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Psaumes 23: Cantique de David.

1.

2.

L’ETERNEL est mon berger: je ne
manquerai de rien.

Il me fait reposer dans de verts
pdturages, 1l me dirige pres des eaux
paisibles.

1l restaure mon dame, Il me conduit dans
les sentiers de la justice, A cause de son
nom.

Quand je marche dans la vallée de
|'ombre de la mort, Je ne crains aucun
mal, car tu es avec moi: Ta houlette et
ton bdton me rassurent.

Tu dresses devant moi une table, En face
de mes adversaires; Tu oins d’huile ma
téte, Et ma coupe déborde.

Oui, le bonheur et la grdace
m'accompagneront Tous les jours de ma
vie, Et j’habiterai dans la maison de
[’Eternel Jusqu’a la fin de mes jours.

Psaumes 121: Cantique des degrés.

. Je leve mes yeux vers les montagnes...

D’ou me viendra le secours?

. Le secours me vient de |’Eternel, Qui a

fait les cieux et la terre.

Il ne permettra point que ton pied
chancelle; Celui qui te garde ne
sommeillera point.

. Voici, il ne sommeille ni ne dort, Celui

qui garde Israél.

. L’Eternel est celui qui te garde,

L ’Eternel est ton ombre a ta main droite.
Pendant le jour le soleil ne te frappera

point, Ni la lune pendant la nuit.
. L’Eternel te gardera de tout mal, 1l

gardera ton ame;

. L’Eternel gardera ton départ et ton

arrivée, Dés maintenant et a jamais.
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Streszczenie

W dzisiejszych spoteczenstwach rosnie bardzo szybko produkcja odbiornikéw nieliniowych,
takich jak urzadzenia gospodarstwa domowego i przemystowe odbiorniki energii elektryczne;.
Ich masowe przytaczenie do sieci zasilajacej (pomimo zgodno$ci z normami emisyjnymi EMC)
moze powodowac pogorszenie jako$ci dostarczanej energii elektrycznej.

Jako$¢ energii odnosi si¢ gltownie, do jakosci napigcia zasilajagcego (czgstotliwose,
amplituda, ksztalt przebiegi itp.), ktéra powinna by¢ zgodna z zaleceniami ustalonymi przez
normy. W przypadku zlej jakos$ci napigcia zasilajagcego w punkcie wspolnego przylaczenia
(PWP) jego poprawa jest zatem konieczno$cig, warunki norm i obowigzujacych przepisow
musza by¢ spelnione. Energia elektryczna jest towarem 1 dbanie o jej jako$¢ jest niezbedne.
Zaburzenia jako$ci dostawy energii elektrycznej sg liczne i réznorodne (spadki i wzrosty
napi¢cia, wahania, odksztalcenie itp.), co oznacza, ze stosuje si¢ wiele metod, zeby redukowac
ich poziom w systemie elektroenergetycznym. Niniejsza praca koncentruje si¢ na tagodzeniu
zaburzen, takich jak asymetria, harmoniczne i moc bierna podstawowej harmoniczne, stosujac
do tego celu filtry pasywne, aktywne i hybrydowe.

Celem pracy jest zaprojektowanie hybrydowego filtru aktywnego, ktory jest potaczeniem
filtru aktywnego z filtrem pasywnym. W celu skutecznego zaprojektowania takiego filtru, w
niniejszej pracy przedstawiono szczegdtowa analize (symulacja i badania laboratoryjne)
r6znych struktur filtrow aktywnych i pasywnych. Oméwiono takze inne metody stosowane do
redukcji znieksztatcen napiecia i pradu.

Rozpatrywane sg nastepujace struktury filtru pasywnego: rownolegty (prosty), szeregowy,
podwdjnie nastrojony, szerokopasmowe (pierwszego, drugiego 1 trzeciego rze¢du oraz typu C),
a takze hybrydowy filtr pasywny. Kazdy z nich jest indywidualnie analizowany pod katem
charakterystyki impedancji w funkcji czestotliwo$ci oraz wpltywu zjawiska odstrojenia i
rezystancji tlumienia na ich efektywnosé. Porownano niektére struktury filtru pasywnego
(grupa dwoch filtrow prostych & filtr podwojnie nastrojony, szeregowy filtr pasywny i
hybrydowy filtr pasywny), a takze metody podziatu catkowitej mocy biernej w grupie filtrow.
Wyniki symulacyjne zostaly potwierdzone badaniami w laboratorium nastgpujacych struktur
filtru pasywnego: filtr prosty, grupa dwoch filtrow prostych, filtry pierwszego 1 drugiego rzedu.

W niniejszej pracy analizowano réwnolegty filtr aktywny — trojfazowy, trdjprzewodowy.
Celem jego stosowania jest kompensacja asymetrii i odksztatcenia napigcia oraz mocy biernej
podstawowej harmonicznej przy uzyciu oryginalnego algorytmu sterowania - opartego na teorii
p-q - zaproponowanego przez autora. W pracy uwzgledniono badania wplywu dlawikow:
wlaczonego miedzy PWP a sie¢ zasilajaca, wejSciowego prostownika, wejSciowego
rownoleglego filtru aktywnego oraz kondensatora strony DC na efektywnos¢ dziatania filtru.
Eksperymenty laboratoryjne rdwnolegtego filtru aktywnego - potwierdzajace wyniki badan
symulacyjnych - zostaly przeprowadzane z wykorzystaniem struktury czteroprzewodowej z
dzielong pojemnoscia po stronie DC.

Po szczegdtowych badaniach filtru pasywnego i aktywnego, w nastepnej kolejnos$ci zostaty
przeanalizowane struktury hybrydowe filtru aktywnego: model réwnolegtego filtru aktywnego
(trojfazowy, trzygateziowy) potaczonego szeregowo z filtrem prostym (badania symulacyjne)
1 model réwnolegltego filtru aktywnego (czteroprzewodowy z dzielong pojemnos$cia od strony
DC) polaczony rownolegle z grupag dwoch filtrow prostych (badania laboratoryjne). Autor
zaproponowat oryginalny algorytm sterowania oparty na teorii mocy p-g dla tej struktury.




Abstract

In today societies, the production of non-linear loads such as household appliances and
industrial electricity devices is growing rapidly. Their mass connection to the supply network
(despite compliance with EMC emission standards) may cause a deterioration in the quality of
the supplied electricity.

The power quality refers mostly to the supply voltage quality (frequency, amplitude,
waveform, etc.) which should be in accordance with the recommendations set by the standards.
Therefore, in case of poor quality of the supply voltage at the point common coupling (PCC),
its improvement is a necessity, the standards conditions and applicable regulations must be met.
The electrical power is as a commodity and taking care of its quality is essential. The
disturbances in the quality of electricity supply are numerous and varied (voltage drops and
swells, flickers, deformation, etc.), which means that many methods are used to reduce their
level in the electrical power system. This work focuses on mitigating disturbances such as
asymmetry, harmonics and reactive power of fundamental harmonics, using methods such as
passive harmonic filter (PHF), active power filter (APF) and hybrid active power filter (HAPF).

The purpose of the work is to design a HAPF, which is the combination of PHF and APF.
In order to effectively design such a filter, this work presents a detailed analysis (simulation
and laboratory tests) of various PHF and APF structures. Other methods used to reduce voltage
and current distortion are also discussed.

The following PHF structures are considered: single-tuned filter, the series PHF, the
double-tuned filter, the broad-band filters (first-order, second-order, third-order and C-type
filter) and Hybrid passive harmonic filter (HPHF). Each of them is individually analyzed
focusing on the impedance versus frequency characteristics and influence of detuning
phenomenon and damping resistance on their efficiency. Some PHF structures (group of two
single-filters & double-tune filter, series PHF & hybrid PHF) are compared as well as the
methods of sharing the total reactive power in the filter group. The simulation studies are
confirmed after the investigation in the laboratory of the following PHF structures: single-tune
filter, group of two single-tuned filters, first and second-order filters.

In this work, the SAPF (three legs three wire) is analyzed. The goal of its design is to
compensate the load fundamental harmonic reactive power, harmonics, and asymmetry using
the original control algorithm - based on p-g theory - proposed by author. The studies of the
influence of the line reactor: connected between the PCC and the grid, rectifier input and SAPF
input as well as the SAPF DC capacitor on the filter efficiency is considered in this work. The
laboratory experiments of SAPF confirming the simulation results is carried out using the four
wires three legs structure.

After detailed studies of PHF and SAPF structures, the HAPF structures: model of SAPF
(three legs three wires) connected in series with the single-branch filter (simulation studies) and
model of SAPF (three legs four wires) connected in parallel with the group of two single-branch
filters (laboratory studies) were next analyzed. The author proposed an original control
algorithm based on p-q theory for this structure.




Contents

(@4 o= T 0] (- ST SR 15
INEFOAUCTION ... bbb bbbttt bbbt beenes 15
1.1 Literature review of passive harmonic filters...........cccocviviviiiiicciiicieee 18
1.2 Literature review of shunt active power filter............cocoevvevviiivin i 19
1.3 Literature review of hybrid active power filter............cccccvevviiiiiiiic i 20
1.4 Thesis, objective and scope of WOrK ..o 20
1.5 PhD thesSiS SITUCTUIE.......cviiieiie et 21
CRAPTEE 2.t b bbbttt r e ene s 22
Techniques to mitigate the voltage and current distortion in the electrical network...... 22
2.1 Increase of PCC ShOrt-CirCUIt POWET ........cvcveiieerieeie e 22
2.2 TEANSTOMMEIS <. et 24
2.2.1 [SOIAtiON traNSTOIMENS. .. .cui i 24

2.2.2 Transformer and phase-shifting techniques for AC/DC multi-pulse
FECHITIEIS .ottt bbb 25
2.3 High harmonicC fIITErS .........ooviiiie s 25
231 PASSIVE TIILEIS ...oovvieee ettt 26
FZ0 Tt R N O 110 L= 1= Uod o SR 26
2.3.1.2  Interface filters fOr POWEr INVEITETS......c..oiviiiiiiiiieriree e 26
2.3.2 ACHIVE POWET THITEIS ... 30
2.3.2.1  Series active POWET FIlLer..........cccveiieieii e 30
2.3.2.2  Shunt active pOWEr fIltErS.........ccoveiiiieii e 31
2.3.2.3  Hybrid active POWET FIItErS........ccociiiie it 32
2.3.3 Harmonic emission reduction by non-linear load configuration.................... 34
2.3.3.1  PFC CONVEITEIS ...ttt sttt sttt sttt et nne e 34
2.3.3.2  MUILI-IEVEL INVEITEIS .....eiieieeeee et 35
(@4 0 F=T o1 1] g TS U RSSO TP PO RP P PRPRORON 36
PassiVe NArmMONIC FIITEIS ..o 36
3.1 Resonance phenomena in electrical CIirCuUit...........cccooovvevii i, 36
3.2 General concept of passive harmonic filters...........ccccoooviiiiie i, 38
3.3 Series passive harmoniC fIlters.........ccoivieii i 39
3.4 Shunt passive harmonic FIErs ... 43
34.1 SINGIE-TUNE FIITEN ... 43




3.4.1.1 Influence of the single-tuned filter reactive power on its efficiency.............. 44
3.4.1.2  Analysis of single-tuned filter for different tuning frequency ....................... 46
3.4.1.3 Influence of single-tuned filter resistance on its efficiency ............c.ccceevnee 49
34.2 Double-tuned FIlLEr .........oee e 53
3.4.2.1 Comparison between the group of two single-tuned filters and the double-
TUNEBA TIILEE .o e 55
3.4.3 BROAD-BAND FILTERS .....cooitiiiiice e 58
3431 150rder filter ..o 58
3.4.3.2 2™ OFEr FIlLEr ...t 67
3.4.3.3  30MEr FIltEr ... 72
3434 CtYPe FIEI .o 78
3.4.3.4.1 Detuning Of C-type FIlter ... 85
3.5 (070 0 0d 111 [ PP R 97
3.6 Hybrid passive harmonic filter (HPHF) ... 99
3.7 Methods of sharing the total reactive power in the PHF groupn ................. 101
3.7.1 Design methods deSCriPtioN ..........ccccveiveiiiieieeee e 102
3.7.2 Comparison of the Methods ..o 108
(O g T= T 0] (=] SO SR 117
Passive harmonic filters laboratory investigation.............cccccccv e 117
4.1 Laboratory model desSCription ...........ccooerereiineninisieee e 117
41.1 L0AA AESCITPLION ...ttt 120
4.1.2 Electrical grid deSCription ...........ccooviiiiiiiieie e 121
4.2 Load parameters analysis when connected to the PCC..........cccooeiiiiinnene 122
4.3 Design of single-tuned filters..........ccoovoviiciecc e 126
4.3.1 Single-tuned filter parameters COMpUtation ...........cccocveeveveiicii v 126
4.3.2 Verification of PHFs reactors and capacitors parameters in the laboratory. 127
4.3.3 Laboratory results of the 5" harmonic single-tuned filter...............cccc....... 130
4.3.3.1 Experiments with the programmable AC voltage source (Chroma)............ 133
4.3.3.2  Increase of electrical grid iNAUCLANCE..........ccceiveiiiiiiiiiicee e 136
4.3.3.3  Analysis of the 5 harmonic single-tuned filter efficiency after electrical grid
INAUCTANCE INCIBASE .. .vevveeeeeeieeieeieeie e e ste et e et te e reeste e esreenreenee e 139
4.3.3.4  Detuning of 5™ harmonic single-tuned filter...........cccooeeveveerverecrerrieeennen, 143
4.3.3.5 Experiments with the programmable AC voltage source (Chroma)............ 147
4.3.3.6  Investigation of the 7! order harmonic passive filter.............c.ccccoovvrernnnee. 151
4.4 Group of single-tuned filters ...........ccoveii e 153
4.5 Capacitor DaNK .........coov i 156




4.6 Design of the 2™ order filter ...........ccceveveveveeeeeeee e 159
(O gT-T o] (=] g T PSPPI 165
Shunt active POWET FHITEE ..o 165
5.1 INStantaneous P-0 tNEOIY ......oviiiiiiieee e 165
5.11 Example of p-q theory appliCation............ccooeiiiiiiiiiiiiiecec s 168
5.1.1.1 Application of p-q theory under symmetrical but distorted supply voltage. 169
5.1.1.2  Application of p-q theory after supply voltage filtration .............c...coco..... 171
5.2 Investigation of three wires three legs SAPF in MATLAB SIMULINK .... 173
521 Simulation studies of three wires three legs SAPF ... 174
5.2.1.1 Influence of the inverter input reactor on the SAPF performances ............. 176
5.2.1.2  Influence of the thyristor bridge input reactor on the SAPF performances . 180
5.2.1.3 Influence of invert DC capacitor parameters on the SAPF performances ... 184
5.3 Laboratory experiments on the three legs four wires shunt active power filter
(model of FIgure 2.11(10))...c..eovreeieieieiesie e 189
53.1 Studies of thyristor bridge input reactor influence on the SAPF
PEITOIMANCE. ... ettt bbb ere s 190
5.3.2 Studies of the grid side line reactor influence on the SAPF performances.. 192
54 Laboratory experiments on the hybrid active power filter: model of Figure
2.L3(1) et re e 194
54.1 The first laboratory eXperiment............cccoovevveieiiieie e 195
5.4.2 The second laboratory eXperiment ..........cccovveveiieie e 197
(O 0 F=T o1 (=] g T TP T TP P PP PRI 199
Hybrid active power filter (topology N°2) ..o 199
6.1 Functionality principle of HAPF2.........coiiiiiiieeeee e 199
6.1.1 Description of HAPF2 coONtrol SYStem ..o 201
6.2 HAPF2 Simulation STUAIES ........ccoviieiiee e 201
6.2.1 Simulation assumption and parameters computation............ccccceeeevieieennnne 202
6.2.2 SIMUIALION TESUIS ... s 202
(@1 0 T-1 0 (-] SO S 210
(@0 0T [513 [o] o PSSP 210
7.1 SIMulation StUAY FESUIES .........ooviiiiiiieeee s 210
7.2 Laboratory StudY reSUITS ..........coviiiieieieee e 212
7.3 FUrther WOrk dir€CtioN..........c.ocveieiie e 212
L E] (=] (o0 213
Annex I. Electrical grid model design in MATLAB/SIMULINK .........c.cccooeonnne 227
Annex 1. Model of the electrical grid with the load (MATLAB/SIMULINK) ..... 228

10



Annex I11.
.1
1.2
11.2.1
1.2.1.1
11.2.1.2

Annex IV.
V.1
V.2
V.3
V.4

Annex V.
V.1l
V.2

V.2l
V211
V.22
V.221

Data from Chapter 3. ..o 233

Series passive harmonic filters..........coooieiii e 233
SHUNE PASSIVE FIITEN ..o 234
SINGIE-TUNEA TN ... 234
Analysis of single-tuned filter for different tuning frequencies................... 234
Optimization technique in MATLAB (method f) ... 235
Technical data of the PHFs laboratory components (chapter 4)........... 236
T To I L7 WSSOSO 236
Electrical grid parameters .........cccvoveiieieiie s 238
PHF reactors and capacitors technical data..............ccccoveveviiiniinniniiiens 240
Connection of the capacitors bank to the PCC.........ccccooviiiiiiiieieeeieee 244
Presentation of the simulated power system with SAPF ..............c....... 245
Description of shunt active power filter (SAPF) simulated blocks.............. 245
Proposed expressions to compute the three-wire three legs SAPF input reactor
and DC side capacitor Parameters........c.covveieeveiieereeiieseese e see e s 251
SAPF DC capacitor parameters COMpUtation ..........c.cccoeveveiveeiieresineseennns 252
Proposed expressions to compute the inverter DC capacitor parameters .... 253
Computation of SAPF input reactor inductance ............cccoceevevveveiiicsnennne 254
Proposed expression for SAPF input reactor inductance.............cccccveeuvenene 255

11



Abbreviations and designations

Symbols

a-b-c - three phase system coordinates

- Capacitance

- delta connection

- frequency

- number of filter in the filter group
- current RMS

- instantaneous current

- filter effectiveness

- coefficient

- length of transmission line

- inductance

- line

- phases of supply system

- harmonic order

- active power (fundamental harmonic)

- instantaneous real and imaginary powers in a-3 coordinates
- variable components of instantaneous real and imaginary powers

- constant components of instantaneous real and imaginary powers

- reactive power

- quality factor of reactor and single-tuned filter respectively
- resistance

- root mean square

- resistance at the DC side of single-phase diode rectifier
- apparent power

- electrical torque

- voltage RMS

- instantaneous voltage

- energy

- star connection (also Y)

- reactance

- cross-section area of supply transmission line

- admittance (module and complex form)

: - impedance (module and complex form)

Greek literary alphabet
a, B, 0 - rectangular coordinate system axis

[EEN
=)
w

Ql .'Qz'QI

~
~
-

DOROT WT DICEFCSXTXT =T OO0
_

® 5

sgc cdv-

N < < X
IN <

€ - Inverter DC voltage change ratio

n - order number carried by one filter in the filter group

Y - conductivity

d - phase shift between voltage and current (fundamental harmonic)
0 - thyristor bridge firing angle

9 - transformer ratio
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) - optimization function coefficient

) - angular frequency
Indexes

Al - aluminium

Cu - copper

F - filter group

Fe - iron

I - current

[ - integral

MV - medium voltage

N - nominal value

p - proportional

p-p - peak to peak

r,T - rectifier input

Sec - secondary side of transformer
SC - short-circuit

S - electrical grid

U - voltage

(1), (n) - fundamental and other harmonic component order
(+), () - positive and negative sequence
Abbreviations

AC - alternative current

asym - asymmetry

BPF - band-pass filter

CsSlI - current source inverter
D1-4 - diode

deg - degree

DC - direct current

DPF - displacement power factor
DFT - Discrete Fourier Transform
f - filter

FFT - fast Fourier Transform

g - ground

HV - high voltage

HPF - high-pass filter

IGBT - insulated gate bipolar transistor
h - harmonic

Im - imaginary

Inf - infinity

In - input

inv - inverter

LV - low voltage

LPF - low-pass filter

MV - medium voltage

max - maximum

min - minimum

Out - output

PCC - point of common coupling
PF - power factor
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PLL
Pri
PWM
re

ref
rms, RMS
rvpmin
S
SAPF
SC
T1-4
THD
TTHD
Tr

VSI

- phase locked loop
- primary side of transformer
- pulse width modulation

- resonance
- reference

- root mean square
- revolution per minute

- second

- shunt active power filter
- short-circuit

- Thyristor

- total harmonic distortion

- true total harmonic distortion

- transformer
- voltage source inverter
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Chapter 1
Introduction

In recent years, the production of household appliances and industrial devices using power
electronic components is in full growth. Due to the massive connection of such non-linear
devices to the supply network (despite their standard accordance), the supplied power quality
is in degradation mode.

The power quality refers mostly to the supply voltage quality (frequency, amplitude,
waveform, phase shift between phase to phase or phase to ground voltage etc.) which should
follow the recommendations fixed by standards (e.g. EN, IEC, IEEE etc.) in accordance to the
country or continent. The standards concerning the power quality characteristics, measurements
and monitoring are for instance EN 50160 [80], IEC 61000-4-30 [115] and IEEE standard 1159
[120] respectively.

The standard EN 50160 (for European countries) defines the voltage characteristics of the
distribution systems (voltage dip and swell, harmonics, voltage interruption, transients, rapid
voltage change, asymmetry, voltage fluctuation, etc.). The standard IEC 61000-4-30 focused
on the power quality measurement techniques. The IEEE standard 1159 is for monitoring the
electric power quality [115, 120].

If the supply voltage at the point of common coupling (PCC) of building or town, presents
poor quality (harmonics, asymmetry, flickers etc.), its improvement is therefore necessary to
comply the standards. The poor power quality does not come from the energy producer (because
the voltage at the power plant production source is almost pure sinusoidal), but from the
disturbing devices (used in the industries (e.g. converter drive systems etc.), houses (e.g.
computers, printers, microwave kitchens, energy-efficient LED lighting etc.) etc.) connected to
the power system, which despite their compliance to the emission standards, disturb the
supplied power quality because of their huge number. In the further part of this thesis, the author
will focus on the power quality disturbances such as harmonics; asymmetry and reactive
power® flow because they are mainly caused by the power electronic devices.

The harmonic sources in power system can be organized in three important groups such as
presented in [100]: saturated core devices (e.g. transformers (Figure 1.1), motors, generators

@ The applied term “reactive power” used in this work refers to the reactive power in the fundamental harmonic domain.
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etc.); arc devices (e.g. arc furnaces devices, welding devices, gas-discharge lamp etc.) and
electronic or power electronic devices (Figure 1.2).

ULiL2

—

Figure 1.2 Example of distorted current and
phase to phase voltage waveforms
measured at the AC side of rectifier
with capacitor at the DC side

Figure 1.1 Example of the magnetizing current
(with voltage) measured at the
unloaded transformer primary side

The today non-linear loads are in the most of the cases devices equipped with power
electronic components such as diodes, transistors and thyristors and which cause non-sinusoidal
current flow (Figure 1.2) despite the fact that they are connected to an almost pure sinusoidal
source voltage. The non-sinusoidal current contains harmonics and inter-harmonics that
flowing to the supply network, interact with the supply network impedance, disturbing the
supply voltage by causing distortions (Figure 1.2).

In the periodic non-sinusoidal current or voltage waveform, the components with
frequency other than the fundamental frequency (50 Hz) and which are integral multiple of the
fundamental frequency are call harmonics (e.g. 150Hz) [97, 100, 121]. The inter-harmonics are
components, which are not integral multiple of the fundamental frequency (e.g. 55Hz) [1109,
235].

In practical consideration, the harmonics can be neglected when their percentage in power
system is very small compared to the fundamental (e.g. less than 1%). Figure 1.3 presents an
example of 5" and 71" harmonic current and voltage characteristics registered during 7 hours at
the point where the three-phase diode bridge were connected in an industry. Observing Figure
1.3(a), it can be seen that the 5" harmonic current amplitude can reach up to 70% of the
fundamental harmonic.

The harmonics presence in electrical network is accompanied by consequences such as:
the increase of current RMS; the overloading, overheating and even damage of power system
elements (e.g. transformers, generators, cables, electric motors, capacitors etc.) and other
devices; the reduction of devices life span; the perturbation of the devices normal operation and
power system operating costs increase; the inaccurate measurements of energy and power;
decrease of power factor (PF) etc. [105, 106, 151, 171, 228, 237, 252].

The quoted harmonic source groups are not only responsible for the harmonics generation,
but also for other power quality disturbances such as flicker effects, asymmetry (Figure 1.4)
etc.

For a deformed current waveform signal (e.g. Figure 1.2), there are different methods used
to separate the fundamental harmonic frequency component from the other frequencies. These
methods are also call in literature methods for harmonics detection [15, 23, 119, 164, 176].
They are organized in frequency domain (e.g. Discrete Fourier Transformer (DFT) [4, 165];
Fast Fourier Transformer (FFT) [91, 166]; Recursive Discrete Fourier Transformer (RDFT)
[216, 263] etc.) and in time domain (Synchronous fundamental dqg-frame [65, 164];
synchronous individual harmonic dg-frame [46 ,164]; instantaneous power pg-theory [7, 8];
generalized integrator [262] etc. ) and there are many others methods [53].
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Figure 1.5 Example of: (a) power factor (PF) and (b) displacement power factor (DPF) measured in the

industry at the arc-furnaces terminals

An example of voltage and current waveforms (in unbalance mode) registered in the
industry equipped of arc-furnace device is shown in Figure 1.4. The amplitude of three-phase
voltage is unequal as well as the amplitude of current. In each phase, the phase displacement
between voltage and current can be observed. Figure 1.5 presents the power factor (PF) and
displacement power factor (DPF) characteristics for the distorted and unbalance voltage and
current of Figure 1.4.

The electrical power is as a commodity and taking care of its quality is essential. This is why
it exist many standards for its regulation. To make the disturbing devices comply standards,
there are several methods (see chapter 2 to 6).
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The author will focus on the hybrid active power filter (HAPF) which is the combination
of active power filter (APF) and passive harmonic filter (PHF) as presented in Figure 1.6.

Electrical grid Load
r=-="="f~~~"==--=-- r==-"
! !
: Active power Passive :
i filter harmonic filter| ,
I ]
L e e e e e - - - .
Hybrid active power filter
Figure 1.6 Example of hybrid active power filter configuration

1.1 Literature review of passive harmonic filters

The PHFs are the most common techniques applied in electrical network system to compensate
the displacement power factor (DPF) and mitigate the harmonics [24, 102]. According to [224,
246] their first installation in the industries started in 1940. They are organized in different
structures described in the literature [24, 47, 127, 271]: the single-tuned filter [62, 189, 218,
270], double-tuned filter [94, 184, 185, 186, 266, 272, 260], triple-tuned filter [41, 59], series
passive filter [47, 48], hybrid passive filter [47, 48], damped filters (first, second, third-order
filter and C-type filter) [24, 47], filter group [135, 141, 143] etc. The difference between filters
is not only on their structure but also on their harmonics filtration efficiency®, immunity on
detuning phenomena due for intense to the capacitor or reactor aging, the power losses,
harmonic filtering band, design method etc. Each of the highlighted features has influence on
filter designing and its exploitation cost. Therefore, it is important to know the advantages and
disadvantages of each topology while deciding on its choice and also in optimal decision-
making in terms of technical and economical point of view.

The design of PHFs has not always been a small task since it took into account many
parameters such as: the grid impedance (short circuit power) and voltage spectrum at point
where the filter will be connected; the load fundamental harmonic reactive power and current
spectrum; the filter power losses and investment cost etc. In certain PHF design procedure [2,
110, 136, 217], the optimization technique is introduced to select the optimal filter parameters
basing on the constituted optimization function and conditions. Nowadays, the optimization
techniques applied in PHF design procedure are very widespread in the literature. Some of them
are: genetic algorithms [21, 146, 277], respond surface methodology [190, 218], swarm
optimization [215], Particle Swarm Optimization (PSO) [161], bee colony optimization [208],
Mixed Integer Distributed Ant Colony Optimization (MIDACO) [193], probabilistic approach
[137], Multi-island Particle Swarm optimization (MIPSO) [225], Ant Colony Optimization
(ACO) [255], Simulation annealing [192], optimal Multiobjective planning [267], Lagrange
interpolation method [229] etc. The defined objective function can be based on maximization
or minimization of some parameters in the power system such as for instance the gird current
RMS (e.g. [192]) and power losses, the grid voltage and current THD and filter size (e.g. [208]),
the gird specific voltage harmonic, the DPF or PF at the PCC (e.g. [193]), filter power losses
and cost (e.g. [137]) etc. These techniques can be accompanied by constraints (e.g. maximum
voltage capacitor and reactive power etc.).

The PHFs are mostly designed to be tuned only on one frequency (except the double and
triple tuned filters) but depending on their structure and parameters, they can also mitigate

@ The term harmonics filtration efficiency is clarified in chapter 3
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harmonics in wide band. Therefore, to prevent more than one harmonic to inter the electrical
grid (from the load side) the group of shunt PHFs is needed. The problem with the filter group
design is based on the sharing of load reactive power (total reactive power to be compensated)
to the individual filter in the group.

Because of the diversity of the shunt PHF topologies, the filter type and number in the
group should be well chosen. In reference [13] the filter topology selection issue is investigated
and an algorithm of filter selection is proposed. The maximum of three filters in the group is
the most common situation in practice [13, 207].

The passive power filters present also certain disadvantages [72, 75, 90, 154] such as
sensibility to load variation (e.g. designed for a selected load), grid parameters dependency,
resonance (series and parallel) problem, can only reduce selected harmonic frequency or
defined range frequencies, influence of the filter parameters tolerance on the tuning frequency,
detuning phenomenon, the choice of the damping resistance etc. [47, 270]. Despite their
drawbacks, the passive harmonic filters are still applied in practice [270] and from the
economical point of view; they are more preferred than the active filter.

