors in the dc-link,
and are considered for connection to low voltage buses.dBgsalmost all of the commer-
cially available shunt APFs are being of VSC types [20]-[ZBhe VSC based APF consists
of a voltage source inverter, a dc link capacitor, and antififfter as shown in Figure 1.5.
The dc-link capacitgs, Cqc are used as energy storage elements supplying the enemdgdhee
for harmonic or reactive power compensation. VSC based ARfemnnected to the supply
via an input filter. Voltage source inverter is controlledgtenerate the ac voltages by uti-

lizing the dc-link voltage, thus injecting the required amnt to network through this input
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filter. Besides, input filter also eliminates the undeseahlrrent harmonics generated by the
voltage source inverter as a result of Pulse Width Moduta{®WM) at considerably high
frequencies. However, in practice, a first order L-type trfdter can not provide dticient
attenuation for the current harmonics at modulation fragueHence, second or third order,

LC- or LCL-type input filters are employed with VSC based ARE3).

As shown in Figure 1.5, CSC based APF consists of a currentsawerter, a dc link reactor,
and a second order LC-type input filter [24]-[26]. The enenggded to generate the desired
current reference is being stored in the reactor at the dc Jile operation principle of the
shunt connected CSC based APF is similar to that of VSC ba$¥iel However, in CSC
based APF, reference current is generated directly by mtidglthe current flowing through
the dc-link inductor. Undesired harmonic components dubediigh frequency modulation
are also filtered out by the second order LC-type input filtarthe literature, VSC based
APFs have been considered to be more favorable than CSC B&deslin terms of cost,
circuit complexity, and fiiciency. On the other hand, fast and superior performance in a
current control, and inherent short circuit protection #re main advantages of the CSC
based topology. Comparison of the fundamental charatitsriand performances of VSC

and CSC based APFs are given in [27]-[29].

K&K KA O
Iz KA 2/.\3| 4% § |
Voltage Source Converter Current Source Converter

Figure 1.5: Current and voltage source converter based APFs



1.4 Current Source Converter Based Active Power Filters

Although, the CSC based APFs have been reported in thetlitetathe research work on
CSCs are generally based on its use as a rectifier or invedgecially in ac and dc motor
drives [30]-[34]. Hence, the control strategies and wawafonodulation techniques have
been proposed mostly according to these applicationsk&MEC based APFs, the number
of research works on CSC based ones are limited [35]-[4#jpagh the CSC based APF
has been proposed first by Gyugyi in 1976. These researchswanke been mostly based
on the adaptation of the control and modulation techniquédch were proposed for VSC
based APFs, to the CSC based ones, and limited to the sionulatirks angbr laboratory
prototypes.

In [26], a CSC based APF with a shunt connected high pass fiisrbeen introduced,
where APF suppresses low order harmonics, while high-péessdoes the higher order ones.
Hence, an excellent performance over a wide frequency riara®ained with a low switching
frequency. Besides, a modified on-line SPWM method has bessepted with anféective
switching frequency of 39 of the carrier frequency. As the complementary of this work,
in [36], the oscillations arising from the high pass filtesh@een suppressed by a feedback
controller employing source currents and phase voltagesidBs, it is shown that the time
delay arising from the digital controller is also correctsdthe use of the proposed feedback

controller.

The research in [37] has proposed a CSC based APF with ae aetimping method employ-
ing the voltage across the series filter inductance by thealies of the input line currents,
to suppress the transient oscillations caused by LC-typetifilter without inserting filter
resistors. In addition to this, an analysis showing the badiith of the APF, that is /" of

the carrier frequency, has also been presented.

In [38], a simple reference current generation based onelesssesonant elements has been
introduced. The lossless element has an infinite gain atdbenant frequency, which is
tuned the frequency of the harmonic components to be eltetinaBy this way, not only
the reference current is obtained, but also the magnitudephase fiect of the LC-type
input filter is corrected. However, it fiers from longer response (settling) time, and unstable

operation due to the variations in the system parameterdragdency, especially for the
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cases, in which inter-harmonics are available.

A decoupled control of the CSC based APF in synchronous eefer frame has been in-
troduced in [39] and [40]. Using the proposed strategy, at @& control loops, become
decoupled and linear, therefore conventional feedbadkean be applied. In [39], the pro-
posed method is applied to a case where the ac current camttohe via feedback signals

from source current, thus reducing the number of the sersoreats.

An artificial intelligent controller for single phase CSCsked APFs has been proposed in [41].
The two adaptive linear neurons have been employed to eéxitradarmonic components of
the load current, and to obtain the fundamental componettieophase voltages. Parallel
operated units, each tuned tdfdrent frequencies, are set to be ON and OFF according to
the decisions, based on IEEE Std. 519-1992. The losses bf awerter are kept at a
minimum by adjusting the dc-link current level accordingthe magnitude of the current
reference. However, due to the complexity of the proposedrabsystem, it was verified

only by theoretical simulations.

An on-line carrier based pattern generator for CSCs has jmegmosed in [42] with unity ac
gain and halved switching frequency, and compared with ¥E\8M applied to CSCs, as
given in [43]. In the method, a dead-band technique is engalayith a sawtooth carrier to
reduce the number of switchings, where tligeetive switching frequency becomes half of
the carrier frequency at the expense of increased low oraendmics as compared to the
triangular carrier case. It also presents the relation éetwthe cycle frequency in SVPWM
and the parasitic low order harmonics, which are minimurefoycle frequency of multiple

of 6. Besides, a simple analog implementation of the prapasethod was introduced.

In [44], an open-loop control of a CSC based APF has been peapaith minimum number
of voltaggcurrent sensors. The reference current to be injected byig\Bltained from line
currents of the load, and used in a feedforward control. Hudlations arising from the LC-
type input filter are damped without any measurements busimguhe dynamic equations of
the input filter. However, system is highly sensitive to tlegidtions of the system parameters,

especially the inductance value of the input filter.

In order to reduce the size of the dc-link inductor, a hybridrgy storage in the dc-link of the

CSC based APF has been presented in [45]. In this methodidhgtergy storage consists
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of a reactor and a capacitor, which is connected to the dcelirthe CSC via two controlled
switches (IGBTs) and two diodes. Although thfeé@ency of the overall system increases and
the size of the dc-link reactor decreases, it introducegpbexrpower circuit with complicated
control algorithm as well as the reduced filtering perforogas compared to the conventional

case.

In [46], a four-wire four-leg CSC based APF has been preserated verified by both the-
oretical and experimental results with minimum number ofent sensors, and a SVPWM
method has been adopted to the four-leg CSC as in [44]. Haowasealiscussed above, the
size of the dc-link reactor and losses become more signifindour-wire topology, because
of the higher dc-link current, which is needed to compengate sequence current vector,

and increased number of semiconductor devices.

A hybrid filter, which is a CSC based APF with a series capaatothe ac side, has been
proposed in [47]. By this way, the fundamental componenhefioltage at the input side of
the converter is mostly blocked by the series capacitorhemde, the voltage stresses on the
semiconductor devices are reduced. However, in trandiatass or in the case of unbalanced
line currents, the voltages on the series capacitors becminalanced, which may result in
high overvoltages on the devices. Hence, the benefit, winictes from the reduced switching
losses, disappears due to the extra control of voltage Gakarwith increased number of

switchings.

In summary, few researchers have focused on the analysidesigh of CSC based APFs
[36]-[47]. Besides, almost all of these research works ianédd to theoretical simulations
and laboratory work, and any application of the CSC based t&RFke industry has not been
reported in the literature so far, due to relatively highemwerter losses and cost of the con-

ventional CSC based APF configuration as compared to VSQIERE.

1.5 Scope of the Thesis

In this research work, a CSC based APF has been proposed dan usedium voltage,
medium power industry applications. A new approach, whilvased on the use of the
amplification property of the input filter, and called the éxive Harmonic Amplification

Method (SHAM) in this thesis, has been proposed in the desidgroth the control system
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and the power stage of the APF. This reduces the kVA rating@icbnverter considerably,
thus eliminating the main disadvantage of the CSCs caushitjbgr losses of the power stage
and storage element as compared to VSCs. In order to mak@dhé topology as simple as
possible, and to damp out the oscillations due the paraslimrance occurring around the nat-
ural frequency of the input filter, passive and active damgimlutions have been investigated.
A new active damping method based on selective harmoniaaidn has been proposed as
the damping method to make SHAM applicable. In order to cansthe required current
waveforms at the output of the APFfiirent modulation techniques have been investigated,
and among them, Dead-band Sinusoidal Pulse Width ModuldB&PWM) method, which

provides minimum low order harmonics, was chosen as the fatmiun the proposed APF.

The design procedure has been presented by a systematimaelpprand verified by the

corresponding computer simulations. An application pggqte has been designed and im-
plemented to solve the harmonic current problems of a nwali load characterized by
12-pulse uncontrolled rectifiers in a Light Rail Transptioia system, which are injecting

excessive 11 and 13" current harmonics to the network. Theoretical results inbthin

EMTDC/PSCAD have been verified by the corresponding laboratonyfiafttitest results.

The application prototype of the CSC based APF is compos28®kVA CSC, and 95 kVAr
input filter capacitor, and is connected to the MV bus via dadetye connected coupling
transformer of 34,4.1 kV, 1600 kVA. The coupling transformer is already avalgafor the
connection of a Thyristor Switched Shunt Reactor (TSSR)2&01kVAr to compensate for
the capacitive reactive power of the long MV undergroundesabAlthough the rating of the
CSC is chosen to be only 205 kVA, thanks to the proposed SHAWI otverall APF rating
becomes 450 kVA. The leakage inductance of the transforoteraa the series inductance of
the input filter, thus eliminating the need for an extra seieluctance, and making the circuit
topology simple. The input filter is tuned to 780 Hz to provadéicient elimination of carrier
harmonics as well as required amplification of th& &Hhd 13" harmonic components. As
the switching elements, HV Insulated Gate Bipolar Transi@GBT), and HV fast-recovery
diode modules with isolated cases have been usgdctive switching frequency of the semi-
conductor devices are reduced by the application of DSPWHhodkefor a carrier frequency
of 3.0 kHz. Cooling of the semiconductor devices has beereaet by use of a water cool-
ing system employing a water-to-air heat exchanger. DcH#actor was chosen as to be an

iron-core reactor for reducing losses, and saving fromespac
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This research work makes the following original contribog to the area of CSC based APF

systems:

e A new approach to the design of the control system and powgesif CSC based APF,
which brings a significant reduction in the converter kVAngtby use of the amplifi-
cation property of the input filter, which is called the S¢ileeHarmonic Amplification

Method (SHAM) in the thesis.

e Proposal of a new active damping method based on selectiimhé extraction tech-

nique, to make SHAM applicable.

e First design and implementation work of medium voltage, inmadpower CSC based
APF system by making it a cost competitive alternative toveational VSC based

APFs.

e First application of CSC based APF to an industrial loadratierized by 12-pulse un-

controlled rectifiers, supplying the catenary lines of aitigail Transportation system.

e Presentation of the design procedure using a systematioagpbased on theoretical

analyses, and simulation works for the proposed CSC baséd AP

e \erification of the proposed design approach to CSC based syBtem by field test

results.

The outline of the thesis is given below:

In Chapter 2, operation principles of the CSC based APF isritiesl. After presenting the
simplified circuit configuration, reference current getieratechniques in APF applications
are discussed, and the selective harmonic extraction mét@eed on synchronous reference
frame, which is used in this work, is described in detail. As part of the reference current
generation, the proposed active damping method, reactmepand dc-link control issues
are explained with the necessary analyses and simulatioksw@omparing the applicable
on-line pattern generation (modulation) techniques to §ISPWM method is explained

with its application both in analog and digital control syss.

In Chapter 3, the proposed SHAM is explained on a specific pi@nand the key points in
the design of the input filter to reduce the kVA rating of theC&e presented. Suppression
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of the carrier harmonics, and hence the selection of theéecdrequency are also given in

conjunction with the input filter design.

In Chapter 4, design principles and implementation of a omadioltage, medium power CSC
based APF are presented. After characterization of thelinear load, technical specifica-
tions of the prototype system are given. Next, sizing of tipt filter elements is described.
Besides, determination of the active damping gain is ptesefor the corresponding filter
elements. Then, the dc-link reactor design and the setedficemiconductor devices are
described. Optimization of the turn-tuarn-of resistances of the gate drive circuits are also
given for the chosen IGBTs and diodes as well as the desigowéipstage layout including
the details of laminated busbars. Design criteria of thddides of semiconductor devices,
and the cooling system are described with the theoretisaldalculations based on simulated
voltage and current waveforms. Design and implementatignadection and control systems

applied to the implemented CSC based APF are also presented.

In Chapter 5, theoretical results obtained by simulatiomk&oand experimental results ob-
tained by field tests on the application prototype of the C&&: APF are presented. Field
test results include technical performance indices suatuaentvoltage waveforms on ac
and dc sides, and their harmonic spectra. The results oftéstd have shown that the pro-
totype CSC based APF successfully eliminates tH8 4nd 13" harmonic components of
the 12-pulse uncontrolled rectifiers supplying the catetiaes of a LRT system, and thus

complying with the associated limits specified in the IEER. $t19-1992.
General conclusions are given in Chapter 6 with proposaésfofther study.

In Appendix A, equivalent analog circuit representatiothef DSPWM based on-line pattern

generator is given.

The Fortran code of the gate pattern generator construnt&MTDC/PSCAD is given in
Appendix B.
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CHAPTER 2

OPERATION PRINCIPLES OF CURRENT SOURCE
CONVERTER BASED ACTIVE POWER FILTER

2.1 Introduction

A CSC based APF, which is assumed to act as an ideal currertes@ucapable of gener-
ating any kind of reference current waveform depending enaplication purposes, such
as harmonic filtering, reactive power compensation, loddnzing, and neutral current com-
pensation. For each of these applications, appropriataitiopologies and control schemes
should be employed. As discussed in the previous chaptent slonnected APFs are well

suited for filtering of current harmonics.

When the harmonic filtering is under discussion, correchtifieation of the load harmon-
ics, and determination of the topology and installed powdhe APF are important design
issues. In most cases, there are usually a few harmonicntwoenponents that should be
filtered out to comply with the limit values specified in IEEEI$19-1992. Hence, elimina-
tion of one or a few harmonic current components would lfBcent to meet the objectives.
For that reason, first defining the harmonic current compksnexceeding the limit values,
and then, designing the circuit topology and the contralesyisof proposed APF according to
these selected components would be a proper engineerimgaapin the view of technical
and economical aspects. 6-pulse and 12-pulse power cersente very common in sev-
eral industry applications, such as power supplies aydtanotor drives. Harmonic current
components of the orders oh& 1 andor 12n + 1 are mostly seen in distribution systems.
However, it is usually dicient to comply with the standariegulations by filtering one of

these harmonic groups, e.g. elimination of"land 13" harmonics of 12-pulse converters as
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described in this thesis.

The best practice for the elimination of harmonics, or fa& ¢bmpensation of reactive power,
is to solve the problem as close as possible to its source,amiding the other loads at the
same busbar from being disturbed . However, in some apiglitatit is not possible to solve

the problem using this approach, due to the limitationsiragisrom power system design.
Besides, there might be many non-linear loads generatingdracs or demanding reactive
power, and in that case, it would not be feasible to solve thblpms individually rather than

bringing a group solution. Therefore, it may be requireddlves the problem at an upper

(voltage) level, which is usually the MV bus.

Since the cost of a coupling transformer is seen as the maimbdrck in MV, mediuntigh
power applications, many research works have been presemechieve a transformerless
operation, in particular series capacitor based hybridr§ilfor VSC based APFs [48]-[51].
However, due to the limitations in the voltage ratings ofakailable semiconductor devices,
and the reliability issues, no such work has been reportefbythe transformerless operation
of APFs at MV level. Most of the systems connected to the MV Wwitkout coupling trans-
formers are based on series operation of semiconductocegegind multi-level topologies
[52, 53].

Almost in all medium power applications, coupling transfers are being used for either
reducing the voltage ayat current rating of the APFs, or providing an isolation betw
the supply and the converter. The CSC based APF describddsiithiesis has a coupling
transformer for the connection of APF to the MV bus. Besidhs, coupling transformer

serves also as a part of input filter as described in the fallgwections.

In this chapter, the system description and operation jples of a shunt connected CSC
based APF, which is used for eliminating some pre-seleai@ect harmonics generated by
a non-linear load, will be presented. After describing thasib circuit topology of the CSC
based APF, reference current generation, and waveformlatamumethods will be described

in detail. At the end of the chapter, brief conclusions wdlgosted.
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2.2 System Description

2.2.1 Basic Circuit Configuration

Single line diagram of the CSC based APF connected to a MV $géven in Figure 2.1.
It is composed of a CSC, a MWV coupling transformer, an optional series reactor with an
optional parallel resistor, and a shunt connected capac&C is consisting of six fully
controllable power semiconductor devices, each havingdirentional current carrying, and
bipolar voltage blocking capability, and a dc-link reach@ing used as the energy storage

element as shown in Figure 2.2.

L MYV Bus
ls B
€s . Non-linear
I i Load

Coupling

MVILY Transformer

Optional | Lf
I
I

C?' +_$ 1 dese

_|

Lo

Current Source Active
Power Filter

Figure 2.1: Single line diagram of CSC based APF
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Figure 2.2: Current Source Converter

The output current of the CSGy, is generated by modulating the current flowing through
the dc-link reactor, which is almost constant during a dwitg period. Hence, output cur-
rent waveform of the CSC has high frequency harmonic curentiponents as well as the
harmonic components to be eliminated by APF, and a fundaheoaiponent at the supply
frequency. In order to filter out the undesired high freqyemarmonic components, referred
to as switching ripples, an LC-type input filter is employedshown in Figure 2.1. Unlike
CSC based STATCOM applications [30], the output currenhef€SC contains both switch-
ing ripples, and harmonic current components, which anegoeiiminated by the CSC based
APF. Hence, LC-type input filter may also amplify or attemutiie harmonic current com-
ponents to be filtered out. For that reason, the design ofyip€-input filter requires a more

detailed work as described in the next chapter.

The shunt connected capacit@x; in Figure 2.1, is providing a low impedance path both for
the switching ripples of the CSC, and the recovery currentsnd commutation periods [30].
The series connected external inductarige,which is optional, and the leakage inductance
of the coupling transformer makes the total inductance fostype input filter.L is optional
because, in most cases, the leakage inductance of theomaesfwould be sflicient to pro-
vide the required input filter inductance. However, in soipgliaations,L; provides an extra

flexibility for the tuning of the corner frequency of the L@pe input filter.
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The LC-type input filter, having a natural frequency to beestdd according to the applica-
tion type, is seen as a parallel resonant circuit from the G8€. Hence, harmonic current
components, generated by CSC, around the natural frequéiog input filter would be am-

plified, and high amounts of oscillations would be seen astigply side. In order to damp
out these oscillations, either an external damping reasiRpas in Figure 2.1, or an active

damping method should be employed.

2.2.2 Basic Operation Principles

The operation principle of the CSC based APF simply requiregeneration of the reference
current vectors, and then modulation the current flowingugh the dc-link inductor accord-
ing to these reference current vectors. In order to accaimphis work, CSC based APF
has a control system whose block diagram is as illustratédgare 2.3. The control system
has two main parts: (i) reference current generation, (@yeform modulation. Reference
current generation block in Figure 2.3 is responsible frotmagting the harmonic current
components to be filtered out from the line currents of theJ@ad generating the resultant
current vectors to be modulated. On the other hand, wavefooaulation block is respon-

sible from generating the switching commands to power semdigctor devices according to
the corresponding reference current vectors. By this w8 @jects the required currents

through the LC-type input filter to the supply.

i
1s ,.\jl if MV/LV lese _l
—_ -«— -«— .
@-NE‘\ ) T | iae
es Cr
L

1] iy
Y >
Lese | Waveform
Reference "| Modulation
L Current .
€s | Generation < lde

Figure 2.3: Simple block diagram of the control system
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Output current of CSU¢qg, in Figure 2.4, is being modulated by the current flowing tigfo
the dc-link reactor, and has a chopped waveform. Thus, itlsin harmonics, including the
harmonic components at the frequencies to be selected tkmirfdg, and at the sidebands of
the carrier frequency. This chopped current waveform isathem while passing through the
LC-type input filter, and is transformed to a sinusoidal wak®. Owing to the proposed
control system, the output currents of the CSC are beingrgttein a way that, output
currents of the APF are equal in magnitude, but in anti-pkétethe pre-selected harmonic
current components of the load current. By this way, at thpyseselected frequencies, the

harmonic components at PCC will be ideally zero.