The PHF detuning phenomenon is characterized by the increase or decrease of the tuning
frequency. This phenomenon can be cause by the variation of the PHF parameters over the time
or the voltage fundamental harmonic frequency change at the point of PHF connection. The
variation of the filter parameters (increase or decrease of the inductance or capacitance value)
can be caused by their aging (mostly the capacitor), the atmospheric conditions (temperature,
humidity etc.) or their damage. The filter inductance value decrease can takes place in the event
of an inter-turn short circuit in the reactor (this condition leads to the reactor damage). The
change in capacitor capacitance is mainly caused by the work temperature increase. The
capacitors aging reduces their capacitance over the time [72, 178, 232, 270]. It is very important
to take it into account the detuning phenomenon while designing the PHFs. In practice, it is
advised to tune the PHF to the resonance frequency a bit lower than the frequency of the
harmonic to be mitigated in the power system, but how lower should be that resonance
frequency is controversial in the literature.

Compared to the shunt active power filters, they are low cost, simple in the structure, easy
to maintain, high efficient in term of individual harmonic reduction, high power application.
They can be applied in low voltage (LV) e.g. [82], medium voltage (MV) e.g. [73] and high
voltage (HV) system e.g. [215]).

1.2  Literature review of shunt active power filter

The shunt active power filter (SAPF) is a power quality mitigation disturbances device applied
for harmonics, reactive power, current asymmetry compensation [22, 47, 108, 169]. Its
application in power electrical network dates from the years of 1971 [51, 89, 220]. It is more
efficient in term of harmonic mitigation than the PHFs.

The structures of SAPF can be classified basing on: the type of electrical grid system (e.g.
single-phase, three-phase three-wire SAPF and three-phase four-wire SAPF) [251], the type of
energy storage at the their DC side (voltage source inverter (VSI) and current source inverter
(CSI)) [35, 251], the structure of control system (closed or open loop) [83], the advanced
inverters topologies (e.g. multi-level inverters etc.) [130, 251] and on the reference current
generation algorithm (e.g. frequency domain algorithm, time domain algorithm etc.) [251, 274].
Additional information about the SAPF structures can be found in chapter 2.

The elements composing the SAPF can be organized in four parts: the input passive filter
at the AC side (see chapter 2), the power electronic components constituted of semi-conductor
such as transistors (IGBT-Diode, MOSFET [281, 282]. etc.), the control system (see chapter 5)
and the DC storage unit.

The SAPF input passive filter is organized in different model and the simplest model is the
first-order L-filter [139]. In the literature, it can be found many proposed expressions on how
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to compute the L-filter parameters [45, 75, 153, 204]. In the power system with for instance
thyristor or diode rectifier load, the rate of current change at the commutation notches points is
very high (see the current waveform example of Figure 1.2) and the connection of SAPF with
not appropriate L-filter size in such of system can present the problem of handling the ripples
at the commutation notches points [90]. This problem is not so often mentioned in the literature.

The IGBT-Diode and MOSFET are in the most cases the power electronic switching
elements, which constitute the APFs. Because of its high voltage application, the IGBT
transistor is the most used [281, 282].

Many types of SAPF control systems are proposed in the literature and most of them are
constituted of the reference current extraction algorithm system based on the power theory. The
control system algorithm can be developed in time (e.g. p-q theory, synchronous d-q frame
method etc. 3,7, 8, 9, 10, 11, 75, 140, 160]) or in frequency domain (e.qg. sliding DFT, discrete
Fourier transform theory, etc. [47, 230]). Another important part of the SAPF control system is
the system (e.g. pulls width modulation (PWM) or hysteresis) which used the reference current
to produce pulses to switch on and off the transistors.

1.3  Literature review of hybrid active power filter

The hybrid active power filter (HAPF) topologies are diversified in the literature [227]. They
result from the combination of the shunt or series APF with parallel PHF or shunt APF with
series APF together (see chapter 2 for more information). Their apparition in the scientific
works dates from 1980s [174, 53].

The main advantages of their application in practice (industries) are that: (a) the power
demand and performance cost of active part is less than when it is operating alone due to the
presence of passive part, (b) the overcoming of passive part disadvantages (resonance
phenomena, grid impedance dependency etc.) etc. [47, 93, 113].

Concerning the HAPF topologies in which the PHF (e.g. single-tuned filter) is connected
in series with the SAPF, there is little information about the PHF tuning frequency choice.

1.4 Thesis, objective and scope of work

The growing number and unit power of non-linear load and electrical energy sources force the
development and use of different technical solutions intended to reduce current and voltage
distortion. Except for the passive methods, the active filtration and reactive power
compensation systems are gaining more and more popularity. In their case, one of the
highlighted disadvantages stills high price, especially in the systems with high power intended
for use in medium or high voltage networks. However, it is possible to use the advantages of
both solutions - passive and active. Such of systems are hybrid structures allowing to obtain the
desired filtration effect and compensation of reactive power at moderate costs.

To build an effective hybrid filtration system, thorough knowledge of the LC filters
frequency characteristics as well as active filters control algorithms are needed. The aim of the
work was to acquire and present such knowledge by analyzing a very large number of different
cases. Thanks to this, it was possible to formulate generalizing conclusions as a set of rules
useful in the practice of designing such systems. Demonstrating that having such knowledge
gives the opportunity to use the advantages of both components - passive and active, and allows
to avoid the design errors is the main thesis that the author tried to prove in this work

The performance of passive harmonic filtration and reactive power compensation systems
was analyzed in great detail. The sensitivity of the effectiveness of their work in response to the
change in the value of their elements was examined as well as the impact of the power supply
network and the parameters of the filtered/compensated load were analyzed. Theoretical and
simulation considerations were confirmed by laboratory tests.
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In the next parts of the work, the designed model of the active power filter electronic
converter and its control system were checked in simulation tests. As in the case of passive
filters, the impact of various factors on the active filter work efficiency was analyzed. The
selected aspects of theoretical considerations were supplemented by studies on the physical
model in the laboratory conditions.

In the final part of the thesis, the passive and active systems were combined into a very
rarely considered hybrid structure and the advantages of such of solution were confirmed by
simulation.

1.5 PhD thesis structure

This doctoral dissertation is organized into 7 chapters. The chapter 2 presents the area of PhD
research concerning the techniques used to mitigate the voltage and current distortion in
electrical network together with examples.

The chapter 3 presents the analysis of the most common PHF structures (single-tuned filter,
double-tuned filter, hybrid passive filter, broad-band filters (first, second and third-order as well
as C-type filter)). They are presented: the influence of the filter detuning phenomenon and
damping resistance on the filters efficiency, a comparison study between the PHF selected
topologies as well as between the methods of sharing the total reactive power in the PHF
group.

The chapter 4 is about the laboratory investigation of the PHF chosen structures (single-
tuned filters, group of single-tuned filter, first-order filter (capacitor bank) and 2" order filter).
The laboratory load and electrical grid are described, an electronic board (analogue PI
controller) to externally control the thyristor rectifier pulse generator is proposed (system
dynamicity verification when the SAPF or HAPF will be connected). The influence of the
electrical grid parameters (impedance and voltage harmonics) as well as the filter parameters
tolerances on the single-tuned filter efficiency is presented. The detuning of single-tuned filter
is also presented.

In chapter 5, the SAPF is investigated (simulation and laboratory experiments). The
instantaneous p-q theory is presented in detail and the three wires three legs SAPF control
system with algorithm based on the p-q theory is proposed by the author. The studies of the
influence of the electrical grid inductance, the inverter input reactor and DC capacitor
parameters and the load input reactor parameters on the SAPF filtration efficiency are presented
(simulation). The laboratory experiments presenting the influence of the thyristor bridge input
reactor size and the electrical grid side line reactor size on the four wires three legs SAPF is
considered. The laboratory experiment on a HAPF topology (four wires three legs SAPF
connected in parallel with the group of PHF) is considered as well. It presents how much the
SAPF power can be reduced when it is combined with the group of PHF.

The chapter 6 is focused on the HAPF (topology of three wires three legs SAPF connected
in series with the single-tuned filter), presenting its functionality principle, control system
(proposed by the author) as well as the studies based on the tuning frequency of its PHF.

Chapter 7 contains the conclusion from the work carried out and the direction of further
works (laboratory realization of the HAPF model described in chapter 6).
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Chapter 2

Technigues to mitigate the voltage and
current distortion in the electrical network

The voltage and current distortion in the electrical power system can be mitigated by applying
different filtration technics [24, 50, 71, 96, 114, 221]. Each of these techniques (Figure 2.1) is
described in power quality literature and their application or choice is largely related with the
power system parameters such as voltage level, short-circuit power, types of loads connected
and so on [103, 187]. A brief overview of the most applied solutions in term of voltage and
current harmonics mitigation in the electrical network is presented in this chapter.

2.1 Increase of PCC short-circuit power

The PCC voltage distortion depends upon the electrical grid (impedance). The more rigid (small
impedance) is the electrical network, the less distorted is the PCC voltage [253]. The PCC short-
circuit equivalent impedance is computed by considering the power system components such
as transformers and lines resistance and inductance. An example of PCC short-circuit power
calculation is described in Annex | (this example is considered in simulation part (chapter 3)).

According to [243], the transformer and line equivalent impedance should be chosen as
low as possible for the PCC voltage quality improvement. Therefore, the reduction of line size
(length and cross section) and transformer parameters (e.g. power increase or short-circuit
voltage decrease), the electrical network reconfiguration, the AC line reactors elimination and
the application of lines or transformers working in parallel are the possibilities (among others)
of electrical grid short-circuit power increase (impedance reduction) [101].

On the other hand, in the electrical network the increase of short-circuit power can be a
problem for the connected loads. The grid impedance plays an important role during the fault
and load protection [196].

The simulation example of Figure 2.2 presents the grid current and voltage waveforms after
increasing the grid equivalent inductance (from 681.18 uH to 10000 uH (Figure 2.2 (a))) and
resistance (from 0.425 Q to 3.4 Q (Figure 2.2 (b)). In the both cases, the AC line reactor is
considered (L) as the input reactor for three-phase six pulses thyristor bridge. The increase of
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Figure 2.2 Influence of the grid parameters increase on the PCC current and voltage THD level: (a) increased
of grid equivalent inductance (Ls), (b) increased of grid equivalent resistance (Rs) (for more detail
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the grid equivalent inductance (Ls) has more influence on the grid voltage and current
harmonics variation than the increase of grid resistance (Rs). The PCC voltage presents better
quality for a small value of grid equivalent inductance and resistance (Ls = 681.18 uH, Rs =
0.425 Q, THDy = 3.82 %). The smaller is the grid equivalent impedance, the less distorted is
the grid voltage and the more distorted is the grid current (Ls = 681.18 uH, Rs=0.425 Q, THD,
=42.64 %).

2.2 Transformers

On the one hand, the transformer can be a current harmonic source (distorted magnetizing
current (see Figure 1.1) if its working point is located in its saturation area (non-linear part of
transformer magnetization characteristic). This situation occurs if the transformer is working
with the voltage higher than its nominal voltage [100]. On the other hand, they can be used for
harmonics mitigation in power system (by playing the role of input reactor or using phase
shifting technique with multi-pulse rectifiers [71, 211, 261]).

2.2.1 Isolation transformers

If the isolation transformers are sized properly, they can achieve the same level of harmonic
reduction as the AC line reactor [221]. The higher is their equivalent reactance, the lower are
distortions in the primary side voltage (assuming the nonlinear-loads connected to the
secondary transformer windings). The isolation transformer typical structure used in power
system for harmonics mitigation is in Delta (primary)/Wey (secondary) connection [100, 221].
It guarantees a low impedance of the delta connected windings for the triple-order harmonics
and as result, the voltage waveform on the primary side does not undergo the deformation of
these harmonics (Assuming the phase currents to be symmetrical). Another structure of
insolation transformer is the Delta/Zigzag (it has low impedance for the zero sequence
component and works in the same way like the Delta/Wye structure) [96, 105, 124].
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2.2.2 Transformer and phase-shifting techniques for AC/DC multi-pulse
rectifiers

Transformers with different windings coupling structures are widely used with multi-pulse
power electronics devices (e.g. diode and thyrystor rectifiers) for harmonic components
mitigation in the electrical network. The structures of transformer windings coupling for
harmonic cancelation are based on phase-shifting techniques. The multi-pulse converters are
organized in different topologies e.g. 6, 12, 18 pulses etc. [49, 50, 96, 131, 211].

For instance in the case of 12 pulse-rectifier (Figure 2.3), two three-phase 6 pulses rectifiers
are connected to two transformers (it can also be a single transformer with two separated
winding at the secondary side), one with delta (primary)/delta (secondary) connection and the
other with delta (primary)/star (secondary) connection [96, 104, 113]. A phase-shift of 30°
between the two transformers secondary side voltages is required for the 51", 71", 17", 19t 29t
31% etc. harmonics generated by individual rectifier to cancel each other (the remain harmonics
are expressed by: n = 12k+1, where k is natural number) [77,103]. If the DC side loads of
rectifiers are different or if the system voltages are unbalance, the harmonics cancelation will
be partial [96]. In the case of 18 pulse-rectifier, the phase-shifting of 20° is required to cancel
the 5™, 7", 11 13" etc. harmonics (the remain harmonics are expressed by: n = 18k+1) and
for the 24 pulse-rectifier, the phase-shifting of 15° cancels the 5%, 71, 11™, 13" 17", 19" etc.
harmonics (the remain harmonics are expressed by: n = 24k+1) [113, 221]. With the growing
of rectifier pulses (associate with transformer phase-shifting technique), the current distortion
is more reduced [131].

Figure 2.3(a) shows a simulation example of 12 pulse-rectifier connected to the PCC
through the transformers (Trl and Tr2) using phase-shifted technique. The grid current
waveform with their spectrums are presented in Figure 2.3(b) and (c) and the rectifiers input
currents (Figure 2.3(d)) with their spectrum in Figure 2.3(e) and (f). The PCC current presents
a spectrum (Figure 2.3(c)) without the 5%, 7 17" 19" 29" 31% etc. harmonics and its
waveform is less distorted (Figure 2.3(b)). In Figure 2.3(d), the phase-shift between rectifiers
input currents (I, I2) can be seen.
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Figure 2.3 (a) electrical circuit of 12 pulse-rectifier connected to the PCC through transformers with different

secondary side winding connection; (b) PCC current with its spectrum (c); (d) current waveforms
(11 and 1) at the input of rectifiers with respectively their spectrum (e) and (f)

2.3 High harmonic filters

The high harmonic filters can be divided into two main categories as presented in Figure 2.1
(passive and active). Both are used to reduce harmonics in wide range depending on the design
technique.
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2.3.1 Passive filters

The passive filters are electrical devices designed with passive elements such as resistance,
capacitor and reactor. Combining different passive elements and basing on where they are
connected, several passive filter structures can be set up for power quality improvement. They
are widely used in practice despite their drawbacks (e.g. resonance, large size in comparison to
the size of active filter, sensitive to the change of short-circuit power etc.). Some of the
structures of passive filter applied as interface for power inverters are described later in the
following chapter. The analyses of other passive filter topologies (such as the parallel, series
and hybrid (Figure 2.1-brown colour)) are presented in chapter 3.

2.3.1.1 AC line reactor

The AC reactor (L) is connected between the PCC and the thyristor rectifier input (Figure 2.4
(@)). It is one of the easier and economical way to reduce grid voltage and current harmonics
generated by power electronic devices. It is also very often used at the AC side of diode and
thyristor rectifiers (Figure 2.4 (a)) to reduce the short-circuit current during the commutation.
Its presence in electrical network increases the grid equivalent impedance (decreasing short-
circuit power at the terminal of converter), improves the PCC voltage and current waveforms
(harmonics reduction) [71, 96, 103, 114, 162, 212, 221, 243].

| Rs Ls PCC L
|H—=—T—e 10 Z§ % |
[CEN— ?US AC line reactor

@) Zs
LbC
’ : Rs s ch ZS DC reactor i
ﬁ_}
(b) zs f Us DC drive

Figure 2.4 (@) AC line reactor connected between the PCC and the diode rectifier; (b) DC link reactor
connected between the rectifier and the DC motor

The reduction level of harmonics amplitudes depends upon the choice of the line reactor
parameters (which are also related to the load parameters) [221]. The simulation example of the
line reactor inductance increase influence on the PCC voltage and current waveform is
presented in Figure 2.5. With high value of line inductance, the grid voltage and current at PCC
present lower THD. But the voltage at rectifier input is more distorted and its value is reduced
by the line reactor voltage drop.

The phase shift between the fundamental harmonic grid voltage and current (®) has
increased with the line reactor increased, but the grid inductance voltage drop has decreased as
well as the rectifier DC voltage (Figure 2.5).

The DC link reactor (Loc) as the AC line reactor (Figure 2.4(b)) reduces also the current
THD value. It has almost the same functionality (in term of current harmonic reduction) as the
AC line reactor. In comparison with the AC line reactor, it is bigger, more expensive and
generates less power losses because it is air core reactor (in other to avoid the saturation
phenomenon). The AC line and DC link reactor are less efficient than active and passive filter
in term of harmonics reduction [52, 96, 162, 180, 212].

2.3.1.2 Interface filters for power inverters

The interface filters in power electric play two rules: the mitigation of harmonics below 2.5
kHz (see the example of Figure 2.6) and the reduction of converter switching components (see
the example of Figure 2.7).

26



BN THDu=522 [%]

2757 . THDU=3.82 [%] — BN THDU= 14.68 [%]
274 M| wm_ THDU=2.72 [%] W THDU=41.18 [%]
S5 mm THDU=1.22 [%) A [0
2504 - 40J J'
3 20
woff | I e Y P
=150 1 > 5 7 11 13 17 19 23 25 29
= ol |0 17 19 23 25 29 o A
/- 254.64 [[LH] = . R “
BN 1-3000 [MLH] ’ * . I| e .
[ 2=20000 [MLH] 0. S5 7 1113 17 19 3 5 29 15 7 11 13 17 19 23 25 29
Harmonic order Harmonic order
400 400
300
200 200
= oy 250 |y
2 2. o 2
) = 200 =
200 -200 50
400 : : ‘ 400 : : . .
0.36 037 038 0.39 036 037 0.38 039 037 038
Time [s] Time [s] Time [s]
60 4001
o ot T Rs Ls / TPCC L T z
2 HO—e——m > . e Z;— ﬁf g 0f
S 20 <+ ¢ -« )
ULs UL Ubc
U 25064 W1 L3000 L= 20000 ] B THD = 42.62 [%] YT 037 0.38 039
I THDi = 39.91 [%] Time [s]
I THDi = 28.20 [%]
200 T
8 2001 *‘ [|
100 150
= 6 — — 100} "
= o0 < < = AL
g = 4 < - [T
SE 50 = 5 -100f -‘j
0 = 200 \
=200 . . 20— - L L " L L
036 037 0.38 039 15 7 11 13 17 19 23 25 29 0.36 037 038 0.39 0.36 0.37 038
Time [s] Harmonic order Time [s] Time [s]
Figure 2.5 Influence of the increase of the AC line reactor (L) on the PCC voltage and current THD

27




Before the filter connection After the filter connection

| Recorder | _
Adjustable Supply [ Adjustable
Supply . speed
system ¢ speed system v :
drive drive
Hybrid passive
filter
A N L,7A
e 5A - g oE
: 0,4A
i et e ASAD‘AAH Sslﬂanhnn “"“'l h ll ‘A‘I‘i::
(@) (b)
Figure 2.6 Voltage and current waveforms (and spectrums) measured at point of the adjustable speed drive
connection: (a) without filter, (b) with the input hybrid passive filter
/\ I
() (©
(B!
T LC Filter T
J J I CTRCLT T
— - N
| |
1 1
i ==
(a) (*) TUl : R _[']_ : UzT [] R
: :
I I
| 1
—| —‘ e Ty
Interface filter
for power inverters
Figure 2.7 One phase transistor converter with interface filter at its input: (a) electrical circuit, (b) current and
voltage waveforms at the inverter output (AC side), (c) current and voltage waveforms after the
LC filter application

28




R L Rl Li R L2 o—:n—FmTD—nfm—o

B
_{
—;—|

(a) (b) ()
Rl L Riz I Rul Ly Ri2 I Rir L Rz Lo
ol i —e e o=
C C
L L == L
R
Ri R Ri
(d) (e) 0]
Figure 2.8 Example of power inverter interface filters for switching ripples reduction: (a) LC filter; (b) LCL

filter, (c) LCL filter with damping resistance R, (d) LLCL filter; () LCL-LC filter; (f) LCL-LC
filter with damping resistance R [139]

In the example of Figure 2.6, the interface filter (hybrid passive filter) is designed to
mitigate the 5™ and the 7" harmonics generated by the adjustable speed drive (it is designed for
a specific load). The examples of such of configurations are presented in [48, 280] (see also
chapter 3.6).

In the example of Figure 2.7, the interface filter which is in this case the LC filter (it can
be also one of the structures of Figure 2.8) is applied at the converter output to mitigate in width
band of voltage and current harmonics caused by the transistors switching frequency. The
voltage and current waveforms at the inverter output and LC filter output are respectively shown
in Figure 2.7(b) and (c) [14, 159].

The most common interface filter structures used for converter switching components
mitigation are presented in Figure 2.8. The AC line reactor (Figure 2.4 (a)) can also be counted
between them as first-order L-filter. Its performance in term of ripples reduction depends upon
its size (the higher is the inductance, the better are reduced the switching frequencies
components), load and grid inductances (see also chapter 5). In comparison to other filters
(Figure 2.8(a) to (f)), its big size is a disadvantage because of the high power losses and
performance cost (in the case for instance of APF) [14, 159, 179, 257].

The LC-filter (Figure 2.8(a)) is a type of secondary order filter not widely used as the first-
order L-filter because its performances, which (in term of ripples mitigation) depends upon the
electrical grid impedance. For a very small value of grid inductance, the capacitor is ineffective
and the switching ripple reduction level is the same as the one of first-order L-filter [139] (with
the same inductance). The damping resistance R in series with capacitor C is for resonance
attenuation.

The LCL-filter (third-order filter) is the commonly used interface filter [179, 264]. It is
constituted of two reactors and one capacitor as shown in Figure 2.8(b) and (c). Although it
reduces the switching ripples with more efficiency than the L-filter [14, 63, 122], it presents
also disadvantages such as: (a) resonance phenomena which can make the system unstable if
not damped (see Figure 2.8(c) with the damping resistance R), (b) design parameters
difficulties, (c) complicated control system (e.g. unstable closed-loop system) etc. [77,122,
159, 179].

Concerning the topology of Figure 2.8(d) (LLCL filter), the LC branch (connected in
parallel between L and L) is designed to resonate (series resonance) at the switching
frequency. For the frequencies range located above the series resonance frequency, the LLCL
presents the less harmonic reduction efficiency than the LCL filter [159]. According to [264],
the structure of Figure 2.8(e) (LCL-LC) can strongly reduce the harmonics current around the
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switching frequency than the LLCL filter because of the capacitor (C1) connected in parallel
with the LC branch.

It exists many other interface input filter topologies, which present better filtration
characteristics than the LCL-topology (e.g. Figure 2.8(e) etc.). Nevertheless, all the interface
input filter topologies have a common problem of stability and resonance. The resonance
problem can be solved by applying passive damping method (based on damping resistance
utilization) and active damping methods (based on the control strategies) such as in the
topologies of Figure 2.8(c) and (f) [122, 179].

2.3.2  Active power filters

The application of the active power filters (APFs) as harmonic mitigation techniques is in
growth in the industries. Furthermore, they can be applied to mitigate other power quality
disturbances such as flickers and slow voltage variation (stabilizer) [50], eliminate voltage dip
and swell (DVR) [123], compensate the basic harmonic reactive power (STATCOM) [47] and
balance the power system voltage or current [90]. Their main drawbacks are high cost, relatively
complicated control system as well as limited application in MV and HV network because of
the limited rate of semiconductor devices voltage and current. Basing on their structure and
functionality, it can distinguish, between others: the series active power filter, the shunt active
power filter and the hybrid active power filter.

2.3.2.1 Series active power filter

Connected between the PCC and the load mostly through a transformer (Figure 2.9), the series
APF main role is to improve the supply voltage protecting the sensitive loads from disturbances
such as voltage harmonics (Figure 2.10), fluctuation (voltage stabilizer), unbalance, dip and
swell (DVR) [86, 226]. It ensures to the load almost a pure sinusoidal voltage waveform by
eliminating harmonics in voltage supply (Figure 2.10) [83, 86, 113, 226]. Moreover, depending
upon the adopted control strategy, it can block current harmonics flowing from the load to the
AC network [16, 83, 133, 226].

The Series APF is less used in practice because of its complicated control system and fault
condition at the terminals of the critical load [83, 86, 113].

A simulation example of series APF is shown in Figure 2.10(a). From the grid side, the
voltage contains disturbances such as harmonics, dip and swell (Figure 2.10(b)) and at the load
terminals, the voltage has better quality (Figure 2.10(c)).

- | r————-—-—-—-- |
I | I I
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Figure 2.9 Series APF
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Figure 2.10 The series APF is connected between the PCC and the load (a); (b) distorted PCC voltage; (c) load
voltage

2.3.2.2  Shunt active power filters

Despite their disadvantages (high cost [153], complex control system, difficulty for large scale
implementation [3, 58, 134, 239] etc.), the SAPFs are more efficient when compared to the
PHFs and their application is in growing in the industries and medium voltage system [3, 86,
239].

Their classification by basing on the type of power system, permits to distinguish the three
and four wires structures (Figure 2.11). Concerning the four wires SAPF, it is organised in two
structures (Figure 2.11(b) and (c)): the four wires three legs inverters with two DC capacitors
(the neutral network wire is connected between capacitors (Figure 2.11(c)) and the four wires
four legs inverters with one DC capacitor ( Figure 2.11(b) [25, 56, 276]. The structure of Figure
2.11(a) will be under study in chapter 5.

The structures of Figure 2.11(a) to (c) are also called voltage source invert (VSI) and the
structure in Figure 2.11(d) is the current source inverter (CSI). The VSI possess a capacitor as
energy storage, whereas the CSI uses the reactor as energy storage at the DC side of converter.
In comparison to the VSI, the CSl is rarely applied because of its disadvantages [43, 269].
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Figure 2.12 Hybrid APFs: (a) series APF in parallel with shunt passive filter; (b) shunt APF in parallel with
shunt passive filter; (c) shunt APF connected in series with passive filter; (d) unify power quality
conditioner (UPQC)

In the literature, the most common topologies of HAPF are presented in Figure 2.12 and Figure
2.13. Concerning the topology of Figure 2.12(a), the series APF can be control in such a way
that its ensures high impedance for the selected harmonic generated by the non-linear load (it
behaves as harmonic isolator for that harmonic) and in the same time very small impedance for
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the current fundamental harmonic in other to reduce power losses and voltage drops [133, 236,
245].

In the topology of Figure 2.12(b), the passive filter goal is to mitigate the load dominating
harmonics and compensate the fundamental harmonic reactive power (which reduces the
current level of SAPF), the shunt active power filter goal is to filter the remaining harmonics
and compensate the remaining reactive power. With the SAPF, the resonance phenomena
between the electrical grid and passive filter are eliminated [242, 265]. That topology is more
used in practice than the one of Figure 2.12(c). For that reason, the author has focused its study
on the topology of Figure 2.12(c) in chapter 6.

The topology presented in Figure 2.12(d) so call unified power quality conditioner (UPQC)
is also analyzed in the literature [47, 51]. It can be control to improve (at the same time) the
PCC RMS voltage (series part) and reduce the load current disturbances such harmonics,
asymmetry (shunt part). It has also the possibility to compensate the reactive power.
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Figure 2.13  Examples of HAPF topologies: (a) to (I) [20, 60, 88, 95, 163, 167, 182, 200, 201, 205, 214, 238,
258]
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The topology of Figure 2.13(a) was firstly proposed in [150, 238]. The active power filter
is connected in parallel between the PHF capacitor and reactor. This parallel connection, in
comparison to the topologies where PHF and active power filter are in series connection (e.g.
Figure 2.12(c)), reduces the quantity of current flowing to the APF components. Because of the
passive filter capacitor, this topology also ensures a small rate of the active power filter. One of
the important advantages of that structure is that during the inverter maintenance break or
failure situation, the PHF can continuous to operate [38, 39, 40, 60, 163, 167].

In the topology of Figure 2.13(e) the active power filter is connected in series with PHF
through matching transformer. By imposing the voltage at the coupling transformer primary
side, the active filter has an influence on the PHF compensation characteristics (e.g. the passive
filter fundamental reactive power can be modified through the inverter imposed voltage at the
transformer secondary side). The HAPF filtering characteristics depends upon the choice of
PHF parameters as well. It presents as well an inverter DC side voltage reduction because of
the large PHF capacitor voltage drop [20, 76, 112, 126, 172, 205, 209, 210, 258]. Not all the
presented topologies in Figure 2.13 are described in this chapter (for more details see the
literature).

2.3.3  Harmonic emission reduction by non-linear load configuration
2.3.3.1  PFC converters

One of the most common way to obtain sinusoidal PCC current in phase with the grid voltage
is the application of power factor correction (PFC) converter [32,86]. They exist in several
structures and an example is presented in Figure 2.14(b) and (c) [50, 113]. According to [32],
they can be controlled in such a way to stabilize the DC capacitor voltage, shape the AC current
and increase the displacement power factor (DPF) close to unity. They have different operating
mode and one of them is used in the simulation example in Figure 2.14 (b). Comparing Figure
2.14(a) to Figure 2.14(b), it can be seen that the rectifier without any DC/DC converter at the
back presents a distorted AC current and voltage [219].