Load

MV Bus T VVW\’\WMMW\D
i

MV/LV

Coupling

Transformer
Cf 3\\ Iicsc

_|

L

Current Source Active
Power Filter

Figure 2.4: lllustration of CSC and APF currents
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Figure 2.5: Block diagram of the reference current genemati

2.3 Reference Current Generation

A closer form of the Reference Current Generation blockvsmin Figure 2.5. The harmonic
components of the load current, at pre-selected frequgnare extracted by employing the
Selective Harmonic Extraction sub-circuit. Active Dangpisub-circuit generates the refer-
ence current vectors to suppress the undesired oscikagiaund the natural frequency of the
input filter. Besides, Error Compensation sub-circuit isdias a feedback controller to com-
pensate for the error at the output current of APF. Findllg,fundamental current controller,
or simply the PQ Controller, generates the reference cuvestors at fundamental frequency
to provide the required active power flow keeping the dc-tinkrent at its desired value, and
reactive power flow, if it is desired. The sum of the outputslbthese sub-circuits is being

used as the final reference current vector to be modulated.

2.3.1 Harmonic Current Extraction Method

In order for the CSC based APF to operafieetively, generation of correct reference current
vectors is a critical point. First of all, the harmonic compats of the load current should
be extracted without any gain or phase error. Many techsigbeth in time and frequency

domains, have been reported and evaluated for extractingatmonic currepitoltage com-
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ponents in APF applications [54]-[56]. The frequency-donmaethods are mainly identified
rearranged forms of Fourier analysis. The main purpose [gdwide the result as fast as
possible with a reduced number of calculations, to allowad tiene implementation using
Digital Signal Processors (DSPs). The main drawbacks oftheier-based harmonic ex-
traction techniques are: large memory requirements foagt large computational power

required for the DSPs, and unsatisfactory performancenguransients.

On the other hand, time domain methods for the extractiomwhbnics &er increased speed,
and fewer calculations with precise results. The most commethods employed in time
domain are: Instantaneous Power Theory (IPT), and SynobsReference Frame Method

(SRFM) [15, 54, 59].

2.3.1.1 Instantaneous Power Theory (IPT)

The IPT, which is also referred to 8g-q theory”, determines the harmonic distortion by
calculating the instantaneous power in a three-phasersysthich is the multiplication of
the instantaneous values of the currents and voltages ThigIPT uses0 transformation,
also known as the Clarke transformation, which transfotmestiree phase quantities abc
reference frame into theBO0 reference frame. The Clarke transformation, and its irvers

transformation for three phase voltages are given by (21d)Y2a.2), respectively.

V, Va 1 _% _% Va
Vo Ve % x/ii \/AE Ve
Va v, 1 0 5 || v
w [=C | v ‘ \EI -3 2 2w (22)
Ve Vo VoOVu v lv

Similarly, transformations can be written for current westas given in (2.3), and (2.4).
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|a ia 2 1 _% _% ia

g [=C1|ib |=4/5] O 3y (2.3)
; 1 1 1

lo lc V2 2 V2 le

ia iy 1o L i,

b |=C i |=y3] 2 2= -~ ||k (2.4)
; ; 1 1 1

c 0 Vzoov2o oz Ll

Since, the terms corresponding to the zero sequence cuardtvoltages will disappear for
three-phase three-wire systems, such as MV distributistenys, instantaneous current and

voltage vectors can be expressed by
(2.5) and (2.6), respectively.
=i, +]jig (2.5)
V=V, + Vg (2.6)
The instantaneous powercan be expressed by using the current and voltage vectongess g
in
(2.7), and (2.8).

S=V-i'= (Vo +] Vﬁ) (e — ] Iﬁ) = (Valo + Vﬁiﬁ) +] (Vﬁia - Vaiﬁ) (2.7)
p q

Wi

The real and imaginary powers expressed in (2.7) have bo#md@c components. The dc

terms correspond to the conventional active and reactiveeat fundamental frequency,
whereas ac terms correspond to the harmonic powers arigsingthe harmonic components
of the load current provided that, supply voltage do not aonharmonics. Hence, if it is

wanted to extract the harmonic components of the load cyringgh frequency components
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Figure 2.6: Harmonic extraction Bynstantaneous Power Theory”

of p, andqin (2.7) should be filtered out as illustrated in Figure 216 ptactice, High Pass
Filter (HPF) in Figure 2.6 is implemented by employing a LoasBFilter ag1-LPF) in order

to avoid the phase shift coming from HPF. Since LPF does riaidnce a phase shift to the
dc signal, there will be no phase error. If reactive power gensation is also desired as well

as harmonic filtering, both ac and dc termgyathould be used as reference imaginary power.

After extracting the AC components of andq in (2.8), the reference current vectors can be

obtained by applying the transformations in (2.9), and@Raiks follows:

i — ~ 1 Vo Vg p

it __V2+v2'l _ H & ‘ =9
5 | @ B \/ A\ q

in 1 0|r.

B 1 V3 la

b l=yz3 |3 2 . (2.10)
i* _1 _ﬁ B

c 2 2

The expression in (2.9) is not adequate if the system hasoaseguence component due to
an existing unbalance. Thus, a zero sequence power mustdiee &l provide a complete
analysis [58]. In addition to this, if the supply voltagee alistorted, the reference vectors

will be affected, and the result will not be satisfactory. Hence, suppltages should be

filtered before using in the IPT.
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As illustrated in Figure 2.6, all the harmonic components] the reactive power component
at fundamental frequency can be extracted by employing IfFATis required to filter out
some of the harmonic components of the load current at peetsd frequencies rather than
all of them, a notch filtering approach should be employed¢ciwbould be already done in
abcreference frame. Therefore, IPT is not a very suitable ntefboa selective harmonic

extractiorielimination approach.

2.3.1.2 Synchronous Reference Frame Method (SRFM)

SRFM is based on the space vector representation of thentaimd voltage signals. The load
currents at stationary) reference frame are transformed into a rotating frameyred to

asdqreference frame, by means of the Park transformation matsias follows:

b

wheregy, is the phase angle information of the corresponding reterérame. In Figure 2.7,

lo

=l cos6n sinéy H iq ‘ 2.11)
ig

ig —-siné, coséy

this transformation is illustrated by means of space vector

Iq Ig

i
Q

Figure 2.7: Space vectors a8 anddq coordinates

The dq reference frame is rotating at an angular speagdat a selected frequency, which
makes the harmonic components at that frequency dc, andhalt barmonics, ac values.

Thus, if the angular speed of the reference frame is equdlatoaf fundamental frequency,
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Figure 2.8: Harmonic extraction by Synchronous ReferemaenE Method

positive sequence of the fundamental component will apasalc component, and all other
harmonics, as well as the negative sequence of the fundahmm, will be appear as ac
components [59, 60]. Hence, harmonic components of thedaa@nt to be eliminated by
the APF can be easily obtained by filtering out the dc compitsnehthe current vectors in
dqreference frame, as illustrated in Figure 2.8. If the loadeant has a negative sequence
component, and there is no load balancing issue under @asioh; another synchronously
rotating frame should be employed to eliminate the negatasience component from the
final reference current vectors, which is seen as 100 Hz coemidor the positive rotating

frame [2, 59].

The reference vectors, obtained by filtering out the dc camapts of current vectors idq
reference frame, are then transformed back intaiheeference frame by means of inverse
Park transformation matri>xG, ! as in (2.12). Then, final reference current vectors can be

obtained by applying the inverse Clarke transformationrixa®; %, as in the IPT.

o %

ax

—
oy 8%

cosfn -—siné; i3 (2.12)
sind, CcoSHy ia .

Let the load current, in Figure 2.8 be expressed by (2.13).
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la = flcos(wst + (,01) + |A11C0q11wst + QDJ_]_) + f13cos(l3(ust + g013)
Ip = flcos(wst - %ﬂ + 1) + |A11C0q11wst + % +p11) + f13cos(l3(ust - %ﬂ + ¢13)
lc = |A1C0$.(wst + % + 901) + |A11C0$.(11Lust - %ﬂ + (,011) + |A1300£(13a)st + %ﬂ + (,013)

(2.13)

whereiy, i1, andi;3 are magnitudes of the fundamental™ and 18" harmonic components

of the load current with phase anglesgaf @11, andp13, respectively.

By applying the Clarke transformation matri€; as given in (2.14), line currents iabc

reference frame can be transformed intodpaeference frame,

lo = \/g {l1coqwst + 1) + 11c0411wst + 17) + [13c0(13wst + ¢13)}
(2.14)

g = \@ {[1sin(wst + ¢1) — l118IN(11wst + ¢11) + [135IN(13wst + @13)}-

The current vectors ing reference frame are then transformed intodegeference frame,

which is rotating at a frequency identical to that of supply, as in (2.15).

lg = \@ {l1c0Swst — bh + ¢1) + 1101wt + O + ¢11) + (1300 13wst — b + ¢13)}

|q = \/g {flsir\(wst —0h+ 1) — fllsin(llzust + 0 + p11) + flgsin(l&ust —0h + p13)}
(2.15)

Fundamental components in (2.15) become dc values, wh&i#aand 13" harmonics re-
main as ac components with a frequency shiftgf provided thatd, = wdt, as given in
(2.16). Hence, if the dc components of the current vectaditiered out by a HPF (or 1-
LPF), resultant vectors will be the reference current wector APF. Since, 1% component

is a negative sequence, and™i8 a positive sequence component regarding the fundamental

(positive sequence), both will have an angular frequend2af; as in (2.16).
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lg = \/g {l1c0gp1) + 11001 2wst + p11) + 11300120t + ¢13))
(2.16)

lq = \/g {f1sin(1) — [118IN(12wst + @11) + T13SIN(12wst + ¢13)}

After extracting the dc values from the current vectors id62, final reference current vectors

in dqframe are given by (2.17).

lg* = \E {l11c04120st + @11) + [13c091 2wt + 913)}
2.17)

lq" = \/g {~T11SiN(12wst + @11) + [138IN(12wst + p13)}-

Reference vectordg™ and lq*, are then back transformed into tabc frame by applying

inverse Clarke, and Park transformation matricgs! andC; ™2, respectively.

In opposition to the IPT, the advantage of the SRFM is thapguypltage waveforms do not
have any fect on the reference current generation process, providedie angular speed of
the rotating frame is correctly determined. Hence, in SR&&lermination of the phase angle
(or angular speed) of the rotating frame is a critical prec@gich is done by employing a

Phase Locked Loop (PLL), as described in the following sciie.

Another important fact about SRFM is that any harmonic congmb can be extracted individ-
ually by applying an associated synchronously rotatingn&dior each harmonic component.

For that reason, SRFM was chosen as the harmonic extracgtmoohin this work.

2.3.1.3 Phase Locked Loop

Phase Locked Loop (PLL) algorithm is very critical for hamimextraction techniques em-
ploying synchronously rotating frames. The phase angtanmétion obtained by PLL deter-
mines the performance of the APF. There have been many ngetbpdrted to find the phase
angle information, especially under distorted supply d@mas as reviewed in [61]. Among
them, Synchronous Reference Frame PLL (SRF-PLL) is singnid,used in almost all PLL
techniques for three-phase systems [62]. The basic blegtain of the SRF-PLL is as given
in Figure 2.9.
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Figure 2.9: Block diagram of the PLL circuit

The line-to-line voltages in stationaral{d reference frame are transformed into the syn-
chronously rotatingdq) reference frame by using the phase angle informationvhich is
synchronized to the utility frequency, and associatedk@land Park transformation matri-
ces,C1, andC» in (2.1), and (2.11), respectively* is obtained by integrating a frequency
commandw*. If the frequency commana@* is identical (locked) to the utility frequency, the

voltages,Vq andVq will appear as dc quantities, whevg will be zero.

The PI regulator used to obtain the valuegofdrives the feedback voltagé, to the com-
manded valué/y*, which is simply zero. Hence, PI regulator results in a mtateference
frame making the/q zero, and thus necessitates the frequency of this refefemoe to be

chosen equal to the frequency of the utility voltage.

The main consideration evaluating the performance of thie-BRL is its behavior under dis-
torted utility conditions. Since, SRF-PLL has two integratin the control loop, an inherent
filtering is employed against these distortions. Besiddgjsting the gains of the integra-
tors (or reducing the bandwidth of the controller), probdeamising from the distorted utility
conditions can also be minimized. However, reducing the-BRE bandwidth results in the

increase of response time, and the system can not track gfecirguickly [61].
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2.3.1.4 Selective Harmonic Extraction via SRFM

In MV applications, only a few harmonic components are Ugueadceeding the limit values,
and in most cases, it is fiicient to eliminate those components for complying with |ERH.
519-1992. Furthermore, the need for the elimination of dsimonic component exceed-
ing the limit values would not be identical for a given apation. For instance, at least a
70 % filtering performance might be required for thé"Harmonic component, on the other
hand, 40 % filtering performance might beffitient for 13" harmonic component in order
to comply with IEEE Std. 519-1992. Hence, by the use of thet®le harmonic extrac-
tion approach, any harmonic component at pre-selectedidrenes can be extracted as the
reference for APF, and independent control loops can be@mglfor each harmonic com-
ponent to achieve fferent filtering performances, which also obviously redineerequired

installation capacity [63, 64].

SRFM is chosen as the harmonic extraction method in the CS€&dbaPF, because of two
main advantages: if the phase angle information is coreectent vectors are notfacted by
distorted supply voltages; and any harmonic componentieas@ected frequencies, can be
extracted by employing the associated synchronouslyimgtaéference frames. In order to
apply SRFM to diferent harmonic components, a number of synchronous refeifeames
having diferent frequencies should be used [65]. A block diagram stgulie selective
harmonic extraction process forflland 13" harmonic components as an example is given

in Figure 2.10.

As seen from Figure 2.10, two independent loops, one for dacimonic component, are
used. In each loop, synchronous reference frames with gggéncies identical to those

of harmonic components are employed. Fol" Harmonic component, the synchronously
rotating reference frame has an angular frequencyldivs, thus making the 1 harmonic
components dc idqreference frame. Similar case is also valid fof**@rmonic component,
provided that associated reference frame has an anguigreiney of 13)s. After making the
harmonic components dc valuesdgreference frame, LPFs are used to extract these compo-
nents without any gain or phase error. Then, these extralct@dmponents are transformed

back into thenp reference frame by employing back transformations.
The currents injected by the CSC are subject to change, bottagnitude and phase angle
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Figure 2.10: Extraction of fland 13" harmonic components

while passing through the LC-type input filter owing to théngand frequency response of the
input filter at that frequency. Hence, the reference cuweators, to be generated and injected
by CSC, should be adjusted to obtain a resultant output mueé APF), which is equal in
magnitude, but in anti-phase with the reference curremaetdd from the line currents of
the load, thus making those harmonic components zero at B&i@.and Phase Adjustment
blocks of Type-I in Figure 2.10 are used to modify the refeemnin each loop in this manner.
In addition to the input filter, coupling transformer alsccessitates a further requirement
for the gain and phase adjustment. Since, the load curremtm@asured from MV bus, they
should be transferred to the LV side according to the turtig, raof the transformer. Besides,

a delta-wye connected transformer, which is very commoirisimidution systems, results in a
need of phase correction of 8@greeslepending on the connection group of the transformer.
For instance, if the connection group is Dynl1, secondarmeatgvoltages lead the primary
ones by an angle of 3@egrees As a result, these adjustments arising from the coupling
transformer are also achieved with the Gain and Phase Adudtblocks of Type-I. Besides,
the control delay owing to the digital control system carodle compensated by the use
of Gain and Phase Adjustment blocks. Although the contrtdydeorresponds to fferent
phase delays in #land 13" harmonic components, they can be corrected easily by tipe hel

of independent reference current generation loops.
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Let again the load currents @bcreference frame be as in (2.13). In this case, tHédrid 13"
harmonic components of the load current will be extractquhssely by using the selective
harmonic extraction via SRFM. The load currents in (2.18)fast transformed into thdq
reference frames by using phase angle informatiofy pf —11wst, andf;3 = 13wst in two
independent loops, as shown in Figure 2.10. Current veataifse synchronous reference

frame, which is rotating at 11wg are given by (2.18).

lg11 = \@ {I1c0412wst + 1) + [11C0Kp11) + 113c0L24wst + ¢13))
(2.18)

lg11 = \/g {[1Sin(12wst + 1) — 115iN(p11) + [135IN24wst + p13)}-

Thus, the 1% harmonic component becomes dc, whereas fundamental dhda®@onic
components remain as ac values, but with a frequency shitlédfs. The dc components,
|_dll andl}n asin (2.19) are extracted by LPFs, and then transformedtbdbkap reference

frame.

lg = \/g {l11c09p11)}
(2.19)

lgi1 = — \@ {I118in(¢11))

The vectors transformed back into thg reference frame should be corrected according to
the changes in the phase and magnitude of tffeHarmonic component owing to the input
filter, coupling transformer and control delay. Let the gaimd the phase responses of the

input filter at 11" and 13" harmonic components given by

Gi(jw11) = Gi(j1llws) = K11£-011
(2.20)
Gi(jw13) = Gi(j13ws) = K13£-d13

where,K1; andK13 are the amplificatiofattenuation factors of the input filter atLand 13
harmonic components with phase delaygqfands, s, respectively. The gain&;1 andKjs,

may be either higher or smaller than 1.0, which depends onédkign of the input filter as
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described in the next chapter. The phase delaysandés; s, also depend on the design of the
input filter, but especially on the quality factor of inputdi, which is determined by the input
filter reactor, or the coupling transformer. Besides, letphase delay for the f1harmonic
component due to the control delay &g, and for the 18 harmonic componenty1z . Also

let the coupling transformer has a connection group of Dyith a turns ratio oh.

Hence, in order to obtain correct references to be modylatediinjected by CSC, the phase
delays and changes in the magnitudes should be correctazk tBie current injected by CSC

is delayed while passing through the input filter, the refeescurrent calculated from the
load current should be made leading. Besides, the loadntumeasured at the MV side
should also be leading byt(6) in order to refer it to the secondary (LV) side. In resuig t
load current references for #harmonic component in stationary reference frame should be

leading by an angle of:

T
Bi1=011+au1+ 5 (2.21)

This can easily be achieved in thg reference frame by

Ia: _ cosBir  sinfiy || la (2.22)
g —-sinB11  cospPii g
wherel,” andl ﬁ' are the shifted vectors bys11 with respect to the vector, andlgz. Hence,

the final reference vectors i3 frame for the 11" harmonic component of the load current

will be as follows:

cosBi1  SinBi1

-sinpi1 COSPi1

n
K11

l o1 ‘ (2.23)

lg11

lo11"
lg11"

Gain and Phase Adjustment

Type-I

wheren is the turns ratio of the coupling transformer, afd is the amplification (or attenu-

ation) factor of the input filterl *,; and I;ll, in (2.23), are final reference vectors for thé"11

33



harmonic component. Similar equations can also be writiethe 13" harmonic component,
provided that the employed synchronously rotating refe@drame has an angular frequency

of 13ws.

There is another point to note in (2.23)Kif1 is higher than unity, the reference current to be
generated by CSC will be decreased by a factdkqf This will clearly reduce the installed
rating of the CSC for the same APk, andK13 can be adjusted to be as higher than unity
by designing the input filter using this approach, which femed to as Selective Harmonic

Amplification Method (SHAM) in this thesis.

2.3.2 Suppression of Oscillations

The LC-type input filter shown in Figure 2.1 may cause odaiies both in steady- and
transient-states, especially at the frequencies aroumahdkural frequency of the input fil-
ter. In order to damp out these oscillations caused by resendhe quality factoiQq of the

filter should be low. This can be achieved by introducing a piag resistor to the LC-type
input filter [30]. However, the fundamental current pasdimgugh the damping resistor re-
sults in excessive power losses. Hence, conventional deympsistor, especially for high

power applications, is not a suitable method.

Many investigations have been reported to solve this prolblihout additional power losses,
by utilizing virtual resistors [66]-[71]. The main idea df these methods is based on the fact
that the CSC is controlled in a way to inject a current compoméhich would pass through
the input filter, the same as there was a passive dampindgaresisthe circuit. Most of
these methods are based on a closed-loop control. The adesnof the closed-loop control
are good tracking of the reference, and insensitivity todisurbances, at the expense of

additional current andr voltage measurements.

One of the main advantages of the CSC based APF is the fastancdhte ac current control
in an open-loop manner without any feedback loops. This m#hke control system simpler
and the system stable. In [68], the active damping of thellasons at the supply side is
achieved by altering the switching pulses without any feetdloops. The main drawback of
this method is that it is able to only damp the oscillations tluthe converter itself, but not

those originated from the power system. In [44], and [69%ther active damping method
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without feedback loops is proposed, in which the dynamicagqus of the input filter are
used. However, it is very sensitive to the parameters of liee Elements. Hence, any change

in the impedance of the supply will deteriorate the perfarogaof the active filter.

In this work, an active damping method employing a feedbadp lis used to damp out
these oscillations, by measuring the distorted filter auseto construct the distorted filter

inductoycapacitor voltages [37, 67].

A simple equivalent circuit representing the CSC, as anl ideaent source, and the input
filter at harmonic frequencies is given in Figure 2.11, byuasiag that the supply voltage
does not have any harmonic components. In Figure 2.1Xepresents all the inductances
in the system including transformers’ leakage, and lineata@nces, and: denotes the series

resistances of these inductances.

Ue

Cf J— T C‘ icsc

Figure 2.11: Single phase harmonic equivalent circuit o€@&d input filter

When the rms value of the CSC curreit. is denoted by s, then the rms value of the APF

current,l+ can be given by

11/(rs + jwnLs)l

- - 2.24
11/(rs + jwnLs) + jwnCsl ( )

|f = lesc

wherewy, is the angular frequency of the harmonic component, that fg ad'sec. Here, the

amplification (attenuation) factoky, is defined as follows:

I'f
Kn = — . 2.25
h Icsc ( )
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Figure 2.12: Frequency characteristics of the amplificeféztor, K}, for a sample system

From (2.24) K, is given by

1

Kn = (2.26)

\/(1— f2%)2 + (fn/Qo)2

where,

fp o — 2 2.27)
° 7 o JLic '

1 |Ls

_ 1Lt 2.2

Qo R \C (2.28)
g = I (2.29)

fo

In these expressiondg is the natural or resonance frequency aQglis the quality factor of
the input filter. f, denotes the normalized frequency with respect to the Ad@guency,

fo. Although it changes with the quality factor of the inputdilta sample waveform for the
amplification factorKy with respect tof, is as given in Figure 2.12. As it can be seen from
Figure 2.12, a significant amplification is observed due torgsonance of the input filter,

which occurs around the resonance frequency, thitis1.
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Figure 2.13: Circuit diagram showing fictitious dampingises
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Figure 2.14: Frequency characteristics of the amplificafexctor, K, for a sample system
with damping resistoiRy

A damping resistor can be connected to the circuit as shovigare 2.13. The damping
resistor,Ry reduces the quality factof)y of the input filter, and fectively suppresses the
oscillations caused by the parallel resonance of the inftet &s illustrated in Figure 2.14 .

The damping currenty can be expressed by

iy = %. (2.30)

The reference damping current can be simply obtained byfilegethe harmonic voltage of

the filter capacitor. Since, supply side voltage harmoniesaasumed to be zero, capacitor
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voltage can also be expressed by (2.31).

Ve = V| = —(Lf% +rig): (2.31)
Hence V. or v; can be obtained by either measuring the voltages acrossiaeitofreactor,
or measuring the line current of the filter reactor. Howetleere are some limitations on
measuring the capacifoeactor voltages. First of all, if the system has no neutahection,
which is common for three-phase, three-wire applicatiding;to-neutral voltages would be
unbalanced, and hence, they could not be used directly taHenceference damping current.
Secondly, if the capacitor voltages are measured as Iifiedptriplen harmonics would not
appear in the measured line-to-line voltages, thus o#oitia occurring at triplen harmonics
could not be suppressed. When there is no such an exterealifituctance used in the
system, leakage inductance of the coupling transformer athe filter inductance, ¢, as
in Figure 2.11. However, it is not a physical inductance, #rete is no way to measure
the voltage across it. As a result, if there is no practicay weameasure the voltage across
either the filter capacitor, or filter reactor, line curreafghe filter reactor should be used to

construct the voltage across them as given in (2.31).

In this thesis, a coupling transformer is employed to conhtiee CSC based APF to the
MV bus. For that reason, line currents of APF at the secondaly are used to construct
the voltage across the filter reactor, and then, correspgndamping current reference is
computed using (2.31), but ignoring the series resistar, Thus, v, is computed by using

(2.32).

v = (2.32)

—Ls—-
dt
2.3.2.1 Proposed Active Damping Method for Non-selected Hiaonics

In order to make the proposed SHAM applicable, the activegiiagrmethod explained above
should be modified. In Figure 2.14, it is seen that all of therttamic components around the
fo of the input filter are damped out. However, in this frequebapd, there would be some

harmonic components, e.g.Wand 13" harmonics, to be generated by the CSC to filter out
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Extraction of 11" harmonic component
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APF | f Damping
P
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Figure 2.15: Block diagram of the proposed active dampinthote

the harmonic components of the non-linear load. Hencegthemponents would also be
damped out. This would obviously result in an undesirableration, since any attenuation at
those harmonic components due to the active damping wodletesthe kVA rating of APF.

In order to avoid the active damping, hence attenuatiorthisfrequencies at which harmonic
components of the load current will be eliminated, a seledtiarmonic extraction approach
is employed as explained in this section. A block diagrammsitating the proposed active

damping method for non-selected harmonics is given in EIGuE5.

It is seen from Figure 2.15 that, #2and 13" harmonic components of the line current of APF
are extracted via SRFM. Then, the selected harmonic cormperaee extracted from the line
current inaB frame to obtain the non-selected harmonic current compertenbe used in
active damping. Hence, there will be noLand 13" harmonic components in the reference
current for active damping. After extracting these compgievoltage vectorsy, andvg,
are calculated by using (2.32). The reference currentsdilreadamping are then obtained

by multiplying these voltage vectors with a damping g&g, which is simply equal to ARy.

2.3.3 Error Compensation

In the proposed control systemfects of the input filter and coupling transformer, in terms

of magnitude and phase error, are pre-calculated, and threected in addition to the active
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damping [37]. However, a further correction might be needezbmpensate the errors arising
from either the tolerances of the equipment, or the supply shpedance. For this purpose,
a simple proportional controller employing the line cutszof the APF, which are already

measured for active damping, is used as shown in Figure 2.5.

Detailed block diagram of the error compensation is giveRigure 2.16. It is seen that er-
ror vectors Al, andAlg, are calculated by using the reference currents, whichargated

directly from the load current, and the line currents of tHeFAn o reference frame. The
fundamental component of the APF current is extracted viENbfbecause the APF current
may have a significant fundamental component due to the {iétpacitors, and this may re-
sult in unnecessary current reference at fundamental dreyufor CSC, thus reducing the
harmonic filtering capacity. The error vectors are then ipligd with a feedback gairGp,

and added to the final reference current.

The gain and phase adjustment blocks (Type-Il) in Figuré ar¢ diferent from those (Type-
I) in selective harmonic extraction circuit in Figure 2.1The gain and phase adjustment
blocks in Figure 2.16 are used only to refer the load curremthe secondary side. Since
line currents of the APF are used in error compensation,ephas magnitude adjustment
due to neither the input filter nor the control delay is regdirHence),11* andlg1* can be

expressed in terms of11 andlgi1 as given in (2.33).

l le11” ‘: n.l cos(g) sin(g)

-sin(g) cos(g)

l loa1 ‘ (2.33)

lg11" lg11

Gain and Phase Adjustment

Type-lI

2.3.4 PQ Control

The PQ controller shown in Figure 2.5 is mainly responsiblecbntrolling the fundamental
current drawn by the APF. Direct and quadrature compondrttseedfundamental current of
the APF correspond to active and reactive powers, resghgctikkctive power is controlled to
compensate the losses of the semiconductor devices, amitivk reactor for keeping the

dc-link current at its design value. On the other hand, reagiower is controlled in order to
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Extraction of fundamental component
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Figure 2.16: Block diagram of the error compensation cfrcui

avoid the APF from injecting reactive power into the netwarkto compensate the reactive

power of the non-linear load.

2.3.4.1 Reactive Power Control

The reactive power at the output of the APF is controlled eadquadrature component of the
line current of APF in thelgreference frame, which is rotating at an angular frequeificyso

There are two reasons for controlling the reactive poweércainpensating the reactive power
of the input filter capacitor for unity power factor operatii) or compensating the reactive

power of the non-linear load.

The direct, and quadrature components of the filter capamitoent vector in the synchronous

reference frame are given by (2.34), and (2.35), respegi28].

icty = Cf—vtd - wsCtVq (2.34)
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, dvy
Ich = Cfa +wsCde- (2.35)

Since the quadrature voltage vectey,is zero, and direct voltage vectoy is almost con-
stant for balanced, symmetrical and sinusoidal supplyage!s, the capacitive current can
be expressed by the last term in (2.35). Hence, the refermmncent to compensate for the

capacitive reactive power of the input filter capacitor igegi by (2.36).

HE

It is worth to note thaty is the voltage vector referred to the secondary side of thplow
transformer. Hence, there is no need for an extra measutefine capacitor, or bus voltage

at secondary side.

In order to compensate for the reactive current of the lohd,quadrature component of
the load current indq reference frame rotating ats should be obtained by SRFM. For this
purpose, one more SRFM loop should be employed in additiaghdse in Figure 2.10 for
current components at fundamental frequency. The blocfraia showing the reference
vector generation for the PQ control is given in Figure 2. Tie gain and phase adjustment
block in Figure 2.17 is used to transform the load currenti¢osecondary of the coupling
transformer. Since references are at fundamental freguphase and magnitude adjustment

due to the input filter is not required.

2.3.4.2 DC-link Current Control

In CSC based APF, the dc-link current is kept at its designevdly controlling the active
power drawn by APF with the direct component of the compémgaturrent vector [23]. A
block diagram of the dc-link current control is given in Rig2.18. The dc-link control is
implemented in a closed-loop manner with a Pl type controllée error valueAlyc for Pl
controller is calculated by subtracting the dc-link cutrdg. from its reference valudgc*.

A first-order is filter is used to reduce the ripple of the catrieedback signal as shown in
Figure 2.18. The output of the PI controlley.* is the reference voltage for the converter.
The reference value for the direct component of the compieigseurrent is given in [44] as

follows:
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Extraction of fundamental component
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Figure 2.17: Block diagram of the PQ control
. Vgc'i
g = o (2.37)
Vd

wherevy is the direct component of the supply voltage referred tostmondary side of the
coupling transformer. The reference curragt, is then transformed back to the stationary

reference frame, and added to the final reference vectors.

Since the response of the system is slower than that of thersuiotloop, dc control loop can
be analyzed separately, assuming that ac control loopas [@é, 37, 70]. From Figure 2.18,

the transfer function of the dc side current control is otedias follows [39]:

id_C _ SZTf Kp + S(TeK; + Kp) + K (2.38)
ife  SPLacTt + S%(Ldc + Ttrac) + S(Kprac) + Ki

whereK, andK; are gains of the proportional and integral parts of the Pé tgpntroller,
respectively; and; is the time constant of the first-order filter. The valueg, andryc are

the inductance and resistance of the dc-side circuit, otispéy.

In order to reduce the order of the transfer function, theupeters of the PI controller should

satisfy the relationship in (2.39).

Kp Ldc
— = —. 2.39
Ki lde ( )
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Figure 2.18: Block diagram of the dc-link current control

Then, the transfer function in (2.38) reduces to one in (2.40

idc _ STf +1

i* 2Tl I'dc ’
de Fgo+sE+l

(2.40)

The ITAE (the integral of time multiplied by the absolute walof error) optimum transfer

function for a second-order system with zero response engiv[39] as follows:

1
P-L +sit 41
Wndc

@ndc

Gopt(9) = (2.41)

wherewnqc is the cut-df frequency of the closed-loop response irysad. Hence, the param-

eters of the PI controller and the first-order filter can benfbas follows:

dea)ndc
Ky = ——— 2.42
P 1.4 (2.42)
l'dcwndc
Ki = 2.43
! 1.4 (2.43)
1
T = 2.44
"7 Thwnge (2.44)

2.3.5 Overall System

After presenting its sub-blocks, block diagram of the olleieference current generation

circuit is as given in Figure 2.19. Itis seen that all the mefee currents for each specific job
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Figure 2.19: Block diagram of the overall reference curgeteration circuit

are summed in theg reference frame to obtain the final reference current, warehgoing

to be modulated after the transformation back intogheframe.

2.4 Waveform Modulation

VSCs are being widely used in industry for various applaadi Therefore, many Pulse
Width Modulation (PWM) methods for VSCs have been developed evaluated to satisfy
the requirements in terms of harmonic reduction, switcHieguency, and controllability
[72]-[75].

Different PWM techniques, either introduced specially for GRCslerived from those ini-
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tially proposed for VSCs, have been studied for CSCs [317],[387]-[81]. These methods
can be simply analyzed in two groups: (iffdine pattern generation methods, (ii) on-line
pattern generation methodsftdine pattern generation methods [30], [77]-[81] simplife
generation of the gate patterns, and the application ofjikeial requirements arising from
the forced-commutated, uni-directional switches in CS@sthe other hand, on-line pattern
generation methodsfier a number of advantages compared to tfidime methods such as
faster dynamic response, continuous and precise conttbeadc current, but usually at the
expense of higher switching losses [34, 36]. The most comamsline pattern generation
methods are the Sinusoidal PWM (SPWM), with its variants B8} 42, 83, 84], and Space
Vector PWM (SVPWM) [42, 43, 82, 85].

CSC is the dual of VSC [76], hence the following requiremesfiisuld be met at any time:

e The dc bus is of current source type, and therefore, it cab@aopened. Thus, at least

one top and one bottom switch should be necessarily comguatiany time.

e The ac side current is a chopped waveform, hence there shewddapacitor at the ac
side, and it should not be short-circuited. Therefore,sbamposes that just one top

switch, and one bottom switch should be conducting.

In order to meet the requirements above, switching signalkeopower semiconductors in

Figure 2.20 should be as given in (2.45).

\AANS

&(|\;|\s4 XSRS

Figure 2.20: CSC with six uni-directional current carryswitches
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[EY

Mms, + mg3 + m35 = (2 45)
Ms, + Mg, + Mg, = 1

where (ng, = 1) and (ns; = 0) denote that the switc; is ON, and OFF, respectively.

Carrier-based PWM methods, or SPWM with its variants, mted simple control algorithm
as compared to SVPWM methods with nearly the same perforasangs in VSCs, many
methods have been applied to SPWM for CSCs in order to inerdeesac gain of the con-
verter, and to decrease the switching frequency with redllioe harmonics. To decrease the
effective switching frequency of the semiconductor devicesttie same carrier frequency,
dead-band PWM techniques, which were commonly used in V8@]stiave been adapted to
CSCs [42], [84]. With these methods, the ac gain of the caeré made unity with anfBec-
tive switching frequency, which is half of the carrier freqey. In [84], a Dead-Band SPWM
(DSPWM) technique is applied to CSCs, which result in fieative switching frequencyfsy
equal to the B of the carrier frequency,. In [42], a Modified DSPWM (MDSPWM), with
a sawtooth carrier, has been introduced, which decreas€g,fldown to almost half of the

fcr .

In digital control systems employed for VSCs, SVPWM is thestraitractive method for gen-
erating the gate patterns. Because, it provides the dipgtication of the enhanced control
systems (both in stationary and synchronous referenceeBpmith straightforward imple-

mentation in digital systems. The SVPWM methods used for £&€ adapted from those
originated for VSCs [42, 43, 85]. Unlike VSC, CSC has ninedsebnduction states as shown

in Table 2.1 and Figure 2.21, thus introduces the advantbtie @xtra zero vector.

The SPWM [36], DSPWM [84], MDSPWM [42], and SVPWM [85, 42] tetques are com-
pared in Table 2.2. Figures 2.22-2.24 show the correspgnaiodulating waveforms, car-
rier waveforms, switching signals, and the harmonic spefdr DSPWM, MDSPWM and
SVPWM techniques.

It is seen from Table 2.2 and Figures 2.22-2.24 that MDSPWHM daimilar performance
with the SVPWM in view of éective switching frequency, and harmonic spectra. However
in these two techniques, the magnitudes of the lower ordendiaics are higher than those

of DSPWM, and tend to increase with low modulation indice®, [&]. In order to keep the
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Table 2.1: Switching states of the CSC with correspondingnatized line currents

1 1,2 1 0 -1

2 2,3 0 1 -1

3 3,4 -1 1 0

4 4,5 -1 0 1

5 5,6 0 -1 1

6 6,1 1 -1 0

7 1,4 0 0

8 3,5 0 0

9 5,2 0 0
‘51 \ S3 \ Ss \ Sy “Ss \ Ss \ Sy “Ss \ Ss
Ws. ‘]sﬁ b s, WSA ¥]s(, 1s, S, ¥]sf, ‘]sz
%Xs, %s Tss Xs Xs s s Xs Xs
1 s, st. ‘]sz ‘]SA 1 ‘]sz ‘]& b S, ‘]sz
ss XS, XS %s s % %s  %s, o s
) Sy W Se W S, W Ss 1 Se W S, W Sy j Ss 1 S,

Figure 2.21: Nine conduction states of the CSC
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Figure 2.22: Modulating waveform, switching signal of Sitput current waveform and its
harmonic spectrum for DSPWM{; = 1.2kHz, modulation indexivi=0.8)
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Figure 2.23: Modulating waveform, switching signal of Stitput current waveform and its
harmonic spectrum for MDSPWM§ = 1.2kHz, modulation indexM=0.8)
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Table 2.2: Comparison of on-line PWM methods applicable $¢C€

Technique Category Switc. Freq. Ac gain

SPWM  Analog £y 0.866
DSPWM  Analog £y 1.000
MDSPWM  Analog Iy 1.000
SVPWM  Digital $feye 1.000

lower order harmonics at minimum, and avoid the oscillatidne to the input filter at those
frequencies, DSPWM was chosen as the waveform modulatoa sample cases showing
the modulation of a reference current consisting df &hd 13" harmonic components for
DSPWM (triangular carrier) and MDSPWM (sawtooth carrie® given in Figure 2.25. As
it is seen that, lower order harmonics are reduced signtficéor DSPWM case, but at the
expense of slightly increased switching losses. Altho@®PWM is well suited for analog
applications with a free-running carrier signal, it is chiwsas the waveform modulation, or
pattern generation, method in this thesis due to its easgptitation even in a digital control

system, which consists of only addition and multiplicataperands.

2.4.1 Dead-Band Sinusoidal PWM (DSPWM)

The basic block diagram of the Dead-Band SPWM (DSPWM) isrgiveFigure 2.26 [42,
84]. It has four fundamental blocks: Decoupling block, deéadd or modulating waveform

generation block, tri-logic gating signals generator kjand shorting pulse generator block.

The main purpose of the PWM is to produce gating signals os#miconductor switches
(S1,S2,...,S6), which applied to CSC currents that traekgikien reference vectors. If the

purpose of the pattern generator is attained, CSC acts asssmtcamplifier, and characterized

by:

[icsc]abc = Gac[in]abcidc (2-46)

whereGg is the ac gain of the converteicdd anc is the actual line currents iabc reference
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frame, [n]anc iS the normalized reference current vectors, ik the dc-link current.

As seen from Figure 2.26 that modulating waveforms] | are compared with a carrier sig-
nal, v¢, which is a triangular carrier, to generate the gating s$g(rms,, ms,, ..., Ms,). Hence,
the bilogic gating signals should be converted to triloggmals for applying them to the CSC
[83]. The bilogic gate signals fonj]™ andv, are given by

1, if my > v,
xiz{ m=Ve i=1273 (2.47)

-1, otherwise
whereX; = 1, andX; = —1 are given for that the upper switch is ON, and the lower gwitc
is OFF, and vice versa, respectively. However, CSC has miitetsng states, three for each

leg as given in Table 2.1. The line current of the converter lwa expressed in terms of the

dc-link current for each phase as follows:

[]abc = [Y]abc - idc (2.48)

where Yaphe has three possible values:l, 0, -1. In the first 6 states, dc-link current flows
through one ac line, and returns through another. Howavéast three states, ac lines do not

carry the dc-link current, and it circulates through onehef fegs.
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Table 2.3: Truth table of the bilogic to trilogic translatiéor (+1,-1) bilogic signals

Bilogic Signals Trilogic Signals

State
X1 X2 X3 Y1 Y2 Y3
-1 -1 -1 0 0 0 7,8,9
-1 -1 +1 0O -1 +1 5
-1 +1 -1 -1 +1 0 3
-1 +1 +1 -1 0 +1 4
+1 -1 -1 +1 0 -1 1
+1 -1 +1 +1 -1 0 6
+1 +1 -1 0 +1 -1 2
+1 +1 +1 0 0 0 7,8,9

The bilogic PWM signals, which have values-ef or -1, can be translated to trilogic signals

with linear mapping by

Ya X1
Yy | = % [C] | X (2.49)
Ye X3
where
1 -1 0
[Cl=] 0 1 -1 (2.50)
-1 0 1

Table 2.3 shows the eight bilogic PWM signals with their esponding trilogic signals. Tri-
logic PWM variables meets the requirements for the oparatioCSC, which is that one

upper and one lower switch can conduct simultaneously atiargy

If the bilogic signals defined as (1 or 0) rather thaii (-1), Table 2.3 then can be revised as
in Table 2.4. Hence, the intermediate gating signafg,,( Ms,, ..., Ms,) can be expressed by

bilogic signals using the Table 2.4 as in (2.51).

ms = X1 Xo, MS=XXs, MF=XsX
B B B (2.51)
M = X1X3, MK = XpX1, MF = X3X2
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Table 2.4: Truth table of the bilogic to trilogic translatiéor (1,0) bilogic signals

Bilogic Signals Trilogic Signals

State
X1 X2 X3 Y1 Y2 Y3
0 0 0 0 0 0 7,8,9
0 0 1 0O -1 +1 5
0 1 0 -1 +1 0 3
0 1 1 -1 0 +1 4
1 0 0 +1 0 -1 1
1 0 1 +1 -1 0 6
1 1 0 0 +1 -1 2
1 1 1 0 0 0 7,8,9

wherex; denotes "1”, andk; denotes "0” for bilogic signals.