DC/DC Boost converter

Figure 2.14 Comparison between AC voltage and current waveform generated by the rectifier without (a) and
with (b) PFC converter
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2.3.3.2 Multi-level inverters

(a) (b)

Figure 2.15 Waveforms of voltage at the output of three (a) and (b) five-level inverter

The multi-level inverters exist in different structures and their application is focus on low,
medium and high voltage system. They are high power converters (because their high
transistors number can easily manage HV), low switching frequency (in comparison to one
level converter) and power losses (because the power electronic elements are not switched on
at the same time), more efficient and produce less distorted voltage and current at their output
than the conventional converter. They are mostly used in electrical drives, micro-grid
installations such as interface of photovoltaic (PV) systems, wind generators etc. [19, 129, 157,
203, 213].

An example of multi-level inverter structures with output voltage waveform is presented
in Figure 2.15. The output voltage of three-level inverter (Figure 2.15(a)) is more distorted than
the output voltage of five-level topology (Figure 2.15(b)). The harmonics distortion reduction
level depends upon the inverter level and the control strategies [128].
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Chapter 3
Passive harmonic filters

The passive harmonic filters (PHFs) are classified into different groups (series, shunt and
hybrid) and despite their disadvantages (robust construction, resonance phenomena with the
grid impedance etc.), they are widely used in the industry and are applied in high, medium and
low voltage distribution system because of their low cost, efficiency in reducting harmonics,
simplicity in construction, ability to compensate the required reactive power (fundamental
harmonic) etc. [47,72, 73, 102, 279].

The goal of this chapter is to analyze the most common PHFs topologies, focusing on their
impedance vs frequency characteristics and their filtration and compensation properties. A
comparison studies between selected PHFs topologies as well as between methods of sharing
the total reactive power in the PHF group are also considered in this chapter.

3.1 Resonance phenomena in electrical circuit

The series and parallel resonances are the two types of resonance commonly observed in the
electrical domain. Despite its negative influence on the electrical network components, this
phenomenon is on the base of PHFs conception [82, 182, 256].

To illustrate the electrical resonance phenomenon, two RLC electrical circuit supplied by
an ideal (without impedance) voltage source is presented in Figure 3.1(a) and (b). With the
frequency increase, the capacitor reactance decreases whereas the reactor reactance increases
(Figure 3.1(c)). The series and parallel resonance occur in an electrical circuit when the reactor
and capacitor reactance modules are equal for a given frequency.

In the case of series resonance (Figure 3.1(a)), the impedance (Zseries) Of the R1LC circuit
is minimum and limited to the resistance Ry (Figure 3.1(c)). The series resonance is also called
voltage resonance because at that resonance the voltages at the capacitor and reactor terminals
have the same amplitudes but in opposite sign (voltage cancelation) (Figure 3.2(a)). Therefore,
for the frequency in resonating mode, the voltage at the terminals of the series connected R1LC
elements is only on the resistance R.

The parallel resonance is characterized by a very high impedance of the RLC circuit for the
given frequency (Figure 3.1(c)). The parallel resonance is also called current resonance because
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at that circuit condition the currents flowing between the reactor and capacitor present the same
amplitude but different sign (current cancelation) (Figure 3.2(b)).

Another example to clarify the resonance phenomenon in electrical domain is the electrical
circuit of Figure 3.3 where the LC1C; circuit (resonance circuit) is connected between the
electrical network and the current harmonics source (load). The 5™ and the 7" harmonics are

generated by the load.
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Figure 3.1 RLC electrical circuit used to illustrate the series (a) and parallel (b) resonances; (c) impedance vs
frequency characteristics
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The LC1C; circuit is designed to resonate at the frequency of 5 (series resonance) and 7™
harmonic (parallel resonance) and the resistances of its elements are neglected. Its impedance
vs frequency characteristic is set up in Figure 3.4(a).

The data in Figure 3.3 are obtained after simulation in MATLAB/SIMULINK. Due to the
series resonance of the LC1C circuit, the 5™ harmonic current (Isis)) coming from the load side
did not flow to the electrical network (see data of Figure 3.3). The voltages of the 5" harmonic
of capacitor (Ucys)) and reactor (Urs)) are high (in others cases can be higher than the source),
presents the same amplitude and are in opposite sign, therefore cancel each other (there is a
short circuit current for the 5" harmonic).

The 7" harmonic generated by the current source flows totally to the electrical network
because of the parallel resonance (the LCiC> circuit has a infinity impedance of the 7"
harmonic). According to the parameters in Figure 3.3, the voltage of the 7" harmonic exits only
on the reactor (Ur(n). The current of 7 harmonic flowing through the capacitor C; and the
reactor L are identical but in opposite sign.

The impedance versus frequency characteristic of circuit seen from the load input (Z>) is
presented in Figure 3.4(b).

3.2  General concept of passive harmonic filters

The PHF topologies vary by their components number, filtration band, immunity on detuning
phenomena, power losses and so on. The design and operating cost of each topology depend on
the highlighted features as well as on the grid and load parameters [102]. Therefore, it is
important to know the disadvantages and advantages of each topology while deciding on its
choice and in optimal decision taking in terms of technical and economical point of view.

The PHF topologies under studies in this chapter are presented in Figure 3.5(b). The
influence of the filters parameters (tuning frequency, damping resistance and reactive power)
on their efficiency is considered as well as the way how these parameters are computed.

To study the considered PHF topologies, the power system example modeled in
MATLAB/SIMULINK is presented in Figure 3.5(a) (see also Annex I1). It contains three-phase
electrical power supply system with transformer (Tr) and line (L) feeding three-phase controlled
thyristor bridge with DC motor at the DC side and input reactor (L) at the AC side. The PHFs
are connected at the PCC.

The filters are tuned to the frequency a bit smaller than the frequency of the first high
harmonic characteristic (after the fundamental harmonic) for 6-pulse thyristor rectifier, which
is the 5 harmonic (4.85™). For each considered filter topologies, the capacitors resistance is
neglected, the reactors resistance is computed basing on the quality factor, the compensating
reactive power (fundamental harmonic) is constant: Qf = -2172.5 Var (except in the case of
single-tuned topology) as well as the rectifier firing angle. The voltage and current data and
characteristics at the thyristor bridge AC side are considered at the steady state.
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3.3 Series passive harmonic filters

The series PHFs are connected in series between the power source (PCC) and the nonlinear
load. They exist in different topologies but the one under studies in this chapter is the basic
structure (see Figure 3.6(a)). At the terminals of series PHF, the parallel resonance occurs for
the selected harmonic to be eliminated. For that harmonic, the filter impedance is therefore very
high (theoretically infinity), what prevents it (harmonic) to flow to the electrical grid (Figure
3.6(a)) [48, 149].
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impedance (see Annex Il - Table I11.1 for the series PHF parameters)
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Table 3.1 Formulas used to compute the series PHF parameters
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In this chapter, the series PHF is designed to obtain high impedance Zs (parallel resonance)
for the harmonic to which it is turned (5™) and small impedance for the fundamental harmonic
Zf1y (minimum voltage drop and power losses). The formulas used to compute its parameters
are presented in Table 3.1.

Figure 3.6(b) presents the series PHF impedance versus frequency characteristics for
different values of the fundamental harmonic impedance (also different reactive powers for that
harmonic). The filter impedance for the 5™ harmonic increases with the increase of Zsx) as well
as the impedance of other harmonics. The seies PHF impedance is inductive below and
capacitive above the resonance frequency (5", Figure 3.6(b)).

If the series PHF is tuned to the frequency lower than the frequency of harmonic to be
blocked (5%), the filter impedance of that harmonic will decrease and will be on the capacitive
side of the filter characteristic (Figure 3.7(a)), therefore the filter will be less efficient to block
that harmonic. See Annex 111 - Table 111.2 for the filter parameters.

For the series PHF tuned to the frequency higher than the frequency of harmonic to be
blocked (5" (See Annex Il - Table 111.2), the filter impedance of that harmonic will also
decrease and will be on the inductive part of the filter characteristic (Figure 3.7(a)) and the filter
efficiency to block that harmonic will decrease as well. The impedance of harmonics higher
than the 5™ is small when the tuning frequency decreases and high when the tuning frequency
increases (e.g. the 71, Figure 3.7(a)).

With the increase of the filter capacity or inductor by +10% (see Annex Il1, Table 111.3 and
Table 111.4), the filter characteristic has moved to the left side of 5" harmonic (Figure 3.7(b)
and (c)), the filter impedance of harmonic to be blocked has decreased and is on the capacitive
side of the filter characteristic (the 5™ harmonic will be partially blocked by the filter) and the
high harmonics filter impedance (e.g. Zf)) has decreased as well.

For the decrease of filter capacity or inductor by -10% (see Annex 111, Table 111.3 and Table
111.4), the filter characteristic has moved to the right side of 5" harmonic (Figure 3.7(b) and
(c)). The filter impedance of high harmonics (e.g. Zsz) - Figure 3.7(c)) has increased, whereas
the filter impedance of 5™ harmonic, which is inductive, has decreased. The filter efficiency to
block the 5™ harmonic is then reduced.

The inductor resistance influence on the filter characteristic is presented in Figure 3.7(d).
The higher is the resistance, the smaller is the filter impedance of 5 harmonic. The series PHF
is less efficient when the reactor is iron core with small quality factor (see Annex Ill, Table
111.5).

The damping resistance (R) connected in parallel with filter reactor and capacitor (Figure
3.6(a)) is rarely applied in practice because of the power losses. Its influence on series PHF
functionality is showed in Figure 3.8(a). The filter impedance for the 5" harmonic is equal to
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the value of damping resistance (see Annex Ill, Table I11.6). The small damping resistance
reduces the SPF efficiency.
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Figure 3.7 Series PHF impedance versus frequency characteristics: (a) different tuning frequency, (b)
influence of filter capacitor change, (c) influence of filter inductor change and (d) influence of
filter inductor resistance change (the filter parameters are presented in Annex Il - Table 111.2 to
5)
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Figure 3.8 () series PHF impedance versus frequency characteristics for different value of its damping

resistance R (see Figure 3.6(a)); (b) influence of the grid impedance Zs (mostly the inductance)
and rectifier input reactor X. on the power system series resonance (see from the thyristor rectifier
input - Figure 3.6(a)); (c) and (d) are respectively the power system impedance (see from the
thyristor rectifier input) for different value of filter damping resistance R and fundamental
harmonic filter impedance

The impedance frequency characteristics of power system (Z) observed from the thyristor
rectifier input terminals (Figure 3.6(2)) presents the series and parallel resonance (Figure 3.8(b),
(c) and (d)).
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The power system series resonance (observed from the rectifier input) is influenced by the
grid inductance and rectifier input reactor as well (Figure 3.8(b)). The influence of filter
damping resistance and filter impedance of fundamental harmonic on the system impedance
(2) are presented in Figure 3.8(c) and (d). The power system parallel and series resonances are
damped with the decrease of filter damping resistance (Figure 3.8(c)). The series resonance
occurring for the harmonics higher than the 5™ moves with the increase of filter impedance Z¢)
(see Figure 3.8(d)).

The comparison between the waveforms and spectrums of the grid current and voltage
before and after the serie PHF connection is presented in Figure 3.9 (the filter resistances was
negleted during the simulation process). The filter is tuned to the frequency of the 5" harmonic.
The connection of series PHF in the power system has improved the grid voltage waveform by
reducing the commutation dip (Figure 3.9(a)) as well as the THDuys (Figure 3.11). The
spectrums in Figure 3.9(b) and (d) present a significant reduction of the 5" harmonic amplitude
at the grid side after the seire PHF connection and the amplification of the 7", 11, 13" 17,
19" and 25" harmonic.

The THD)s of PCC current has little increased after the filter connection (Figure 3.11). The
shape of grid current before and after the filter connection is presented in Figure 3.9(c). The
voltage (UT) at the thyristor bridge input terminals is more distorted after the filter connection
(Figure 3.10(a) and (b)) and its THD higher (Figure 3.11).
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Figure 3.10 Voltage at the input of thyristor bridge and (b) its voltage (Us) and current (Is) and

spectrum
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The power system parameters (voltages, current and powers) obtained after simulation are
presented in Table I11.7 to 9 (see Annex I1I). The PCC reactive power (Qs) has decreased after
the filter connection (form 2140 Var to 2068 Var) (Table 111.9 - Annex III).

To prevent (block) more than one harmonic to flow to the electrical grid, the serie PHFs
can be designed in group as presented in Figure 3.12(a). The series PHFs are not communly
used because their size depends on the full load voltage and current and they can be the source
of harmonics amplification as presented in Figure 3.9(a)(b). An addition problem is their
protection against the short current circuit at the coverter termonals.
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Figure 3.12  Example of SPFs tuned to the frequency of 5, 7t and 9™ harmonic (a) and (b) the impedance
frequency characteristic
3.4 Shunt passive harmonic Filters

3.4.1 Single-tuned filter

Table 3.2 Single-tuned filter parameters computation formulas

Zi(jw) = R+ jols — j —
Zs(jw) f+ jowLg ]wa

. . 1
Zi(jom) = Re+j (nw(l)Lf - m)

1 L
e =noay, Re= 75 |7
Rf =0
2
i . wreLfo -1 1 2 2
Zi(jwe) 0= j——— =0 = e = — . O W 1-ng
Wre Gy V L¢Cy Zf(]w(l)) =/ wlgew(l)cf -/ ntgew(l)cf
= NreW(y)
~ ~ f2 C _n%e—l Qf nz >1
Qr = Ugl; = 7 7 ke o re
L 1 B 1 Ufz % nge Ulg 1 Utg
£ = = Tnk -1 M T ni-1qr
wagl)nlge nfe — 1 w(l)Qf “ nfe =10 ! nre =10
Le n%e
re \[; cf nlge -1 !

43



In this chapter, the single-tuned filter (see Figure 3.5(b)) is studied by presenting the influence
of its reactive power, tuning frequency and resistance on its efficiency. The formulas used to
compute the single-tuned filter parameters are presented in Table 3.2.

3411

Influence of the single-tuned filter reactive power on its efficiency

The parameters of single-tuned filter for different values of its reactive power are presented in
Figure 3.13(b). Three values of filter reactive power are consisdered: Qf = 1172.5 Var
(uncompensation), Qs=2172,5 Var (compensation) and Qs = 3172.5 Var (overcompensation).
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3172.5 - - 182.78 - -] 24 - - 8.7
Figure 3.13 (a) impedance frequency characteristics of single-tuned filter for different values of its reactive

power, (b) single-tuned filter parameters

= Without filter

101

— Qr= 2172.5[Var]

Hillm )
— Or=11725[Var] — Or= 3172.5Var] A 1.5
(@) 400 (b) 1
320
200 300 g 0.5 . . II
% 0 o F 50 o B | .. . . '
= 0 = YOG TF N7 9 % 35 %
-200 240 3 ‘
220 = = — : - |
-400 = P —— * “H,..H_,d — —
25.02 25.03 f'il-l 25.05 i 3 “‘7" “I\]"“ﬁ‘ 7 “1\6’“:‘7 35 "56‘
Time [s] Harmonic order
() 0 (d)
10 10 =
! &
~ 0 -10 )
Z
-20 =20
25.02 25.03 25.04 25.05 25.02 25.03 25.04 25.05 L o o g W i )
5 7 1 1317 19 323510
Time [s] Time [s] Harmonic order
Figure 3.14 Grid voltage (a) and (b) its spectrum; (c) grid current and (d) its spectrum. The PCC voltage and

current parameters were registered for different value of filter reactive powe
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With the filter reactive power increased from 1172.5 Var to 3172.5 Var, the filter
impedance of 5" harmonic has decreased (Figure 3.13(a)), the grid viltage waveform has
improved (reduction of commutation dip - see Figure 3.14(a) and THDus - see Figure 3.15(b))
as well as the grid current THD (Figure 3.15(b)).

The higher is the filter reactive power, the better is the reduction of grid voltage and current
5™ harmonic (see spectrums of Figure 3.14(b) and (d)) and harmonics higher than the 5™ (e.g.
11" to 29™). The filert power losses (Pr) has increased with the reactive power increase (Figure
3.15(a)).
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Figure 3.15 Powers (a) and (b) grid voltage and current THD for different value of single-tuned filter reactive
power
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Figure 3.16 Characteristics of power system impedance versus frequency observed from the rectifier input
when the filter reactive power is increased
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The power system impedance versus frequency observed from the thyristor input (Figure
3.16) shows that with the filter reactive power increased, the power system 5 harmonic
impedance has decreased and the parallel and series resonance amplitudes have moved to the
lower frequency. The impedance value of the frequency at the parallel resonance have also
decreased.

3.4.1.2 Analysis of single-tuned filter for different tuning frequency

Because of the aging (it concerns more the capacitor [79]) or work conditions etc., the single
filter must be tuned to the frequency a bit smaller than the frequency of lowest generated
harmonic (wr); in the considered example, the 5" order. There are different opinions on how
much it should be detuned [69]. According to [189] the detuning frequency should be in the
range of 3 to 15% below the frequency of harmonic to be eliminated. In this chapter, the
detuning frequencies are chosen between 1% to 20% below the frequency of 5™ harmonic (see
Annex |11, Table 111.10) and the goal of the performed studies is to present the detuning
phenomena influence on the single-tuned filter efficiency. The filter parameters are presented
in Table 111.10 and the power system parameters obtained after simulation are show in Table
[11.11 and Table 111.12 of Annex III.
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Figure 3.17 Impedance frequency characteristics of single-tuned filter for different values of tuning frequency
order. The filter is tuned to the harmonic frequencies lower (a) and higher (b) than the frequency
of 5 harmonic (R¢ = 0)

For the tuning frequencies lower (Figure 3.17(a)) or higher (Figure 3.17(b)) than wres), the
filter impedance of the 5™ harmnic is high which reduces the filter filtration efficiency. In the
case when the filter is detuned to the frequencies higher than wre), the amplification of the
filtered harmonic (5™) can occur because of the parallel resosnamce phenomenon between the
filter and the grid inductance.

The equivalent impedance of the filter is capacitive for all harmonics frequencies (also
fundamental) lower than the resonance frequency and inductive for the harmonics higher than
the resonance component (5" order in Figure 3.17(a) and (b)).

The waveforms of current and voltage at the PCC (Figure 3.5(a)) and their spectrums are
presented in Figure 3.18. After the filter connection, it can be observed a little decrease of
commutation notches depth (Figure 3.18(a)). The grid current waveforms before and after the
filter connection is shown in Figure 3.18(c).

With the decrease of tuning frequency (5" to 4.1%), the amplitude of 5" harmonic of PCC
voltage and current (Figure 3.18(b) and (d)) has increased as well as the amplitude of higher
harmonics (11" to 29™). The THD of PCC current and voltage has also increased (Annex I,
Table 111.12).
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The grid voltage and current fundamental harmonic amplitudes are almost constant during

the change of the tuning frequency (Figure 3.18(b) and (d)). Nevertheless, after the filter
connection, the current has considerably decreased (from 15.86 A to 8.43 A) because of the
reactive component compensation.

The filter current spectrum is presented in Figure 3.19(b) and the waveform in Figure
3.19(a). The quantity of filtered harmonic (5"") flowing through the filter depends upon the

tuning frequency. Its value is high for the tuning frequency near to the frequency of the 5™
harmonic (250 Hz). The single-tuned filter is much loaded by the filtered harmonic than the
other harmonics (Figure 3.19(b)).

The single-tuned filter effectiveness is presented in Figure 3.19(c) and (d). The filter is

more effective when it is tuned to the frequency smaller but near to the frequency of the filtered

harmonic.
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The waveforms of voltage and current at the input of thyristor bridge and their spectrums
are presented in Figure 3.20.

The power system impedance versus frequency measured from the input terminals of
thyristor bridge is presented in Figure 3.21. On the zoom of that figure, the top of the
characteristics represents higher impedance value (parallel resonance), and the bottom
represents lower impedance value (series resonance). With the decrease of tuning frequency,
the displacement of parallel and series resonances from the higher to lower frequency can be
observed. The amplitude of power system impedance at the parallel resonance has decreased.

3.4.1.3 Influence of single-tuned filter resistance on its efficiency

The filter resistance is mostly related to the filter reactor resistance [249]. The g-factor of air-
core reactor is between 50 and 150 (MV and HV) and for the iron-core reactor, it is between 20
and 50 (LV) [24, 127].

The goal of this analysis is to present the influence of the filter resistance on the 5™
harmonic (takes as example) attenuation efficiency at the PCC. The single-tuned filter is
designed to resonate at the frequency of 245.5 Hz (nr. = 4.85). The filter quality factor g" (for
the resistance computation — see Table 3.2) and other parameters are presented in Table 3.3.

By increasing of single-tuned filter resistance, the filter impedance of the filtered harmonic
(5") is increased (as shown in Figure 3.22) as well as the filter efficiency.

The grid current and voltage waveforms are shown in Figure 3.23(a) and (c) and the
spectrums in Figure 3.23(b) and (d) respectively. After the filter connection, the amplitude of
all (apart the grid voltage fundamental harmonic which has increased) gird voltage and current
harmonics has decreased (Figure 3.23(b) and (d)).

With the filter resistance increased, the grid voltage fundamental harmonic has little
decrease due to the filter resistance voltage drop increased Figure 3.23(b). The PCC current
fundamental harmonic has increased because of the filter fundamental harmonic impedance
increase (Table 3.3, Figure 3.23(d)).

Table 3.3 Single-branch filter parameters with the increase of its resistance

@ | RO | Zo Q] | Zo(Q] | Cifur) | LemH) | ST,

Inf 0 319.5 24.3498
70 74.9 328.1 24.3499
21 250 2055 543511 125.17 3.4 2172.5 4.85
10 524.3 614 24.3555
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Figure 3.22 Impedance versus frequency characteristics for different filter resistance
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Figure 3.24  Voltage at the input of rectifier (a) and (b) its spectrum (p.c.), current at the input of rectifier (c)

and (d) its spectrum (p.u.)

The PCC current and voltage 5™ harmonic amplitude has increased with the filter resistance
increase, whereas the one of higher harmonics (e.g. 11" to 29'") is almost the same (Figure
3.23(b) and (d)).

The waveforms of voltage and current measured at the input of thyristor bridge are
presented in Figure 3.24(a) and (c). The input rectifier voltage and current high harmonics (11™"
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to 29™) amplitude have decreased after the filter connection and are almost constant during the
filter resistance increased (Figure 3.24(b) and (d)).
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The increase of filter resistance has increased the PCC and filter active power (Figure
3.25(a)). The active power at the input rectifier has decreased after the filter connection but its
values has increased with the grow of filter resistance.

After the filter connection, the reactive power at the PCC has considerably decreased and
has increased at the rectifier input (Figure 3.25(b)). With the filter resitanse increase, the PCC
voltage and current distortion has increased (Figure 3.25 (c)) as well as the distortion of the
input rectifier voltage (the one of the current (I1) has little decreased) (Figure 3.25 (d)).

The filter current waveforms and their spectrum are respectively shown in Figure 3.26(a)
and (b). Less current of 5" harmonic flows through the filter when its resistance is high (Figure
3.26(b)). The filter is less effective with high resistance (Figure 3.26(c) and (d)).

According to the characteristics of power system impedance seen from the rectifier input
(Figure 3.27(a)), the parallel and series resonance are damped with the single-tuned filter
resistance increase.

Figure 3.27(b) presents the influence of grid inductance variation (grid short circuit power
variation as well) on the power system impedance seen form the thyristor bridge input. With
the increase of the grid inductance (decreasing of the short circuit power), the system impedance
increases at the parallel resonance, decreases at the series resonance and the frequencies at the
parallel resonance decrease as well as the series resonance frequencies.

In the further part of this work, for certain filter damping resistance range, the properties
of the later discussed passive harmonic filter structures (broad-band filters, e.g. second-order
and C-type filter) will lead to those of the single-tuned filter structure.
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Figure 3.27 Power system impedance versus frequency characteristics (module and phase) measured at the
thyristor bridge input terminals for: (a) different values of filter resistance, (b) different values of
grid inductance
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3.4.2

The double-tuned filter presented in Figure 3.5(b) is constituted of series part (Z.) and parallel
part (Zr2). As its name indicates, it can be tuned to two different frequencies. According to [61,
217, 218, 266], the funtionality of the double-tuned filter is almost the same as the one of the
group of two single-tuned filters. In this chapter, both topologies are compaired for more
clarification. Many topologies of double-tuned filter exist [145, 275] and Figure 3.5(b) presents
the most common one. Different algorithms [144, 184, 260, 275] are used for the double-tuned
filter parameters computation. The parameters of double-tuned filter (designed and tested in the

Double-tuned filter

power system of Figure 3.5(a)) were computed basing on the equations of Table 3.4.

Table 3.4 Equations for double-tuned filter parameters computation (R¢ =0)
Resonance frequency of 1
. Wy =—7—7—= N,w
the series part N P O

Resonance frequency of
the parallel part

1
W = ——— = Npw
b VCr2Lfz b

Series part equivalent 1 w2-w2
: Zn(jw) = joly —j——=j a
impedance Zn(jo) = jolgy Jocn =) oZecy
Parallel part equivalent . . olg ®

. Zp(jw) = =
impedance () =J 1-02Cp L, Cra(w2-wd)

Filter impedance

Zi(jw) = Zp (jw) + Zp(jw) = j

2 2
0*Cr~0?(Crwp+Crpwi+CH0d)+Cpopw]

2
030l Crp(w?-0p)

resonance frequencies in
the considered circuit

Filter series resonance B cfzmg+cf2m§+cf1m§¢\/(cfzm§,+cf2m§+cf1mg)2—4mgcf2mg
angular frequencies (see | ®re12 = 2Cr
also Figure 3.28)
(D(rel) = nrelw(l)! (D(rez) = nreZ(D(l)
Relation  between the | ) = Zrei®rez qp the pase of [145], this equation can be proved)

Npe1 > Np > Npep > 1

Relation between filter Co, = G 0261022

capacitors 2 ! wf(wZer+wley—0f)-0fer ke

Filter impedance represents Z(w) = (02-0E) (020 ~02e 0262)~ 0201 0 ~02 020 wE+020Ee 0Zep + 02 WF
in other way =f 02e1 02, 0C 1 (02—03)

Filter impedance for the P n(1-n2e;)(1-nZe1) :u_f2

fundamental harmonic O ™ nZonescn(1-ndoq) o

Cei = n%(l_nlz‘ez)(l_n%el) Qf Le = (1_n[2)) U?
f1 nfeinfez(1-1p)  w(1)Uf f (1-nfe2)(1-nfeq) 0(1)0f
Ce, = n%(l—n%ez)(l—n?el) Qf Le, = (1—n12))(n]%eln12)+n?e2ntzj—n?eln?ez—ng) Ufz
f2 = (1-nd)(nEeinf +nlesnp—nieinie,—np) @ (1)Uf f2 = ng(1-nZe;)(1-nZeq) w(1)Qf
Table 3.5 Example of double-tune filter parameters
Qr = 21725 [Var] (capacitive); Us = 230 [V]
e Cr Lri Rit | Crw | Lew Rir Ziy | Zisy | Zey | 4
[uF] | [mH] | [mQ] | [pF] | [mH] | [(mQ] | [Q] | [Q] | [Q]
nre]_ = 485
np=16 126 2.6 8.7 1000 | 0.27 091 | 24.34 | 0.48 | 0.479 | 95
nrez = 685

In the further part of this work, the parameters in Table 3.5 are used to present the filter
filtration properties. The filter reactors resistance (Rrf, Rir2) are considered in the simulation

process (see Table 3.5).
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Figure 3.28 Impedance versus frequency characteristics of the series part (Zs), parallel part (Zr,) and whole
double-tuned filter (Zs)
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Figure 3.29 (a) grid voltage and (b) its spectrum, (c) grid current and (d) its spectrum
Table 3.6 Electrical system active and reactive power
Ps[W] | Qs[var] | Pr[W] | Qr[Var] | Qu[Var] | Pr[W] | Qr[Var]
Before | 1365 2140 - - 39.53 1365 2100
After 1361 31.2 0.82 -2141 11.58 1360 2133

Figure 3.28 presents the impedance versus frequency characteristics of the parallel part
(Zs2); series part (Zr1) and of the whole filter (Z). In the considered example, the filter is tuned
to the frequencies of 242.5 Hz (nre1 = 4.85) and 342.5 Hz (nre2 = 6.85). The filter is capacitive
for the fundamental harmonic.

The 5" and 7" order harmonics (PCC) have considerably decreased after the filter
connection (Figure 3.29(b) and (d)). The double-tuned filter has improved the grid current
waveform (Figure 3.29(c)) and reduced the depth of the commutation notches (Figure 3.29(a)).

In Figure 3.29(b) and (d), it can be observed the reduction of harmonics higher than the 5™
and the 7" after the filter connection. The system powers (active and reactive) before and after
the double-tuned filter connection are presented in Table 3.6.

The power system impedance versus frequency characteristic observed from the thyristor
rectifier terminals is presented in Figure 3.30. The parallel resonances between the filter and
the grid can be observed.
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Figure 3.30 Power system impedance versus frequency characteristics (module and phase) measured at the
thyristor bridge input terminals

3.4.2.1 Comparison between the group of two single-tuned filters and the
double-tuned filter

(a) (b)

Figure 3.31 (a) double-tuned filter, (b) group of two single-tuned filters

The comparison is performed basing on the assumptions that the double-tuned filter and filter
group (see Figure 3.31(a) and (b)) have the same reactive power (Qf = 2172.5 [Var]), voltage
(Us =230 [V]) and the reactors quality factor (q'=45). The capacitors resistances are neglected
and the load parameters are constant.

The filter group and double-tuned filter parameters are presented in Table 3.7 (in
comparison to Table 3.5, the double-tuned filter reactors quality factor is a bit small in Table
3.7 to increase the filter power losses). The filter group parameters are computed basing on
Table 3.2.

The impedance versus frequency characteristics in Figure 3.32 show that the double-tuned
filter has the lowest 5™ harmonic impedance and the highest 7" harmonic impedance whereas
the filter group has the lower impedance for the higher harmonics (e.g. from the 11") in wide
band.

55



Table 3.7 Filter group and double-tuned filter parameters

Qr = 21725 [Var] (capacitive), Us = 230 [V]
Filter group
Qr. = 1086.3 [Var] Qr. = 1086.3 [Var] .
Nre Cria Lf1a Rifa Cra Lt2a Rira Ziw[Q] | Zis)[Q] | Zin[€2]
[uF] [mH] [mQ] [uF] [mH] [mQ]
ggg 62.58 6.9 48.1 63.96 3.4 23.6 24.35 0.74 0.30
Double-tuned filter
n Crq Lt Ris Crq) L Rie Zxwy Zss) Zs(7) 45
* [uF] [mH] [mQ] [uF] [mH] [mQ] [Q] [€Q] [Q]
4.85
6 126 2.6 18.3 1000 0.27 1.9 24.35 0.48 0,48
6.85
s Double-tuned filter Filter group
I 0.6
0.4
0.5 Ps
’\/ U.zi
0
48 485 49 495 5 505 67 68 69 7

30|'

20

Zf [Ohm]

Harmonic order

Figure 3.32 The impedance vs frequency characteristic of double-tuned filter (black color) is compared to the
one of filter group (green color)
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Figure 3.33 grid voltage waveforms and (b) their spectrums, (c) grid current waveforms and (d) their spectrums
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The double-tuned filter and filter group have almost the same grid voltage and current
waveforms (Figure 3.33 (a)(c)) but the double-tuned filter has the best filtered the grid voltage
and current 5" harmonics and the worst filtered the grid voltage and current 7" harmonic
(Figure 3.33(b) and (d)).

The filter group has lower grid reactive power (Qs) and power losses (Ps) (Figure 3.34(a))
and its grid voltage THD is a bit smaller than the one of double-tuned filter (Figure 3.34(b)).
The double-tuned filter has lower grid current THD (Figure 3.34(b)).

e Without filter

HME m 17 = )ouble-tuned filter
36 31 ' I X

1.6 Filter group
1362 30.5 15 48

(a) A - (b) |44

4000—-—* —A A . 4000 W 4
g § 3.6

2000 F 2000 = — 30 pr—
“w L § E
9 =i
= o = o = o
= ..z =
= 2000t 2000 > 0
Q.‘ 0

40002 - - — laooo & 0

Ps Os Pr or THDus THDis

Figure 3.34 (a) grid and filters active and reactive powers; (b) grid voltage and current THD
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Figure 3.35 Characteristics (double-tuned filter and filter group) of power system impedance versus frequency
observed from the thyristor bridge input (module and phase)
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The power system impedance versus frequency characteristics (Figure 3.35) observed at
the thyrystor bridge input show that for both configurations, the parallel resonances have
occurred bellow 250 Hz and 350 Hz.

In the considered example, the double-tuned filter is more recommendable for the electrical
systems in which the lowest generated current characteristic harmonic (after the fundamental)
has the highest amplitude. However, from the power losses point of view and high harmonics
reduction in width range, the filter group is better.

3.4.3 BROAD-BAND FILTERS
3.4.3.1 1%t order filter

The capacitor bank (as shown in Figure 3.36(a)) designed for reactive power compensation can
be included in the category of PHFs even though the harmonics filtration is not the goal of such
installations. Its equivalent impedance versus frequency (see Figure 3.36(b)) shows that it
possess better filtration properties for higher harmonics mostly for high capacitor reactive
power (e.g. 20 kVar see Figure 3.36(b)) and low equivalent resistance circuit representing the
power losses. In the case of nowadays capacitors bank, the power losses related to kVar are
very small; therefore, their resistance can be neglected.

Two cases of study are considered in this chapter: in the first one, the capacitor bank (Rct
and R neglected) is applied for reactive power compensation and in the second one, the
capacitor bank (R = 0.25, Rcr = 0) is applied with different value of reactive power.

— O =2172.5[Var] (Compensation)

(a) (b) Or = 5000 [Var] Os = 20000 [Var]
25

| 20 N

Cr _— 4 | '

Rer g 15 2.\. :

5 7 10 11 15 20
2 A
= 0 — _
1 10 20 30 40 50

Harmonic order
(c) Capacitor bank parameters (Rct = 0; R =0.25 Q)
CiuF] | Ziw [Q] | Ziw[Q] | Ziny[2]
Qn=2172.5[Var] | 130.72 | 24.3511 4.87 3.48
Qr,=5000 [Vvar] | 300.86 10.58 2.13 1.53
Qs = 20000 [Var] 1200 2.656 0.58 0.45

Figure 3.36 (@) 1%t order filter, (b) capacitor bank impedance versus frequency characteristics (Res = 0; R =
0.25 Q) and (c) capacitor bank parameters

Table 3.8 Capacitor bank equations
Res #0and R #0
i i Zce(jn) = R R—j
Capacitor bank impedance | Zcs(jn) = Rge+ R —j ot
RCf =R = 0
. . .1 L 1UZ¢
Capacitor bank reactance Xee(jw) = —j =—j—=
®(1)Cr Qcf
Capacitor bank equivalent Co = St
capacitance ™ owug
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In the considered example of the first case study, after the capacitor connection, the PCC
reactive power has reduced (from 2140 Var to 19.97 Var) and the DPF has increased from 0.53
to 0.99 (Table 3.9). The compensation was done successfully but the reduction of voltage and
current distortion remains a problem. The waveforms of PCC current and voltage before and
after the capacitor connection are presented in Figure 3.37(a).

The capacitor bank connection has caused the resonance amplification of PCC voltage and
current harmonics especially the 11" (Figure 3.37(b)). After the capacitor connection, the grid
current and voltage waveforms have changed (Figure 3.37(a)) and their THD has increased
from 4.93% to 6.03% for the voltage and from 36% to 116.29% for the current (Figure 3.37(b)).

Figure 3.37

(a) — Before the capacitor —— On= 21725 [Var]  After the capacitor

connection (Compensation) connection
400

200

Z
=
o
-200
] : ] i 400 | ] i i
25.02 25.03 25.04 25.05 25.02 25.03 25.04 25.05
Time [s] Time [s]
20 20
1o 10
< —
— 0 < 0
= -~
10 = .o
20 20
25.02 25.03 25.04 25.05 25.02 25.03 25.04 25.05
Time [s] Time [s]
(b) Before the capacitor —— On=2172.5[Var]  After the capacitor
connection (Compensation) connection
320 - : 322.89
THD = 4.93 [%]] | US(hmax = 319.97 [V] THD = 6.03[%]
Us(symax = 6.28  [V] Us(lymax = 322.89[V]
6 L"S{Tlmaz =038 [V] Us(Simax =798 [V]
i~ Us(1)max = 3.48 [V] 15 Us(Timax = 0.85  [V]
-, L"S(n)nm =0.77 |\r'| = Us(11)max = 17.60 [V]
5 4 US(17ymax = 2.89  [V] :‘ 10 US(13max =1.03  [V]
& | US(17max = 1.80  [V]
o | | | | - |
0 o Il I_ L L L L l 0 M "H | »
157 1113 1719 2325 2931 3537 4143 4749 157 1113 1719 2325 2931 3537 4143 4749
Harmonic order Harmonic order
15.86 8.54
THD = 36.00 [%]] [751max = 15.86 [A] [THD =T171620%]] ]
Is(smax = 5.34 [A] Is(hmax = 8.54 [A]
—_ Is(Tymax = 0.24 [A] — 6 IS(5)max =6.79 [A]
< 4 1501 ymax = 1.42 [A] -~ Is(Tmax = 0.54 [A]
= Is(13)max = 0.27 [A] = 4 IS0 1max = 7.20 [A]
g 1501 7max = 0.77 [A] g I5(13)max = 0.36 [A]
& 2 a Is(17)max = 0.48 [A]
0 M I [ l . ls Bn 2 5. & 0 [ | n 0. .
1 57 113 1719 2325 2031 3537 4143 4749 1 57 1113 1719 2325 2931 3537 4143 4749
Harmonic order Harmonic order
(€) 1326

Tymax = 13.26 [A]
Iisymax = 1.64 [A]

= 6 Ii(7ymax = 0.25 [A]
‘:‘ If(1ymax = 7.95 [A]

g 4 Ii13)max = 0.55 [A]
= I 7imax = 1.26 [A]

157 1113 1719 2325 2931 3537 4143 4749
Harmonic order

(@) grid Voltage and current waveforms and (b) their spectrums before and after the capacitor
connection, (c) capacitor current spectrum. Usmax, lsmax and Imax are the amplitudes of sinusoidal
waveforms (R = Rcr = 0)
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Table 3.9 Power system reactive and active power (R = Rcr = 0)

Measured values

. . Line Input of thyristor
Grid (PCC) Capacitor reactor (L) bridge
Ps [W] | Qs[Var] DPF Pce [W] | Qce[Var] | Qo [Var] Pt [W] | Qr[Var]
Without filter 1365 2140 0.5378 - - 39.53 1365 2100
With capacitor 1380 19.97 0.999 - -2141 39.5 1380 2118
— Without filter —— QOn= 2172.5 [Var] (Compensation)
(a) 400 - (b)20 -
2 =
— 0 =0 -
) =
200 -10
220
0500 2503 2504 2505 2502 2503 2504 2505
Time [s] Time [s]
Figure 3.38 Rectifier input voltage (a) and current (b) waveforms (R = Rcs = 0)
Table 3.10 Parameters of grid voltage and current (R = Rcs = 0)
US max [V] |S max [A]
Without filter | Qcs=2172.5 [Var] Without filter | Qcr=2172.5 [Var]
’ Ampl. | Phase | Ampl. Phase Ampl. | Phase | Ampl. Phase
1 319.97 | 30.7 | 322.89 29.7 15.86 | -26.8 | 8.54 29.0
5th 6.28 -67.4 7.98 -79.1 534 | 439 | 6.79 32.2
7t 0.38 10.6 0.85 -33.9 0.24 | 116.7 | 0.54 71.7
11t 3.48 -34.3 | 17.60 207.7 142 | 65.7 | 7.20 -52.3
13t 0.77 -74 1.03 68.6 027 | 249 | 0.36 167.2
17t 2.89 -11.1 1.80 162.1 0.77 | 854 | 048 258.7
19t 1.17 -60.1 0.43 103.0 0.28 36 0.10 198.9
231 2.65 9.4 0.70 172.7 052 | 104.1 | 0.14 267.6
250 1.4 -43.4 0.27 114.3 0.25 | 51.3 | 0.05 208.8
291 2.52 28.6 0.38 184.7 0.4 | 122.3 | 0.06 -81.4
THD [%] 4.93 6.03 36 116.29
Grey shaded area indicates the frequency (e.g. 17™) from which the capacitor has started to
reduce the higher harmonics (e.g. 17", 19™ etc.) and to which it has amplified the lower
harmonics (e.g. 5", 71" and 13™) in comparison to the case without filter.

The capacitor bank has reduced the amplitude of higher order harmonics (from the 17") of
grid current and voltage (Table 3.10, Qn = 2172.5Var). This situation occurs frequently when
the capacitor bank is used (without the detuning reactor) to improve the DPF for the distorted
voltages and currents. The spectrum of capacitor current is show in Figure 3.37(c).

The waveforms of voltage and current at the input of thyristor bridge are presented in
Figure 3.38(a) and (b). The reduction of voltage commutation notches width is observed after
the capacitor connection (Figure 3.38 (a)).

The filter current waveforms and spectrum are indicated in Figure 3.39(a) and (b). The
filter current is capacitive (Figure 3.39(a)) and dominated by the fundamental harmonic though
it is also bulked by the higher harmonics, which in comparison to the generated load harmonics
(before the filter connection) have been a little bit amplified. Figure 3.39(c) and (d) shows that
the capacitor bank can effective reduce the harmonics in width range (e.g. 17" - 29™).

The impedance of power system (Z) measured from the input of thyristor bridge is
presented in Figure 3.40. When the line reactor (L) at the rectifier input is not connected, the
characteristic (green color) presents only the parallel resonance (at 528 Hz, nre = 10.56) between
the grid inductance and capacitor bank. Observing the characteristic (red color) when the line
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reactor is considered, the parallel resonance remains but is shifted (from 528 Hz to 516 Hz (nre
= 10.32)). The series resonance between the parallel connected grid inductance with capacitor
and input rectifier inductance can been seen as well.

In Figure 3.40, the characteristics allow to explain the amplification of certain harmonics
and the reduction of others in power system at the PCC. The characteristics in red color (with
line reactor) and green color have a common point (812 Hz, n = 16.24). On the one hand, all
the frequencies (below the series resonance frequency 686 Hz (n = 13.72) - characteristic in red
color) from the frequency of the 1% to 13" harmonic are under the parallel resonance (see also
Table 3.10) and on the other hand, the frequencies above 686 Hz (From the 17'") are reduced

(Table 3.10).
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Figure 3.39 (a) Capacitor bank current characteristic and (b); (c) and (d) capacitor filtration efficiency (R = Ret
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Figure 3.40 Power system impedance frequency characteristic measured at the input terminals of thyristor
bridge with and without the line reactor at the rectifier input (R = Rcr = 0)
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Figure 3.41 Grid current (a) and voltage (b) characteristics for different values of capacitors bank reactive
power (Res =0, R =0.25 Q

The second case study example (R = 0.25 Q, Rcr = 0) shows that the increase of capacitor
reactive power (capacitor capacitance as well) is characterized by the capacitor equivalent
impedance reduction (e.g. in Figure 3.36(b); Qs = 20 kVar - the capacitor can be then more
charged by harmonics) and the parallel and series resonances displacement to the lower
frequencies (see Figure 3.47(a)).

The capacitor bank characteristics for different values of its capacity is presented in Figure
3.36(b). The impedances of 1%, 51 7™ etc. harmonic have decreased with the reactive power
increase (Figure 3.36(a)).

Figure 3.41(a) and (b) presents (respectively) the variation of PCC current and voltage
waveforms with the increase of the capacitor reactive power. This increase has improved the
THD of grid voltage and current (efficient harmonics reduction for 20 kVar) at the PCC, but a
large overcompensation for fundamental harmonic (characterized by its amplification) is
observed in the power system (see Table 3.11).

By increasing the capacitor bank reactive power from 2172.5 Var to 20 kVar, the reduction
of the realative value of the grid voltage and current harmonics(in comparison to the case
without filter) has started form the 17" for Qs, from the 11" for Qr, and from the 5" for Qs
(see also Figure 3.42(a) and (b)).
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Figure 3.42 Spectrum (p.u) of grid voltage (a) and current (b) (Rcs=0, R=0.25 Q)
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Figure 3.43 Waveforms of voltage (a) and current (b) at the input of rectifier (Rcs =0, R =0.25 Q)

In Figure 3.43, it is presented the input thyristor bridge voltage and current waveforms.
The capacitor bank influence on the thyristors rectifier commutation time is clearly visible in
Figure 3.43(a). The higher is the capacitor bank reactive power, the shorter is the commutation

Table 3.11 PCC voltage and current parameters (Rcr = 0, R = 0.25 Q)
Us[VI/ Is[A]
n Without filter | Qn=2172.5Var | Qn=5 kVar Qn=20 kVar
1 319.97/15.86 322.83/8.66 326.31/19.69 | 338.42/114.56
5t 6.28/5.34 7.93/6.75 10.9/9.28 4.48/3.82
7t 0.38/0.24 0.73/0.46 0.51/0.32 0.33/0.2
11t 3.48/1.42 11.31/4.63 2.23/0.91 0.53/0.21
13t 0.77/0.27 1.08/0.37 0.25/0.09 0.04/0.01
17t 2.89/0.77 1.79/0.48 0.61/0.16 0.22/0.06
19t 1.17/0.28 0.46/0.11 0.17/0.04 0.05/0.01
231 2.65/0.52 0.72/0.14 0.3/0.06 0.14/0.03
250 1.4/0.25 0.29/0.05 0.13/0.02 0.05/0.01
20t 2.52/0.4 0.4/0.06 0.18/0.03 0.1/0.02
THD [%] 4.93/36 4.35/94.93 3.42/47.41 1.34/3.34
Grey shaded area indicates the frequency (e.g. 11™, Qn = 5kVar) from which the
capacitor has started to reduce the higher harmonics (e.g. 13™, 17" etc.) and to
which it has amplified the lower harmonics (e.g. 1%, 5" and 7™) in comparison to
the case without filter.

— Without filter =——

On = 2172.5 [Var]

Or = 5000 [Var] == Or = 20000 [Var]

I 2
1
(]] IE- 0 || Y

I

— =
25 29

time. The current has shifted after the capacitor connection Figure 3.43(b).

The waveforms and spectrum of capacitor bank current are presented in Figure 3.44. With
the high value of reactive power (e.g. 20 kVar) the filter is more efficient on the reduction of
grid current and voltage harmonics although it is also the source of high power losses. The
capacitor bank is more bulked by the current fundamental harmonic than other harmonics (Qfs

- Figure 3.44(d)).

The current and voltage at the DC side of thyristor bridge as well the DC drive speed are

presented respectively in Figure 3.45(a), (b), (c) and (d)).
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Figure 3.44  Waveform of filter current ((a), (b) and (c)), (d) the spectrum (Rcs =0, R =0.25 Q)
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Figure 3.46 Capacitor bank efficiency ((a) and (b)) (Res=0, R =0.25 Q)




Figure 3.46(a) and (b) presents the capacitor bank effectiveness in term of harmonics
reduction. The first-order filter is more effective when its capacity is high (high values of
reactive power e.g.20 kVar).

The impedance of power system (Z) measured from the input terminals of thyristor bridge
is presented in Figure 3.47. The parallel resonance has occurred because of parallel connection
between capacitor and grid inductance, and the series resonance has occurred because of the
series connection of the reactor (L), the capacitor and grid inductance (parallel connected). With
the increase of the capacitor reactive power, the power system impedance at the parallel
resonance has decreased and the series resonances have moved to the lower frequencies as well
as the parallel resonance (Figure 3.47(a)).

The impedance of power system measured at the thyristor bridge input terminals for
different damping resistance (Qn = 2172.5 Var) is presented in Figure 3.47(b). It can be
observed that with the damping resistance increase, the impedance (at the resonance frequency)
has decreased from 10.77 Ohm to 6 Ohm (parallel resonance) and has increased from 1.34 Ohm
to 4.362 Ohm (series resonance). The capacitor resistance has damped the series and parallel
resistance.

In the further part of this work, in certain filter damping resistance range, the properties of
the later discussed board band filter structures will lead to those of capacitor bank structure.
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R=0.1 [Q] R=0.75[0]
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....... L
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Figure 3.47 Power system impedance characteristic (module and phase) measured at the input terminals of
thyristor bridge for different: (a) filter reactive power (Rct = R =0) and (b) filter damping resistance
(Qn=2172.5 Var, Rer = 0)
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Figure 3.49 Comparison of the grid voltage (a) and current (b) spectrums as well as THD (c) when the capacitor
bank resistance is considered (R = 0.25 Q) and when is not (R = 0) (Rcf = 0)

Figure 3.48 presents the capacitor bank impedance versus frequency characteristics when
the resistance R is considered and when it is not considered. There is not a big difference
between the two characteristics.

The comparison between the grid voltage and current harmonics as well as THD when the
capacitor bank resistance is not considered and when it is considered, is presented in Figure
3.49. It can be noticed that after increasing the capacitor bank resistance from 0 to 0.25 Q, the
amplitude of the amplified grid voltage and current harmonics (e.g. 5™, 7%, 11 has little
reduced as well as the THDs (Figure 3.49(a)(b)(c)). The capacitor bank efficiency on the higher
harmonic mitigation (e.g. from the 19") reduces when its resistance increases (power losses
increase as well).
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3.4.3.2 2" gorder filter

The single-tuned filter in Figure 3.5(b) has been used to design the second-order filter by
connecting a resistance R in parallel with the reactor Lf and its resistance R (Figure 3.50(a)).
The resistance Ry is considered as reactor resistance. The considered studies are mainly focused
on the influence of filter resistance R on the filtration characteristic.

, R =60[Q]
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(9) Second-order filter parameters (one-phase)
RIQ] 2o Q] | ZwiQ] | Re[mQ] | CrwuF] | Ly mH] | . Qo vVl n
©) W W W (Compensation) | '™
Without R 0.32 24.34
60 0.61 24.35
18 1.55 24.36 74.9 125.17 3.4 2172.5 4.85
8 2.89 24.38
3 4.45 24,51
Figure 3.50 Second-order filter equivalent circuit (2), (b) its impedance frequency characteristics for

different values of damping resistance R: () R=60 Q, (d) R=18 Q, (e) R=8 Q and (f)
R =3 Q and (g) its parameters. The case with R =3 Q will not be considered during the
similation
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Table 3.12

For Res=0
o1
Za="J oo
7 = R¢R(R¢+R)+Rw? L2 RZwL¢
(Re+R) 2+ w22 (Re+R)%+ w2 L2
Z = ReR(Rg+R)+Rw?LZ . R2w?CiLs — (Re+R)? — w?L?
(Re+R)%+ w2 L2 Ce(Re+R)2+w3CsL2

Second-order filter impedances equations

The equations used to obtain the second-order filter impedance versus frequency
characteristics are presented in Table 3.12 and the filter parameters are in Figure 3.50(g).

The 5™ harmonic second-order filter impedance has increased with the decrease of damping
resistance (Figure 3.50(g)). The system active and reactive power are presented in Table 3.13.
The filter reactor equivalent resistance power losses (Prf) have decreased with the damping
resistance decreased whereas those of the damping resistance (Pr) have increased (Table 3.13).

In Figure 3.50(b), it can be notice that the second-order filter with high damping resistance
value (e.g. 60 Q) has the characteristic close to the one of single-tuned filter characteristic. With
small damping resistance value (e.g. 3 Q), its characteristic is close to the one of capacitor bank
(see also Figure 3.50(f)).

Independently on how high is the damping resistance, the second-order filter characteristic
in comparison to the single-tuned filter characteristic will always presents a higher value of
impedance for the resonance frequency and frequencies around it (e.g. the 5 harmonic
frequency) and smaller impedance value for the frequencies higher than the resonance
frequency (Figure 3.50(b)).

The lower is the second-order filter damping resistance R, the better will be the higher
frequencies components filtration (Figure 3.50(b)). The filter impedance of the 5™ harmonic for
example, increases with the decrease of damping resistance value (reduction in the efficiency
of reducing the 5™ harmony from the grid side (see also Table 3.14).

Table 3.13 Reactive and active power of power system (fundamental harmonic)
Values after simulation
Input
Grid (PCC) Second-order filter reactor T_hyry_stor

R [Q] W) bridge input

Ps Qs DPE Ps Qf Psr Pre QL Pr Qr
_ W] | [Var] (W] | [var] | W] | [W] | [var] | [W] | [Var]
V\fc'ltl?e‘;“t 1365 | 2140 | 053 | - . . - | 3953 | 1365 | 2100
WithoutR | 1367 | 32.31 0.99 6.55 | -2140 - - 39.59 | 1360 | 2133
60 1374 | 29.39 0.99 8.23 | -2139 1.67 | 6.56 39.6 1365 | 2129
18 1383 26.9 099 |12.01| -2138 552 | 6.49 39.58 | 1371 | 2125
8 1392 26.64 099 | 1842 | -2136 121 | 6.32 39.55 | 1374 | 2123

The relation between the damping resistance (R) and filter reactor (L) is presented in Figure
3.50(c) to (f). It can be observed (in Figure 3.50(c)) that a large quantity of current harmonics
(from 1% to 55.5'™) will flow through filter reactor (X.r) and a smaller quantity will flow through
the damping resistance (R) because in that frequency range interval, the value of filter reactor
reactance is smaller than the one of damping resistance. Concerning the current harmonics from
55.51 order to infinity, the bigger quantity will flow through the damping resistance and the
smaller quantity will flow through the filter reactor, because in that frequency interval the value
of filter reactor reactance is higher than the damping resistance. The Figure 3.50(d), (e) and (f)
can be interpreted in the same way.

The second-order filter impedance tends asymptotically to the damping resistance as it can
be seen in Figure 3.50(c) to (f).
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The Figure 3.51 presents the filter resistance and reactance current spectrums and their
mutually relationship. For the damping resistance equal to 60 €, the value of filter reactor
reactance (Xvr) of the harmonics in the range between the 1% and the 55" (see also Figure
3.50(c)) is smaller than the value of damping resistance. Therefore, the amplitude of current
harmonics flowing through the damping resistance is smaller than the amplitude of harmonics
flowing through the filter reactor (e.g. the 13" harmonic). The same interpretation can be for R
= 18 Q. However, in the case of R = 8 Q (Figure 3.51), the biggest part of filter current
harmonics (apart the 1%, 51" and 7t") flows through the damping resistance (e.g. the 13'") because
R < Xvr (see Figure 3.51 for R =18 Q).
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Figure 3.51 Spectrums of filter current flowing through the damping resistance R and reactance X+

Table 3.14 Grid voltage and current parameters

Us max [V]/ |s max [A]
Single-branch
Without filter filter
n Without R R=60[Q] R =18 [Q] R=8[Q]
Voltage | Current | Voltage | Current | Voltage | Current | Voltage | Current | Voltage | Current

1% 319.97 | 15.86 | 32291 | 847 | 32289 | 851 | 32287 | 857 | 32284 | 8.62
5th 6.28 5.34 1.19 1.01 2.31 1.97 4.59 3.91 6.21 5.29
7t 0.38 0.24 0.45 0.28 0.42 0.26 0.37 0.23 0.35 0.22
11t 3.48 1.42 2.73 1.12 2.72 1.11 2.72 1.11 2.79 1.14
13t 0.77 0.27 0.50 0.17 0.50 0.18 0.53 0.18 0.56 0.19
17t 2.89 0.77 2.30 0.62 2.29 0.61 2.27 0.61 2.22 0.59
19t 1.17 0.28 0.84 0.20 0.84 0.20 0.86 0.21 0.85 0.20
231 2.65 0.52 2.12 0.42 2.11 0.42 2.07 0.41 1.93 0.38
250 1.4 0.25 1.05 0.19 1.05 0.19 1.04 0.19 0.98 0.18
291 2.52 0.4 2.02 0.32 2.01 0.32 1.94 0.31 1.72 0.27

E;)I]D 4.93 36 3.82 2238 | 3.61 29.68 3.21 | 49.02 2.92 63.72

Second-order filter
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The waveforms of PCC voltage and current and their spectrums for different damping

resistance

are presented in Figure 3.52. It can be observed that the depth of the voltage

commutation notches is less when the damping resistance decreases (Figure 3.52(a)). The grid

current in

term of THD presents better shape after the second-order filter connection (Figure

3.52(c)). The higher is the resistance R, the better is the reduction level of grid voltage and
current 5™ harmonic components (Figure 3.52(b) and (d)). With the decrease of damping

resistance, the filter power losses have increased (Figure 3.53(a)) and the filter has more success
on the high harmonics (e.g. 23" to 29" reduction (see Figure 3.52(b) and (d)).
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Figure 3.52 Grid voltage (a) and (b) its spectrum (p.u.); grid current (c) and (d) its spectrum (p.u.)
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Figure 3.54 Filter current (a) and (b) its spectrum (the harmonics flowing through the filter are compared to
the harmonics generated by the load — without filter), (c) resistance current (R) and (d) its
spectrum; filter reactor current (e) and (f) its spectrum

The reactive power at the PCC has been well compensated (Figure 3.53(b)) after the filter
connection. With the damping resistance decreased (Figure 3.53(d)), the THD of grid current
has increased (because the 5" harmonic which is the dominated after the fundamental has
considerably increased (from 1.01 A to 5.29 A, Figure 3.52)), whereas the THD of grid voltage
and input rectifier voltage have decreased (Figure 3.53(c)). The single-tuned filter has the lower
power losses (Ps) than the second-order filter (Figure 3.53(a)).

The filter current waveforms are presented in Figure 3.54(a), (c) and (e). With the
decreased of damping resistance R, the filter 5" harmonic has decreased and the amplitudes of
harmonics with frequencies higher than the 5™ have increased (Figure 3.54(b)).

The waveforms (and spectrums) of filter current flowing through the damping resistance
(R) and reactor (Xvrr) are respectively presented in Figure 3.54(c)(d) and (e)(f). Figure 3.55(a)
shows that with the damping resistance decreased, the grid current is more distorted whereas
the filter current is less distorted.

The characteristics of power system impedance seen from the inverter terminal and
presented in Figure 3.55(b) shows that the parallel and series resonances are damped when the
filter damping resistance decreases.

With the decrease of damping resistance value, the second-order filter is more effective for
the reduction of high harmonics amplitude in wide range (e.g. from the 25" to infinity) than for
the reduction of single harmonic amplitude (on which it is tuned) (Figure 3.56 (a) and (b)).
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Figure 3.55 (a) grid current together with filter current THD, (b) impedance frequency characteristic measured
at the thyristor bridge input terminals for different values of filter damping resistance
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Figure 3.56 Filter effectiveness

3.4.3.3 3" order filter

According to [127] the third-order filter is commonly used for low or medium voltage
network [259]. The third-order filter topology and characteristics are presented in Figure 3.57(a)
and (b). The studies are focused on the investigation of the third-order filter damping resistance
R influence on the reduction level of 5" and higher harmonics amplitude at the PCC. The
equations used for third-order filter parameters computation are shown in Table 3.15. In the
literature, it can be found different algorithms of 3™ order-filter parameters computation but the
one presented is this chapter is the must easier one.

A filter parameters example is presented in Figure 3.57(g). The filter is design in such a
way that it can be decided at which frequency the parallel and series resonance will occur and
the resistance (R) is just add to damp the resonances. The filter capacitor Cs is mainly
responsible for the reactive power compensation.
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R Zs(5) Zs(1) Rt Cn Cr Lt Qr N N
[mQ] | [mQ] [mQ] | [mQ] | [uF] [wF] | [mH] | [Var] A
80 1070.3 | 24349.8
250 1369.9 | 24349.8
750 2282.3 | 24349.9 | 4.3 128.74 | 242.70 1.2 21725 | 485 | 6
1250 | 27015 | 24350.0
8000 | 3112.0 | 243529
Figure 3.57 Third-order filter equivalent circuit (a); (b) its impedance frequency characteristics for

According to Figure 3.57(b), the parallel resonance has been chosen to occur at the
frequency of 6™ order harmonic and the series at the frequency of the component order 4.85.
The filter impedance of 5 harmonic has increased from 1070.3 mQ to 3112.0 mQ with
damping resistance increase and the filter fundamental harmonic impedance is almost the same

(Figure 3.57(9)).