Generation of the bilogic signals fromn{] ", andv., and the translation from bilogic to trilogic
signals can easily be achieved by using analog circuitsstwtdrrespond to (2.51), as given

in Figure A.1.

In order to apply these intermediate gating signals to th€,&8orting pulses should be gen-
erated to make sure that the dc-link current is never disooed. For this purpose, shorting
pulse generator with a distributor for equal loading betwgleases is employed by using the
modulating waveform and trilogic signals. According to thedulating waveforms, the leg,
which will carry the current in that zero state, is deterndias in the SPWM adapted to the
CSCs [36] as. The instants, at which the shorting pulsesbeilapplied, is determined by
the trilogic intermediate signalsn_,, Ms,,, ..., Ms). If all of the trilogic intermediate signals
are zero, a shorting pulse is generated to keep the dc-limkrtucontinuous. An equivalent

analog circuit of the shorting pulse generator is given guFe A.2.

Since the converter is connected as delta, a decoupling Haequired to control converter

currents by line-to-neutral signals. The expression ifdpcan be re-written as follows:

licsdane = 2 T [Uabcidc (2.52)
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where

1 -1 0
[TI=f 0 1 -1 (2.53)
-1 0 1

The decoupling block is modeled as a linear transformatijon b

[Ulabe = D/[in]anc (2.54)

which yields to

licsdabe = ~2=TD [inancide (2.55)

Since the determinant of the T is zero, D is chosen to be eqydl t, thus resulting in

licsdabe = S [in]apcide (2.56)

Equation (2.56) shows that, line currents of the convegeantrolled by normalized refer-

ence currents in a linear and decoupled fashion.

The last stage is the modulating waveform generator, or-daad block. In order to reduce
the dfective switching frequency of the semiconductor devicedead-band is introduced
in the modulating waveform. In this band, since the modugativaveform is zero, the top
or bottom switch associated with the corresponding moihglavaveform will be kept at its
previous state, thus there will be no switching. There araynveays to generate dead-bands
in the modulating waveforms [86]. In this work, a simple waychosen as given in Figure

A.3, which is represented by the equivalent analog impleatim.

If the bilogic signals are given as (1,0), then the overattgga generation circuit can be
shown as in Figure A.4. This process, which is representegh asalog circuit, can easily be

implemented in a digital control system as given in Apperilix
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2.5 Summary

In this chapter, the system description and operation jplex of a shunt connected CSC

based APF have been presented in order to satisfy the folipthiree main objectives:

o filtering of the some pre-selected harmonic components ohdinear load

e generating corresponding reference current vectors, rgacting them to the network

via a coupling transformer

e damping the oscillations due to the parallel resonanceeoirut filter

It has been demonstrated that there are two major parts gotiteol system of the CSC based
APF: reference current generation, and waveform moduatReference current generation
consists of not only the generation of the reference cuweators in order to filter out the
load current harmonics, but also the generation of the eafer current vectors, which are
being used to suppress the oscillations due to the input filitel to control the actiyeeactive
power flow. Waveform modulation is used to generate the gaignals of the semiconductor

devices, so that the CSC currents can track the referenoentwectors.

It has been noticed that, in most of the cases, it fAgant to filter out some dominant har-
monic components in order to comply with the IEEE Std. 519219For this purpose, a
selective harmonic extraction technique via SRFM has besnodstrated to extract these
harmonic components of the load current. It has been shoatrathy one of the harmonic
components can be extracted from the line currents of theé V@@ SRFM, in which a syn-
chronously rotating reference frame is employed for eacimbaic component. For each
harmonic component, synchronously rotating fame has anlanfrequency which is iden-
tical to the frequency of the corresponding harmonic coneptnBY this way, the harmonic
current component at that frequency become dc, and it carfté&ed out by a LPF without
any phase delay. However, for this operation, a correctgpaagle information of the supply
is required. For this purpose, a simple but robust PLL has loeenonstrated. In addition
to this, necessary corrections arising from the input féted the coupling transformer have
been emphasized; and the required calculations have beseondtated to adjust the refer-

ence current obtained from the line current of the load, twisaneasured from MV level.
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Since the LC-type input filter introduces unavoidable d¢stdns around its natural frequency,
suppression of these oscillations has been discussed, rmaondified active damping method
has been proposed. APF has harmonic components injectée IGSC to filter out the load
harmonics, in addition to the undesired harmonic companarising from the input filter,
and PWM. Hence, these harmonic components are also subjeetdttenuated by the active
damping method proposed. For this purpose, a selectivedmcnextraction based active
damping method has been demonstrated. By this method, theoh& components very
close to the natural frequency of the input filter, are exé@dérom the reference current being
used for the active damping. The attenuation of these haormmmponents is therefore

avoided, and the rating of the CSC is not reduced.

Although the CSC based APF is operated in an open-loop mémeéminate the load current
harmonics, a feedback loop for compensating the error abukgut current of the APF has
been also presented. This feedback loop compensates thig arising from the tolerances
of the equipment, uncertain system impedance, and theat@ystem delays. Since the
CSC based APF can also be used as a reactive power compengaitioagain a selective
harmonic extraction method has been employed to extradutttmmental component of the

APF current from the reference current vector used in thar @@mpensation control loop.

A PQ controller, which is used to control the active and rigagbower flow, has also been
demonstrated. Since the dc-link current of the CSC is uglalbt constant in APF applica-
tions, the losses in the converter and the dc-link reactoulshbe supplied from the network
to achieve this task. For this purpose, a control loop haa peesented to keep the dc-link
current at its design value by controlling the active corgotrof the current at fundamental
frequency. Besides, if the APF is used also to compensateeétutive power of the load, or
that of the input filter capacitors, reactive current comgruaa should be added to the refer-
ence current vector of the CSC. To achieve this, a simpldiveggower controller has been

given in synchronously rotating reference frame.

Another important part of the control system employed in@&C based APF is the wave-
form modulation because, with aiffective waveform modulation technique, CSC current
can track its reference precisely with lower switching frencies, and lower harmonic dis-
tortions. Various waveform modulation, or simply pattemngration, methods have been

discussed, and among these, appropriate ones for CSCsémvedtmpared. Since APF ap-
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plications require fast transient response, on-line pageneration methods are well suited
rather than the f6-line methods such as Selective Harmonic Elimination Mét{®HEM),
which is very common in CSC based rectifiers, and STATCOMsli@npattern generators,
which are applicable to CSCs, have been examined, and cethppeview of gfective switch-
ing frequency, and harmonic spectra. Among them, Dead-Bamasoidal PWM (DSPWM),
which is used in this work, has been demonstrated in detdiad been shown that DSPWM
provides a good performance with the ease of applicatioh iboanalog and digital control

systems.
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CHAPTER 3

PROPOSED SELECTIVE HARMONIC AMPLIFICATION
METHOD (SHAM)

3.1 Introduction

As described in Chapter 2, the reference current vectorgh®iICSC are obtained by em-
ploying the selective harmonic extraction method. By thaywany pre-selected harmonic

component of the load current can be extracted. This preuigde main advantages:

¢ Any gain and phase adjustment, arising from the input filterracteristics, transformer
connection or control delay, can be done easily for each @waicncomponent in a

decoupled manner.

¢ Different filtering gains for each harmonic component can be@&mglto comply with
the IEEE Std.519-1992.

The first item is the main idea behind SHAM. If the input filtexshan amplification prop-
erty, or gains higher than unity at some selected harmonmuincies, the APF currents at
those frequencies will be obviously higher than CSC custefrt order to make the SHAM
applicable, a new active damping method has also been mdposwhich the attenuation
of the selected harmonic components due to the active danigpawvoided by employing the
selective harmonic extraction method, as explained in @n&p By this way, the harmonic
current components at selected frequencies are extractedtie reference current to be used

in active damping, and the amplification property of the irfiter at those frequencies is kept

unchanged.
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Figure 3.1: Single phase harmonic equivalent of overaliesys

In this chapter, the proposed SHAM will be explained on armeda to eliminate the 11
and 13" current harmonics of a non-linear load. Harmonic equivatércuit of the overall
system is as given in Figure 3.1 on per-phase-wye basis. heosake of simplicity in the
design, supply voltage is assumed to be purely sinusoidalratamental frequency. The
non-linear load injects fand 13" current harmonics into the supply, thereby an ideal APF
should generate and 13" harmonics of the same magnitude, and in anti-phase with the
load harmonics. This is achieved firstly by generatintj add 13" harmonics in CSC current,
icse With magnitudes lower than those needed for ideal harmzanicelation, and then rising
them to the required levels by using the inherent amplificairoperty of the input filter. In
other words, selected harmonic currents of APF are higheragnitude than those produced
by CSC. This approach, in the design of control system andtififter, thus reduces the
installed kVA rating of the CSC, significantly.

The transfer function of the input filter is as given in (2.863er the assumption thiag < Ly,
andrs < r¢. Figure 3.2 shows the gain response of a sample input filterey; andKi3
are the amplification factors of the input filterfag = 550 Hz andf;3 = 650 Hz, respectively.
Kcr is the gain of the input filter at the carrier frequen€y,. Besides, Figure 3.3 shows the
phase response of the input filter whékg and 13 are the phase shifts introduced by the

input filter to the 1¥ and 13" harmonic currents of the CSC. In the design of the input filter
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Figure 3.2: Gain response of a sample input filter

fo and f.; are under the control of designer, wheréasis partly controllable. Therefore, a
compromise is needed in view of satisfactory filtering ofriesirharmonics, kVA reduction

and sizes of input filter elements.

3.2 Input Filter Design

3.2.1 Selection offy

The choice of the natural frequendy, of the input filter is certainly based on the selection of
which harmonic components of the load current are to be eéted. In the example, since
the 11" and 13" harmonics will be filtered out, 550 Hz and 650 Hz are the basguiencies

in the design work. The first option for the selectionf@fs choosing it far above 650 Hz, that
is fo > 650 Hz, thus input filter will slightly iect the 1¥' and 13" harmonic components,
as illustrated in Figure 3.4. Although this will make the imgilter and the control system
simpler, it is not practical because of the fact that higheural frequency introduces higher
carrier frequencies in PWM for the Sicient elimination of the carrier harmonics. Besides,
in medium power applications, a switching frequency of nmaxn a few kHz is applicable

due the power semiconductor devices available in the market
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Figure 3.3: Phase response of a sample input filter

The second option is choosinfy < 550 Hz, in this case input filter will fiect the 1%
and 13" harmonic components, as illustrated in Figure 3.5. This@ggh may decrease the
switching frequency at the expense of the attenuations @t-B5and 650 Hz components,
thus introduces a reduction in the APF rating, which is anesitrdd operation. Besides,
as in (2.27), the loweffy necessitates higher filter capacitances/anthductances. In the
application prototype of the CSC based APF, since thereasipling transformer, which acts
as the filter inductance, it is possible to increase the fittductance only by introducing a
series external inductance, which requires more spaceinarehses the cost. On the other
hand, increasing the filter capacitance will also increlhedristalled rating of the CSC. As a
result, another approach rather thigns> 650 Hz orfy, <« 550 Hz should be accomplished by

compromising the size of the filter equipment, and switclirequency and losses.

In view of the considerations given above, the natural fesgy of the input filter should
be chosen in such a way that it can be slightly lower than 550adfslightly higher than
650 Hz. In Figure 3.6, an illustration is given to show thengasponses of the input filters
having natural frequencies df < 550 Hz, andfy > 650 Hz. In both cases, the " 1and
13" harmonics injected by the CSC will be amplified while passtmugh the input filter.
Thanks to the control system employed in the CSC based AR-athplification is used
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Figure 3.6: Gain responses of sample input filtersffox 550 Hz andfp > 650 Hz

beneficially to reduce the rating of the CSC. Since th8 amd 13" harmonic components
in the line current of the APF are noffected by the proposed selective harmonic extraction
based active damping method, any gain higher than unityeaetfrequencies will introduce

a reduction in the rating of the CSC for the same APF rating.

For the input filter havingfp < 550 Hz, phase and gain responses at 550 Hz and 650 Hz are
given by (3.1).

Gi(jw11) = Gi(j1lws) = K11£(011) = K11£611

(3.1)
Gi(jw13) = Gi(j13ws) = K13Z4(013) = K13£013
whereK1; andKj3 are higher thamnity, and
S11 = arctar{ @011/ Qo ‘ (3.2)
Wo—Wny
S13 = arctal’{ wowtsl Do ‘ (3.3)
Wo—Wi3

For the input filter havingfp > 650 Hz, phase and gain responses at 550 Hz and 650 Hz are
also given by (3.4).
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Gi(jw11) = Gi(j1lws) = K114(A11) = K11£-611
(3.4)
Gi(jw1a) = Gi(j13ws) = K13£(013) = K13£—-013

whereK1; andKi3 are again higher thamnity .

Therefore, in order to accomplish SHAN} can be chosen as either550 Hz or> 650 Hz
to obtain gainsi11; andK3) at these frequencies higher than unity. Howe¥gis chosen as

> 650 Hz in this work by taking into consideration the follogirssues:

e If fg > 650 Hz, then not only 1 and 13" harmonics, but also théSsand 7" harmon-
ics can be generated, and injected by the CSC in the same manbevith reduced
amplification gains. On the other hand, there is a wide safetsgin between the 350
Hz andfp, the operation will be stable, and is ndfexted by the changes in the system
parameters as described below. However, for the cadg ef 550 Hz, there would
not be a sflicient safety margin between the 350 Hz aigdwhich may result in an

unstable operation with high dependence on system paresnete

e Capacitance of the filter capacitor may decrease in the lemg owing to aging. This
increases thdp, as can be understood from (2.27), andpifis chosen as to be 550
Hz, thenfy may coincide with 550 Hz (or 650 Hz). Therefore, it is not necoended

to choosefy < 550 Hz.

It can be concluded from the considerations given abovefggtiould be> 650 Hz,K1; and
K13 should be higher than unity, ardd; ad 6,3 should be as small as possible. In order to
meet all these requirements with a stable operation, aysafatgin,Af, as given in Figure

3.2, should be left betweefy and 650 Hz in view of the following considerations:

e Normally, supply frequencyfs varies in a limited range, say 500.2 Hz. However,
during severe faults or in time periods (of the order of sesdrmprior to brown outs,
larger fluctuations in supply frequency may occur. Obvigutlese frequency devia-
tions dfect f1; and f13 proportionately withfs, while fy remains the same as can be

understood from (2.27). Such events may péigitowardsfy, resulting in undesirable
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operating conditions for APF, although, in fact, its preéi@e mechanism should react

before these conditions occur.

¢ Asthe frequency of harmonic componefiz approaches tfy, gain and phase response
characteristics become sharper. Sirigeis directly proportional to supply frequency
variations, the choice of a relatively small safety margétwieenf,3 and fo gives rise
to significant changes iK1, andK13. Hence, selectindyp very close to highest order
harmonic to be eliminated{3) violates our assumption of constadtiz andd13. These
conclusions can be drawn not only for single-line harmorfigsand f13, but also for

their sub-group harmonics defined in [91].

3.2.2 Reduction in kVA Rating of CSC

The kVA rating of the APF can be expressed by (3.5) for the ostiminating 14" and 1%

harmonic components of the load current.

KV Anpr = VBVLY 12+ 15,2 + 11,2 (3.5)

where,Vyy is the true rms value of the line-to-line voltage referredhi® secondary side of
the transformerly, is the rms value of the fundamental current component qooreting to
transformer and CSC losses, drd andly,, are the rms values of the ®1and 13" harmonic
components of the APF current, respectively. If the systerpairtly dedicated to reactive
power compensation in D-STATCOM mode in addition to majdrcercof active power filter-

ing, the reactive current generated by the circuit shoulshtleded inl .

Similarly, the kVA rating of the CSC can be expressed by

kKVAcsc= ‘/§VLV \/lcsq2 + |csq12 + |csc‘132, (3.6)

where,lcsq Is the rms value of the fundamental current component qooreging to trans-
former and CSC losses, aihgy, andlgsq, are the rms values of the #and 13" harmonic

components of the CSC current, respectively.
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11" and 13" harmonic components of the CSC current for the correspgrigmmonic com-

ponents of the APF current are given by (3.7) and (3.8) owarthé proposed SHAM.

I
ICSQl = K_jl::;_ (37)

't
ICSQ_s = K_:l; (3.8)

where, K11 andK13 are amplification factors higher than unity as a result ofaimplification
property of input filter. The kVA rating of the CSC is then espsed with respect to the APF

currents as follows:

4,2 14,2
kVAcSC: @VLV\/ICSQZ'FLZ'F .

Ki?  Kig?

(3.9)

In the comparison of the kVA ratings of the APF and CSC, thed&umental components
should be excluded because of the fact that kVA ratings ofGB€ and APF change not
only due to the rms values of the fundamental currents, taat dlie to the direction of the
reactive power flow. In case of a leading power factor at thpwiwf the APF, there will be

a further increase in the kVA rating of the APF without anydamental component in the
CSC current. On the other hand, there will be a significante@se in the kVA rating of the

CSC for a lagging power factor. Therefore, (3.9) is reduce@110) under the assumption of

zero fundamental current component of CSC.

I ¢ 2 I £ 2
kVAcsc = @VLV\/—M + (3.10)
K12 Kgg?

It is clearly seen from (3.10) that the kVA rating of the CSCaduced with respect to the
KVA rating of the APF, according to the rms values of thd"&ind 13" harmonic currents,
and associated amplification factd€g; andKy3. The variation of the rati®@V Aapr/kV Acsc

is given in Figure 3.7 for sample valueskf; = 2.0 andK,3 = 3.4 against the p.u. values of

the 1" and 13" harmonic currents injected by the APF.
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3.2.3 Selection of)q

In the design of the input filteQq in (2.28) is not entirely under the control of the designer.
This is because, for small and medium size coupling transos, total leakage reactance,
and internal winding resistances can be realized in a rangaded by practical conditions,
e.g. total leakage reactance from 5 to 8 %, @ydrom 50 to 100, in practice. Selection of
high Qp values such as hundred is advantageous in order to make dise phift anglesii;
andé13 nearly zero. Furthermore, this choice will increase the ldiogtion factors,K;1 and
K13, for the pre-specifiedy, resulting in a further reduction in kVA rating of CSC. Hovesy
selection of highQp has some disadvantages, el§;1 and K13 become more sensitive to
supply frequency fluctuations, thus may necessitate agagdintrol. Highk;1 andK;3 values
would cause large amounts of amplified harmonic currengutir the filter capacitor, so that
such a power electronic capacitor may not be implementéyeshould be chosen in view of

these considerations.

3.2.4 Suppression of Carrier Harmonics

Theoretically, carrier frequencyy should be chosen as high as possible in order to minimize

the magnitudes of side-band harmonics of carrier signifigzailowever, in practice, this is
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not possible f is largely dictated by switching capability of semicondwalevices available
in the market. Switching the power semiconductors at fragigs higher than usual figures (a
few kHz) causes an increase in switching losses, which agettyi proportional to frequency,

and hence results in a de-rated CSC.

According to (2.26) and (2.29), the gain of the input filtercatrier frequency, as shown in

Figure 3.2, is given by

1 fe?
Kor = — = —> (3.11)
fn fCF

for f, > 1 and,Qq is a large positive number (in the range from 50 to 100).

Kcr should be sfiiciently small, so that corresponding carrier harmonicsukhoomply with
associated harmonic current limits specified in IEEE St@®-$5292. The limit is specified to
be less than 0.3 % for harmonic orders greater than or eq3al for the weakest supply, and
defined with respect to maximum of 15 min. averages of the ¢oguient, I, . In practice K¢y
should be less than 10 % for the weakest supply conditiortspaost of the distorted loads.
Hence, from (3.11)f., should be higher than 3.16 timég

3.3 Conclusions

In this chapter, the proposed SHAM for the kVA reduction af @SC has been explained on
the specific example of eliminating the®&nd 13" harmonic components of a non-linear
load. It has been shown that SHAM is mainly based on the amgifin property of the
input filter at some selected frequencies. Hence, the desimput filter is major concern in
the application of the proposed SHAM. The second main pattenrSHAM is the proposed
active damping method for non-selected harmonic compsneince the natural frequency
of the input filter has been chosen close to the frequencidsediarmonic components to be
eliminated, the active damping method may alffie@a those harmonic current components.
In order to avoid this, the active damping method, which isedaon selective harmonic
extraction, has been proposed to avoid any attenuationeitmdnmonic current components
to be injected by the CSC. By this way, amplification propeasfythe input filter at those

frequencies is kept unchanged.
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In the design procedure, it has been shown thatfgtehould be chosen close to the highest
frequency of the harmonic current components, which is 650nHhe given example, with

a safety marginAf. Also, fg should be lower than the highest frequency of the harmonic
current components in order to provide a reliable operdtiarase of power system faults, or
problems arising from the ageing of the filter capacitorssi@es, such a selection &f also
provides the capability of filtering the lower dominant @nt harmonics, 8 and " for the

given example, in the same manner but, with reduced amjpidicgains.

In the proposed SHAM, if the gains of the input filter at those-gelected harmonic fre-
guencies are chosen as higher than unity, the harmonicntsiirgected by the CSC will be
obviously smaller than the corresponding APF currentsadtiteen shown that the kVA rating
of the CSC is reduced considerably as compared to the kVAgati the APF depending on

the rms values of the injected harmonic components.

Finally, the approach to the selection of thefor the designed input filter has been presented
in order to suppress the sideband harmonics of the carridrasl been shown that thig,
should be higher than 3.16 timég for suficient filtering performance, which is higher than

90 %, at the carrier frequency.
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CHAPTER 4

DESIGN AND IMPLEMENTATION OF THE CURRENT
SOURCE CONVERTER BASED ACTIVE POWER FILTER

4.1 Introduction

The system description and operation principles of thee&ui$ource Converter (CSC) based
Active Power Filter (APF) have been presented in Chapterrfzad been shown that the CSC

based APF should meet the following objectives:

e filtering of some pre-selected harmonic components of alinear load,

e damping out the oscillations due to the parallel resonahtieeanput filter.

In this chapter, design and implementation principles dadjgplication prototype for the CSC
based APF will be presented. Design of the prototype systéhievaccomplished accord-
ing to the needs of an industrial system, which is a Light Redinsportation (LRT) system

characterized by 12-pulse uncontrolled rectifiers fed feoMV bus.

The model of the overall system including supply, load amdARF is constructed in PSCAD
v4.2 [89]. The load is modeled by a 12-pulse rectifier supgypower to an RL load. Load
parameters are adjusted so thaf" Bhd 13" harmonics measured in the field are produced.
The performance of the APF has been tested by comparifigatd 13" harmonics injected
by APF with load harmonics in view of the IEEE Std.519-199heTproposed SHAM and
DSPWM have been exercised by this model. The specificatibtiedCSC including power
semiconductors, heatsinks, busbars, filter capacitorghendc-link reactor have been deter-

mined according to the results of simulation work.
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The first step in the design is the determination of load dtarstics by PQ measurements in
the field. System sizing study will then be carried out. Thze sind the specifications of the
input filter elements are determined in the next step. Thintadnductance Ly, is then de-
termined by considering peak-to-peak current ripple indtiéink and TDD of the harmonics
injected by the APF to the supply excluding the selectel 4dd 13" harmonics. Specifi-
cations of power switches are roughly determined in vienhefgemiconductor current and
voltage waveforms obtained from the simulations. Amongdbmmercially available semi-
conductor devices, candidate IGBTs and reverse blockistgréovery diodes, the choice of
power semiconductors is verified by carrying out switchiegts in the laboratory. The perfor-
mance of the control system is first tested by simulation wankl then after implementation
improved by laboratory tests. Implementation work of theOdfsed APF is also described

in this chapter.

4.2 Load Characterization and Design Specifications

Within the scope of this thesis, an application prototypeC&C based APF has been de-
signed and implemented in order to eliminate thd Hhd 13" current harmonics of the
12-pulse uncontrolled rectifiers, which are supplying thtegary lines of the Bursa Light

Rail Transportation System (Bursaray).

A simplified single-line diagram of the sample LRT systemiigeg in Figure 4.1. Catenary
lines at 1500 Vdc are fed from 12-pulse uncontrolled rectfiecated in dierent substations.
1500 Vdc is then converted to the variable frequency ac layitna converters. The 12-pulse
uncontrolled rectifiers, located inftirent substations, are fed from MV bus via long under-
ground cables. The major power quality problems encoutteraterfacing LRT systems to

the grid are as follows:

o Twelve-pulse rectifiers generate®,113", 239, 25" ..., (12n+ 1)™ harmonic current
components. Among these, usually th&Ehd 13" harmonics exceed the limits spec-
ified in IEEE Std. 519-1992. For the LRT system in Bursarag, dhily variations of

11™ and 13" current harmonics (3 sec. averaged data) are as given iné4g2.

e After midnight, when the transportation system is out of/imer, long medium volt-

age underground cables produce large amounts of capaetiegve power to the grid.
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This may cause reactive energy penalties according togherggulations [11]. Active

and reactive power variations (3 min. averaged data) aengdivFigure 4.3.

34.5kV

Bus MV Cable (15 km)

Q 3150 kVA %
OX  34.5/1.22/1.22kV Q.%é
Q‘vé Dy5 D0

12-pulse T+ S+
T+ 4 uncontrolled

Rectifier
g
g
Catenary Line
o o
AC AC
Traction Traction
Motors Motors

Figure 4.1: Simplified single-line diagram of the LRT system

It is seen from Figure 4.2 that 1and 1% current harmonics of the sample LRT system
are exceeding the specified limits almost all of the timesnduthe operation period. Hence,
the application prototype, which is being described in thissis, has been designed and

implemented to eliminate these harmonic components of thiedBay LRT system.

Since the 12-pulse uncontrolled rectifiers are connectédetd1V bus, the CSC based APF
should also be connected to the MV bus, which is the PCC of RE s&ystem. The APF
can not be connected to the secondary side of the rectifiesftaners becausé"sand 7
current harmonic components are eliminated by transfoomenection (two secondary wind-
ings with delta-wye connection). As described in the presiohapter, the CSC based APF

has been designed for connection to the MV bus via a couplargstormer, which has been
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(3 sec. averaged data recorded in the field)
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already established in the LRT system for reactive powerpsarsation of the long MV un-

derground cables as illustrated in Figure 4.4.

34.5kV . MV Cable (15 km)
Bus 1L

Qe
is | i A
3150 kVA
- A) 1600 kVA (&) “@
Coupling @ a4 B G s;@ 34.5//1.22 /11.22 kV Q"

Transformer Dy5 DdO
1.0 kV Bus 12-pulse T T+
: I-D|—| I-D|-I Uncontrolled
| s Rectifier
- ]
lese L TYT D a
run I Rt
T+
Luu.rl N Catenary Line
1250 kVAr 450 kVA ]
TSR APF _”_ _"_
& i
AC AC
Traction Traction
Motors Motors

Figure 4.4: Simplified single-line diagram of the LRT systand CSC based APF

The reactive power compensation system, established in23@&, has a coupling trans-
former (34.%1.1 kV, 1600 kVA) to connect the Thyristor Switched ReactbR) of 1250

kVAr to the MV bus. Since a suitable coupling transformer ligady available, the CSC
based APF has been designed for connection to the secondargfsthis coupling trans-
former, thus necessitating a voltage rating of 1.0 kV, whihhe highest voltage for LV

systems [90].

Since the coupling transformer and the nominal voltageeas#dtondary side are determined
by the existing system, the power circuit design of the pgygpe CSC based APF has been

accomplished in view of these constraints. Another issubeéndesign work is the reactive
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power generation capability of the CSC based APF requiredhi® application. Since the
long MV underground cables generate large amounts of damactactive power, the CSC
based APF should either have unity power factor at its outpube capable of generating
further inductive reactive power. This constraint makesessary the input filter capacitors to
be kept at a minimum possible value, or a higher convertargas required to eliminate the

excessive capacitive reactive power.

According to the constraints given above, technical spetifins of the application prototype
are as listed in Table 4.1. The design of the system will beezhiout according to these

technical specifications.

Table 4.1: Technical specifications for the prototype CS§edaAPF

Technical Specification Rating
Nominal bus voltage 1.0 kVrms line-to-line
Coupling transformer 1600 kVA, 34/5L.1 kV, U\ 5.77 %
11t harmonic current > 6.0 Arms at 34.5 kV
13" harmonic current > 4.0 Arms at 34.5 kV
Net reactive power output > 0 (inductive)
Physical dimensions as small as possible

4.3 Sizing of Input Filter Elements

As mentioned in the previous chapter, design of the inpudrfit the most critical task in
the overall design procedure of the CSC based APF with SHAMNMed& main specifications,

which should be taken into consideration in the design mhoee are listed as follows:

e APF is going to inject 14 and 13" harmonic components to the network.

e There is a coupling transformer which is rated at 1600 kVA534.1 kV, 5.77 %Uy.

e The net output reactive power of the APF should be either, zerimductive.
The specifications given above dictate the natural frequehthe input filter, the size of the
filter equipment, and the carrier frequency.
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In view of the discussions given in Section 3.2.1 and the ttaimgs given above, the safety
margin,Af, is chosen as 130 Hz fdg = 50 Hz. Thus, the natural frequency of the input filter
becomes 780 Hz for the highest frequency of the harmoni@ntsrto be filtered out, which

is 650 Hz.

4.3.1 Calculation ofLs and C;

For the choserfy = 780 Hz, filter inductance and capacitance values can be fodine

leakage reactancé; of the coupling transformer is given by

Xe = —Y Uy (4.1)

whereVyy is the nominal line-to-line bus voltage (referred to eithemary or secondary side)
in KV rms, Syva is the rated power of the transformer in MVA, abig is the short circuit
impedance of the coupling transformeX;, is calculated for the given coupling transformer

referred to the LV side is calculated from (4.2).

1.12
X = 16 0.0577 = 43.79 mQ 4.2)
where
Xtr = 27Tsttr. (43)

Thus,Ly is found to be 13%H. Filter capacitance can then be calculated from (4.4).

1 1
© (2rnfo)Ly  (27- 780P13%

Cy ~ 300uF. (4.4)

The corresponding reactive power generation at ratedg®|th.0 kV) is given by (4.5).

Q = VZ,(2rfCs) = (LOK)*(2r-50-30Qu) = 94.25kVAr. (4.5)
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Hence, an inductive reactive power equal to 94.25 kVAr sthdn@l generated by the CSC to

cancel out the capacitive reactive power produced by thet ifilper capacitors.

In view of the considerations given in Section 3.2%, is chosen as 75 in the design work,
and it is corrected in the implemented system according e¢ontleasured of amplification
factors of 11" and 13" harmonics. Thus, series resistancepf the input filter is found as

9.1 mQ by using (2.28) folL; = 139uH, andCs = 300 uF.

4.3.2 Characteristics of the Designed Input Filter

The transfer function of the LC-type input filter is given #g) for the calculated inductance,
capacitance and resistance values; and its gain and ptgmmses are presented in Figures

4.5 and 4.6.

Wi 24.02-10°°

Gi(s) = =
(9 &+ (wo/Qo)s+ w3 *+6535s5+ 2402106

(4.6)
wherewg = 2rfy.

The gains and phase angles of th&&hd 13" harmonic components in (4.7) are then de-

duced from Figures 4.5 and 4.6.

Gi(jw11)
Gi(jw13)

Gi(j11ws)
Gi(j13ws)

2.05/(-1.1)°
3.35/(-2.1)°

4.7)

4.3.3 Filter Capacitor Ratings

The final stage in the input filter design process is the detetion of the voltage and current
ratings of the input filter capacitor. Since the amplificatfroperty of the input filter for the
11" and 13" harmonic components is used, harmonic currents at thegeeineies are also
circulating through the filter capacitor as illustrated igu¥e 4.7, which shows the p.u. values
of 11 and 13" current harmonics flowing through the shunt input filter cipe. Current
loading of filter capacitors are determined by calculatiomial values of.;1 andl¢;3 at rated

operating conditions, that is
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2 2 2 2
lcrated > lc1” + lc11” + lc13” + Z lch (4.8)
h#1,11,13

wherelg, is rms value of theh™ harmonic component of the filter capacitor current. It is
worth to note that if the amplification gains for the™and 13" harmonics were kept at very
high values than the design values given above, very higteicts would circulate through

the filter capacitor, thus making the filter capacitor bubkyd costly.

In order to find the maximum current circulating through tltefficapacitor, simulations have
been carried out in EMTD®SCAD for the design values of thelland 13" harmonic
components, which are 6.0 Arms and 4.0 Arms at MV level, rethgdy. In Figure 4.8,
current waveform of the line current of the filter capacigshown, and its harmonic spectrum
is given in Figure 4.9. The true rms value of the line currdrthe filter capacitor is found as

207 Arms for rated power of the APF with these simulations.

The maximum line-to-neutral rms voltage of the capach@rcan be calculated by

_ lch
Ve = 2 G, (4.9)
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wherel, is the rms value of thé™ harmonic component of the line current of the filter
capacitor. V. is found as 781 Vrms by using Figure 4.9 and taking into actouty the

dominant harmonic components.

As a result, the filter capacitor should have a minimum currating of 207 Arms, and a
minimum voltage rating of 781 Vrms. Since there is no newtoalductor in the system, filter
capacitors have to be connected in delta. This results imgsabf 119.5 Arms and 1352.7
Vrms. In order to meet these requirements,uB3capacitors from ELECTRONICON [93]
have been chosen as the filter capacitors in the applicatmotppe, in which there are nine
capacitors of 33F connected in delta as three groups. Therefore, each capaated at 100
A true-rms current rating, will carry a current of only 39.8ri&as. The chosen capacitor has
a voltage rating of 1700 V rms, and 4000 Vdc, which is far abibvecalculated maximum
voltage of 1352.7 V rms. Technical specifications of the enosapacitor is given in Table
4.2.

Table 4.2: Technical specifications of the filter capacitor

Technical Specification Rating
Rated capacitance 3F £10%
Rated ac voltage 2400 V ac
Rated dc voltage 4000 V dc
Max. rms voltage 1700 V rms
Surge voltage 6000 V
Rated energy 264Ws
Max. rms current 100 Arms
Series resistance 0.6¢n

Self inductance 160 nH

4.4 Selection off,,

The gain of the input filter at carrier frequendg;, should be sfiiciently small as discussed
in 3.2.4, so that corresponding carrier harmonics shoutdpty with IEEE Std. 519-1992.
fer is found to be> 2467 Hz by using the (3.11) for the chosgn= 780 Hz. It is seen from
Figure 4.5 that the gain is smaller than 10 % for the frequarayes> 2.5 kHz. In view
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of these considerationd; is, therefore, chosen as 3.0 kHz in the designed and impliaien

CSC based APF, which provides 93 % filtering of the carrientwanics.

4.5 Design of DC-link Reactor

Since it is always pursued as the main disadvantage of thesQfe@rmination of the dc-link
reactor is a critical step in the design procedure. In ordeetermine the dc-link inductance
value, first of all, the design value of the dc-link currenbvsll be fixed. The maximum peak
value of the reference current vectigyax (excluding the active damping and error compensa-

tion) is given by

Imax = \/E(Icsq + Icsql + |cscl3) (4.10)

wherel¢sq is the rms value of the fundamental current drawn by CSC laggl, andlcsg, are
the rms values of the fMand 13" current harmonics injected by the CSC, respectiviglyx

is found for the worst case, in which the peak values of thenbaic components are added.

In the application prototype, design value for thé"IHarmonic component at 34.5 kV level
is 6.0 Arms, and 4.0 Arms for the $aharmonic component as in Table 4.1; and the amplifi-
cation gains K11 andK13) of the input filter for the 14" and 13" harmonic components are
2.05 and 3.35, respectively as given in (4.6). The fundaatenirrent of the CSClcsq is
calculated by (4.5) and (4.11) for the unity power factorratien at the output current of the
APF.

4.25kV A
losg = —2— = H2KVAT_ o) 4 Arms (4.11)
V3Vi V3 10kV
Thereforejmaxis found by
n 3136
lesa; = (|11)MVK—11 = G-OE = 918 Arms (4.12)
n 3136
ICscll = (|13)MVK—13 = 40% = 375 Arms (4.13)
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and

imax = V2 (544+918+375) = 2598 A (4.14)

wheren=31.36 is the turns ratio of the transformer. From (4.14)r#ference dc-link current,
lqc" is chosen to be 30Ain order to make sure the converter being operated in a lneggon.
It is worth to note that if the proposed amplification propest the input filter, or simply

S HAM was not used, from (4.10), the dc-link current should beimmiim 550 A.

Now, the value of the dc-link inductance can be found in vidwhe I4.* and the harmonic
currents to be generated by the CSC. Since there is a cirgyiastantaneous power between
the load and APF, the stored energy in the inductor shoulcapalide of supplying the total
half-cycle energy of the harmonic components. The maximathdycle energy required for

h" harmonic component is given by [24]

A

En = 2ht. (4.15)

wherely, is the rms value of the” harmonic component referred to the LV side.

For the application prototype, total maximum-half cyclesy, Ey can be found by

_ NVl |, g
Er = S5 GFH+3)

(4.16)

210°,918 , 375
= V210918, 375y _ 1588 Joules

As a result, the required dc-link inductance E=158.8 J , andyc.*=300 A is given by

ZEZ
|dc2

de

\%

(4.17)

21588 _

v

In order to find the optimurhyc value, the maximum peak value of the dc-link current and the

TDD value at the PCC has been analyzed. The peak value of ttiekdcurrent determines
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Figure 4.10: Variation of the maximum peak dc-link currend & DD against 4. (Theoreti-
cal)

the maximum turn-fi current of the semiconductor devices. TDD value has beaulea¢d

by taking into account all the undesired harmonic compangenerated by the APF at the
PCC, excluding the selectedl&and 13" harmonic components. In Figure 4.10, the variation
of the dc-link current in p.u., and the TDD at the PCC are gagainst the variation of theyc
value. It is seen that the ripple on the dc-link current ard®BD value remain almost same
for the Lqc values higher than 5.0 mH. In the design procedure, a pepkd& ripple of 10.0
% was chosen as the criteria for the selectioh.@f value. In view of these considerations,

the dc-link reactor value for the application prototype whssen as 4.0 mH.

The dc-link reactor is implemented as iron-core reactomgvio the lower losses compared
to air-core one, in which higher number of turns due to the p@smeability (i) result in
higher losses. The dc winding resistance of the dc-linktogas given as 7.4nQ by the
manufacturer, H. V. Mangoldt, for 4.0 mH. As described in pinevious chapter, gains of the

dc control loop can be found by using these values.

The cut-df frequency of the dc-control loopyngc is chosen as 47dad/sec For this value,
proportional and integral gains are found by using (2.42) &h44) as 1.35 and 2.49, re-
spectively. The cut4 frequency of the LPF (2.44), which is used for smoothing ttdirk

current, then becomes 66ad/sec
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4.6 Determination of Damping Gain

After fixing the values of the input filter circuit elementsdadc-link current, the next stage
in the design procedure is the determination of the dampaig. gAs seen from Figure 4.5
that the harmonic components around the natural frequeltbye input filter are significantly
amplified. In order to damp these oscillations, the prop@sgive damping method will be
employed, in which all the undesired harmonic componenitdeidamped without anyfiect
on 11" and 13" ones. By this way, the benefit comes from the amplificatioperty of the
input filter at 550 Hz and 650 Hz will not be lost, and the rataighe CSC will be reduced

significantly for the same APF rating.

In order to find the optimum damping gain value, which pradljcequals to the fictitious
1/Ry, simulations have been carried out both in Matlab [92] andlBI@/PSCAD. In Figure
4.16, the amplification factor versus frequency charasties of the input filter are given for
various fictitious damping resistor values. It is seen tisiliations are dampedtectively

for all values ofRy between 1.@2 to 5.0Q. Since the damping gailGq is equal to IRy,

the smallerRy yields to higherGq, and higher reference current vectors for active damping.
Hence, in order to keep the dc-link current value as low asipteswith the linear operation

of the converter(z4 should be chosen by compromising the resultant harmonigoaents

and the peak value of the reference current vector.

Another constraint for the selection of damping gain is ttabitity of the ac control loop.
Higher damping gains provide better attenuation of the seleeted harmonic current com-
ponents. However, there is a limitation on the selectionaofiping gain in view of the system
stability. Simplified block diagram of the ac current cohtomp, which is used to damp out
the non-selected harmonic current components, is as giveigure 4.11. APF currenk; is

given by (4.18) with respect tigsc as follows [67]:

1

- 4.18
1+ (jwls +rf)e—JwTde—w2Lfo + jwCiry ( )

It = lesc:

wherew = 2nf andTy is the control delay time, which is simply equal to the hallRWM

period. From (4.18), loop transfer functiofyop, is obtained by
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In Figures 4.12-4.15, nyquist plots of the loop transferction are given for dterentGqy

values. It is seen from Figure 4.12 that 8§ = 0, phase margin is very small, and response
of the system is oscillatory. FdBq > 2.0, Figures 4.14 and 4.15, the intersection of the
nyquist plot and the real axis is on the left of (-1,0), andeysbecomes unstable. Hence, it

can be concluded th&y should be smaller than 2.0 for a stable operation.

In the view of the considerations given abo@g, = 0.4 has been chosen as the optimum value
for active damping. Final modulating waveform used in DSPV8Ms shown in Figure 4.17
for Gg = 0.4 and, design current values of 6.0 Arms, and 4.0 Arms at M¥ll&r 11" and
13" harmonics, respectively. It is seen from Figure 4.17 thakpelue of the final reference
current is smaller than 300 A for the chogBp. Besides, system is stable for the cho&gn

as shown in Figure 4.13.