The resistance (R) increase has caused the damping of third-order filter series and parallel
resonances. The filter impedance at the parallel resonance is reduced and increased at the series

different values of damping resistance R: for (¢) R =0.08 Q, (d) 0.25 Q, (e) 1.25 Q, (f)
8 Q and (g) its parameters. Xcr, - capacitor reactance, Zrcs, - impedance of the branch
containing the damping resistance

resonance (Figure 3.57(b)).

As it can be observed in Figure 3.57(b), with high value of damping resistance (e.g. 8 Q),
the third-order filter is practically tuned to a single frequency (around the 8" harmonic) and its
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characteristic looks like the one of single-tuned filter. The filter loses the ability to filter the 5%
order harmonic and harmonics in wide range.

Table 3.15 Equations used to compute the third-order filter parameters

ForRs=R=0

ijLf(Cf1+sz)—1 =j wCr (1-02CryL)
wCey (1—w2CpyLp) ' =D w2Lg(Cpy+Cep)—1

Z(jw) =

1 1
Wre1 = Le(C1+Crp) - nrelm(l) » Wre2 = LiCt - nrezw(l)'nrez > Nre1

2 2 2 2
Lf_ Wrez~Wre1 __ Nre2 Mre1 _ 1

2 2 2 2 2 yuf2 T2 2
Wre2Wre1Cr1 ®i)Nre2Mre1Cf1 ®()NrezLf

Taking into account the PCC voltage and the load reactive power, the equation used to compute Cs

and the relation between Cs; and Cy, are set up.
2

2 2
I {Z} _ U_f _ nrez(l — Nye1)
mf_Q_an nZ%, - Dw
f f1'tre1\Utre2 (1)
Cf — n%ez(l_n%eﬂ Qf Cf — n%el .
1 n%el(n%ez‘l) w(l)ufz i (n%ez_n%eﬂ 2

ForR+# 0, Rig#0

1
wCfq

Xerr = —J

7 (iw) = w*12chR+w?CE (R?RLp+RRY ) +R ¢

Zi(jw) = w2Ch (R+RLP)?+H(w2LeCr—1)2
. 0t (~LfCrr+LpCEHR?)+ w2 Cpy (Lp—REfCrr)— w2 Chy (R+R1)?+(0? LeCpr— 1)
J @3Cp €5 (R+RLE)2+(w2LeCr—1)2wCpy

The highest value of damping resistance should be chosen in a way to avoid the total damp
of series and parallel resonances. The smaller is the damping resistance, the better will be the
reduction level of 5™ harmonic and harmonics in wide range at the PCC. The 7™ harmonic
impedance has decreased with the damping resistance increase (Figure 3.57(b)). in the
considered example, the third-order filter should be designed in such a way that the parallel
resonance does not occur near the 7" harmonic which is the characteristic one.

After the filter connection and for all damping resistance value, the inductive reactive
power is compensated and the DPF is almost equal to one. The filter reactor power losses
(fundamental harmonic) are practically the same when the damping resistance increases and
the damping resistance power losses has increased from 0.0061 W to 0.44 W.

In Figure 3.57(c) to (f), the filter reactor impedance characteristic (Zvf) is compared to the
characteristic of the filter branch having the capacitor reactance and damping resistance (Xc,
R). In Figure 3.57(c) it can be observed that for the harmonics between the 1% and the 6", Zrcs
(Xcr2 + R) is higher than Z.s, therefore the big part of current harmonic will flow through Z¢
and Zrcr2 Will cause less power losses than Zi . From the 6™ harmonic, Zi¢is higher than Zrcs,
therefore the big part of current harmonic will flow through Zrcr, (more power losses). Figure
3.57(d), (e) and (f) can be interpreted in the same way.

The damping resistance increase can either decrease the commutation notches depth,
therefore improving the grid voltage waveform (Figure 3.58(a) with R from 0.08 Q to 1.25 Q)
or have an weak influence on the commutation notches depth mitigation as presented in Figure
3.58(a) for R equal to 8 Q (the filter is then less effective).

From Figure 3.58(a) it can be concluded that the percentage of the PCC voltage
(fundamental harmonic) has little increased (not considerably) after the filter connection and is
the same during the damping resistance increased.

The percentage of the PCC current (fundamental harmonic) has considerably decreased
after the filter connection (because of the reactive component compensation) and has not
considerably increased during the damping resistance increased (Figure 3.58 (b)).
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Figure 3.58 PCC voltage (a) and current (b) and their spectrums (p.u.) when the damping resistance filter is

increased from 0.08 Q to 8 Q
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Figure 3.59  Voltage waveforms at the input of rectifier

In the spectrums in Figure 3.58(a) and (b) (PCC voltage and current), it can be observed
that after the filter connection (for R = 80 mQ), the amplitudes of 5" and higher harmonic (from
the 19") are reduced whereas those of the 71, 11™ 13" and 17" harmonics are amplified
(because they are near the parallel resonance zone according to frequency characteristics of
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Figure 3.62(c)). But this harmonics amplification is damped by the filter damping resistance
increased.

The waveforms of input rectifier voltage are presented in Figure 3.59. The width of
commutation notches is reduced (reduction of commutation time) after the filter connection.

The filter active power has increased (Figure 3.60(a)) with the increase of R as well as the
PCC active power. On the other hand, the PCC reactive power has decreased (Figure 3.60(b)).

After the filter connection, the gird voltage is less distorted (Figure 3.60(c)) and the grid
current is more distorted (Figure 3.60(d)) taking into account the THD. However, with the
damping resistance increase (with R from 0.08 Q to 1.25 Q), the grid voltage is less and less
distorted whereas the grid current is more and more distorted.

Figure 3.61(a)(b) represents the filter current waveforms and their spectrums. By
increasing R from 80 mQ to 250 mE, the filter 5 harmonic amplitude has decreased from 2.16

A t0 2.10 A. For the damping resistance between 250 mQ and 8000 m, the filter 5" harmonic
amplitudes have increased.
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Figure 3.60 Active (a) and reactive (b) power measured at the PCC, filter terminals and input of rectifier; (c)

THD of PCC voltage and voltage at the input of rectifier; d) THD of PCC current and current at
the input of rectifier
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Figure 3.61 Filter current (a) and (b) its spectrum

The relationship between the filter parallel connected branches Zrct, and Zis (see Figure
3.57(a) in term of current flow is illustrated by the spectrums in Figure 3.62(a). The filter current
fundamental and 5" harmonic amplitudes (for 0.08 Q, 0.25 Q, 1.25 Q and 8 Q) are higher in
the Z.¢ branch than in the branch containing the damping resistance (Zrc2) (Figure 3.62 (a)).
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The amplitude of the harmonics (from the 7") flowing through the damping resistance is higher
than the amplitude of those flowing through the reactor (for 0.08€2, 0.25Q and 1.25Q); therefore
from the power losses point of view, the damping resistance causes more power losses (for the
high order harmonics).

(a) . fLf Bl [frCR2
2 2
R=0.08[Q]), 5 R =025[Q] |15
10966 1 1005
—_ — 9.66 1
< 0.5 J = 0.5
S 538 ot J . J S ul J -| .I
g s : 711 13 17 19 23 25 292 o S0 o NN s s 5
= 387 + = e
u = *
N N
= oo J 1 I 1 . = fears
O T S | B R A C R € R L I I O s T 3 7 19 23 o5 29
Harmonic order Harmonic order
R=125[Q] |1 R =8[Q]
0.4
105566 1055
—_ —_
= 0-3 = 0.2 I
1411 ¢ | I o i
= s 0 s 0 k [} I
& 7M1 13 17 19 23 25 29) FE 5 7 1113 17 19 23 25 29
~ 3.37 =~
a 219 * E 219 *
[ X = 0488
Skl [0 5 0 ] S ke
1 5 7 11 13 17 19 23 25 29 1 5 7 113 17 19 23 25 29
Harmonic order Harmonic order
(b (c) —R=0.08[Q)] — R =0.25[Q]
) 20 20
Without R =0.08[Q2] R =1.25[Q]
fIlCr s g =0.25[) g =g [0)] 7" _ 15
- E
15 — =
3 //J(\ - g 10 5 0
Ei/r,_,;/ N 5h Sth 7th N5 stho, 17th
2 V 7th o« Tth .
15 0 0
30 200 250 300 350 400 450 0 200 400 F(:":qu ::'“y 1000 1200 1400 0200 400 I?nn 800 1000 1200 1400
—_ "requenc requency
E 100 100
= = %
Q@ 9
N = 50 =, 50
- e o
= g 0 g 0
b 500 1000 1500 2000 2500 & £
Frequency 5
0200 400 600 800 1000 1200 1400 S0 200 400 w0 800 1000 1200 1400
g Frequency Frequency
T R =1.25(Q] —R =8 Q]
40 20 20
200 250 300 350 400
— 15
. E "
= [ 3 10 17th E 10 _——
3 - . (=2 _—
= NS sth N[ St _—
2 Y m —" ™
2 0 ] . ) ) o= ! . | )
= 0 200 400 600 8OO 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Frequency Frequency
5 500 1000 1500 2000 2500 100 100
—_ . o
Frequency i — - -
= g 5 \/
50 2
2
o L
£ 0 é 0
a.
.50 . . " " . L . -50 - ! v
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Frequency

Frequency
Figure 3.62 (@) spectrums of current flowing through the filter damping resistance R and reactor Z s and (b)
impedance versus frequency characteristics measured at the input terminals of thyristor bridge for

different filter damping resistance

The power system impedances (seen from the rectifier terminals) versus frequency of
Figure 3.62(b) and (c) show that between 200 Hz and 1000 Hz, there are parallel and series
resonances. These resonances are damped when the filter damping resistance increases. In the
case of Figure 3.62(c) for R equal to 8 Q, the 5 harmonic is near the parallel resonance
frequency, where it amplification at the grid side (see also spectrums of Figure 3.58(a) and (b)).
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The Figure 3.63 shows that the filter efficiency on the reduction of harmonic near which it
is tuned (e.g. 5™ or high harmonics (higher than the 5) in width range depends upon its
damping resistance. For instance in the case of 0.08 Q, the filter is more efficient on the 5%
harmonic and high (from 25™) harmonics reduction than in the case of 1.25 Q (Figure 3.63).
The filter parallel resonance (see Figure 3.57(b)) is a disadvantage because it occurs near the
characteristic harmonics (e.g. 7", 11", 13" and 17") which are amplified after the filter
connection to the PCC.

—R=0.08[Q] R =1.25[Q]

R =025[Q]—R =8 [Q]
[T

ll H 19 23 23 29

Harmomc order
Figure 3.63 Third-order filter effectiveness

300

[S(n)/fT(n) [%]

3.4.3.4 C-type filter

The filter which the equivalent circuit is shown in Figure 3.64(a) and (b) is a special type of 3™
order filter [24]. Its main advantage is the power losses reduction in comparison to other filter
structures [26, 142, 222, 268]. The filter design must be performed in such a way that less
fundamental harmonic current flows through the damping resistance (R) connected in parallel
with the branch containing reactor Ls and the capacitor Cs [177]. Less current (or almost no
current) of fundamental harmonic will flow through the damping resistance if the impedance
Zyico 1S tuned to resonance frequency of fundamental harmonic (Figure 3.64(b)).

(a) (b)
Xcm{ IICfa 1 TCIa ]
Crb
ZL['C‘[b .Lf []R >Zf 'Iﬁ” []R >Zf(\)
Rir
= - J;_ N
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Figure 3.64 C-type filter: (a) equivalent circuit, (b) equivalent circuit for the fundamental harmonic and (c) its
parameters

The studies of C-type filter in this chapter is not only focused on its damping resistance but also
on the increase and decrease of other parameters (detuning of C-type filter). The expressions
used to compute the filter C-type filter parameters are presented in Table 3.16 (the resistances
of capacitors Cra and Cs, are neglected). The filter parameters example is introduced in Figure
3.64(c) and the filter reactor resistance is obtained from the reactor quality factor (Ris, Cta, Cto,
and L¢ were computed for nre equal to 4.85 but with the damping resistance increase, nr has
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also increase). The filter impedance of 5™ harmonic has decreased with the damping resistance
increase (Figure 3.64(c)).

Table 3.16 C-type filter equations used to compute the parameters

ForRisg#0andR #0

. -1
C-type filter Zi(jw) = 1 N 1 .1 RmthgbRLf(RLf+R)+R(m2Lfob—1)2
equivalent =f R joLetRy—j—— J ot T RigeCm+RoCm)?+ (@2 LiCrp—1)?
impedance o

2
. Cbefa(R2m4Lfob—ZRRqu)Z—RZ(DZ)—(Rqu)Cfb +Rmeb)2—(u)2Lfob—1)
WCa (RLFOCrp +R(1)Cfb)2+(u)2Lfob—1)2

ForRig=0and R = o

1
For nre(l) = 1, ZLfob(w(l)) =0= Lf =

1 Uf Q¢
Ziy = ——— = = = (= ——
) w)Cra  OQf * wyyUf
ForRiy=0, R > wandZ; = 0

The filter resonance frequency is obtained after assuming the series resonance between the capacitors
Cts, Cip and the inductance Lt

Xega + X + Xu] c 0o el = 0wy = |
Acfa T et T ALy, T J wreCra ]wrecfb JWrels = Wre = CeaCroLs

m(zl)cfb

Relation 2 2
between filter C—fb = reT(l) =(nf—1)
capacitors fa (1)

For R#0,Ri=0
Another way to compute the filter equivalent impedance

Z(jw) = jRO2LCp—R) . 1 _ (0PLiCr—1)+j[w3 CraRL{C~wCraR—RwCp]
=f T WRCy+j(w2LiCp—1) * oCry 2CeaRCep+j (03 CaLeCoy—wCey)
(2 —f)) o) Uf +i[UF Q00 (1) (@ —wfe)R Wiy Uf UEQeRMre—jUE
= 0202 —Z \ZRa] A I RN TV 7= "3.5.3 7 (forw = wye)
Qf (WFe=w(;)) W R+jw(1)wQfUF (0% ~w(yy) Qf Rwretjw(1)wreQfUs Qf R°nye+nreQsUs
The filter
impedance vt
expression at Z re

n ZR2n2,+Uf
any resonance reQr,|Qf RZnfe+Uf

frequency

The filter reactor inductance (Table 3.16) is obtained after assuming that the branch (Cs,
Lf) has a minimal impedance (series resonance) at the fundamental harmonic. The total
impedance of C-type filter (Zfq) is then reduced to the capacitor reactance (Xcr.) for the
fundamental harmonic (Figure 3.64(b)). The C-type filter behave as a capacitor for the first
harmonic and Csa is in charge of filter reactive power compensation.

The C-type filter impedance versus frequency characteristics for different value of
damping resistance are presented in Figure 3.65(a) and Figure 3.66. In Figure 3.65(a) it can be
notice a common point for all the characteristics at the frequency of 339 Hz (n equal to 6.78).
The filter impedance characteristics of resonance frequencies (Figure 3.65(b)) shows that with
high value of damping resistance (e.g. 25€2), the impedance of resonance frequencies is minimal
(more close to zero). With the damping resistance decrease, it can be observed in the table of
Figure 3.64 the increase of filter resonance frequency impedance as well as the filter resonance
frequency (e.g. from 4.85 to 5.64 - see also Figure 3.65(a)).

The filter can be tuned to any resonance frequencies (mre) higher than the fundamental
(o). For the two identical C-type filter tuned respectively to the 5" and the 7™ harmonic, the
resonance frequency filter impedance for the 7™ harmonic is lower than the one of the 5%
harmonic (Figure 3.65(c)).
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Figure 3.66 Filter impedance frequency characteristics for different value of damping resistance R (wre = 4.85)
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For high damping resistance, the C-type filter impedance frequency characteristic is like
the one of single-tuned filter (Figure 3.66, e.g. 2500 Q) and for the small values, it is similar to
the one of the first-order filter (Figure 3.66, e.g. 1.25 Q). On the one hand, when the damping
resistance value is high, the 5" harmonic will be better filtered and the higher harmonics
amplitude will be worse filtered. On the other hand, when the damping resistance is small, the
situation will be in the opposite.

Figure 3.66 also sets for the comparison between the impedance Ziscs (impedance of
branch containing Lr and Cs) and the damping resistance in point of view of harmonic current
quantity, which can flow through the filter elements. For example, for 8 Q, from the 1% to the
7.5™ harmonic (Zitci < R) more current harmonic will flow through the L¢ Cs branch than the
R branch. From the 7" harmonic (Zvici > R) more current harmonic will flow through R branch
than the L¢ Cs branch. The same interpretation can be formulated for other characteristics in
Figure 3.66 (25 Q and 2500 Q).

The PCC voltage and current waveforms and spectrums are presented in Figure 3.67 and
Figure 3.68. The damping resistance has a big influence on the grid current and voltage
characteristics. Its selection is very critical because an inappropriate choose of its value can
makes the situation worse. In Figure 3.67 for instance, the damping resistance increase has
improved the grid current waveform (see also THD of Figure 3.70(d)). But in the case of the
grid voltage, the THD has increased (Figure 3.70(c)). The grid voltage waveform is less
distorted (commutation notches reduction) for small damping resistance values (see Figure 3.68
for R =1.25 Q) than for high values (see Figure 3.68 for R between 8 Q and 2500 Q).
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Figure 3.67 PCC current waveforms and spectrum
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Figure 3.68 PCC voltage waveforms and spectrum
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Figure 3.69 Filter current (a) and (b) its spectrum (the harmonics flowing through the filter are compared to
the harmonics generated by the load - without filter); (c) filter current of the Z scs branch and (d)
its spectrum; damping resistance current (l+g) and (f) its spectrum
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After the C-type filter connection, for R equal to 1.25 Q, the 5™, 7" and 11™ harmonics of
grid viltage and current are amplified (because they are near the parallel resonance frequency
caused between the grid and the filter — see Figure 3.73(b)) and the harmonics from 17" are
reduced. However, with the resistance increase from 8 Q to 2500 Q, the 5" harmonc amplitude
has considerably decreased (see spectrums of Figure 3.67 and Figure 3.68) whereas the
amplitudes of high harmonics from the 17" have increased.

The filter current waveforms is presented in Figure 3.69(a), the current waveforms of the
L+Cs branch and damping resistance are shown in respectively in Figure 3.69(c) and (e). The
filter is less charged by the higher harmonics (from 7") and more charged by the 5" order
harmonic (Figure 3.69(b)) when the damping resistance is high (e.g. 2500 Q). The fundamental
harmonic flowing through the filter, flows largely through the L+Cs, branch (Figure 3.69(d) and
(H). The quantity of current harmonic (apart of the fundamental) flowing through the damping
resistance is high when its value (e.g. 1.25Q ) is small and small when its value is high (Figure
3.69(f)). The LCs branch is more charged by harmonics when the damping resistance increases
(Figure 3.69(d)).

With the damping resistance increase, the active power at the PCC (Ps), filter terminals
(Ps) and rectifier input (Pr) have decreased (Figure 3.70(a)). The reactive power of the PCC
(Qs) and of rectifier input (Qt) have increased while the one of filter (Qf) is remained almost
the same (Figure 3.70(b)). The distortion of grid voltage and input rectifier voltage have
increased whereas the one of the grid current has decreased (Figure 3.70(c) and (d)).

In Figure 3.71, it can be seen that the variation of current harmonics flowing between the
filter parallel branches (Z.ics and R) depends on their mutual relationship. For instance, the
increase of the damping resistance (R) value has increased the current harmonics in the L{Cs
branch (Figure 3.71(d)) and the decrease of damping resistance, has decreased the current
harmonics in the LtCs, branch (Figure 3.71(a)).
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Figure 3.70 (a) active power at the PCC (Ps), filter terminals (Ps) and input of rectifier (Pr); (b) reactive power
at the PCC (Qs), filter terminals (Qr) and input of rectifier (Qr); (c) THD of PCC voltage (Us) and
voltage at the input of rectifier (Ur); (d) THD of PCC current (Is) and current at the input of
rectifier (1)

83




—_
)
-

—_

Figure 3.71

—
o
—

T/ Ity [%%]

h
(=]

100

Izitcto, IR [A]

[ziicm, [k [A]

10

Le]
—

10

Spectrums of current flowing through the resistance R and reactance X.sfor R equal to (a) 1.25Q,

—_
=2
—

R=1.250]

1

0.5 |

o 1 11 J 1 |
7 11 13 17 19 23 25 29

| | I R TR |

5 7 I 13 17 19 23 25 29

Harmonic order

R =251Q]

[zrscto, Ir [A]

02

0.15

7

11 13 17 19 23

0.1
| | I |
. k N N

25

—_
(=
—~

th

? o

I3 17 19 23 ;ﬁ 20
Harmonic order

(b) 8, (c) 252, (d) 25000

R =1.25[Q

11—R =25[Q]

R =38 [Q]

|4R =2500[Q]

)

50| i
0'«,-"1,—'
| 5

—
7

Figure 3.72

Ay

—
11 3 19 23 25

Harmonic order

—_—

29

Izicto, Ir [A]

1

—_
=2
~

Ismy/ITm) [%]

—

wn

100
SI)II:“
0~ s
| 5 7

R=81[q]
{ i ||
11 13 17

23

29

11 ]; IA'; l‘i 2‘?
Harmonic order

=
5 7

R=2500I[Q]

35 29

0.15

0.05

7 I] 13

Harmonic order

I 13 17

I7 ]9 23 25 20

19
Harmonic order

il

23

25

C-type Filter effectiveness: (a) from the filter side, (b) from the grid side

It is observed in Figure 3.72(a) that the filter is more efficient on the reduction of 5%
harmonic when its damping resistance is high (e.g. 2500Q2). The amplitude of harmonics from
the 7" to the 29" flowing through the filter is higher than the one generated by the load (e.g.
the percentages are above 100 %). These harmonics have been amplified at the filter terminals
(parallel resonance).

It is also observed in Figure 3.72(b) that the filter is less efficient on the reduction of 5%
harmonic when its damping resistance is small (e.g. 1.25€). The grid current harmonics from
the 5" to the 13" are above 100 %. The value of these harmonics have been amplified at the
PCC (parallel resonance).

The impedance of the simulated power system measured at the rectifier input terminals (for
different value of R) is presented in Figure 3.73. The series and parallel resonances are damped
for the smaller values of damping resistance.

The choose of the C-type filter damping resistance depends on how much the harmonic to
be eliminated should be reduced as well as on the reduction level of higher harmonics (higher
than the harmonic to be eliminated) in width band.
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Figure 3.73 (@), (b) characteristics of power system impedance versus frequency observed at the input of
thyristor bridge for different value of filter resistance

3.4.3.4.1 Detuning of C-type filter

The studies objective is to present the effects of C-type filter detuning phenomenon (due to the
aging or faults on its elements etc.) on the reduction of the PCC voltage and current harmonic
to be eliminated (e.g. 5™) and higher harmonics in the power system. That detuning is concerned
by the increase and decrease of the nominal values of the capacitors (Csa, Csv) and reactor by
+10%. In practice the capacitor capacitance tolerance is around -5% to +10% and the reactor
inductance tolerance is around +10% (see Figure 1V.4 and Figure IV.7 of Annex IV). The C-
type filter damping resistance R is maintained to 25 Q during the studies.

% Theincrease and decrease of the filter capacitor Csa by £10%

The Figure 3.74(a) shows that with the increase of filter capacitor (Cra) by +10 %, the
characteristic has moved to the left side (n = 4.63) and the 5" harmonic impedance has
increased and remains on the inductive side of the characteristic. With the decrease of Cs by -
10%, the characteristic has shifted to the right side and the impedance of 5 harmonic has
increased and is on the capacitive side of the characteristic (its amplification can occur on the
grid side (there is a resonance danger)). In the both cases (for the considered example), the
impedance of 5" harmonic has increased, but is much higher in the case of the +10 % increase.

The PCC voltage and current waveforms as well as the spectrums are indicated in Figure
3.75. The amplitude of 5" harmonic of grid voltage and current has been slightly amplified by
the filter when this latter was detuned to the frequency order of 5.1 (Cra-10%)))-

The amplitude of grid voltage and current 5" harmonic is smaller when Cra is increased by
+10% than when it is decreased by -10% (Cra-10%)). The C-type filter tuned to the frequency
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order of 4.85 presents the lowest amplitude of PCC voltage and current 5" harmonic (Figure

3.75).
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Figure 3.74  C-type filter impedance versus frequency characteristic for Craxio%
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Figure 3.75 Grid voltage and current with their spectrums (p.u.) after detuning the C-type filter (Cgaxi00)
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The higher harmonics (from the 11") of grid voltage and current are better reduced by the
filter when the capacitor Csa is decreased by -10% than when it is increased by +10% (Figure
3.75).

The variation of active and reactive powers at the PCC, filter terminals and rectifier input
terminals are presented in Figure 3.76(a)(b). The PCC and input rectifier voltage and current
THD for different C-type filter detuning frequency is presented in Figure 3.76(c) to (d).

The filter current waveforms and spectrums are presented in Figure 3.77. The amplification
of 5" harmonic is also observed on the filter spectrum (If) for Cr. decreased by -10%.

The impedance of the branch (Ls, Cw) (see Figure 3.74) is lower than the damping
resistance (R) for the frequencies order from the fundamental to the 29" harmonic and higher
than the damping resitance for the frequencies order from the the 29" harmonic. In the
comparison spectrums of Figure 3.78, it can be noticed that by increasing or decreasing Cs. by
+10%, the amplitude of harmonics (from the fundamental) flowing through the damping
resistance is smaller than the one of harmonics flowing through the Zcs branch (Figure 3.78(a)
to (c)).

The impedance versus frequency characteristics of the simulated power system seen from
the rectifier input is presented in Figure 3.79. On one hand, the decrease of Ct by -10% has
shifted the characteristic to the right and increased the system impedance of parallel and series
resonance. On other hand, its increase by +10% has shifted the characteristic to the left by
reducing the system impedance of parallel and series resonance (Figure 3.79).

The detuning of the C-type filter due to the variation of the capacitor Cra (assuming L, Cro
and R constant) can reduce its efficiency in term of harmonics mitigation at the grid side.
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value of filter capacitor capacitance (Crax10%)

% Theincrease and decrease of the filter reactor inductance Lf by £10%

The increase and decrease of Ls have an influence on the resonance frequency (50 Hz) of the
filter Cs Lf branch. Therefore the change of Lf by £10% has caused the reduction and
augmentation of that frequency (50 Hz) (e.g. f()+10% = 47.5Hz, f(1)-10% = 52.5Hz).

For Lt increased by +10% the C-type filter is detuned from the frequency of 242.5 Hz (nye
= 4.85) to the frequency of 231 Hz (nre = 4.62) (lower than 250Hz) and for Lt decreased by -
10%, it is detuned from the frequency of 242.5 Hz to the frequency of 255.5Hz (nre = 5.11)
(higher than 250 Hz) (Figure 3.80).

On the one hand, the filter impedance of 5™ harmonic has increased (characteristic shifted
to the left — Figure 3.80) with the filter reactor inductance increase and remains on the inductive
side of the characteristic. On the other hand, it has decreased (characteristic shifted to the right)
with the reactor inductance decrease and is on the characteristic capacitive side (can be
amplified from the grid side because of parallel resonance condition).

The spectrums of PCC voltage and current (Figure 3.81) shows that the harmonics higher
than the 5 (e.g. from 11™) are better reduced by the C-type filter when Lt is decreased by -10%
though the 5™ harmonic is slightly amplified. By increasing Lt by +10%, the filter efficiency
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has reduced in term of 5" harmonic and higher harmonics reduction from the PCC side (Figure

3.81).
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Figure 3.82 () Active power at the PCC (Ps), filter terminals (Ps) and input of rectifier (Pt); (b) reactive

power at the PCC (Qs), filter terminals (Qrf) and input of rectifier (Qr); (c) THD of PCC voltage
(Us) and voltage at the input of rectifier (Ur); (d) THD of PCC current (Is) and current at the input
of rectifier (It) (Le10v)

The influence of the C-type filter reactor value change on the active and reactive power at
the particular points of the considered power system as well as on the voltage and current
deformation rate is presented in Figure 3.82(a), (b), (c) and (d).

The filter current (If) waveform and spectrum of Figure 3.83 show that the 5™ harmonic
flowing through the filter has the highest amplitude (the 7" to 17" harmonics as well) for L.
10%) and the lowest for Le10%).

The damping resistance (R) is higher than the filter impedance of the branch (Zvsc) for the
frequencies from the fundamental to the 30" and lower for the frequencies from the 30"
(L#+10%), see also Figure 3.80). Observing Figure 3.80, For L.10%), the resistance R is higher
than the filter impedance of (Cs, Ls) branch for the frequencies from the fundamental to the 35"
and lower for the frequencies from the 35™. The current harmonics (luicm) flowing through
Zyic presents the highest amplitude in comparison to those flowing through R (Figure 3.84(a),
(b) and (c)).
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Figure 3.85 Characteristic of power system impedance measured at the input of thyristor bridge for different
value of filter reactor inductances (Ls): (a) when the line reactor (L) at the rectifier is considered

and (b) when it is not (Lg10v)

Two cases of study are considered for the power system impedance seen from the rectifier
input. The first one by considering the line reactor at the rectifier input (Figure 3.85(a)) and the
second one by neglecting the line reactor (Figure 3.85(b)). In the both cases (Figure 3.85(a) and
(b)), the impedance frequency characteristic is shifted to the right for Lr decreased by -10% (the
impedance of parallel resonance between the filter capacitors and grid reactor has increased and
the impedance of series resonance caused by the filter has slightly decreased) and shifted to the
left for L¢ increased by +10% (the impedance of parallel resonance has decreased and the
impedance of series resonance has slightly increased in Figure 3.85(b) and is almost the same
in Figure 3.85(a)).