4.7 Selection of Power Semiconductor Devices

After determination of the dc-link current as to be 300 Aréhare no other unknown param-
eters for the selection of the power semiconductors. Tharmanr peak voltage, excluding
the over voltages during commutations, to which the powaerieenductors will withstand,

should be calculated to determine the voltage ratings gbtineer semiconductor devices.
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Figure 4.13: Nyquist plot of the loop transfer function @4 = 0.4
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Figure 4.15: Nyquist plot of the loop transfer function &g = 3.0
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The maximum peak line-to-line voltag¥max at the secondary side of the coupling trans-
former is given by (4.20) using (4.12), and (4.13}ax is calculated for the worst case, in

which the peak values of the harmonic voltages as well asafimedital one are summed alge-
braically. The harmonic voltages are calculated for theesponding currents, which are the

design values of the and 13" harmonic components.

V2{1.1Vi + V3L(w11K11l11 + w13Ki3l13)}

Vm ax

V2{1100+ V3-139- 10°6(34558 - 2.05- 91.8 + 4084- 3.35- 37.5)}

19517V

(4.20)

It is seen from (4.20) tha¥max Will be higher than 2.0 kV with the transient over voltages
during the commutation periods of the semiconductor devi€®r that reason, power semi-
conductor devices should have at least 3300 V voltage ratifgch is a standard voltage
level for the High Voltage (HV) semiconductor devices aahlié in the market. The candi-

date power semiconductor devices are GTO (Gate TufrHyristor), IGBT (Insulated Gate
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Bipolar Transistor) and IGCT (Integrated Gate Commutatiegristor). Owing to the its old
technology, which requires a complex drive circuit, andvehpoor switching performance,
GTO s eliminated. Although there are also other novel pageniconductor switches such as
IEGT (Injection Enhanced Gate Transistor) from Toshibg £8) and ETO (Emitter Turn-©®

Thyristor), they have not been commercialized yet.

Aforementioned in the previous chapter, there are six p@eericonductor switches in the
CSC, which have unidirectional current carrying, and kpaloltage blocking capability,
thus being characterized as symmetrical. Although symoa¢tGCT has been known and
commercially available, symmetrical HV IGBT has not beevdurced yet [30], [95]-[97]. HV
IGBTSs are generally produced with their antiparallel freeeling diodes in the same housing
[98]-[102]. But, there are also some HV IGBTSs, which ard stilymmetric but do not have
antiparallel freewheeling diodes, and can not block reveddtages [103]. In the view of the
chosen switching frequency of 3.0 kHz, although they ard-swgted to VSC applications,
the most suitable devices are the HV IGBT modules among thdidate devices due to the

following advantages:

e HV IGBTSs (especially the modules) can be found in the markstlg from many man-

ufacturers at dierent voltage and current ratings.
e Since HV IGBTSs are being used in many VSC applications sudhnaation, isolated
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gate drive circuits for these devices are available in thekaeta

e Since the case of the HV IGBT modules are isolated, it pra/ftdxibility in the design,
and reliability in the operation. Besides, isolated case arovide the application of
either the conventional forced-air cooling, or water cogliwithout the need of de-

ionized coolant.

From the considerations given above, HV IGBT modules arsehdor use in the CSC based
APF application prototype. Although, there is no need to thgeantiparallel freewheeling
diode of the IGBT in CSC applications, almost all the IGBT mled do have these diodes,
which are not harmful in the normal operation of the CSC. Ildeorto achieve the reverse
voltage blocking capability, an appropriate diode showdtbnnected in series with the HV
IGBT module. For asymmetrical and reverse conducting IGB€&ses diodes are chosen as

fast recovery type and compatible with the housing of thessponding IGBT.

The key technical specifications of the candidate HV IGBT dlesl are given in the Table
4.3. Although the dc-link current is chosen to be 300 A, IGB@dules having a collector
current rating of 1200 A have been chosen due to the possitiledse of the LRT system in
the near future, and better cooling capacity of these medrdenpared to the that of having

smaller current ratings such as 400 A, and 800 A.

It is seen from Table 4.3 that HV IGBT module of Mitsubishi bdawith the part number of
CM1200HC-66H is showing a better performance in view of the conduction smitiching
losses as compared to the other ones. For that reason, CMC266H is chosen as the HV

IGBT module to be used in the application prototype.

As mentioned above, a fast-recovery diode should be userigsseith the chosen IGBT
module to achieve the reverse blocking capability. Howefast-recovery diodes have high
reverse-recovery (RR) currents with highdt. This results in high over voltages during the
commutation periods of the diodes, which have been analyréddtail in [30]. On the other
hand, not only the peak value of the RR current, but alsaltié during RR is determined
by the total inductance in the commutation circuit, and twé&ching characteristics of the
HV IGBT module. Hence, the fast-recovery diode should besehdoy considering both the
maximum safedi/dt defined with the RRSOA (Reverse Recovery Safe Operating) Aaea

the reverse recovery curreiy;.
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Table 4.3: Technical specifications of the candidate HV IGBddules

Vees Ic Vegsan Eon  Eo©FF

A G V) Q/pP)  dIP)

Part Number Manufacturer

FZ1200R33KF2C Infineon 3300 1200 4.3 2.2 1.55
FZ1200R33KL2C-B5 3300 1200 3.7 3.15 1.9
CM1200HA-66H 3300 1200 4.8 1.75 1.0

CM1200HB-66H Mitsubishi 3300 1200 4.0 1.80 1.50
CM1200HC-66H 3300 1200 3.6 1.6 1.55
DIM1200ESM33-F Dynex 3300 1200 3.6 2.6 1.8
MBN1200D33C Hitachi 3300 1200 4.8 2.1 1.6
MBN1200E33D 3300 1200 4.2 1.60 1.30

5SNA 1200E330100 ABB 3300 1200 3.8 1.89 1.95

5SNA 1200G330100 3300 1200 3.85 1.73 1.90
MIO1200-33E10 IXYS 3300 1200 3.8 1.89 1.95
MIO1200-33E11 3300 1200 3.8 1.75 2.0

For that reason, a 1200 A, 3300 V diodeM1200HA-66S from Mitsubishi company has
been chosen by taking into consideration the compatibilitjousing, delivery times (avail-
ability in the market) and unit prices, as well as the techin@onsiderations given above.

Sample pictures of the chosen semiconductor devices aga givigure 4.18.

In order to turn the HV IGBT modules on andf,0a proper gate drive circuit has to be used
with the selected modules. Since, the chosen IGBTs are lvdogy used in traction appli-
cations, suitable and custom-designed gate drivers aifalateain the market [104, 105]. A
driver, which is specifically designed for the CM1200HC-66ids been chosen from CON-
CEPT as the gate drive unit to be used in the application fyqo¢o By the use of CONCEPT
driver (1SD536F2-CM1200HC-66H) the need of an isolateghbufor each IGBT with 3300

V isolation has disappeared. It is seen from the technicadifpations of the gate drive unit
given in Table 4.4 that the driver can be used upto 9.0 kHzclvig far above the design
value of 3.0 kHz. Besides, the fiber optic interface of theairprovides a further isolation

between the power and control circuits.
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Table 4.4: Technical specifications of the gate drive unit

Minimum  Typical

Maximum  Unit

General

Supply voltage 14,5 15 16 \%
Supply current 120 mA
Gate peak current -36 36 A
Switching frequency 9 kHz
DC-link voltage 2200 V
Operating voltage 3300 \%
Test voltage (50H4Amin) 6000 Vrms
Short circuit protection

Vce voltage threshold 50 60 \%
Response time 9.5 10 us
Blocking time 1 S
Gate output

Turn-on resistorRgyn) 1.8 Q
Turn-of resistor Rgyf 1) 3.8 Q
Aux. gate capacitor 220 nF
Timing characteristics

Turn-on delay time 350 ns
Turn-of delay time 450 ns
Acknowledge time 380 ns
Acknowledge pulse width 0.6 1.8 us
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Figure 4.18: Sample picture of the chosen HV IGBT (right) &ast-recovery diode (left)
modules

4.8 Design of Cooling System

In order to decide on the type, or rating of the cooling systetal losses expected at the rated
power should be calculated theoretically. For this purpssaulations have been carried out
in EMTDC/PSCAD, and theoretical current and voltage waveforms of IG®T and one
diode have been recorded for a duration of 20 ms as given iaréig.19 forlyymy) =

6.0 Armsandlizmyy = 4.0 Armsharmonic currents at 34.5 kV, arfgt = 3.0 kHz

For the waveforms given in Figure 4.19, all conduction andahing losses have been calcu-
lated for each pulse according to the technical charatiterigf the IGBT and diode modules.

Before the loss calculation, following calculations andlsmys have been made:

e The collector-emitter saturation voltagé; g a1y of the IGBT module was calculated
for the collector currentic of 300 A, and the gate-emitter voltagégg of 15 V from

the data sheet of the CM1200HC-66H. For these conditidpss a7 is taken as 2.3 V.

e The forward voltage drop/g of the diode was scaled according to the forward current,

Ir of 300 A, and junction temperatur&; of 25 °C, henceVr is taken as 2.0 V.

e Turn on energy per puls&g, of the IGBT module is calculated fog=300 A, and gate

resistancesRg,, andRg,¢¢ of 3.8Q, and taken as 0.86plise. However, this value is
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valid for Vcg=1650 V, for that reason, it is scaled for the correspondiritage value

for each pulse in Figure 4.19, e.qg. itis 0.4Bulse forVcg=825 V.

e Like Egp, turn df energy per pulseky¢ is calculated as 0.9%pllse, and scaled ac-

cording to the voltage value of the IGBT for each pulse.

e The reverse recovery energy per pulBg of the diode is also calculated fb=300
A as 0.38 Jpulse for reverse recovery voltagé, of 1650 V, and scaled according to

the voltage value of the diode for each pulse.

By using the Figure 4.19, and the calculations given abawedaction and switching losses

of the IGBT and diode are found as in Table 4.5.

As it can be seen from Table 4.5 that total loss, for only onBT@&nd one diode module,
is 1912 W. Therefore, total loss of the converter (six IGBTd gix diodes) will be nearly
12.0kW. For that reason, the cooling system, to be used iagpécation prototype, should
have a cooling capacity of minimum 12.0kW, and heat sinksetauged for cooling of the

IGBT and diode modules should also be capable of transggethiis amount of heat.

In the application prototype of the CSC based APF, in ordeat@ from space, and to transfer
the generated heat to outside of the building, in which APFoeiestablished, a water cooled
system has been chosen as the cooling system of the CSC bRsed e first step in the

design procedure of the cooling system is the selection efhmtsinks to be used in the
system. The most important design criterion in this worlhis tnaximum allowable junction

temperatures of the semiconductor devices. Since the 75thedbtal loss is generated by
the IGBTS, this criterion is mostly dictated by the heat $fan characteristics of the IGBTS.

The junction temperature of the IGBT module is given by

Table 4.5: Conduction and switching losses of the IGBT and&imodules

Loss, W
IGBT Conduction 332
Diode Conduction 289
IGBT Turn-on 475
IGBT Turn-of 580
Diode Reverse Recovery 236
Total 1912
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Tj = PigeT (Rj-¢ + Re-n) + Th (4.21)

wherePggT is the total loss of the one IGBT modulg;_. is the junction-to-case, ari_p

is the case-to-heatsink thermal resistance of the IGBT theodmdTy, is the temperature of
the heatsink. IfTj of the IGBT module is designed as to be maximum®@0for Rj_¢ = 8.5
K/KW, Re_, = 6.0 K/kW andPggT=1387 W, T}, will be maximum 70°C. In order to keep
the water flow and the size of the heatsink at minimum, the &satpre rise on the heatsink
is chosen as 15 K. This results in that the temperature of dtletovater will be maximum

55°C in worst case.

In order to make the power stage as simple as possible, twd $@Bd two diodes have been
mounted on a single heatsink. Hence, there will be threesimiatin the system, and the
power loss on each heatsink will be 4.0 kW. This yields to #wth heatsink has a thermal
resistance of maximum 3.75/kW for a temperature rise of maximum 15 K. In result, the

two constraints in the selection of the heatsinks will beadiswvs:

e The dimensions of the heatsink will be suitab#20mm x>280mm) for mounting of

two IGBT and two diode modules.

¢ It should have a thermal resistanee3.75 K/kW.

To meet these objectives, an aluminium made heatsink frord 6] has been chosen
as the heatsink to be used in the application prototype of2tB€ based APF. The chosen
heatsink, AKW-300-385 has thermal resistivity and pressirop versus flow rate curves as
given in Figure 4.20. It has a thermal resistance of 3.3/ and 0.62 bar pressure drop
for a coolant flow of 20/min. Therefore, the cooling system, which will transfer treat
from heatsinks to the air, should have a total flow of minimuv/6in to obtain the required
thermal characteristics. A sample photo, and an engirgéliawing of the chosen heatsink

are given in Figure 4.21.

Since there is no raw water to be used for transferring theihelae LRT system, the cooling
system has been designed as to have a water-to-air heangechas given above, the heat

exchanger of the cooling system should have a capacity afrmaim 12.0 kW, and the pumps
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Figure 4.20: Thermal resistance and pressure drop of theihkeaersus flow rate
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Figure 4.21: Chosen heatsink (AKW-300-385) (a) Sampleupictb) Engineering drawing
showing the mounting of IGBTs and diodes
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Table 4.6: Technical specifications of the cooling system

Technical Specification Ratiyitype
Cooling type Water-to-air heat exchager
Max. ambient temperature 45C
Min. ambient temperature -10C
Coolant Water and glycol
Max. pressure drop 2.0 bar
Min. water flow 60 /min
De-ionization NA
Particle filter 8Qu
Pumps 2 (one redundant)

of the cooling system should have a flow of minimum gih with a total pressure drop of
2.0 bar in the system, which is chosen higher than it wouldberoviding a flexibility in the
system during operation. If the total pressure drog290 bar, then flow can be adjusted by
using of valves. From the considerations given above, dragpslystem, having the technical

specifications as in Table 4.6, has been chosen for the afipticorototype.

The temperature rise in the coolant (water) for a dissipativl2.0 kW , and a flow of 60.0

I/min is given by

Qcal 10309
AT = = = 2.86K 4.22
My - Cy 3600 86 ( )

whereAT is temperature rise in the wat€)gy is the total energy in kcain,, is the mass of the
water in kg, and, is specific heat constant of the water in K@ad-K). Therefore, in order to
meet the design criterion of maximum 88 outlet water temperature, inlet water should be
55-2.86=52.14°C. For that reason, the capacity of the water-to-air hediaxger was chosen
as to have a temperatureference ok 7.14C between the temperatures of outgoing water

and the ambient, which is specified as*@Gmaximum.

The cooling system has been designed as to be fully outddbinwrder to save from space.
Hence, all the fans, pumps and the heat exchanger has béatethsn the roof of the build-
ing, in which the APF has been established. The processatimgnd the sample drawings of

the outdoor cooling system are given in Figures 4.22 and 4.23
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Figure 4.22: Process diagram of the outdoor cooling system

4.9 Design of Power Stage

As the fact that CSC is dual of the VSC, the commutation betvitee devices occurs in a
path at the ac side of the converter [30, 76]. For that reabeninductance in this commu-
tation path should be as low as possible to avoid the streiseasemiconductor devices due
to the transient over voltages during switching instant@welver, unlike VSC, the rate of
rise of the current during commutation period has to be balome certain values, which are
mainly dictated by the series diodes used in the circuit. aH@liable operatiorgli/dt of the
current in the commutation path should be below than thathefdiode, which is defined in
the RRSOA (Reverse Recovery Safe Operating Area) chaistziser There are three main
actors defining thigli/dt: diode characteristics, inductance in the commutatioh,@atd the
switching behavior of the IGBT. In order to kedjydt value at a safe value, either the induc-
tance of the commutation path will be increased, or the IGHIThe switched-on slowly, as
given in (4.23).

di 1

dt * Le ton

(4.23)
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Figure 4.23: Sample drawings of the outdoor cooling system

wherel. is the total stray inductance in the commutation path, @pds the turn-on time
of the IGBT, which can be adjusted by the gate drive circuihc& each switch consists of
two semiconductors, one IGBT and one diode, the stray iahget in the commutation path
reaches to some certain values (in practice00 nH) unavoidably. Hence, further increase
in this inductance would result in higher over voltages. Voia this and keep the ac side
inductance as low as possible, the procedure given belowigHhe followed in the power

stage design of the CSC based APF.

Use special power electronic capacitors having low seléiatances.

Keep the overall layout of the power stage as compact ashpessi

Keep the commutation path as short as possible by mountagipiper and lower

switches as grouped.

Keep the ac side conductors as close as possible by usingdsedibusbars.

A diagram showing the layout of the semiconductor devicastar filter capacitors in the

application prototype of the CSC based APF is given in Figu2d, in which the anti-parallel
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Figure 4.24: Layout of the semiconductor devices and fikipacitors

freewheeling diodes of the IGBTs are not shown for simplicBesides, in Figure 4.25, a

sample photo showing the power stage of the implemented @SE&ILAPF is given.

As it is seen from Figure 4.24 that all the steps given abowe heen followed during the
design stage of the CSC based APF, and tried to keep the amhas in the commutation path
as low as possible. Since the layout is fixed, thus the stryciiances in the commutation
paths are fixed, the final step is measuring the stray indcesaandli/dt values for diferent
commutation paths at rated voltage and current. For thipgsar, the switching tests have
been performed on the test circuits as given in Figure 4.R&eShe busbar is not symmetric
with respect to the IGBTs grouped as upper and lower ones¢ling tests have been per-
formed for diferent commutation paths, especially for the largest loegsS1 and S5 in the
upper group, S4 and S2 in the lower group. Hence, DUT1 and D2 according to the
test carried out. During these tests, B@, has been changed in order to see fis@ on the
di/dt andl,,. Figures 4.27-4.36 show the turn-on anéf aharacteristics of the devices under
tests for diferent commutation paths. A summary of these tests with tresured values of

L¢, di/dt andl,, are given in Table 4.7.

As shown in Figure 4.27 that the stray inductance of the cotatiom pathL. is calculated by

using the slope of the IGBT current, which corresponddgitdt of the diode current, and the
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Figure 4.25: A sample photo showing the power stage of théeimgnted APF

Table 4.7: A summary of the switching tests

Test Conditions Measured Variables
Rgon Rgdf _. Lc di/dt  lrr
DUT1 DUT2 0 P Figure (hH)  (Alus)  (A)

S1 S5 1.8 3.8 (4.27) 470 2125 570
S2 S4 1.8 3.8 (429 489 2083 550
S3 S5 1.8 3.8 (4.30) 340 3300 800
s1 S5 24 3.8 (4.31) 425 2000 545
S2 S4 24 38 (432) 440 1875 500
S3 S5 24 38 (4.33) 336 3000 720
S2 S6 24 38 (4.34) 376 2500 580
s1 S5 3.0 3.8 (435 480 1665 480
S3 S5 3.0 3.8 (4.36) 375 2800 650
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Figure 4.26: Simplified diagram of the switching test citsifa) Test circuit for upper IGBTs
(b) Test circuit for lower IGBTs

voltage dropAV up to the instant at which the IGBT voltage is broken, or remea&ionstant.
Besides),; is shown as the current, which is from the feeminal current to the peak current
of the IGBT. All the tests have been carried out for 1400-1506c voltage, and 400 A dc
current. Itis seen from Table 4.7 that, as Bg, increases, both thai/dt and thel,, of the
diode decrease at expense of turn-on losses as expecteglisdBeas th&g,, increases, the
turn-on time of the IGBT also increases. In the technicat#jpations of the diodeli/dt is
given as<3000A/us in the figure of RRSOA. Hence, in order to keep the diode in a saf
region during normal operation at rated voltage and curiRgy, is chosen as to be 24 in

view of the switching test results.

Another issue about the switching behavior of the IGBTséstthnsient over voltages during
turn-off. As described in [30], there are two commutation types fertthin-dt process of the
IGBT: forced turn-df, and load turn-fi. In the forced turn-ff, the current carrying IGBT can
be successfully turnedftby applying an OFF signal to its gate driver. In the load toffi)the
current carrying IGBT, which is still receiving turn-on s@, can be successfully turned-o

due to the another IGBT turned-on in the same circuit. Heaagoing IGBT is turned-
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Figure 4.27: Turn on characteristics for DUF31, DUT2S5 andRg,,=1.8 Q (Laboratory
data)

as a result of the turn-on of the incoming IGBT. For a compéetalysis, the voltage stress
on the IGBTSs during these commutations should also be ceregid In the load turn{fy the
outgoing IGBT is turned4b according to the turn-on behavior of the incoming devicel an
the diode RR characteristics, and at that instant, the sewasltage is blocked by the diode.
Thus, the IGBT voltage is zero during this turfizoln the forced turn-fi, all the process is
dictated by the behavior of the IGBT, and the stray induaasfahe circuit. For that reason,
the IGBT voltage during the forced turrffshould be kept at a value, which is safe for IGBT.
Forced turn-& process for DUT£S1 and DUTZS5 is given in Figure 4.28. It is seen that
there is only an overshoot of 285 V, and total peak voltaga seg¢he IGBT is 1800 V, which
is far below the nominal voltage (3300V) of the IGBT. Hendeere is no need to adjust the
Rg,¢ ¢ of the driver.

4.10 Design of Protection Circuits

In CSC applications, some special protection circuits,civlaire characteristic only to CSCs,
should be used as well as the usual protection circuits dcelevor protection of the CSC
against overcurrents, and overvoltages. In order to aehif@mse tasks, the common approach

is using the standard protection relays both in MV ad LV aggtlons. Since the operating
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Figure 4.32: Turn on characteristics for DUF32, DUT2S4 andRg,n=2.4 Q (Laboratory

data)
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Figure 4.33: Turn on characteristics for D33, DUTZS5 andRg,,=2.4 Q (Laboratory

data)
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Figure 4.36: Turn on characteristics for DUF33, DUT2S5 andRg,,=3.0Q (Laboratory
data)

voltage of the APF was specified as 1.0 kV, semiconductorcdsuiave been chosen accord-
ing to this design value. Hence, in case of an overvoltageeabtV bus, the CSC based APF
should not be operated, or disconnected from the 1.0 kV bwghis purpose, an "Ovainder
voltage relay” has been used, and MV and LV circuit breakegsswitched & by use of a
trip signal coming from this relay as shown in Figure 4.37 atidition to the this relay, LV
bus voltage is also monitored by the control system of the, AR& in the cases of under and

over voltage, CSC is stopped, and LV circuit breaker is svaitcdt.

In order to protect the overall system from excessive cisrercase of a severe fault, the CSC
based APF has been equipped with an "Over current relay”. shioyt circuit either at MV or
LV side is sensed by this relay, and a trip signal is generatessivitch df all circuit breakers
in the system. Not only for the over current, but also a ptaiador the over loading of the
CSC due to possible faults in the system should be employteel oVerload protection of the
APF have been mainly achieved by two mechanisms: (i) thealsitstem of the APF, which
occupies both analog and digital protections for this psepdii) the LV circuit breaker, which

has been also equipped with both over current and over |lasdgtion properties [107].

As an inherent property of the CSC, there is no risk of a shiocuit at the dc side of the
converter and, if there were no loss of control (in view oftsWing of semiconductor devices),

all the current should circulate through the dc-link reackdence, dc-link current should be
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Figure 4.37: Protection circuits in the CSC based APF

monitored, and the system should be protected against assjbp® over current at the dc-
link, which is also flowing through the semiconductor desic&or this reason, Hall fEect
Current Transducers [108] have been used in order to seasdcthink current accurately,
and without any delay. The dc-link over current protecti@s been achieved by the control

system by employing both analog and protection circuits.

A special protection, which is characteristic to CSCs, ésdfier voltage protection at the dc-
side of the converter. If the dc-link current is interruptaidenly, the dc-link voltage goes
to a negative very high voltage as a result of the stored grarthe dc-link reactor. This
over voltage may yield to failures in the semiconductor desj and unrecoverable faults in
the system. In order to avoid this overvoltage and protextQ8C, an overvoltage protection
circuit, also referred to as crowbar circuit, has been usdiad application prototype as shown
in Figures 4.38 and 4.39. It is composed of two pieces of 33@8nmetric fast-turn on
thyristor (WESTCODE A1080LC330), for making sure of a releoperation with high didt
values, and a 4500V fast recovery diode (WESTCODE MO0659I10L45 he thyristors are

triggered by a self-triggering mechanism without need ofeernal power supply.
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Figure 4.38: Circuit diagram of the implemented crowbar

Figure 4.39: A sample picture of the implemented crowbar
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Figure 4.40: Circuit diagram of the crowbar test setup

When the dc-link voltage exceed the design value of 25008&/ptieak-over diode shown in
Figure 4.38 turns on, and triggering circuit sends a firinig@to each thyristor with ghicient
magnitude. Besides, a feedback signal is sent to the caystém via fiber optic interface,
which is integrated into the triggering circuit. The comtsgstem blocks the gate signals of
the IGBTSs, and sends a trip signal to the LV circuit breakesrughe receipt of the feedback
signal. For any fault signal, the firing circuit in the contsystem blocks the gate signals of
the switches S1, S3, S4, and S6; and sends a turn-on sigria switches S5 and S2 for

freewheeling operation.

Before the implementation of the CSC based APF in the LRTesystrowbar circuit was
tested by a setup as shown in Figure 4.40. In this test, tHmkicurrent is built-up first by
turning on the switches S1 and S6, thus applying 1000 Vdcdalthlink. As the current
reaches to 200 A, S3 is turned on, and with a delay, S1 is tusfiedVhen the converter is
in freewheel operation, S3 is also turne, @and the dc-link current is interrupted. At this
instant, dc-link voltage with a sign as shown in Figure 4 #0ts to rise up until the protection

mechanisms operate.

In Figures 4.41-4.43, voltage and current waveforms of tteesponding devices are shown
as signed in Figure 4.40. It is seen that until the crowbaudioperates, the voltage across
the device S1 exceeds 2400 V, the active-clamp feature afrther acts, and turns the IGBT
(S1) on to protect the device from this overvoltage. Aftex tiperation of the break-over
diode, with a delay of aboutdsec dc-link current is transferred from S1 to the crowbar, and

decays to zero in this path.
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4.11 Design of the Control System

The control system of the CSC based APF includes the referemcent generation, wave-
form modulation, monitoring and protection circuits, wiiare being performed by four fun-
damental units: (i) Digital Signal Processor (DSP) Boaiijl Hiring Board, (iii) Protection
Board, and (iv) Programmable Logic Controller (PLC).

DSP Board performs almost all critical jobs such as refexanarent generation, waveform
modulation, dc-link contrgprotection, and over load protections. As described in tiee p
vious chapter, the control of the CSC based APF is based omt&in tasks, which are the
reference current generation and the waveform modulatibimese are implemented on a
150 MHz floating point micro-controller, F28335 which is amiger of the C2000 family of
the Texas Instruments [109]. A development board [110] efFR8335 has been mounted
on the DSP Board, which also provides necessary signal thomidig and analog protection
facilities as shown in Figure 4.44. All the current and voéasignals, either coming from
conventional transformers or halifect sensors, are firstly transferred to an appropriate volt-
age level £10V), and then sent to the DSP Board, in which signals aredidtéf necessary),
scaled, and shifted to fit into the input voltage range of ttf&PDthat is 0-3V. Each analog
signal is sampled at every 4e¢ and all calculations are made in this time period. At each
end of the 4Quseg reference current vectors, and hence correspondinghsagtsignals are

updated. The switching signals calculated by DSP are thevafded to the Firing Board.
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Figure 4.44: DSP Circuit Board

Firing Board is employed to achieve the signal conditiorifighe gate signals of the IGBTs
coming from DSP, and to implement an extra analog protedoorblocking of switching
signals and establishing freewheeling path in case of any. fihe global fault signal, and
status signals of the gate drivers, which are transmitteshelh ON and OFF pulse with a
duration of< 2useg are used in the Firing Board to establish a further analogeption. In
case of a fault, a device failure, or the loss of control duB$#, analog circuit operates, and
makes sure the continuous operation of the dc-link curréifit avsuitable freewheeling path.
Hence, in any case, one IGBT from upper group, and one IGBM fawer group receive
ON signals from Firing Board. Besides, another importask taurn-dt delay, is also done
by the Firing Board. Each signal coming from DSP is delayealiausecat its falling edge
to wait the turn-on process of the incoming device. Firingibtransmits the gate signals,

and receives the status signals of the IGBTSs via fiber opticds shown in Figure 4.45.

Protection Board is responsible from taking all fault signavhich are either internal or ex-
ternal, and generating a global fault signal in case of &,faulis making sure of the proper
shut-down of the system. Global fault signal is also foredrtb DSP Board, Firing Board,

and PLC. Another important task of the Protection Board tishiag the fault signals even
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they have a very short pulse duration. By this way, as theajlfatlt signal is HIGH, Firing
Board generates switching signals required for freewhgddy analog circuits despite of the
DSP PWM outputs. This latching time is adjusted as 2 secoAtishe inputs and the out-
puts of the Protection Board have opto-couplers for ismtgtand noise immunity as shown

in Figure 4.46.

In addition the control boards described above, a PLC, wiich member of the S7-200
family of Siemens, is used mainly to implement a Human MagHimterface (HMI) with

an Liquid Crystal Display (LCD) based Control Panel from MH@mily of Siemens. PLC
also controls the auxiliary equipments such as circuithegs, and cooling system. All the

operations, and faults in the system are stored in the iatenemory of the Control Panel.

4.12 Summary

In this chapter, design principles of an application prgtetof the CSC based APF have been
presented. Design of the prototype APF has been accomglmsteording to the needs of

an actual system, which is a Light Rail Transportation (LRy3tem characterized by 12-
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Figure 4.46: Protection Circuit Board

pulse uncontrolled rectifiers fed from MV bus. First of abat has been identified by the
PQ measurements performed in the field, and then, techmieaifgations of the CSC based
APF have been stated by taking into account the constraiisitagfrom the needs of the LRT

system as follows:

e suppressing the Mand 13" current harmonics of the load, which are exceeding the

limit values specified in IEEE Std.519-1992
e connecting the APF to the MV bus via an existing couplingdfarmer of 34.AL.1 kV

e avoiding the injection of any capacitive reactive powerh® hetwork

In view of these specifications, firstly, input filter desigvhich is an important part of the
proposed SHAM, has been explained. It has been shown thaintpéfication property of
the input filter at some pre-selected frequencies can beingedseful manner, and the rating
of the CSC can be reduced significantly for the same APF ratinthis manner, selection of
f, has been discussed, and the requirements for the amptificatil®" and 13" harmonic

components have been stated. The necessity of chodgiag>650 Hz with a sficient
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safety margin has been also explained. After choosingfdles to be 780 Hz, calculations
for the determination of the filter inductance and capaciavalues have been presented. It
has been also shown that there is no need for an extra set@esrfiluctance, and hence, the
leakage inductance of the coupling transformer i§icient for this purpose because of the
moderate reactive power demand of the filter capacitors,ishanly 94.25 kVAr. Besides,
design criterion for the selection of the carrier frequehag been given in view of harmonic
standards, and it was chosen as to be 3.0 kHz according taitheasponse of the designed

input filter.

Since it is always stated as the main disadvantage of the &&sing the dc-link reactor and
the current as low as possible is an important design issoiethis purpose, dc-link current
has been determined firstly by the help of simulation resagtording to the specified 11

and 13" harmonic components of the load current. In result, dcinkrent was chosen as
to be 300 A. In order to determine the value of the dc-link tea@n analysis work has been
accomplished to calculate the total energy, which has tédvedin the dc-link reactor for the
circulation of instantaneous power at harmonic frequendy this analysis work, the value

of the dc-link reactor was found as to be 4.0 mH.

Another important point in the SHAM is the active damping heet, which is proposed to use
the amplification property of the input filter as suppresdimg undesired harmonic compo-
nents around, effectively. Since active damping method is also based ontseddtarmonic
extraction method, any attenuation of thé"land 13" harmonic components are avoided. In
order to optimize the virtual damping resistor, or dampiamgsimulations have been carried
out both in Matlab and EMT[PSCAD. By this way, the optimum damping gain has been de-
termined in view of the chosen dc-link current and satisfigcsuppression of the oscillations

aroundf,.

Since the application prototype of the CSC based APF is atieddo the MV bus via an ex-
isting coupling transformer, the operating voltage of tHeFAs dictated by this transformer.
Hence, the semiconductor devices to be used in the CSC bd2edkould be selected ac-
cording to this voltage, that is 1.0 kV, and the value of adlcurrent, that is 300 A. For
this purpose, candidate semiconductor devices have begpaced, and among them, a 3300
V, 1200 A HV IGBT module from Mitsubishi has been chosen witsuitable fast-recovery

HV diode module. After that, the conduction and switchingskes in the converter have been
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calculated according to the technical specifications o€tiesen semiconductors and theoret-
ical current and voltage waveforms for the rated operatiohRF-. Total loss in the converter
has been found as 12.0 kW, and the cooling system has beeencas$o be a water cooling
system in order to save from space, and transfer the geddnatd outside of the building,
in which the APF has been installed. The aluminium made ma@thave been chosen as to
have a thermal impedance ©8.5 K/kw, which provides a junction temperature of 90 for

IGBTs at maximum 55C coolant temperature.

Since the CSC is dual of VSC, inductance in the commutatidgh pa the ac side should
be kept as minimum as possible. For this reason, some keyspaithe power circuit (and
layout) design have been introduced. It was shown that aéihahese key points have been
taken into account, the inductance in the commutation pattbe decreased down to a certain
value, because of the circuit topology of the CSC in naturesides, it was also shown that,
very low inductance in the commutation path would be notrde# in some cases due to
thedi/dt limitation of the fast-recovery series diodes. In orderhow the dfect of the stray
inductances in the commutation path, and al$ect of the turn-on behavior of the IGBTs on
the reverse-recovery current of the diode, switching test® been performed, and a proper
turn-on gate resistance, 24 in the drive circuit was determined for a reliable openatid

the diode, which is dictated by the RRSOA of it.

Like in all industrial products, some protection mecharsdmve been accomplished for the
protection of CSC based APF against over voltages and darrear this purpose, as well as
the conventional protection mechanisms such as/onder voltage and over current relays,
some special measures have been taken for the protectioB©ft@sed APF. One of them
is the over current protection in the dc-link. This protenthas been accomplished by the
use of Hall éfect current transducers, and analog and digital protedimuits. Besides,

another important protection issue is the overvoltageegtan of the converter on the dc-
side, which is arising from the sudden interruption of thdidk current. In order to provide

this protection mechanism, a crowbar circuit has been dedigand implemented. It was
also shown that inherent active-clamping feature of the ghilvers act as an overvoltage

protection mechanism until the thyristors in the crowbarut are triggered.

Finally, control system of the implemented CSC based APFhe&s introduced with the

necessary explanations of the main parts such as contrad$yand PLC.
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CHAPTER 5

RESULTS

In this chapter, the performance of the proposed contreéayfor the CSC based APF will be
verified by experimental work. In the first section, simwatresults of the CSC based APF,
which is designed in Chapter 4, to solve the harmonic problefa Light Rail Transportation
(LRT) system, will be presented. The simulation work hasnbperformed by using the

model, which is constructed in EMTDESCAD as given in Appendix B.

In the second section, theoretical results will be verifigdekperiments conducted in the
field. These field tests have been carried out on the protatfjiee CSC based APF, which is
applied to Bursaray LRT system. During the field tests, ndy tre proposed Selective Har-
monic Amplification Method (SHAM) has been verified, but atke highlights of the CSC

based APF have been presented. The records have been dlitpinging of the apparatus as

listed in Table 5.1.

Table 5.1: List of measurement apparatus used in field tests

- Tektronix TDS5054 Digital Phosphore Oscilloscope
- Tektronix P5210 High Voltage [erential Probe
- Tektronix P5050 Voltage Probe
- Powertek, Rogowski Current Transducers
CWT 15B (2mVA), CWT 6B (5mV/A)
- Data Acquisition System
National Instruments DAQCard 6962E Data Acquisition Card
National Instruments SC2040 Sample and Hod Card
Fluke 80i-110s A¢DC Current Clamp
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Table 5.2: Circuit parameters of the CSC based APF

APF

Operating voltage 1.0 kVrms 1-to-1
Supply frequency fs 50 Hz
Harmonics to be suppressed Mand 13
CsC

DC link current idc 300 A

DC inductance Lyc 4 mH

DC resistance Ryc 7.4 m
Carrier frequency for 3.0 kHz

Input filter (on LV side)

Inductance Lt 139uH
Capacitance Ct 300uF
Resistance Rs 9.1 M
Quiality factor Qo 75
Gain at 550 Hz K11 2.05
Gain at 650 Hz K1z 3.35
Load (on MV side)

11" Harmonic l120mv) 6.0 Arms
13" Harmonic l130mv) 4.0 Arms

5.1 Theoretical Results

The results of the simulation work for the proposed CSC bag&ie will be presented in this
section. The circuit parameters of the simulated systenigarg 4.4, are as given in Table
5.2.

Simulation results showing théfectiveness of the proposed SHAM are given in Figures 5.1 -
5.4. As can be seen from the harmonic spectra of the CSC andé®éhts that 1 and 13"
harmonic components are amplified by factors of 2.04 and, 3e3pectively. Therefore, the
kVA rating of the CSC is reduced significantly for the pre<dfied APF rating as discussed
in previous chapters. The carrier harmonics for a switclilrequency of 3.0 kHz are also
successfully filtered out by the input filter as seen from Fégb.4. Besides, the reactive
power of the filter capacitors are compensated by the CSQré&i5.4, thus yielding almost

unity power factor operation as aimed in the design work.
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In addition to these, another important observation froeséhfigures is that the harmonic
components around the natural frequency of the input fiterdamped out successfully, as

expected, by the help of proposed active damping methodoiorselected harmonics.

The increase in the kVA rating of the APF by SHAM can be exmdsas (5.1) by using
(3.10) for the load conditions given in Table 5.2. It is seemf (5.1) that, for the given load
conditions, 1.0 p.u CSC is employed in a 2.275 p.u APF by tleeofishe proposed SHAM.
This ratio can be increased to maximum 3.38 according todhé tonditions, e.g. all the

capacity is used for eliminating of f@harmonic.

. , V6.02 + 4.02
Increase in kVA rating= A e S 2.275 (5.1

6.02 + 4.02
2042 338

Load and source current waveforms and, their harmonic igpeatthe MV side are given in
Figures 5.5 - 5.8. As can be understood from these figuregtibat " and 13" harmonic
components of the load current are successfully filterecbpuhe APF. The 6.0 A rms 11
current harmonic, which is 25 % of thg, is reduced to 0.4 A rms. Similarly, the "urrent

harmonic is also reduced from 16 % to 1.6 % with respedt to

The waveforms of the APF current and its reference, whichlisutated from the load current
and, then referred to LV side, are given in Figure 5.9. Therggfce current is composed
only of the 14" and 13" harmonic components of the load current, which are extiduyehe
selective harmonic extraction method, and does not indngether references such as active
damping or error compensation. Since the fundamental muofethe input filter capacitors
are compensated by the CSC, the input current of the APFgiigskeference successfully
as can be seen from Figure 5.9. In the design work, the matmiéithe dc-link current is
chosen as 300 A for the pre-specified technical specificatidiigures 5.10 and 5.11 show
that the reference current vector ac frame, and hence, the final modulating waveform,
Uz in DSPWM are not exceeding the 300 A for the given load cooadgieven the reference
current vectors for reactive power compensation, activepilag, and error compensation are

added to the final reference.

The dc-link current and voltage waveforms for the rated afpen of the APF are shown in

Figures 5.12 and 5.13. The harmonic spectrum of the dc-loitage is as given in Figure
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Figure 5.9: APF current waveform with reference signal onsidle (Theoretica)

5.14. The main harmonic component of the dc-link current esithge is 19 one, as ex-

pected. Higher frequency harmonics arise from the the DSP&8Mescribed in Chapter
2.

Another issue, which should be considered in the implentesystem, is theféective switch-
ing frequency of the semiconductor devices. The IGBT curveaveform, in Figure 5.15,
shows the switching pulses of the S1, is presented. Acopitdithe implemented DSPWM
method, there should be 40 switchings in a time period of 28cnfier a carrier frequency
of 3.0 kHz. However, since the modulating wavefown,also has reference current vectors
for error compensation and active damping in addition tolttie and 13" harmonic refer-
ences, fective switching frequency of the semiconductor deviceg exaeed the theoretical
switching frequency of 2.0 kHz. For the given load condisipas can be seen from Figure

5.15, the fective switching frequency is about 2.5 kHz, indeed.
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5.2 Experimental Results

The proposed CSC based APF has been implemented to elintieatef” and 13" current
harmonics of 12-pulse rectifiers supplying the catenargsliof the LRT system in Bursa,

Bursaray. Some sample views from the implemented systerasagéven in Figures 5.16 -
5.19

~af}—— Water Inlet/Outlet

Figure 5.16: IGBT and control panels after installation
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Figure 5.17: Sample view from IGBT panel
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Figure 5.18: Sample view from control panel
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Figure 5.19: Sample view of dc-link reactor after instatiat
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5.2.1 \Verification of SHAM

The proposed SHAM, and the reduction in the kVA rating of tf&Chave been verified by
the field test results. In Figure 5.20, the line current wasrefof the CSC is shown for the
condition of rated operation. Reverse Recovery (RR) ctsrefthe diode, which do not
appear in theoretical waveforms as a result of ideal swissluaption, are marked on Figure
5.20. The peak value of the CSC line current may exceed 900 énvRR currents of the
diodes are super-imposed on it. The harmonic spectrum @8 current is given in Figure
5.21. Itis seen that CSC current is rich in harmonics, angdisting not only of the harmonic
components to be injected by the APF to the supply, but alsteasideband harmonics of the
carrier. A significant fundamental current component isaa@pt in the harmonic spectrum of
the CSC current, which corresponds to mainly the reactiveentito be injected by the CSC

for compensation of reactive current of the input filter cajmas.