For Lic10u), the 5" harmonic power system impedance is fare from the parallel resonance
when the input rectifier reactor (L) is considered (Figure 3.85(a)) and is near the parallel
resonance frequency when L is not considered (Figure 3.85(b)). A slightly amplification of 5"
harmonic from the grid side voltage and current is justified by Figure 3.85(b) (Lf(-10%)).

% The increase and decrease of the filter capacitor Cfb by £10%

The resonance frequency of the Csy, Lt branch is 52.5 Hz for Cev+109% and 47.5 Hz for Csp-10%. By
increasing Cs by +10% and decreasing it by -10%, the C-type filter resonance frequencies are
respectively 242 Hz (nre = 4.84) and 243 Hz (nr = 4.86). Comparing the impedance versus
frequency characteristics of Figure 3.86 to the one of Figure 3.80 and Figure 3.74, it can be
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noticed that the change of C (detuned of C-type filter based on the variation of Cs, only) will
have significantly less influence in the electrical power system than the change of L and Cra.
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Figure 3.86 C-type filter impedance versus frequency characteristics for Cpx10%
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The increased or decreased of C-type filter capacitor capacitance (Cs) by £10% does not
have an significant influence on the grid voltage commutation notches (Figure 3.87); grid
current 5" and higher harmonics (Figure 3.87); filter currents (Figure 3.88); power system
active and reactive powers and THDs (Figure 3.89).

There is not significant difference between characteristics of Figure 3.90 when Cg, is
increased or decreased by 10%. However, by considering the input rectifier reactor (L), the
parallel and series resonance have been shifted to the left and their impedances have increased.
In the case without L, the series resonance has occurred at the frequency of 250 Hz, whereas in
the case with L, it has occurred at the frequency of 235 Hz and the system impedance of 5%
harmonic has increased (Figure 3.90).
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Figure 3.90 Characteristics of power system impedance versus frequency observed at the input of thyristor
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3.5 Conclusion

| e | | ICfl Cn
, t Cr ) Co Cp
f £ .
Rus Rie Ric

Single-tuned First-order Second-order Third-order  C-type filter
Figure 3.91 Compared topologies

Table 3.17 comparison assumptions

Qf =-2172.5Var, 6 = 57°, n. = 4.85, q’= 85
First-order | Single-tuned | Second-order third-order C-type
0.08 0.08 0.08
1.25 1.25 1.25
RIQ] 8 8 8
- - 25 25 25
Rir [Q] - 0.0127 0.0127 0.0043 0.0127

The broad-band filter (first-order, second-order, third-order and C-type filter) and single-tuned
filter have been previously studied and their characteristics presented as well.

The single-tuned filter was analyzed by presenting the influence of its resistance, reactive
power and variation of its tuning frequency (detuning phenomenon) on its efficiency. The
capability of first-order filter to amplify the characteristic harmonics near the fundamental
harmonic and to mitigate the higher harmonics in wide band was presented. The influence of
the second-order, third-order and C-type filter damping resistance on their filtration efficiency
was presented as well as the detuning of C-type filter.

This chapter is about the comparative study of the PHF topologies presented in Figure
3.91). The considered criteria for the comparison are the filter power losses (APs), the PCC
voltage and current 5" harmonic amplitude (Us), Iss)) and the PCC voltage and current THD
(THDus, THDis). The compared filters are assumed to have the same reactive power (Qf =
2172.5 Var), reactor quality factor (q’= 85) and tuning frequency (nre = 4.85) (see Table 3.17).

The first-order filter resistance is neglected and the second-order, third-order and C-type
filter are assumed to have the same damping resistances (e.g. 0.08 Q, 1.25 Q and 25 Q, see
Table 3.17). The single-tuned filter and the first-order filter are compared to the second-order,
third-order and C-type filter when the damping resistance of these latest are increasing (from
0.08 Q to 25 Q). Other parameters (capacity and inductance) of single-tuned, first-order,
second-order, third-order filter and C-type filter can be found respectively in the tables of Figure
3.13(b), Figure 3.36(c), Figure 3.50(g), Figure 3.57(g) and Figure 3.64(c).

All the broad-band filters present the problem of harmonics amplification. But depending
on their damping resistance, this problem can be mitigated. From the point of view of individual
harmonic mitigation, the single-tuned filter is more recommendable than other topologies
because it has the lowest amplitude of grid voltage and current 5 harmonic (Figure 3.92(a)(b)).

With small values of damping resistance (e.g. 0.08 Q, 1.25 Q), the third-order filter is more
recommendable for the reduction of individual harmonic than the second-order and C-type filter
and then come the second-order filter (Figure 3.92(a)(b)).

With high values of damping resistance (e.g. 8 Q, 25 Q), the C-type filter is more
recommendable for the reduction of individual harmonic than the second-order and third-order
filter. The second-order filter is more recommendable than third-order the filter (Figure
3.92(a)(b)).
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Figure 3.92 Comparison spectrums between the single-tuned, first-order, second-order, third-order filter and
C-type filter: (a), (b) grid voltage and current 5™ harmonic; (c), (d) grid voltage and current THD;
(e) filter power losses

From the point of view of the 5" harmonic non-amplification (Figure 3.92(a)(b)), the
single-tuned filter is more recommendable, then com the C-type filer with high damping
resistance value (e.g. 25 Q). The third-order filter with high damping resistance value has more
probability to amplify the 5" harmonic than other filter.

From the grid voltage distortion point of view, it can be seen in Figure 3.92(c) that the
third-order filter is more recommendable than other filters when its damping resistance is small
(e.g. 0.08 Q, 1.25 Q), and the C-type filter is more recommendable than other filters for high
damping resistance (e.g. 8 Q, 25 Q) (Figure 3.92(c)).

The single-tuned filter has the lowest PCC current THD than the broad-band filters (Figure
3.92(d)). For small values of R (e.g. 0.08 Q, 1.25 Q), the third-order filter is more
recommendable than the second-order and C-type filter. For high values of R (e.g. 8 Q, 25 Q)
it is better to apply the C-type filter than the second-order and third-order filter to improve the
grid current THD. The first-order filter has the highest grid current and voltage THD and is not
recommendable for harmonics mitigation.
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The third-order filter generates less power losses than the single-tuned, second-order and
C-type filter (Figure 3.92(e)) and then comes the single-tuned filter and at the end the C-type
filter. The second-order filter is the one with the highest power losses.

Comparing the second-order filter to the C-type filter, it can be noticed in (Figure
3.92(a)(b)(c)(d) that, they have almost the same characteristics but from the power losses point
of view, the C-type filter is more recommendable.

In the filter group where the basic harmonics such as the 5", the 7" etc. (from e.g. the
adjustable speed drive load) are reduced by the single-tuned filters, the damping filters such as
the second-order, third-order or C-type filter can be added for better mitigation of high
harmonics in wide band.

The knowledge of PHFs exists for many decades. Although it appears to be very rich, as
indicates the experience of the authors. Still in the design process, often too little attention is
paid on the analysis of changes filtration properties of these systems [111, 147]. They vary due
to many factors, including e.g. aging or manufacturing tolerances of the reactors and capacitors
during the manufacturing process etc. [84, 218, 273]. The aim of this chapter was to present the
various topologies properties of PHFs using the impedance frequency characteristics [28, 33,
182, 217].

3.6 Hybrid passive harmonic filter (HPHF)

In power electronic systems, the passive filter in hybrid configuration is applied as input
interface. The HPHF configurations are the result of different series and parallel passive filters
connection and their purpose is to reduce the network current distortions. A simplified
configuration example presenting a general concept of their resosnance frequency is shown in
Figure 3.93(a). The hybrid passive filter under studies in this chapter is constituted of series
passive harmonic filter (series PHF) and group of two single-branch filters parallel connected.
In the considered example, the group of single-branch filters is constituted by two parallel LC
filters. The series PHF is designed to block the harmonic to be eliminated forcing this latest to
flow throw the filter group, which presents lower impedance for it resonance frequency. The
single-branch filter group efficiency, in term of harmonics mitigation at the grid side, depends
upon the grid impedance, but with the series PHF that dependency is strongly reduced.

The parameters of series PHF are the same as those used for the simulation in Table 111.6
of Annex 11l and those of the filter group are presented in Figure 3.93(b). The filter reactor
resistances are computed on the base of quality factor.

HPHF .
@ Y I
11 Cr | |
Rs Ls PCC : :15 (o : It : L Lt
b N I 4.85L6.85 b_i_. “‘(—,
b — = = —LCﬂJ‘Ct‘z ! .
o] | i
@ : Lt &L Zf': Ur Ur $ Q
: Rien UREs2 :
| e
(b)
n Cs[uF] L¢[mH] | Rur[mQ] Qf[Vvar] | Us]v] ZE(S)[mQ] Z£(7) [mQ]
4.85 62.583 6.9 25.4 1086.3 230
6.85 63.969 3.4 125 1086.3 230 74l 303

Figure 3.93 (a) system equivalent circuit with the considered example of hybrid passive filter, (b) parameters
of filter group connected in parallel. The parameters of the series PHF are presented in Table 111.6
of Annex Il1 (for Rs = 0.89 mQ)
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In Figure 3.93(b), the filter group total fundamental harmonic reactive power is equal to
2172.5 Var and for each filter in the group; the reactive power Qs is equal to 1086.3 Var.

In the considered example, series PHF is tuned to the frequency of 5™ order harmonic and
the group of parallel connected filters is tuned to the frequencies a little bit lower than the
harmonics frequencies to be eliminated (5" and 7™) (Figure 3.94).

The comparison (based on the system parameters) between the series PHF and HPHF is
presented in Figure 3.95, Figure 3.96 and Figure 3.97.
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The parallel connection of the filter group together with the the series PHF has improved
the grid current waveform (Figure 3.95(c)) and the PCC grid current and voltage THD (Figure
3.96(b)).

The harmonics amplification (7" — 19" and 25™) observed in the case of series PHF (when
working alone) is not observed in the case of HPHF (series PHF plus filter group - Figure
3.95(b) and (d)). The series PHF shows a better reduction of commutation notches depth than
the HPHF (Figure 3.95(a)).

In Figure 3.97, is presented the power system impedance (Z) and phase versus frequency
characteristics observed at the thyristor bridge terminals: when only the series PHF is
considered and when the series PHF and filter group are considered (HPHF).

The HPHF has better filtered the 5" order harmonic of grid current and voltage than the
series PHF and can reduce the problems (harmonics amplification and waveform quality of grid
current and voltage at the rectifier input) caused by the series PHF operating alone.
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Figure 3.97 Characteristics of power system impedance vs frequency (module and phase) observed at the
thyristor bridge terminals

3.7 Methods of sharing the total reactive power in the PHF groupn

PCC
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. . ectifier
Electrical grid Group of bridge RC load

single-tuned filter
Figure 3.98 Electrical power sytem with the group of single-tuned filter

The group of PHFs is needed to prevent more than one harmonic from entering the electrical
grid [102]. Its design depends principally upon the parameters such as load reactive power to
be compensated, grid voltage spectrum (impedance as well) and load current characteristic
harmonics (spectrum). Its efficiency is much more related on how much the grid current and
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voltage distortions should be reduced. The way on which the total reactive power should be
shared (attributed to each filter) in the filter group (see Figure 3.98) is very controversial since
decade and references [27, 29, 31] are the first to compare these methods.

The distribution of the total reactive power has an influence on the filter group impedance
frequency characteristics and filtration efficiency as well [21, 107]. In this chapter, it is
presented and compared (based on the simulated model) six exemplary methods used to split
the total reactive power to individual filter in the group.

To perform the following studies, the single-phase model (see Annex Il B) is considered,
which does not reduce the generality presented in these studies because the symmetrical three-
phase system in which filters are analyzed can lead to (or be simplified to) a single-phase
system. To more illustrate each of the methods, the group of single-tuned filters is considered
as example. The described methods can be applied to a group of different type of PHFs (apart
method D). The reactive power value used so far is different from the one used in this chapter
(e.g. 500 Var).

3.7.1  Design methods description

The methods used to distribute the total reactive power to a passive filter group are as follow:
Method A equal reactive power for each filter

Method B the reactive power of filters is inversely proportional to the harmonic order

Method C  the reactive power of filters is inversely proportional to the square of harmonic
order

Method D  the reactive power of filters is calculated on the base of the filter group
impedance versus frequency characteristic shaping [141, 256]

Method E  the reactive power of filters is calculated by basing on the assumption that the
reactors of filters are identical

Method F  optimization - different form of objective function in optimization task can be
considered e.g. the filters reactive power is computed on the base of the
minimum or maximum value of the objective function y

Method A.  Equal distribution of the total reactive power in the filter group

The total reactive power (Qr) is shared equally in the filter group. For a filter group having
h filters (h - number of filter) with each filter (f) carrying the number n (fn)), the reactive power
of individual filter is expressed by (3.7.1.3). The total reactive power is the sum of individual
reactive power (3.7.1.1) and the each filter in the group has the same reactive power (3.7.1.2).

Qr=0Qu+Qp++0Qm=%1-1Qm (B711) | Qu =0np =0 =" =0 (8.7.12)
Qn = % (3.7.1.3) for h,n >1and €N
Example
Forh = 3,1 ¢ = 2.8, Ny r, = 4.8, 500
frers = 6.8 and Qg = 500 Var Qm = —3~=0n = Crz = Qs = 166.66 Var

Method B.  The reactive power of filters is inversely proportional to the harmonic order

The reactive power sharing is based upon the relationship between individual reactive
powers in the filter group using the harmonic order (ng,) (3.9.1.4).
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N @t = Neen+1) Qfen+1) (3.7.1.4)

Example
Q — Nre f2+Nre 3
Qfl + sz + Qf3 — QF f1 Nre_f2Nre f3+Nre f1Nre_f3+tNMre_f1Mlre_f2
_ _ Nre_f1+Nre f3
For h = 3 nre_lefl : nre_fZQfZ sz - Nre_f2Nre_f3tNre_fiMre_f3tNre_f1Mlre_f2
’ nre_fZQfZ - nre_fSQfS Q _ Nre f1+Nre_f2
Nref1 = 2.8, k f3 Nre_f2Nre f31tNre_fiMre_f3+Mre_f1Mre_f2
= 32.64
Mrerz = 48, (0 = —==2500 = 250.61 Var
nre_f3 - 68 19 0
Qp = 500 Var Qrp = =272 500 = 146.19 Var
13.44
@ = 2z 7500 = 103.19 Var

Method C. The reactive power of filters is inversely proportional to the square of
harmonic order

The share of reactive power is based upon the relationship between individual reactive
powers in the filter group using the square of harmonic order (n?n) (3.9.1.5).

nf Qm = N1y Qe+ (3.7.1.5)
Example
Q — n?e,fz"'nl%efs
Qfl + sz + Qf3 = QF [ f1 nl%e,fznx%e,fs+rfe,f1n?¢23,f3+n?e,f1n1%e,f2
2 2 _ Nre f11re 3
For h = 3' n;e_fl Qfl B n;ﬁ_fz sz sz nl%e fz"%e f3+n1%e flnxge f3+nx%e flnlge f2
n =28 nre_fZQfZ = nre_f3Qf3 | B B n2 ;1+n27 . - B
f1 = 2.9, — re_ re_|
et thS nl%e,fznx%e,fs+n1%e,f1n1%e,f3+n?e,f1n1%e,f2
Nre 2 = 4.8, _ 10654
———500 =331.16V
Qr = 500 Var
———500 = 112.68 Var
2~ 1608.5
= 180.63 500 = 56.14 V
s = 0.5 °00 = 614 Var

Method D.  The reactive power of filter is calculated on the base of the filter group
impedance versus frequency characteristic shape

This method is developed for the group of single-tuned filter. The expression (3.7.1.6)
represents the single-tuned filter admittance for R = 0 (see also Table 3.2).

The filter group admittance (fundamental harmonic) of (Yr) is expressed by (3.7.1.7) and
Yty is the admittance of individual filter carrying the number . It is formulated after considering
the filter group series resonance frequencies (e.g. Nre 1, Nre f2 . . . Nre_fn).

There is always parallel resonance between filters in the filter group. In this method, the
parallel resonance (order - m) can be chosen. It is always located between series resonance
frequencies. The filter group admittance after considering the parallel resonances frequencies
(Ye(may) is formulated in (3.7.1.8).

. _ 1 _ CIL)%enc'ocfn
an ](1)(1)) = Zn () = - 002——0)?(311 (3716)
for ® = o)
2
re f19(1) Nfe f20(1) Nfe ;301) Mrem ©@) QF
Ye =30 Y, L(C to Cpt—-—3—C ——Cx = (3.7.1.7
F =1t = 1- n e f1 re_f2 re_f3 f3 1_n12‘efn fn Uf2 ( )

for ® = ®m = M), Nre i < M), < N f-1), A=h—-1 and € N,
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. re fnw(l)wm}\ C Z ( re fnm;tco(l) C ) . - B
>h — — = —jwm = 0/—jor) =
_F(m)\) n=1" ﬁ)fnh—nfe fn“)(1) fny Zm=1 mi—nZ, o fn / ] W(1) JW(1)

2
1 re _fqMa _ re 171 re_fzml Nre f3MA
Yema) = Zn UnZonZ, Cn=—7F5Ch+—F5Ch+—F5—Cs+ -+
re_fn m}\ nre _f1 my nre_fz my nre_fs

2

Nre fnMA
Lre™ oo a0 (3.7.1.8)
mk_nre_fn

A - is the number of parallel resonance frequency (number of admittance equations Yz,
(3.9.1.8)). If the filter group contains 3 filters (h = 3), A (A=h-1) will take the values 2. It
means that there will be two equations representing the admittance for the parallel resonance
frequencies.

The matrices of equation (3.7.1.9) are obtained from the equations (3.7.1.6) and (3.7.1.8).
The reactive power of each filter in the groups (see (3.7.1.10)) is obtained after computing the
filter group capacities (Cs1, Cr, ... Cry) (see example).

2 2
Nig pyM m Nfes
YF(ml) s Cpy + —re T Cry + T g +—n Cep =0
nre f1 ml nre 2 1 nre f3 m nrefn
n2 nge. m
_ re 112 Nye f2M2 re 3112 ref 1 ~
Ye(ma) = —Cfl — 5 Cpt+——5—Cz++—55—C;=0
< nre f1 mj nre_fz m3;— nre f3 2 nrefn (3 7 1 9)
Y _ re f1MA C I%e_fzmk C n12~e_f3m7\ C nlz"efnmx Ce. = 0
F(mA) — ;1 + 2_2 f2 2_. 2 g3+ 2_.2 fm =
nre f1 my—Tre f2 mj —Tye 3 my nrefn
[nZe f1"°(1) nfe fz‘*)(l) nie f3“’(1) n?emm(l)'
1- nre f1 1- nre f2 1- nre f3 1_n1%eﬁ] ECfl_ —%_
f
n?e_flml nre_fzml n?e_f?,ml n%eﬁ]ml C
m%_n?e_fl m%_n?e_fz m%_nge_f?, m%—n?eﬁ] f2 0
n?e_flmZ n?e_meZ n?e_f?,mZ n%eﬁ]mz C [_1] = (37110)
2_2 2_.2 2_ 2 2_2 f3 0
my;—Nre 1 Mi Nrefz M2 Nref3 mz_nrefn
re 17 re f2MA re 31 n‘%eﬁ] m -CfT]_ L ()
[mi-nfe ¢ mME-nleg ME-NLe g mg\_n%eﬁ]_
re fl(‘)(l)Uf
= lrendwlf o
Qfl 1- nre f1
O = e g0 Uf Cer
[0r="0 G (3.7.1.11)
n2 2
— Nre fn(‘)(l)Uf C
an 1— nre n fn
Example
2.8%2.100m 4.8%2.100m 6.82. 100‘1‘[
Forh = 3, 1—2.82 1 — 4.82 1 — 6.82 C 500
=28 2.82.4 4.8%.4 682 ol 2302
f1 — <O,
e 42 -282 42482 —6. 82
Npe r2 = 4.8, [ 2.8%.6 4.8%.6 6 82.6
Mo t3 = 6.8 62—28 62487 6'—6 82
m; =4
m, =6 Csy = 19.62 pF (Qf; = 373.84Var
Qr = 500 Var Ce, = 4.38 uF ,{ Qf, = 76.24Var
Cez =293 uF \ Qg3 = 49.90Var
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Method E.  The reactive power of filters is calculated on the base of the assumption that
the filters reactors are identical

In the industrial electrical system where the filter group is designed by applying that
method, it is easier to replace the reactors during the fault.

The equations in (3.7.1.12) represent the steps on how the reactive power of individual
filter is computed. For L1 = Lo = Lz = ... =L, the reactive power (Qs,) of each filter in the filter
group is expressed in (3.9.1.13).

( L 0%LCy -1 L w2LCp-1 L 02LCp—1
Ly =j— — Ly =j—0— Lin=j—F —
f1 wCr wCrn
1 1 1
Cr = Cr, = C =
Wre f1L Wre f2L Wre_fnl
_ U} UfwChy _ U} UfoCy, _ U UleCey
100 =2 = Grcn-1 2T 2, T Sicn QOm = Zfq  @ZLCy—1 (3.7.1.12)
Wre_f1 = Nre_f1W(1) Wre_f2 = Nre_f20(1)  *** Wre_fy = Nre_m®(1)
for w = w(y)
o= Q=Y — o Q= —
U T otaonZe ) P T w@Lonk ) M w)Li-nZ o)

F f1 f2 fn w)L 1_”§e_f1 l_n?e_fz l_n?e_fﬂ
uf ( 1 1 1 ) Uf g _1
— + _.|_ cee + = _
) 0 r 1_n3e_f1 1‘”1%e_f2 1_n1%e_ffl w(1)QF ZT]—l 1—n?n (39113)
QF QF
QfT] = (1on? )( 1 . 1 e 1 > - (1-nZ, - )%® (;)
L re_fn 1‘"%e_f1 1_n?e_f2 1—nfe_fn re_fn/ 4m-1 1‘”12*e_fn
Example
500 34210V
o = T I 1 = . ar
_ 2
(1-28) (t—3g* T—gg " T 6w
Forh=3,Mue s = 28, e s = 48, | o _ . 500 . —— =106.17 Var
Ny 3 = 6.8 and Q = 500 Var (1-—48%) (1 e t1T-agzt1-682
0 500 51.72V.
o = T I 1 = . ar
_ 2
(1-68) (gt T—gg " T- 6@

Method F.  Optimization method - different form of objective function in optimization
task can be considered

In the proposed optimization method, the task of the objective function can be defined in
different way. The example used to illustrate that method is the filter group (two single-tuned
filters) connected in one-phase electrical grid system as presented in Figure 3.99(e). The
reactive power of the individual filter in the group is determined by the search of the objective
function (y) extremum value.

Firstly, the objective function is defined, then the characteristic of objective function versus
one filter in the group reactive power (e.g. Qr) is set up and at the end, relying on the extremum
of the objective function characteristic, the reactive power of each filter in the group is obtained.
In the considered example, the minimum of the objective function is considered.

As presented in Figure 3.99(a), the electrical grid is simplified to a voltage source (Usq) —
fundamental harmonic) and equivalent impedance Zs (according to Thevenin law) and the non-
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linear load is simplified to a current source (Norton law). The grid source voltage is assumed
to not contain voltage harmonics and the non-linear load is the source of harmonics current.

Electrical grid Nonlinear load
( Zs(1), Z5(3), Z5(5), ... Z5(n) | PCC VE (EI R [}
a 1 - -
Iy U [:]
U Uas ® |7z e
JS(1) (;ja(ﬁ) Lb%
1 L’Yamj
(b) Zs1)y  PCC [y (© Zs3)  PCC [, ) Zs5) PCC [s)
\
Usty TU() GD ] KO Uss) GD
(e) Z50),7505) PCC ft‘.%),fts}
fl 12 i—<
Znpy ) 2 g | Zoo| Uss
Z"‘fi?{u]! fLﬁ}st] Ubes) ®
cnf jCe

Filters group
Figure 3.99 (a) equivalent circuit of considered electrical grid and nonlinear load; (b), (c), (d) electrical circuit
representation based on superposition theory, (e) electrical circuit with the filter group

The current source characteristic harmonics corresponds to the one of one-phase diode
rectifier (4k+1, k> 1, where k € N) and the two single filters (f1 and f2) are tuned respectively
on the frequency of harmonic order 2.8" and 4.8™. Each load harmonic current (i) flowing to
the grid creates on the grid impedance (Zs) voltage drop as shown in Figure 3.99(b), (c) and (d).

Two study cases are considered. In the first case (Figure 3.99(a)), the filter group is not
connected and the voltage drops caused by the load current harmonics (3" and 5™) on the grid
impedance (Zs(@), Zs(s)) are represented by Ua) and Uqs) (see also Figure 3.99(c)(d)). In the
second case (see Figure 3.99(e), the filter group is connected and the voltage drops caused by
the load current of 3" and 5™ harmonics on the parallel connected grid impedance (Zs@), Zs))
and filter group impedance ((Zrn@3), Zris)) ((Zr23), Zr2s)))) are represented by Upa) and Upg)
(Figure 3.99(e)).

The filter impedances of the two chosen frequencies (Zfg), Zrs)) are expressed in
(3.7.1.14). The filter group impedances of 3™ and 5 harmonic (Z), Zs) are represented by
(3.7.1.15) and the electrical grid impedance (see expression (3.7.1.15)) plus filter group
impedance (parallel connection — see Figure 3.99(e)) for the 3™ and 5" harmonics (Z(3) Z5) 1S
expressed by (3.7.1.17).

By the assumption that the current harmonics (Iz) and Is)) generated by the non-linear load
to the grid have the same values when the filter group is connected and when it is not, the
expression (3.7.1.18) is set up. In that expression, Uaea) represents the voltage drop (Figure
3.99(c)) caused by the 3@ harmonic on the grid impedance (Zs)) and Up) represents the voltage
drop caused by the load current of 3™ harmonic on the grid impedance (Zs)) together with the
filter group impedance (Zg)) (Figure 3.99(e)). Ua) is supposed to be higher than (Up))
because, after the filter connection and due to the resonance phenomena, the impedance of 3
harmonic of the first filter is near zero (short circuit) as well as its voltage (which is reduced
almost to the voltage of its resistance (supposed to be very small). The same interpretation can
be done for the 5™ harmonic.

The example objective function (3.7.1.19) is defined from coefficients @1 and 2 of
expression (3.7.1.18). The search of Qs is the optimization task.

The defined objective function in (3.7.1.19) allows to share the total reactive power in the
filter group containing no more than 2 filters but in the case of 3 or more filters, it should be
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differently defined. It is important to notice that the optimization function (y) is also related

with the grid inductance.
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Example

=1 (1 52900 >(1 52900 )
Y= 51384 + 14.38Qy, 82980 — 58.02Qy,
1027
>
Forh =2,n. 5 = 2.8,
Nye r, = 4.8 and Qg = 500 Var 3378
0.96 . . T - .
0 100 200 300 400 500
Orl [Var]
Qs, = 500 — 325.54 = 174.46 Var
(The function used to design the characteristic y versus Qg is
described in Annex Il - Table 111.13)

3.7.2

To compare the six methods described in this chapter, it has been designed in the environment
of MATLAB/SIMULINK a power grid system constituted of electrical network to which is
connected a single phase rectifier (see Annex 11-B). Between the PCC and the input reactor (L)
of diodes bridge rectifier, the passive filter group constituted of two parallel connected single-
branch filters (f1 and f2) is connected (Figure 3.100).

Comparison of the methods

PCC

Is Iy L Z
AN Ir P!
M- L 4 f1 2 @ =15 [Q]
Rs =0.425[Q] Rl ﬁ R.fz b |
Xs=0214[Q] Lng | Ur o1 mF] i
@ Us f2 T e
E=230[V 1 1
V] Cn= Cp T R=1[kQ)]
S
Electrical grid Group of Rectifier RC load
single-tuned filter bridge

Figure 3.100

Equivalent circuit of the simulated power system

The comparison is mainly focused on filter power losses and the reduction of voltage and
current distortion at the PCC. The set of criteria for the comparison does not include the

production and operation cost of the filters.

It has been assumed that the filters are respectively tuned to the frequencies lower than the
frequencies of the 3" and 5™ harmonic (2.9 and 4.85").
The total reactive power (basic harmonic) of the filter group (Qr = -500Var) is the same

for each method of parameters computation.