For the same operating conditions, the line current of thE ARd its harmonic spectrum are
shown respectively in Figures 5.22 and 5.23. The line ctiwEAPF is mainly composed of
11" and 13" harmonic components, and higher harmonics are much sraallexpected. A
small fundamental component corresponds to the activedasfthe converter and the dc-link
reactor. Another fact is that the carrier, and its sidebaarchionics are eliminated successfully
by the input filter and the proposed active damping methoddéorselected harmonics. In
addition to these, harmonic current components around dheral frequency of the input

filter are also damped out satisfactorily.

The pre-determined amplification of theand 13" harmonic components of the load are
apparent from Figure 5.21 and 5.23, thus reducing the legt&lVA rating of the CSC for the
pre-specified APF rating. The rms values of thd Ehd 13" harmonic components of the
associated APF and CSC currents are presented in Tablele3hdoretical and experimental
amplification factors of the input filter are respectivelp®and 1.99 for the 1 harmonic
component. The amplification factor for the™ Barmonic component is estimated as 3.35 in
the design phase. However, in practice, it is realized to.5@, 3vhich is only 4.48 % higher
than the pre-specified value. If the exact value of the tansér's quality factor were known,

experimental amplification factors would be more close &désign values.
The kVA ratings of the APF and the CSC are calculated by ust§) (and (3.6) for the
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harmonic currents given in Table 5.3 as given (5.2) and (5.3)

KVAspr = V31032 V21652 + 1262 = 448 kVA (5.2)
KVAcsc= V3-1032- V109 + 362 = 205 kVA (5.3)

The calculation of kVAscin (5.3) does not take into account the reactive current oA57
rms, which fully compensates the reactive current prodimethe input filter capacitors. If

it is included in the kVA calculation, kVAsc increases to 229 kVA as given in (5.4). ltis
worth to note that in applications for inductive loads, @ae VAr generation of the input

filter capacitor can be used for reactive power compensatidhe load. For this case, kVA

produced by the CSC varies in the range form 205 to 229 kVAumrmary, the proposed

SHAM reduces kVAscfrom 448 to 229 kVA in the worst case.

KVAcsc= V3-1032- V572 + 109 + 362 = 229 kVA (5.4)

Table 5.3: Rms values of the #and 13" harmonic components of APF and CSC currents

Harmonic CSC Current APF Current Amplification

Component Arms Arms Factor
11t 109.0 216.5 1.99
13h 36.0 126.0 35

In order to compare the kVA ratings of the CSC and APF, not émgelected harmonics, but
also for all harmonic components, non-selected harmonieaticomponents have been also
taken into account in the calculation of rms values of the @8& APF currents. In Table
5.3, the rms current values and the corresponding kVA ratarg given for two dferent rms
current calculation approaches. As expected, if all of the-selected harmonic components
are included into the rms current calculation, the kVA ratai the CSC increased due to the

carrier and its sideband harmonics.
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Table 5.4: kVA ratings for two dferent rms current calculation approackieeld Data)

Only Selected Components True-rms
(Ims= 12+ 12, +12)) (lims = \/|§+|§+---+|§)
APF Current (rms) 251 254
CSC Current (rms) 128 178
APF rating (kVA) 448 454
CSC rating (kVA) 229 318
KV Aapre/KV Acs c 1.96 1.43

The line-to-line voltage on the LV side for rated operatisras given in Figure 5.24, and its
harmonic spectrum in Figure 5.25. The line-to-line voltagaeform is highly distorted, and

has mainly the 1% and 13" harmonic components as expected. Since the CSC based APF
has been connected to the same LV bus with the Thyristor BedtShunt Reactor (TSSR)
based compensation system, the control system of the TSSlieka adopted to operate with

this highly distorted voltage waveform.

In order to show the féectiveness of the proposed CSC based APF, sample meastsemen
have been done on MV side by recording the supply and loagruwaveforms. A sample
waveform set is as shown in Figure 5.26. It is seen that the R&€d APF filters out suc-
cessfully the 11" and 13" harmonic components of the load current, and the resultipglg

current waveform complies with the IEEE Std.519-1992.

5.2.2 DC Side Voltage and Current Waveforms

The dc-link current and voltage waveforms for rated operatire given in Figures 5.27 and
5.28, respectively. The major main harmonic componentardttilink current (and voltage) is
the 12" harmonic component as found by simulations. However, éxatal dc-link current

waveform difers from the theoretical one regarding the higher order baitncomponents.
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This can be seen also from the harmonic spectrum of the Beatillage given in Figure 5.29.
Residual harmonics around the natural frequency of thet ffilpar distorts not only the output

current of the APF, but also the dc-link current.

5.2.3 \oltage and Current Waveforms of Power Switches

In Figure 5.30, the voltage and current waveforms of the wafch in one phase are presented.
As the characteristics of the CSC topology, each switch Ishbave unidirectional current

carrying, ad bipolar voltage blocking capability. As it sem from Figure 5.30 that, negative
voltage pulses are blocked by the diode, whereas posititegepulses are blocked by the

IGBT, thus having bipolar voltage blocking capability.
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Figure 5.29: Harmonic spectrum of the dc-link voltage wawef for rated operatioliField
data)

The dfective switching frequency of the IGBT is also derived froigufe 5.30. It is seen
that there are 47 switching pulses in a period of 20 msec, wticresponds to arnffective

switching frequency of 2.35 kHz for 3.0 kHz carrier frequgnc

The voltage and current waveforms of the phase A switch, Sipper half of the bridge
circuit are given in Figure 5.30. Unidirectional currentrgéng, and bi-polar voltage blocking
capabilities of each power switch are apparent form Figu88.5As can be seen from Figure
5.30.(c), negative voltage pulses are blocked by the fstrery diode while positive voltage
pulses are blocked by the IGBT, thus having bi-polar voltatpeking capability. Reverse
recovery current of reverse blocking diode of each powetcéwis carried by the mated IGBT

module, which are marked on Figure 5.30.

The dfective switching frequency of the power switches is alsaudated form Figure 5.30.
There are 47 switching pulses in one complete cycle of th@lgumwltage waveform (20
msec) for the associated operating conditions. This cooreds to an #ective switching
frequency of 2.3 kHz when th&, is 3.0 kHz. On the other hand, the number of switching
pulses is not constant but varies with the operating camugis will be discussed in the next

subsection.
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5.2.4 Characterization of Power Losses

In order to find the total power dissipation of the CSC, and goire out the variation of
these losses with the operation condition, field tests haea lzarried out for dierent load
conditions. Total loss of the converter has been calculayethe use of the two-watt meter
method, in which the two line-to-line voltages, and the time lcurrents have been measured
on the LV side. For the dc-link losses, dc-link voltage andent waveforms have been used.

Variation of the dc-link and total losses of the CSC are asmgin Table 5.5.

Table 5.5: Variation of the dc-link and total losses of the3d8r different load conditions

Test Harmonic Components APF Current APF Rating Dc-linkd_ogotal Loss

of the APF Current A true-rms kVA kW kW
1 l[r11=115 Arms 131 227 2.35 12.24
||:13=63 Arms
2 l[F11=143 Arms 167 289 2.34 11.63
||:13=87 Arms
3 lF11=179 Arms 209 362 2.55 11.43

lF13=108 Arms

4 [F11=206 Arms 240 416 2.28 11.37
lF13=124 Arms

5 [F11=216 Arms 259 448 2.44 11.08
lF13=142 Arms

First of all, the most interesting observation made on theselts is the variation of the total
CSC loss against the current injected by the APF on the LV, gitthough the rms value of the
APF current increases, total power dissipation decredles.is because as the modulation
index increases, the number of switchings, henceftieet®/e switching frequency, decreases.
Figure 5.31 shows the corresponding IGBT current wavefamTest 1 in Table 5.5, and
Figure 5.32 that of Test 5. For the lower kVA generation (Tgstotal number of switching is
47, however, for the rated operation (Test 5) it is 41. Thius dfective switching frequency

is reduced from 2.35 kHz to 2.05 kHz as the kVA is increasedkstoated value.
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The switching losses are characterized as the 67.5 % of taeG8C loss from Table 4.5.
Although, the conduction loss of the CSC is proportionalhe kVA produced, the total
power dissipation of the CSC reduces as the kVA productigmci®ased, since the dominant

power loss component is the switching losses of power segtch

It is also seen from Table 5.5 that the dc-link losses arerardi3-2.5 kW, and changing
slightly with respect to output current of the APF. It shoblel noted that 1.0 Vféset in the
voltage measurement apparatus results in 300 W error inctialdloss calculation. For that
reason, there may be a considerable error in dc-link logsiligdion, and hence, a proportional

relationship between the dc-link losses and the kVA pradaatan not be justified.

5.2.5 LV and MV Measurements via Data Acquisition System

The filtering performance of the CSC based APF has been thgtde: use of measurements
based on a Data Acquisition (DAQ)system. Its technical ifigations are given in Table 5.1.
Firstly, a one day measurement has been carried out at PE€CMV current and voltage
signals have been taken via conventional voltage trangfiamnand Rogowski current trans-
ducers. Since the supply currents have been measurediydioecthe MV cable, no gain
andor phase error has been introduced to the current measuientégures 5.33 and 5.34
show the daily variations of the f1and 13" harmonic current components of the supply
current during the operation of the APF, respectively. Eesords should be compared with
supply current waveform in Figure 4.2, which is recorded mvtiee APF is out of service. It
is seen that APF eliminates the™ and 13" harmonics successfully, thus making them to

comply with IEEE Std.519-1992.

In addition to the MV measurements, measurements on thedd/sive been also performed
for monitoring the performance of the APF. During the meaments, the LRT system has
been operated as it was planned, and APF has been commanidgettonductive reactive

power to the network as well as filtering the™.and 13" harmonic components. In Figure
5.35, the active power variation of the APF is shown for thsasurement period. It is seen
that the active power demand of the APF varies from 6.0 to k@/Oaccording to the load

variation. Furthermore, the reactive power productiorhef APF, which was set to 80 kVAr

inductive, is as given in Figure 5.36.
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The rms values of the and 13" harmonic current components are shown in Figures 5.37
and 5.38, respectively. Also, the variation of the true rialsi® of the APF current is given in
Figure 5.39. It can be concluded from these figures that;dardio comply with the very tight
limits on reactive energy, some portion of the installedacaty of the APF may be allocated
for the compensation of the capacitive reactive power ofdhg MV cables, thus allowing to
operate the APF in D-STATCOM mode.
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Figure 5.35: Active power variation of the ARBne second averaged field data)
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CHAPTER 6

CONCLUSIONS

Nowadays, Electric Power Quality (PQ) is being an importastearch, development and
application issue in the transmission, distribution, atfitization of electrical energy. Im-
provements in PQ cause a considerable reduction in elecp@wer and production losses,
and a significant improvement in the quality of final indwatproducts. On this occasion,
utilities and the operators have published grid codes,latigns, and recommendations in
order to ensure quality of the electrical power in transiois&nd distribution systems. As
an example in the country, voltage and current harmonicsgit Woltage (HV) and Medium
Voltage (MV) systems should comply with the values, which aearly the same as those of
IEEE Std. 519-1992 and EN 50160. Although, reactive powesnargy is not a direct PQ
parameter, it indirectly ffects the quality of electrical power, and causes extra tnagsson
and distribution losses. Therefore, the flow of reactive goiwy O'H lines and feeders should
be kept under control. As an example, very tight regulattoamge been imposed on customers
and distribution companies in the country. If these limits @xceeded, the operator penalizes
its customer for the total amount of reactive energy consltine unit price of reactive energy
is nearly half of the unit price of active energy). Howevaistis not the case for harmonics
and other PQ parameters. The penalty for these PQ paraneetermterrupt the electricity
service to the customer, which is usually being inappliealling to economical and political
reasons. Therefore, the industrial and commercial cus®pegy their attention primarily to
the power factor correction by installing usually shuntmpleapacitors to their facilities. On
the other hand, the customers installing tuned shunt Hamiehers (HF) are usually faced
with either an overcompensation problem or harmonic oegliltg problems, owing to the
flow of harmonic currents generated by neighboring indalspiiants to their HF installations.

However, the use of APFs eliminates entirely the mentiorretllpms of passive filters, and
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provides a complete solution to the harmonic problemsragigiom non-linear loads.

In this research work, a CSC based shunt APF has been iratestifpr connection to MV
buses. In order to minimize the kVA rating of CSC, for the ppecified kVA rating of APF
unit in a given application, a new technique has been prahaskich is called the Selective
Harmonic Amplification Method (SHAM) in the thesis. Furthere, in order to reduce the
dissipation in APF systems with passive damping, a modifitileadamping method for non-
selected harmonics has been proposed. The design appnodd¢hemretical findings have
been verified by laboratory and field tests. For this purpageptotype CSC based APF has
been designed and implemented to filter out th& ahd 13" current harmonic components
produced by the 12-pulse uncontrolled rectifiers supplytiregcatenary lines of a LRT system

in Bursa.

In the thesis, a new approach has been proposed to the désig@SC based APF, and to
make the CSC based APF a loss and cost competitive altegriatthe VSC based APF. This
new approach is based on the use of the amplification propéthe input filter at some se-
lected frequencies by employing the selective harmoni@etibn technique via synchronous
reference frames, and is called as SHAM. It reduces the kWAgaof the converter, thus
eliminating the main disadvantage of the CSC. In order toentak SHAM applicable, de-
sign of the power stage and the control system have beendeveditogether. Since the idea
behind the SHAM is using the amplification property of theunfilter at some pre-selected
frequencies, the design of input filter is of major concernsy&tematic input filter design
approach has been presented, which takes into considethd@mplification factors, carrier
frequency and suppression of carrier harmonics. Thenditsalof this approach has been
demonstrated on the application prototype of the CSC bagdelby taking into account the
ratings of the filter equipment. In order to reduce the kVAngbf the CSC for a given appli-
cation, the gain of the input filter at each pre-selectedueagy should be higher than unity.
In this manner, the natural frequency of the input filter & #pplication prototype was cho-
sen as 780 Hz, and hence, the amplification factors 1.99 &@dhawve been achieved for the
11" and 13" harmonic components, respectively. Hence, the assumpigate for the quality
factor of the input filter during the design phase, that isaf&] the theoretical amplification
factors of 2.05 and 3.35, respectively for thé"land 13" harmonic components, have been

verified. As aresult, a 2.19 p.u. APF rating has been achibyeasing a 1.0 p.u. CSC rating.
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Since the CSC based APFs have an LC-type input filter on thela¢aseliminate the switch-
ing ripples, oscillations around the natural frequencyhix filter are unavoidable. To suppress
these oscillations, a new, modified active damping methit;iwmis based on SRFM, has been
proposed. By use of this method, the selected harmonic coemp® such as and 13" are
not attenuated, and the amplification factors of the inpterféit those frequencies are kept
the same, while the undesired oscillations around the alat@guency of the input filter are
damped out satisfactorily. Hence, the proposed active dgmpethod makes the SHAM

applicable by keeping the amplification factors of the del@tarmonics, higher than unity.

As a part of the input filter design issue, suppression of #réer harmonics has been also
discussed, and a carrier frequency of 3.0 kHz was choserhéocdrresponding designed
input filter, for which the natural frequency of 780 Hz praedmore than 90 % filtering of
the carrier harmonics. Then, sizing of the filter elementterfcapacitor in particular, has
been analyzed for the required amplification factors, amdcctiosen carrier frequency. Since
the amplified CSC harmonic currents are circulating throtinghinput filter capacitors, their

rms current and voltage ratings have been selected acgdadihe actual APF rating.

In order to keep thefiective switching frequency of the semiconductor devicesmatptimum
value, some high performance PWM methods have been anabrzé@mong them, DSPWM
was chosen as the modulator to be used in the applicationtppaet because of its better
performance as compared to SVPWM method in view of the mades of the low order
harmonics. Owing to the DSPWM, théfective switching frequency of the semiconductor
devices has been reduced almost to tt3d? the carrier frequency, and an ac gain of 1.0 has

been achieved.

Total power dissipation of the CSC for rated operation of AlREluding all losses of the
snubber and discharge resistors, has been found as 11.QLKN@of which account for the
dc-link losses, and the rest is for the converter losses.pblaer dissipation of the converter
has been found as 12.0 kW theoretically, for the rated ojperatf APF. The diference be-
tween the theoretical (12 kW) and the actual (8.6 kW) one éaibse of the design approach,
which takes into account always the worst cases. Howeusrhigh capacity of the cooling

system provides to operate the APF at higher kVA values.

The application prototype of the 450 kVA CSC based APF is aused of a three phase
full-bridge 205 kVA CSC and a 95 kVAr input filter capacitorttvia nominal voltage of 2.7
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kV rms taking into account the harmonic loading. It is cortaddo MV bus via a coupling
transformer, which is 1600 kVA, 34.A.1 kV with 5.77%Uy. The leakage inductance of
the coupling transformer has been used as the series fittactance, thus eliminating the
need for an extra series inductance, and making the cirgpdlogy simple and cheap. As
the switching elements, HV IGBT modules in series with HVtfascovery diode modules
have been used. In order to make sure a reliable operatieriayiout of the power stage
has been designed carefully to minimize the stray induetgrend the turn-on characteristics
of the IGBTs have been adopted by changing the gate turnsistaaces for reducing the
high di/dt during reverse recovery period of the diodes. Besides,dh&a system has been
designed and implemented with some special features teqgirthte CSC from overvoltages

and overcurrents, especially on the dc side.

Following major conclusions can be drawn from the resultthebretical and experimental

work carried out within the scope of this research work:

e Itis possible to reduce the kVA rating of the CSC by the prepcSHAM, and to make
the CSC based APF a loss and cost competitive alternativetd$C based APF.

e The proposed method can be used not only for single harmooigpguch as . and

13", but also for more than one harmonic groups, such as all'p78, 11" and 13".

e The use of active damping method to suppress the non-sgleetenonics of APF,
which also eliminates the need of an extra series filter itathoe for damping purpose,

thus making the system simple and cheap.

e The design approach makes simple the connection of the CS&l#sPF to any MV

level busbar via a coupling transformer.

e Using HV IGBT and diode modules with isolated cases makesybtem reliable, and

provides the use of either forced-air or water cooling.

¢ The flexibility of changing the gate turn-on andt-cesistances of the gate drive units
provide the opportunity to compensate for the undesiredchinig characteristics of

the semiconductor device arising from power circuit layautdevice characteristics.

An important consequence of this study is that the apptioatif CSC based APF becomes

practical and viable in view offeciency and cost, owing to the application of the proposed
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SHAM. By this way, the advantageous features of CSC over \$8€h as the inherent short-
circuit protection, direct current control, and low switep ripples in input current have be-

come implementable in APF applications.
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APPENDIX A

ANALOG CIRCUIT REPRESENTATION OF THE DSPWM
BASED PATTERN GENERATOR
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Figure A.1: Analog circuit representation of bilogic tddgic translation
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APPENDIX B

FORTRAN CODE OF THE ON-LINE PATTERN GENERATOR
CONSTRUCTED IN EMTDC /PSCAD

Decoupling Part

uax=(aref-cref)SQRT(3)
ubx=(bref-aref)SQRT(3)
ucx=(cref-brefySQRT(3)

Dead-band Generation

IF ((uax<=ubx) .AND. (uax=ucx)) THEN
vmin=uax

ELSEIF ((ubx= uax) .AND. (ubx=ucx)) THEN
vmin=ubx

ELSE

vmin=ucx

ENDIF

ua=(uax-vmin)SQRT(3)
ub=(ubx-vminyYSQRT(3)
uc=(ucx-vminySQRT(3)

Bi-logic Signal Generation

IF (ua>=car) THEN
Sakl

173



ELSE

Sakx0

ENDIF

IF (ub>=car) THEN
Sazl

ELSE

Saz0

ENDIF

IF (uc>=car) THEN
Sa3-1

ELSE

Sa3-0

ENDIF

Bi-logic to Tri-logic Mapping

SalN=1-Sal
Saz2N=1-Sa2
Sa3N=1-Sa3
Scl=Sa2*SalN
ScZz=Sa3*Sa2N
Sc3=Sal*Sa3N
Sc4=Sal*SazN
Sc5=Sa2*Sa3N
Sc6=Sa3*SalN

Shorting Pulse Generation

IF (ua>=uc) THEN
Shi=1

ELSE

Sb1=0

ENDIF
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IF (ub>=ua) THEN

Sbh2=1

ELSE

Sb2=0

ENDIF

IF (uc>=ub) THEN

Sbh3=1

ELSE

Sb3=0

ENDIF

Sb1N=1-Sb1

Sb2N=1-Sbh2

Sb3N=1-Sbh3
Sel=Sh1*Sh3-Sb1N*Sh3N
Se2=Sh2*ShkSbh2N*Sh1N
Se3=Sh3*Sh2-Sb3N*Sh2N

Sd=1-((SchSc2+Sc3)*(ScaSch+Sch))

Shorting Pulse Distribution

S1=(Sc1+Sd*Sel)
S2=(Sc2+Sd*Se2)
S3=(Sc3+Sd*Se3)
S4=(Sc4+Sd*Sel)
S5=(Sc5+Sd*Se?2)
S6=(Sc6+Sd*Se3)
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