Table 3.18 Expressions used to compute the reactive power of each filter in the group for each method
Method A - equal reactive power for filters | Qf = Qp, = %
Method B - the reactive power of filters is 29
. R Qfl nre_fZ .
inversely proportional to the | — = = 2.9Q¢ = 4.85Q = Q@ = mQF
harmonic order Q2 Mrenn .
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Method C - the reactive power of filters is

2
@ _ Nre f2

= 8.41Q; = 23.52Q;, = Op

filters are identical

2
inversely proportional to the Q2 Mpea
square of harmonic order _ 8.41 0
31.93 °F
c- The chosen parallel
ﬁ J resonance frequency
Method D - the reactive power of filters is 4
calculated on the base of the
shaping o of frequgncy § 3Oy, 5
characteristic of ~the filter Harmonic order
impedance
[2.92 * 100 4.852 * 1001‘[] Qr
J 1-2.92 1— 4.852 Cn] _ 2302
2.9% %4 48%2x4 |ICp 0
k 42 — 292 42 — 292 0
Method E - the reactive power of filters is
calculated on the base of the Qfy = QlF "
assumption that the reactors of (1-29%) (1,57 1mas52)

Method F (optimization) -
y=1-(1-¢)1—-¢;)

1.02p

-~ 1r
0.98}
0.97 T
0'%0 100 200 300 200 500
Qr [Var]

(see Annex Il - Table 111.13)

Table 3.19 Filter group parameters
Qr=-500[Var], ¢’ =85
nig =29 nip =4.85
Methods Cn Le1 Rin Zr13) Qn Cr Ls Rir | Zegs) Qn
[wF] | [mH] [€] [€] [Var] [wF] | [mH] | [Q] | [Q] [Var]
A 13.25 90.9 0.33 5.62 250 1440 | 29.9 | 011 | 2.77 250
B 16.58 72.6 0.26 4.49 312.90 | 10.77 | 40.00 | 0.14 | 3.71 187.09
C 19.52 61.7 0.22 3.81 368.31 758 | 56.8 | 0.20 | 5.27 131.68
D 18.62 64.7 0.23 4.00 351.2 857 | 50.2 | 0.18 | 4.66 148.80
E 19.94 60.4 0.22 3.73 376.22 713 | 604 |0.22| 5.61 123.77
F 16.05 75.0 0.27 4.64 302.79 | 11.36 | 379 | 0.14 | 3.52 197.20
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Figure 3.101  Obijective function characteristic of method F with reactive powers of other methods (Q(A-E))

Table 3.18 presents the formulas (Method A-C and E) and characteristics (methods D and
F) used to obtain the reactive power of individual filter. The parameters of the filter group for
each method (A-F) are presented in the Table 3.19 (the filter reactor resistances are computed
basing on the quality factor (85)).

On the objective function characteristic of method F (see Figure 3.101), the reactive powers

(Qf(a-g)) Of other methods are also presented. It can be seen that for method F, the filter f1 has
the lowest reactive power.

197.80 Hz 19995 Hz
193.75 Hz H
2800 ‘1

185,56 Hz
2600 1

183.60 Hz ¢
2400
2200 174.30 Hz

2000

mmm Method A Method C wess Method E

34 36 38 4 Mecthod B wesm Mcthod D s Method F
a ) . b) 2000
(a) 3000 n (b)
| ” 9
— 2000 I 2
= 25]
N 1000 6761 6762 6.763
L -2000, 500 1000 1500 2000 2500 3000
Harmonic order y Re (Zr)
.35\~ /7 20|
T 0.3 N\so AL \
ol 0.25 250 [Hz] \
A 2.8952.92.905 ol b\
2 -10
% 285 20 205 3|[% -20 =
: 85 2. 95 4.7 4.8 485 4.9 5 0 04 06 08

Figure 3.102 (a) impedance vs frequency characteristics for each method, (b) filter group impedance
characteristic in complex plan
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Figure 3.103  (a) grid voltage and (b) its spectrum, (c) voltage at the input of rectifier and (d) its spectrum, ()

first harmonic amplitude of grid and rectifier input voltage, (f) THD of grid and rectifier input
voltage

The comparison criteria of the computation methods of the filter group is based on the
frequency impedance characteristics, the amplitude of grid voltage and current harmonics and
filter power losses as well.

Figure 3.102(a) presents the impedance frequency characteristics of filter groups whose
parameters have been computed by the six methods. It can be observed that method A presents
the highest value of impedance for the 3" harmonic and the lowest value of impedance for the
5t harmonic. Focusing the comparison only on the 3 and 5™ harmonic filter group impedances,
it is difficult to choose which method of parameters computation is the best.

Considering the filtration of the components with order higher than 5™, method A is the
best because it can reduce more effectively the harmonics in a wide frequency range compering
with others methods.

Figure 3.102(b) presents the filter group impedance characteristics for each method on the
complex plan. The contact point of the characteristics with the horizontal axis represents the
resonance frequencies (145Hz and 242.5Hz).

The amplitude of the fundamental harmonic of grid voltage (Us) and rectifier input voltage
(Ur) have increased for each method after the filter group connection (Figure 3.103(e)).

The waveforms and spectrums of the grid voltage are shown in Figure 3.103 (a) and (b)
and those of input rectifier voltage in Figure 3.103(c) and (d). There is not considerable
difference on voltages waveforms for all methods. For each method, after the filter connection,
it can be observed in Figure 3.103(b) and (d) a reduction of harmonics amplitudes higher than

111




the 3@ and 5" (e.g. 7, 9™, 11"). Method A has the worse reduce the 3 harmonic and the best
reduce the 5™ harmonic of the grid voltage (Figure 3.103(b)). Methods C, D and E present the
lowest value of the third harmonic amplitude and method E the highest amplitude of 5%
harmonic (Figure 3.103(b) and (d)). Methods A and B present the lowest THD of grid voltage
(Figure 3.103()).

The filter group has improved the waveform of grid current (Figure 3.104(a)) reducing the
3" and 5" harmonic amplitudes (in the considered example). Methods C and E show a better
reduction of third harmonic grid current (Figure 3.104 (b)), then methods D and F and at the
end methods B and A. The 5 harmonic is the best reduced by method A and the worse reduced
by method C and E. The input rectifier current characteristics are presented in Figure 3.104(c)
and the spectrums, which are almost the same (for all methods) before and after the filter group
connection in Figure 3.104 (d).

One of the most important parameter in PHF design is the reactive power which is a
quantity depending of load. In this analysis the load reactive power measured at the PCC before
the filter group connection, is small (Qs = 9.4Var). The filter group reactive power should be
in the same scale as the load reactive power. The reactive power used to compute the filters
parameters was chosen to be almost 50 time higher (Qf = -500Var) than the load reactive power
to present the phenomena of overcompensation in power system.

The overcompensation has caused the increase of fundamental harmonic of the grid voltage
and current and voltage at the input of rectifier (Figure 3.103(e) and Figure 3.105(a)). It has
affected the filter group fundamental current but almost did not influence the input rectifier
fundamental current (Figure 3.105(a)). It has also increased the voltage at the DC side of diode
bridge (Figure 3.106(d)). The power system together with the filter group (from the PCC) has
turned to capacitive.

In practice, it exists the issue of the selection of filter with minimum reactive power. That
means the filter with ability to eliminate harmonics and with minimal reactive power that does
not overcompensate the load. In this paper, this issue is not taken into account.

The distortion of the PCC current has considerably decreased after the filters connection
and method A presents the lowest THD and then com method F (Figure 3.105(b). A non-
significant increase is observed on the input rectifier current THD.
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Figure 3.104  (a) grid current and (b) its spectrum, (c) current at the input of rectifier and (d) its spectrum, (e)

spectrum (p.u.) of rectifier input voltage
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Figure 3.105 (a) fundamental harmonic of grid current, filter current and current at the input of rectifier, (b)
THD of grid current and current at the input of rectifier, (c) filter group effectiveness, (d)
waveforms of filter group and (e) the spectrum

The filter group current waveforms with the spectrums are respectively presented in Figure
3.105(d) and (e). For all methods, the filter group is more loaded by the harmonics that it is
supposed to filter than the higher harmonics (Figure 3.105(f)).

Observing Figure 3.105(c), it can be seen that the filter group efficiency on the reduction
of 3" and 5" harmonics is below 35% for all methods because of the very low impedance of
the grid. The filter groups designed by method C, D and E are more effective for the 3™
harmonic and less effective for the 5" harmonic. Method A has a better efficiency for the 5%
harmonic than for the 3. The same interpretation can be formulated for the remaining methods
(Figure 3.105(c)).

Before the filter group connection, the phase shift between the fundament harmonic of
current and voltage at the PCC was positive (inductive). After the filter group connection
(because of the overcompensation) it has changed to negative (capacitive) and its module has
increased (Figure 3.106(c)). The DC side voltage is presented in Figure 3.106(d).

The power system impedance (Z) measured at the input of rectifier (see Figure 3.100) is
presented in Figure 3.107. The series and parallel resonances are observed around each
frequency to which the filter group is tuned. The series resonances have occurred because of
the filter group connection and the parallel resonances because of the parallel connection
between the filter group capacitors and the electrical grid reactor (Ls). The parallel resonances
caused by each filter in the group has occurred bellow the frequencies of 145Hz and 242.5Hz.

To determine which method (A-F) is the best, a set of criteria has been established in Table
3.20. Observing that table, it can be noticed different filtration efficiency and in general sense
it is difficult to indicate which method is the most effective because there is not big difference
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between the compared parameters.
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Figure 3.106  (a) PCC active and (b) reactive power, (c) phase shift between the grid fundament harmonic of
current and voltage, (d) voltage at the DC side of rectifier
Table 3.20 Comparison of the methods basing on the selected criterions
Comparison
crir'seria Method A | Method B | Method C | Method D | Method E Method F
Us(3) [V] 0.43 0.41
Us(s) [V] 0.47

(Ir/lr@) [%0]
(lr/lv) [%]
THDus[%]

13.33

1851 | 2222 | 1851 | 2592
0.51 0.51 0.51 0.51
0.660 0.6418 0.6687 0.5897

The blue area indicates which method is the best in comparison to other methods.

It has been noticed during the previous studies the influence of grid impedance on the
filtration efficiency (it concerns all the methods). In the case of method C (another case could
have chosen) for instance, 15% and 26.66% of the 3™ and 5" harmonic current respectively are
reduced by the filter group. This is due to fact that the 3" and 5" harmonic grid impedances are
higher than the 3@ and 5 harmonic filter group impedances as presented in Table 3.21 (problem
of the grid impedance dependency on the PHF efficiency).

Table 3.21 The 3 and 5" harmonic impedances of filter group (e.g. Zr@) are compared to those of grid
impedance (e.g. Zs@z)) when the line reactor Lss is not connected
Methods | Zs@) [Q] | Zre) [Q] | Zse) [Q | Zre) [€2]
A 6.41 2.69
B 4.85 3.53
C 3.99 4.87
D 0.77 4.22 115 4.36
E 3.89 5.15
F 5.05 3.37
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Figure 3.107  Frequency versus impedance characteristics measured at the input of rectifier bridge for all
methods

To solve that problem, a line reactor (Lss = 4.5 mH) is added between the PCC and the
filter group (see Figure 3.108). The spectrums of grid voltage and current (for method C) are
presented in Figure 3.109(a) and (b). It can be noticed that the harmonics (3 to 11™) as well as
THD of PCC voltage and current are better reduced after the line reactor connection. 60 % and
71.46 % of 3" and 5™ harmonic current respectively are reduced from the grid side.

@ Us| Cn= cp =

= S

Group of
single-tuned filter
Figure 3.108  Equivalent circuit of the simulated power system with additional line reactor Lss to improve the

filter group efficiency
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Grid voltage (a) and current (b) spectrums (e.g. method C)
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Chapter 4

Passive  harmonic  filters laboratory
Investigation

In chapter 3, different filtration properties and frequency characteristics of the PHFs have been
studied using simulation in MATLAB SIMULINK environment. This chapter is about the
laboratory investigation of the chosen structures of PHFs: single-tuned filters, group of single-
tuned filter, first-order filter (capacitor bank) and 2" order-filter.

Figure 4.1 presents the overview of the laboratory set up. The further part of this chapter
will concern the description of its elements (blocks in brown colour). The blocks without colour
will be considered later in chapter 5 and 6.

Electrical grid Load

(I — -

Passive harmonic Shunt active Hybrid active
filters ' power filter power filter

They will be investigated in chapter 5 and 6

Figure 4.1 General representation of the investigated laboratory set up

4.1 Laboratory model description

The laboratory model equivalent circuit with pictures of the components is presented in Figure
4.2. The technical and other data are presented in Annex IV.
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Measurements

PQ-Box 200
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Os1, 0s2,0s3 |
\/ |
PCC .U . I
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ST T R=205 Q] |
T | L =025 [mH) # |
N | RL=4 [mQ] |
o o
[ Pulse generator |
| G(Firing angle) [o] I
[ e
Figure 4.2 Block diagram of the non-linear load applied in the investigated laboratory model
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4.1.1 Load description

The designed laboratory nonlinear load is constituted of six pules thyrystor bridge with
input reactor at its AC side and resistance at the DC side (the total resistance of the DC load
side is up to 36.5 Q) (Figure 4.2). At the DC side of rectifier, the voltmeter and ampere-meter
are used for voltage and current average value measurement and the smart meter “PQ-Box 200”
[283] is used at the AC side to record the data (Figure 4.2).

The rectifier pulse generator can be control externally (by applying an external signal
controller e.g. analogue PI controller - Figure 4.3) or internally (it possess its own internal
control mode (potentiometer). The thyrystor bridge and its connection diagram are presented
respectively in Table IV.2 and Figure IV.1 (Annex V).

The goal of analogue PI controller board is to control the rectifier DC current (Ipc) by
injecting an external signal at the rectifier pulses generator input (Figure 4.2 and Figure 4.3). It
enables a control of the rectifier DC current in static and dynamic mode of operation.

The 10 kQ potentiometer (Pz) (Figure 4.3) is used to generate the reference signal ().
The step change of the reference current is performed by the switches “Sty1” or “Sty2”. The
transmittance of the PI controller (see Figure 4.3 — (1)) is expressed by (4.1) (C1 = 0.47 uF, Ry
= R2 =51 kQ, Rs = R4 = 250 kQ; Ui, Uz and Us are respectively the voltages at R1, R2 and R3
terminals).

U () = = (1 +72) [ U G0) + 2 U (j00) + 7 U () | (4.)

JwC1Ry

The saturation block in Figure 4.3 (Saturation set) is used to fix the limits of the Pl

controller output voltage.
The potentiometer (Correction to “zero”) in Figure 4.3 is used to correct the signal at the

output of PI controller (Uout), by making it start from zero (due to P1) and by changing its sign
to positive.

) DC side meters
(Unc, Inc)

= Vkrmm
<

ki
q
el

LI}
T,

_GELG
S Aaaas
CLECE

(For dynamic
change)

£
Ll
CCE]

Potentiometer [N
(reference signal)

Smart meter for data recorder
(PQ-Box 200)

Figure 4.4 Laboratory equipment with analogue PI controller (electronic board)
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The low-pass filter in Figure 4.3 is applied to mitigate the fluctuations contained in the
feedback signal (coming from the current sensor). Its transmittance is expressed by (4.2) (C. =
0.47 nF, Rs = 120 kQ, R7 = Rs = 250 kQ; Us and Ug are respectively the voltages at Rs and Rs
terminals).

U sn(io) = (Tame) [ Us Go) + 2 Us )] (4.2)

In the power electrical system, there are different types of sensors (or methods) used to
measure and rescaling the current size. The sensor applied at the rectifier DC side (see Figure
4.3 - brown dark color) to reduce the current level (e.g. from 25 A to 25 mA) is type EL25P1
(see technical data in Annex IV, Figure IV.2).

The analogue PI controller equivalent circuit of Figure 4.3 has been physically realized
(see the electronic boards of Figure 4.2) and tested in the laboratory (Figure 4.4). The result
examples (grid voltage and current waveforms) are respectively shown in Figure 4.5. The step
change of AC and DC current are performed by changing the position of switches “Sty1” and
“Sty2”.

= fs1 e Ys2mm Us3 - /5] e sz e s
= s o [s2 = g3 - 51 o [s2 - sy

Us [V]
Us V]

Is [A]
T
Is[A]

)
g & I

Us [V]

Is[A]

<
)
2

Figure 4.5 Waveform examples of the grid voltage (a) and current (b); (c) RMS voltage and current
4.1.2 Electrical grid description

The electrical grid feeding the laboratory in which the experimental studies were performed is
presented by the equivalent circuit of Figure 4.6(a). The medium voltage system and
transformer parameters are respectively presented in Table V.3 and Table 1V.4 of Annex IV.

The electrical network equivalent parameters (impedance, short circuit current and power)
are presented in Figure 4.6(b) (See also Table IV.5 in Annex V).

The electrical grid voltage (without the considered load) feeding the laboratory is
symmetrical (the negative sequence represents 0.12% of the positive sequence) but not pure
sinusoidal (Figure 4.7(a)) because of other connected non-linear loads. Its spectrum, limited on
one phase as example (Figure 4.7(b)), shows that the dominated harmonics are the 5" (around
2%) and then comes the 3" (more than 1%) and at the end the 7™ (almost 1 %). According to
the IEC61000-2-4 standard, its THD and harmonics amplitude are acceptable (Figure 4.7(b)).
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4.2 Load parameters analysis when connected to the PCC

With the load connected at the PCC as presented in Figure 4.2, the laboratory model
parameters has been analyzed by increasing the DC voltage from 0 V to 525 V (decreasing the
thyristor bridge firing angle). The smart meter “PQ-Box 200” (AC side) and volt-meter (DC
side) were used for data recording.

The PQ-Box scope data (10 periods) were analyzed through MATLAB tools by the means
of Fast Fourier Transformer (FFT) function and the power system parameters (characteristics)
such as harmonics, active and reactive power (fundamental harmonic) and displacement power
factor (DPF) were obtained.

The firing angle used in some characteristics (e.g. Figure 4.10) has been estimated from
the measured Upc voltage by basing on the formulas (4.3) and (4.4) (the thyristors commutation
is not considered and the rectifier DC side load is purely resistive) [188, 203, 250].

0 ( Upc ) for
= acoS |\ — T
1'35UL—L 0 < 0 < ;

o (( Upc > 1> T for
= acCos —_— | — _ = T 2T

For 2 < 0 < m, Upc = 0 [203])

UL is the line to line voltage and Upc is the average voltage at the rectifier DC side

122

continuous DC voltage and current
(4.3)

discontinuous DC voltage and current
(4.4




600

Ubc [V

0 ) i ] ) i J 0
02 0205 021 0215 022 0225 023 02 0205 021 0215 022 0225 023
Time [s] Time [s]

z
1 101
=1 st
0 . ; . . g 0
0.2 0.205 0.21 0.215 0.22 0.225 0.23 0.2 0.205 0.21 0.215 0.22 0.225 0.23
Time [s] Time [s]
| (a) Continuous DC voltage and current | | (b) Discontinuous DC voltage and current |
Figure 4.8 Voltage and current at the rectifier DC side for different firing angle: (a) continuous mode (6 =
30°); (b) discontinuous mode (0 = 60°) (simulation — see Annex IV, Figure 1V.3)
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Figure 4.9 PCC phase voltage and current for different value of DC voltage (firing angle as well): (a) Upc =

20 V; (b) Upc =70 V; (c) Upc =360 V and (d) Upc =525 V (measured)

The laboratory model (Figure 4.2) described above has been simulated in
MATLAB/SIMULINK (see Annex IV, Figure 1V.3) and in the further part of this work, the
results from the laboratory as well as from the simulation are presented and compared.

The measured PCC voltage and current waveform examples (form the “PQ-Box 200”) are
presented in Figure 4.9(a) - (d).

A comparison between characteristics obtained from the laboratory model and those
obtained from the simulation are presented in Figure 4.10 to 4.13.

Figure 4.10(a)(b) represents the voltage and current (fundamental harmonic) versus
rectifier firing angle and Figure 4.10(c)(d) represents the voltage and current (fundamental
harmonic) versus rectifier DC voltage. A difference can be observed between the simulated grid
voltage and the laboratory grid voltage, because in the case of simulation, other devices (apart
the rectifier) are not connected to the electrical grid whereas in the case of laboratory other
devices are connected and the grid is working continuously.

The voltage characteristics from the laboratory data (Figure 4.11(a) and (c)) are different
to those from the simulation data (Figure 4.11(b) and (d)) because, before the rectifier
connection, the laboratory PCC voltage contained already the 5" harmonic (see spectrum of

123



Figure 4.7(b)). The same phenomenon is observed for the 7™ harmonic (see Figure 4.11(e) —

().

Laboratory (three-phase) Simulation (One-phase) Laboratory (three-phase) Simulation (One-phase)
Isi Is2 Is3 Is1 Is2 Is3
Usi Us2 = Uss ) Usz ™ Us
230 230
o i~ st A - T
z = A AMAA &
= 226 = AWA'M Al =
z 7‘ g : N\I\J\.VW“ i ;
4 S SN 3
10 6( 0 0 100 200 300 00 500 "
1 00 4
0[deg] Unc [V] Unc[V]
3 15 -
i =) _ ns| £ =
] -« — 10F | 5308 / =
= = = 2 =
7 g = B
= = Z /ﬂ <
20 an 60 [T 100 100 200 300 400 i i
9\11.-.‘11,-1.%-. %] 0[deg] Unc [V] Unc[V]
(a) (b) (c) (d)

Figure 4.10 Comparison between laboratory and simulated characteristics: (a)(b) PCC voltage and current
fundamental harmonic vs rectifier firing angle; (c)(d) PCC voltage and current fundamental
harmonic vs rectifier DC voltage
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Figure 4.11 Comparison between laboratory and simulated characteristics: PCC voltage and current 5
harmonic vs rectifier firing angle (a)(b) and vs rectifier DC (c)(d); PCC voltage and current 7%
harmonic vs rectifier firing angle (e)(f) and vs rectifier DC (g)(h)

The PCC active and reactive powers (fundamental harmonic) versus rectifier firing angle
and versus rectifier DC voltage are shown in Figure 4.12(a) (laboratory) and Figure 4.12(b)
(simulation). The active power decreases with the firing angle increase and increases with Upc
increase (Figure 4.12(a)). The reactive power characteristic achieves its maximum for 6 equals
to 50.23° for Upc equal to 345.6 V (Figure 4.12(a)).

The spectrums in Figure 4.13 present the grid voltage and current harmonics for different
values of rectifier firing angle and DC voltage. Owing to the fact that the power system of the
designed laboratory model is symmetrical, the results are focussed one one-phase only (see
waveforms of Figure 4.13).

Concerning the grid voltage fundamental harmonic, its amplitude has slightly decreased
with Upc increase (e.g. from 226.97 V (Upc = 50 V) to 226.13 V (Upc = 525 V)). The 5™
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harmonic has the highest amplitude for Upc equal to 250 V and the 7" harmonic for Upc to
350V (Figure 4.13).

Apart the 3 and 9™, there are other non-characteristic harmonics present in the PCC
voltage and current spectrums (see Figure 4.14). Looking at the spectrum of Figure 4.14, it is
noticed that with the harmonic order increase, some of the non-characteristic harmonics have
higher amplitude than the amplitude of characteristic harmonics.
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Figure 4.12 Fundamental harmonic PCC active and reactive powers vs firing angle and vs Upc: (a) laboratory
data; (b) simulated data
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Figure 4.13 Grid voltage and current parameters measured from the laboratory model. The example of
waveforms are for the Upc equal to 250 V
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Figure 4.14 Example of grid current spectrum for Ucp = 250 V (the red manganese colour represents the
characteristic harmonics)

4.3 Design of single-tuned filters

In this chapter, two single-tune filters are designed and tested in the laboratory. The first filter
is for the 5™ harmonic mitigation (the lowest load generated characteristic harmonic after the
fundamental) and the second filter is used for the 7™ harmonic mitigation from the grid side.
The experimental studies are about the factors having influence on the filter filtration efficiency.

4.3.1 Single-tuned filter parameters computation

As presented in Figure 4.12(a), the highest load reactive and active power (one phase) are
respectively around 1208 Var (inductive) and 2686 W. The filter used to mitigate the grid
current 5 harmonic order is tuned to the frequency (fre = 245 Hz, nre = 4.9) a bit lower than the
frequency of 250 Hz and its parameters (Lt = 7.3 mH, Cs = 19.2 uF — see “Parameters from
producer” in Table 4.1, Table 4.2 and Annex IV - Figure 1V.4 and Figure V.7 for technical
data) are calculated using the expressions of Table 3.2 (see chapter 3) with the chosen reactive
power value of 966.6 Var (one phase). The reactive power value has been chosen to investigate
in the laboratory the non-compensation, compensation and over-compensation mode of the
power system after the rectifier firing angle change).

The detuning of the 5 order harmonic single-tuned filter is performed by increasing and
decreasing (by +5% and +10%) the reactor inductance Lt and the following values are obtained:
8.03 mH, 7.665 mH, 6.935 mH and 6.57 mH. The designed filter reactor for that purpose is
made with many terminals (see the “Parameters from producer” of Table 4.1 and the technical
data of Annex IV - Figure IV.4).

The 7™ order harmonic filter parameters (Lt = 7.3 mH, Cr = 9.6 uF) are presented in the
“Parameters from produce” of Table 4.1, Table 4.2. It is tuned to the frequency a bit lower than
the frequency of 350 Hz (fre = 347.5 Hz) with the capacitor reactive power of 482.54 Var (one-
phase). Its parameters are computed using the expressions of Table 3.2 (see chapter 3). The
technical data are shown in Annex IV - Figure IV.6 and Figure 1V.8.
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4.3.2  Verification of PHFs reactors and capacitors parameters in the
laboratory

The ractor and capacitor tolerance (from the producer) have an influence on the filter filtration
efficiency and the experiments to verify the real PHFs reactors and capacitors parameters are
necessary.

After receiving the reactors and capacitors from the producer, their parameters have been
verified in the laboratory using the ammeter-voltmeter-wattmeter method (this method is very
common and can be used in any condition in the industries, see Figure 4.15(b)). The equations
(4.5) and (4.6) were used for the computation.

It can be noticed in Table 4.1 and Table 4.2 that the measured parameters are little different
from the producer parameters, but are within the producer tolerances which are + 10% for the
reactors and -5% to 10% for the capacitor (see Annex IV - Figure 1V.4, Figure IV.7 and Figure
1V.8).

In the case of reactor with many terminals (Table 4.1), it can be seen that the measured
parameters do respect the tolerance.

Autotransformer

0-+250V Reactor Capacitor

ks

(E)Z_R% (4.5) (%)Z_Rz’ (4.6)

Autotransformer
L T \

(b)
Figure 4.15 (a) equivalent circuit in which the PHFs capacitors and reactors parameters were verified, (b)
laboratory model. The reactor with six terminals is connected
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Table 4.1 Reactors parameters

Reactor with six terminals (5™ harmonic filter).

Parameters from producer
. Measured parameters
(nominal)
L [mH] ULV] [ITA] | P[W] | RL[Q] | L[mH] | Zy [2]
8.03 1319 | 5 7.5 0.3 8.34 2.638
7.7 1267 | 5 7.5 0.3 8.00 2.534
7.3 1217 | 5 7.5 0.3 7.68 2.434
7 1165 | 5 7.5 0.3 7.35 2.33
6.6 11.08 | 5 7.5 0.3 6.98 2.216
Reactor for the 7" harmonic filter.
Parameters frpm producer Measured parameters
(nominal)
L [mH] UIV] [ITAT|PIW] | R[Q] | LImH] | Zy [Q]
7.3 1208 | 5 7.5 0.3 7.63 2.41
Table 4.2 Capacitors parameters
5™ harmonic filter capacitor.
Parameters from producer
(nominal) Measured parameters
Ci [pF] ULVI | I[A] |P[W] | Ra[Q] | Ci[pF]
19.2 241 2.2 0 0 19.4
7™ harmonic filter capacitor
-
Parameters frpm producer Measured parameters
(nominal)
Ca [pF] ULVl | I[A] [P[W] | Rea[Q] |Cy [puF]
9.6 215.1 1 0 0 9.87
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Figure 4.16 presents the equivalent electrical circuit used to measure the PHFs impedance
versus frequency characteristics and Table 4.3 presents the resonance frequencies comparison.
The frequencies obtained from the producer data are compared to the frequencies obtained from
the computed data of Table 4.1 and Table 4.2 and to the frequencies measured from the
electrical circuit of Figure 4.16. The measured and computed resonance frequencies are almost
the same for the 5™ harmonic filter (Table 4.3). The tolerance of the PHFs elements (capacitors
and reactors) have an influence on the expected resonance frequency (e.g. 245 Hz, Table 4.3).

Passive filter

______ L
Voltage source | :
@=10V) | @ T
with I AL :
variable frequency @ —3 ! P B |
L7 S O -
)
PQBox
200 A2

Programmable AC Source

(Chroma)
Figure 4.16 Equivalent electrical circuit used to measure the filters impedance versus frequency characteristics
Table 4.3 Comparison of single-tuned filters resonance frequencies: the frequencies from producer data are

compared to the frequencies obtained from Table 4.1 and Table 4.2 and to the frequencies obtained
from the electrical circuit of Figure 4.16

5™ harmonic filter
Frequencies from producer Computed frequencies Measured frequencies
(nominal) (from Table 4.1 and Table 4.2) (Figure 4.16)
Nre fre [HZ] Nre fre [HZ] Nre fre [HZ]
4.68 234 4,57 228.5 4.57 228.5
4.78 239 4.66 233 4.67 2335
4.9 245 4.76 238 4.77 238.5
5.012 250.6 4.86 243 4.89 244.5
5.16 258 4.99 249.5 5.04 252
7™ harmonic filter
6.94 | 347 ] 6.69 | 334.5 | 678 | 339
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4.3.3 Laboratory results of the 5" harmonic single-tuned filter
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Figure 4.17 Equivalent circuit of laboratory model with 5" harmonic single-tuned filter (measured filter

parameters)
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Figure 4.18 5™ harmonic filter impedance versus frequency characteristics: (a) expected characteristic from
simulation and (b) characteristic measured in the laboratory (see Figure 4.16)

The equivalent circuit of the laboratory model in which the 5™ harmonic filter was designed
is presented in Figure 4.17 and the filter impedance versus frequency of the simulated
characteristic and the laboratory measured characteristic are respectively presented in Figure
4.18(a) and (b). Concerning the characteristic in Figure 4.18(b), the recorded dada have been
obtained after each 50 Hz, but around the resonance frequency the interval of 10 Hz enven less
were used (Chroma). The parameters in Figure 4.17 are computed basing on the measured
parameters of Table 4.1 and Table 4.2.

The power system fundamental harmonic active and reactive powers as well as the grid
current THD for different firing angles are presented in Table 4.4. It can be noticed in Table
4.4 that the grid voltage presents the highest THD for Upc equal to 350 V and the grid current

e
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presents the lowest THD for Upc equal to 525 V. For Upc from 0 to around 220V and between
470V and 525V the power system is overcompensated (see Qsi1) - Table 4.4). A partial
compensation is observed between 250V and 450V (Ubc).

Table 4.4 Power system parameters measured in the laboratory for different rectifier firing angles (the 5"
harmonic filter is connected)

Ubc 0 THDus:1 | THDis1 | THDim: DPE Psi Pri) Qs1) Qn Qriw
[V] | [deg] [%] [%] [%] (W] (W] [Var] [Var] [Var]
50 95.23 2.06 100.32 57.37 0.07 52.52 1256 | -757.17 | -993.82 | 243.05
150 | 76.31 2.12 156.09 64.40 0.84 381.72 13.82 | -242.01 | -987.57 | 749.65
250 | 26.54 2.20 65.46 60.62 0.99 824.40 17.38 61.79 | -983.80 | 1048.1
350 | 33.57 2.24 51.33 43.63 0.98 1396.3 19.39 233.94 | -989.89 | 12254

450 | 33.57 2.06 55.62 35.14 0.99 2105.7 22.15 49,58 | -989.38 | 1040.3
525 | 13.54 1.81 36.57 29.24 0.94 2680.2 24.60 | -883.24 | -975.21 95.52
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Figure 4.19 Grid voltage and current waveforms and spectrums (with the filter connected)

The grid voltage and current waveforms together with spectrums after the 5™ harmonic
filter connection are shown in Figure 4.19. The waveforms and spectrums of the rectifier input
current and the filter current are presented in Figure 4.20. Comparing Figure 4.19 to Figure 4.13
it can be noticed that the grid voltage 5" harmonic amplitude has decreased after the filter
connection (see also Figure 4.21(b)). The grid voltage waveform is improved after the filter
connection (Figure 4.21(a)).

The grid voltage 7™ harmonic amplitude before and after the filter connection is presented
in Figure 4.21(c). For certain firing angles (e.g 95.23°) the 7™ harmonic amplitude is reduced at
the grid side after the filter connection and for others (e.g 76.31°), it is amplified.

The grid current spectrum in Figure 4.19 shows that the lowest amplitude of 5" harmonic
is obtained for Upc equal to 250V (when the filter reactive power 966.6 Var is around the
thyristor bridge reactive power 1048.1Var and the firing angle around 62.54°). Despite the filter
presence in power system, the PCC current presents higher THD than the input rectifier current
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(see Table 4.4) because of the fundamental harmonic reduction (reactive power compensation)
and 5™ harmonics amplification (comparing the spectrums of Is; in Figure 4.19 to the one of It
in Figure 4.20). The filter current is more charged by the 5™ harmonic than the other harmonics
(see spectrum of It1in Figure 4.20).

The filter efficiency for the harmonics from the 1 to the 23" is presented in Figure 4.22(a).
The amplification of some harmonics can be observed (values higher the 100% of the input
rectifier current). The grid current fundament harmonic is amplified (Upc equal to 50V and
525V) because of the overcompensation.
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Figure 4.20 Input rectifier current with its spectrum and filter current with the spectrum
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For Upc equal to 250V (8 = 62.54°), the single-tuned filter efficiency on the grid current
5t harmonic mitigation is around 80.74% (see Figure 4.22(a) - only 19.26 % of 5" harmonic
current generated by the load has flowed to the electrical grid). The filter efficiency varies with
the rectifier firing angle.

In Figure 4.22(b), the 5" harmonic amplitude of the input rectifier current is compared to
the 5™ harmonic amplitude of the grid current for different firing angle. It can be noticed that
for 0 equal to 95.23°, 33.57° and 13.54°, the 5" harmonic amplitude in the grid side current is
higher than the 5" harmonic amplitude in the load side current (Figure 4.22(b)). For 8 equal to
76.31°, 62.54° and 59.62° the 5™ harmonic amplitude in the grid side current is smaller than the
5% harmonic amplitude in the load side current.

For any value of thyristor bright firing angle, the filter should be able to mitigate the grid
current 5" harmonic amplitude. In the further part of the theses, some experiments are
performed to clarify the 5" harmonic current amplitude amplification (Figure 4.22(b)) at the
grid side.
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Figure 4.22 (a) 5™ harmonic single-tuned filter efficiency, (b) the 5™ harmonic current amplitude generated by
the load (It) is compared to the 5™ harmonic current amplitude at the grid side for different firing

angle

4.3.3.1 Experiments with the programmable AC voltage source (Chroma)
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Figure 4.23 Voltages measured at the programmable AC voltage source (Chroma) with no load connected: (a)
voltage with harmonics, (b) voltage without harmonics (with the load connected)
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Laboratory model (load plus filter) is disconnected from the electrical grid and is supplyed by
the programmable AC voltage source named Chroma (Figure 4.16 [284]) with the cable of 0.11
Q and inductance of 63.69 uH. Two experiments are carried out: Chroma voltage source with
harmonics (5", 7", 11" and 13" - Figure 4.23(a)) and without harmonics (Figure 4.23(b)). The
amplitudes of harmonics in Figure 4.23(a) have been chosen a bit higher than those in the
electrical grid (when the laboratory model was not connected) to make the experiments more
Clear.
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Figure 4.24 (a) PCC voltage waveform with (b) its spectrum, (c) voltage source input current with (d)

its spectrum (with the load connected)
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spectrum (d) (with the load connected)

The waveforms and spectrums of voltage and current at the Chroma input are presented in
Figure 4.24 (voltage source with harmonics) and in Figure 4.25 (voltage source without

e
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harmonics). In the case of the voltage source with harmonics (Figure 4.24(d)), the current 5%
harmonic amplitude is the smallest for Upc equal to 250V (6 = 62.54°) as in the case of grid
current spectrum of Figure 4.19.
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Figure 4.26 (@) rectifier input current waveform with (b) its spectrum, (c) filter current waveform with
(d) its spectrum
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Figure 4.27 (@) rectifier input current waveform with (b) its spectrum, (c) filter current waveform with
(d) its spectrum
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The comparing Figure 4.24(b) to Figure 4.25(b), it can be observed that the programmable
voltage source with harmonics presents the highest voltage harmonics amplitudes at its
terminals.

The amplitudes of 5™ harmonic current at the input of the voltage source with harmonic is
higher in Figure 4.24(d) than in Figure 4.25(d) (voltage source without harmonic). At the input
of the voltage source without harmonics, there is a part of non-filtred 5, whereas at the input
of the voltage source with harmonics, there is a part of non-filterd 5" harmonic plus the part of
51 harmonic flowing from the voltage source.

The load (I1) and filter (If) current waveforms and spectrums are respectively presented in
Figure 4.26 and Figure 4.27. Comparing the both figure it can be see that when Chroma is with
or without harmonics, the rectifier input current spectrum in almost the same (see Figure 4.26(b)
and Figure 4.27(b)).

Figure 4.26(d) compared to Figure 4.27(d) presents the highest current amplitude of the
5t 7t 11" and 13" harmonics, because the current harmonics generated by the voltage source
flows through the filter.

On the base of the measurements performed during the experiments, it can be concluded
that the single-tuned filter has more absorbed 5™ harmonic current from the grid side than from
the load side, whence the amplification of that harmonic at the grid side.
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Figure 4.28 Comparison between the 5" harmonic current amplitude generated by the load (I7) and the 5%
harmonic current amplitude at the Chroma side: (a) the Chroma voltage source contains
harmonics, (b) the Chroma voltage source do not contains harmonics (pure sinusoidal)

In Figure 4.28, the amplitude of 5" harmonic current measured at the thyristor bridge input
(IT1s) is compared to the amplitude of 5™ harmonic measured at the voltage source input
(Iszchromays))- In the case of the voltage source with harmonics (see Figure 4.28(a)) the
amplification of the current 5" harmonic amplitude (at the voltage source input) is due to the
fact that the voltage source is the source of 5" harmonic current which flows to the single-tuned
filter. In the case of the voltage source without harmonics (see Figure 4.28(b)) the 5" harmonic
is not amplified but is partially mitigated (at the Chroma input) due to the filter 5" harmonic
impedance (Zfs)= 1.16 Q - Figure 4.17) which is almost 8 times higher than the Chroma cable
51 harmonic impedance (Zcaies) = 0.148 Q).

The influence of the distorted electrical grid voltage as well as the grid impedance on the
filter efficieny were examined. The next chapter will concern the influence of the electrical grid
impedance (Zs) on the single-tuned filter efficiency.

4.3.3.2 Increase of electrical grid inductance

It has been decided to use the line reactor as solution to mitigate the current harmonics
amplitude caused by the distorted electrical grid volataye and to increase the electrical grid 5%
harmonic impedance (which is (Zss) = 49.5 mQ - Figure 4.6(b)) around 23.43 times smaller
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than the filter 5 harmonic impedance (Zss) = 1160 mQ)). The line reactor parameters are
presented in Table 4.5 and Figure 4.29 presents the laboratory model equivalent circuit.

Table 4.6 presents the active and reactive power as well as the DPF measured at the PCC
for different rectifier firing angle.

With the increase of grid inductance (Lss), the PCC voltage is more distorted by
commutation notches and the harmonics amplitudes have increased (comparing the voltage
waveforms and spectrums of Figure 4.30 to those of Figure 4.13 when the line reactor is not
connected). The grid current waveforms and spectrums are presented in Figure 4.30 and there
is not big change in harmonics amplitudes when compared to the case without Lss of Figure
4.13.

Electrical grid Line reactor

=== =1 r--==--=-n1
I I 1 1
|| Rs Ls ] : R1SS Lss : PCC Is
O ——— T ° >
| | | |
I ! : |
L - - - .| I | IUS
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Ls =3146[UH] Lss =294 [mH]
Zsmy=10  [m&Q] Ziss(h=940 [mQ]

[Zs6)= 495 [mQ]] [Zisse) = 4.62 [Q]]
1 J

[ Zss) + Zisss) = 4.671Q1]

Figure 4.29 Equivalent circuit of laboratory model with line reactor

Table 4.5 Line reactor parameters (Lss)

Parameter from producer

Lss [mH] UV] [ I1[A]| P[W] | Russ[€Q] | Lss[mH] | Zissq) [©]
2.5 474 5 5 0.2 2.94 0.94
Table 4.6 Parameters of fundamental harmonic active and reactive powers as well as DPF for different rectifier
firing angle

Upc 0 Psiw) Qs1(1) DPE
[V] [deg] (W] [Var]

50 95.23 73.13 269.02 0.26
150 76.31 387.71 743.75 0.46
250 26.54 805.26 1079 0.59
350 33.57 1371.8 1214.3 0.74
450 33.57 2091.1 995.88 0.90
525 13.54 2605.4 340.86 0.99
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Figure 4.30  Grid voltage and current waveforms and spectrums (with Lss)
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Figure 4.31 Comparison between the PCC voltage (a) and current (b) THD before and after the line reactor

connection

The comparison between the PCC voltage and current THD as well as fundamental
harmonic amplitude before and after the line reactor connection is presented in Figure 4.31 and
Figure 4.32 respectively. The THD of the grid voltage has increased (Figure 4.31(a)), whereas
its fundamental harmonic has decreased (Figure 4.32(a)) after the line reactor connection. The
grid current THD has decreased (the line reactor has worked as a filter) (Figure 4.31(b)) and
the fundamental harmonic is almost the same (Figure 4.32(b)) with the line reactor presence.

It has been theoretically demonstrated in chapter 2 that the depth of voltage commutation
notches is more accented with the line reactor inductance increased. The laboratory
measurements of Figure 4.33 shows that the higher is the line reactor inductance, the more dip
are the voltage commutation notches (Ut). The voltage waveform at the PCC (Us) is less
distorted than the one at the rectifier input (Ut) (Figure 4.33).
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Figure 4.32 Comparison between the PCC voltage (a) and current (b) fundamental harmonic before and after
the line reactor connection
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Figure 4.33  Voltage waveforms at different point of laboratory model

4.3.3.3 Analysis of the 5" harmonic single-tuned filter efficiency after electrical
grid inductance increase
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Figure 4.34 Laboratory model
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Figure 4.35 Laboratory equivalent circuit with filter and line reactor

The laboratory model is shown in Figure 4.34 and its equivalent circuit in Figure 4.35. The 5%
harmonic grid impedance is around 4 times higher than filter impedance of the 5™ harmonic
(Figure 4.35). At the PCC, the grid inductance is almost 93.33 times higher than before the line
reactor connection.

The parameters of Table 4.7 have been registered by increasing (with the filter connected) the
rectifier DC voltage from 0 to 525V. The grid reactive power (Qs) compensation is well performed
for Ubc equal to 250V (Table 4.7).

The PCC voltage waveforms and spectrum are presented Figure 4.36. Compared to the case
without line reactor Lss (see voltage spectrums in Figure 4.19), the voltage spectrum of Figure 4.36
presents the highest amplitude of 7, 11, 13" 17% 19" 23" (see also Figure 4.33) and higher
harmonics (because of the commutation notches depth increase) as well as the best reduction of 5
harmonic amplitude.

The grid current waveforms and spectrum are constituted by Figure 4.36 (the lowest value of
5" harmonic amplitude is obtained when thyristor bridge firing angle is set to 62.54° (Upc =250V).
Comparing the grid current spectrum in Figure 4.36 to the one in Figure 4.30 (grid with line
reactor without filter), it can be observed that the 5" harmonic amplitude has considerably
decrease after the filter connection.

Table 4.7 Power system parameters measured in the laboratory for different rectifier firing angles

Ubc 0 THDuys: | THDis1 | THDm: DPE Psi) Qs1(y) P Qn) Qriw)
[V] | [deg] [%] [%] [%] (W] [var] | [W] | [Var] [Var]
50 95.23 4.56 38.47 131.95 | 0.08 63.80 -743.27 | 13.31 | -1022.6 | 283.91
150 | 76.31 6.72 77.46 85.33 0.82 39458 | -267.73 | 16.28 | -1003.9 | 738.73

250 | 26.54 8.19 38.79 58.51 0.99 818.29 84.54 17.53 | -992.40 | 1078.0

350 | 33.57 8.52 25.39 43.78 0.98 1370 244,61 | 18.62 | -978.77 | 12235

450 | 33.57 9.10 19.77 34.74 0.99 2082.2 56.72 21.24 | -972.86 | 1029.9

525 | 1354 4.95 12.18 26.61 0.96 2668.1 | -750.06 | 23.44 | -982.17 | 235.02

Figure 4.37 presents the waveforms and spectrums of filter current and input rectifier current.
On the top of that figure, an example of the measured current complex form is presented.

With the increase of grid inductance and for any DC rectifier voltage (Figure 4.38(a)), the
filter is more efficient (when compared to the case without filter) on the 5" and higher
harmonics reduction (values below 100% - Figure 4.38(a)). The amplification of the 3
harmonic (grid side) observed in Figure 4.38(a) is due to its presence near the parallel reconance
frequency occurring between the filter capacitor and the grid inductance.

The comparison between the 5 harmonic generated by the load (I+(s)) and the one flowing
to the electrical grid (Iss)) is presented in Figure 4.38(b). For any firing angle, there is none grid
side 5™ harmonic amplification (see Figure 4.22(b)). The line reactor has increased the filter
efficiency (0 = 62.54°) on the 5™ harmonic mitigation from 80.74 % (without Lss) to 95 % (with
Lss).
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Figure 4.36  Waveforms and spectrums of grid current and voltage

Isin=3.61ej24420=-1.57-3.25
Ity = 5995]19786 =.5.70 -_|183 sy = It + Fu
I = 4.36¢ 1887 = 4.12 - 1.41

<_,.

{UD(—SO V] - {UDC 250[V] {Um: 450 [V]
8 =9523 B =62.54° 0 =3357

{UDC 150[V] s {UDC 350[V] o {Unc= 525 [V]

8 =7631° 0 =49.62° 9 =13.54° ‘ || ||
B s | | !,,.li |I||,||I|..|..,..|.

Ok

-w-a-v-a-v-a-w-aw—‘w-aw-hv-aw—‘
- E 5 * |
_ZP | i | I ) L 0 |l|‘l. P I e —

520 1525 153 1535 154 1345 155 —— T T T T T e T o

I3 5 7 9 11 13 17 19 23
Time [s] Harmonic order

13

It [A]
I [A]

IF

(=]

wn

4 Ohvdw—'w—'-v;—ﬂ-vd—wwawd
305 7 9 1113 1719 23
- 3
= Vb
g 2
1
I I I I I I 0
152 1525 153 1535 154 1545 135 e S e e e o e e e
13 5 7 9 11 13 17 19 23
Time [s] Harmonic order

Figure 4.37 Waveforms and spectrums of input rectifier current (I11) and filter current (1)
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Figure 4.39 Grid voltage and current spectrum: the case without the filter is compare to the case with filter
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Figure 440  THD of grid voltage (a) and current (a) for different Upc: the case without the filter is compare to
the case with filter

A comparison of grid voltage and current spectrum and THD before and after the filter
connection (with the line-rector) is considered in Figure 4.39 and in Figure 4.40. For almost all
rectifier firing angle, the grid current and voltage THD have decreased after the filter connection
Figure 4.40(a)(b).

The power system impedance frequency characteristic seen from the load input (from the
simulated model) is presented in Figure 4.41 and it can be observed that the series (filter
resonance) and parallel resonances (between the grid inductance and the filter) appears bellow
the 5™ harmonic frequency. Figure 4.41 and the results presented in this chapter show that the
5™ harmonic filter was well designed.
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Figure 4.41 also shows that if the filter is tuned to the frequency above the 5" harmonic
frequency, this harmonic (5") will be under the parallel resonance zone and can be amplified at
the electrical grid side.

In the further part of this work, it is presented the case study in which the single-tuned filter
is tune to the resonance frequencies very below the 5™ harmonic frequency (e.g. 228.5 Hz which
is 8.6 % below 250 Hz) as well as the case study in which the single-tuned filter tuned to the
frequency above the 5™ harmonic frequency (e.g. 334.5 Hz which is 33.6 % above 250 Hz).
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Figure 4.41 Impedance versus frequency characteristic observed at the rectifier input (from the simulated
model)

4.3.3.4 Detuning of 5™ harmonic single-tuned filter

The detuning of single-tuned filter is performed by increasing or decreasing its resonance
frequency in the goal to observe its behaviour regarding the harmonic to be eliminated and
higher order harmonics as well.

It has been theoretically demonstrated (chapter 3) that the single filter efficiency is reduced
on the mitigation of harmonic to be eliminated (e.g. 5") when its resonance frequency is lower
and fare from the frequency of that harmonic and that the amplification of 5" harmonic
amplitude can occur when the filter is tuned to the frequency higher than the 5" harmonic
frequency because of the parallel resonance.

The single-tuned filter presented in Figure 4.42 (laboratory model) is tuned for the
investigation on the frequencies lower than the frequency of the 5" harmonic (measured
paramters - Figure 4.43(b)).
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Figure 4.43 presents the filter impedance versus frequency characteristics obtained from
the simulation (Figure 4.43(a) - expected characteristics based on the manufacture parameters)
and measured in the laboratory Figure 4.43(b). The different observed between data and
characteristics in the both figures is due to the filter parameters tolerance.

Electrical grid i g " Do . Load
- Blectrical grid _ Line reactor . . . N .

PCE | Ipc
Riss Lss

:_ ________ J" TUS

I
Firing angle (0)
\ ____________ -
Parameters from producer Measured parameters
{Lr‘(ﬂo%) =8.03 [mH] {Lr‘uxjo%) =8.34[mH] :—_E ‘
HNre =4.68 Nre =4.57 Rir =03 [Q]
Li+s%) =7.7 [mH] {Lll—r4.l(>%)= 8.00 [mH] Crp =582 [IF]
nre =478 nre =4.66 8,03 [mH]
{u -73 [mH] L ~7.68 [mH] I ;; {Iﬁii?
Nre =4.9 Nre =4.76 57l ;«:n }:Eu{
{Ln-s%) =7.0 [mH] {LI'(-4,3%) —7.35 [mH]
nre =5.012 nre =4.86
Li-10%) = 6.6 [mH] Li-9.11%) =6.98 [mH]
nre =5.16 nre =4.99

Figure 4.42 Power system equivalent circuit with filter reactor parameters
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Figure 4.43 Filter impedance versus frequency characteristics: (a) expected characteristics from simulation
and (b) characteristics measured in the laboratory

The following laboratory data are recorded by taking as example the rectifier DC voltage
(Upc) equal to 250 V (0 = 62.54°). For each tuning frequency the power system data were
registered. The fundamental harmonic active and reactive power measured in the laboratory
model at the grid side, filter terminals and rectifier input are presented in Table 4.8.
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Table 4.8 Fundamental harmonic active and reactive power measured in the laboratory model

Nre Psiw W] | Qsiwy [Var] | Pa [W] | Qnm[Var] | Qmne [Var]
No filter connected 806.29 1065.6 - - -
4,57 821.66 83.81 16.99 -981.84 1067.4
4.66 826.15 83.53 16.10 -991.20 1076.4
4,76 815.84 83.21 16.90 -971.23 1056.1
4.86 807.39 94.73 16.10 -943.33 1039.5
4,99 819.69 78.11 17.46 -965.52 1045.1

The grid voltage and current waveforms and spectrums are presented in Figure 4.44 and
the filter current and rectifier input current waveforms and spectrums are presented in Figure
4.45. The grid voltage and current THD and the filter effectiveness are respectively presented
in Figure 4.46 and Figure 4.47

Observing Figure 4.44, it can be seen that the lowest value of the 5" harmonic amplitude
(the lowest THD as well - Figure 4.46(a)) in the grid voltage spectrum is obtained when the
filter is tuned to the frequency of harmonic order 4.99, whereas in the case of grid current
spectrum, the filter tuned to the frequency of 4.66 has the lowest 5" harmonics amplitude as
well as the lowest THD (Figure 4.46(b)). By increasing the filter tuning frequency from nre
equal to 4.57 to nr equal to 4.99, the grid current 5™ harmonic amplitude should be decreasing
as the 5™ harmonic amplitude observed in the grid voltage spectrum. This difference is due to
the 5" harmonic current flowing from the grid side to the laboratory model.
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Figure 4.44 Point of common coupling voltage and current waveforms and spectrums
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Figure 4.45 Input rectifier and filter current waveforms and spectrums
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Figure 4.46 Grid voltage and current THD for different resonance frequency

The single-tuned filter efficiency presented in Figure 4.47 shows that the filter is more
efficient on the 5™ harmonic mitigation when its resonance frequency is on the harmonic order
of 4.66, which is contrary to what can be observed in the characteristics of Figure 4.43(b).
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According to the filter impedance versus frequency characteristics of Figure 4.43(b), the
filter tuned to the frequency of 4.57 should present the highest 5" harmonic amplitude for both
grid current and voltage and the filter tuned to the frequency of 4.99 should presents the lowest
5t harmonic amplitude for both grid current and voltage. But the reduction of the 5™ harmonic
amplitude in the grid current as presented in Figure 4.44 does not follow that principle and this
is the reason for the next laboratory experiments using the programmable AC voltage source

Chroma.
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Figure 447 5" harmonic reduction efficiency

4.3.35  Experiments with the programmable AC voltage source (Chroma)
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Figure 4.48 (a) PCC voltage waveform with (b) its spectrum, (c) Chroma input current with (d) its spectrum
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The laboratory model of Figure 4.42 is disconnected from the electrical grid and is supplied by
the programmable AC voltage source. As in the previous experiments, two case studies are
considered: voltage source with (Figure 4.23(a)) and without (Figure 4.23(b)) harmonics.

The voltage and current waveforms and spectrums measured at the PCC are presented in
Figure 4.48 and Figure 4.49. The filter current and rectifier input current waveforms and
spectrums are presented in Figure 4.50 and Figure 4.51 respectively. The voltage and current
THD measured at the PCC are shown in Figure 4.52 and Figure 4.53.
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Figure 4.49 (a) PCC voltage waveform with the spectrum (b), (¢c) Chroma input current with the spectrum (d)

Comparing the spectrum of Figure 4.48(b) to the one of Figure 4.49(b) it can be noticed
that in the case of voltage source with harmonics as well as without harmonics, the filter has
reduced the 5™ harmonic amplitude in the same way according to the measured characteristics
of Figure 4.43. The same observation can be done when comparing Figure 4.52(a) to Figure
4.53 (a).

Concerning the voltage source input current spectrums, in the case of voltage source with
harmonics (see Figure 4.48(d) and Figure 4.52(b), the filter behavior on the 5" harmonic
amplitude mitigation is the same as in the case when the laboratory model was connected to the
electrical grid (see spectrum and THD current of Figure 4.44 and Figure 4.46(b)). But observing
Figure 4.49(d) and Figure 4.53 (b) it can be noticed that, the case with voltage source without
harmonics presents the proper results (according to the characteristics of Figure 4.43(b)) of 5%
harmonic amplitude mitigation.
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Figure 4.52 PCC voltage (a) and current (b) THD
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Figure 4.53 PCC voltage (a) and current (b) THD

The investigations done in this chapter have shown that the reactor and capacitor
parameters tolerance has an influence on the PHF tuning frequency as well as on its work
efficiency, therefor it is important to verifier the reactor and capacitor parameters after their
reception from the producer. This varication should be based on the search of the filter
parameters, which are close to the expected parameters. These investigations have also shown
that the harmonics contains in the electrical grid flows through the filter, mostly those with
frequencies close to the filter resonance frequency. The filter efficieny also depends upon the
electrical grid impedance and that dependency can be reduced be additing the line reactor
between the filter and the PCC. The line reactor presence does not only mitigates the current
harmonics amplitude flowing from the electrical grid, but it increases also the grid voltage
distortion.
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4.3.3.6 Investigation of the 7" order harmonic passive filter

What can occur if the single-tuned filter is tuned to the frequency other (apart the fundamental)
than the lowest generated one (which in this case is the 5™ other harmonic frequency)? That
question is answered after the laboratory experimental presented in this chapter.

The laboratory load current spectrums in Figure 4.13 shows that the lowest generated
characteristic harmonic is the 5. But for the investigation purposes, the single-tuned filter is
tuned to the frequency very close the frequency of the 7*" order harmonic (6.78).

The 7' order harmonic filter computed parameters are presented in Figure 4.54 as well as
in Table 4.1 and Table 4.2. The filter impedance versus frequency characteristics presented in
Figure 4.55(a) (characteristic based on the manifactur parameters) and Figure 4.55(b)
(measured characteristic) show that the 5" harmonic is on the capacitive side of the
characteristics.

The fundamental harmonic active and reactive powers before and after the filter connection
are presented in Table 4.9 as well as the grid voltage and current THDs.
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Figure 4.54 Power system equivalent circuit with the 7™ harmonic passive filter
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Figure 4.55 Impedance versus frequency characteristics of the seventh harmonic filter: (a) simulated

(expected) characteristic, (b) measured characteristic (see also Figure 4.16)

Table 4.9 Fundamental harmonic active and reactive power as well as THDs measured in the laboratory model
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The laboratory model parameters are measured after choosing (as example) the rectifier
firing angle value equal to 50.29° (Compaired to other firing angle, it presents the best resuts in
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term of 7™ harmonic mitigation). Observing the parameters in Table 4.9 it can be seen that after
the filter connection, the fundamental reactive power is partially compensated at the grid side
(Qs1(1) = 755.33 Var -) because of the filter capacitive reactive power Qsi1) = 462.22 Var.

The PCC voltage and current spectrums in Figure 4.56(a)(b) show that the 7" harmonic is
well reduced (as well as the higher order harmonics (e.g. 11" to 23')) after the filter connection,
but the 5™ harmonic is amplified. The THDs of Table 4.9 shows that the grid voltage and current
waveforms are more distorted after the filter connection.

The load and filter current waveforms and spectrums are presented in Figure 4.57(a)(b).
The filter is more charged by the 5" harmonic amplitude (Figure 51(b)).

Tuned to the frequency near the frequency of 7! harmonic (6.78™), the filter has prevented
almost 82.76% of load 7™ harmonic from entering the electrical grid (Figure 4.58(a)) but has
amplified the 5" harmonic (at the grid side). That amplification is due to the presence of the 5%
harmonic frequency near the parallel resonance occurring between the grid inductance and the
filter capacitance as it can be observed in simulated characteristic of Figure 4.58(b). The 5%
harmonic frequency is near 290 Hz which is the parallel resonance frequency.

If the designed filter is tuned to the frequency higher than the frequency of the lowest
generated harmonic (apart the fundamental), that harmonic will be under parallel resonance
phenomena, therefore in such of situation can be amplified.

The studies presented in this chapter confirm the principle of PHF design saying that the
filter should be designed in the electrical system by starting from the lowest (apart the
fundamental) load characteristic harmonic and no one should be neglected.
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Figure 4.58 (@) filter efficiency, (b) Impedance versus frequency characteristic of power system observed from
the rectifier input (simulated)

4.4  Group of single-tuned filters

In the considered example, the designed laboratory filter group is constituted of two single-
branch filters as presented in Figure 4.59. The first filter (f1) is tuned to the frequency of 239
Hz (967.22 Var - Figure 4.59) and is dedicated to the 5! harmonic mitigation at the PCC. The
second filter (f2) is tuned to the frequency of 339 Hz (492.08 Var — from Figure 4.59) and is
dedicated to mitigate the 7! harmonic at the PCC. It can be noticed that the reactive power of
filter (f1) is almost twice the reactive power of filter (f2).

Taking into account the measured parameters in Table 4.10, it can be seen that the filter
group total reactive power is higher than load reactive power hence in consequence the
overcompensation of -377.15Var at the grid side. That consequence is manifested by the grid
voltage fundamental harmonic increased from 223.95V before the filters connection to 229.46V
after the filter connection.
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Figure 4.59 Power system equivalent circuit with filter group parameters

Table 4.10  Fundamental harmonic active and reactive power measured in the laboratory model at the grid side,
filter terminals and rectifier input

UD(; =250V

Psiw Qs1() P Qs QT
[W] [Var] [W] [Var] [Var]

Before the filters 81854 | 10677 ) ) 3
connection
Afterthe filters | g7 05 | 37715 | 2039 | -1487.9 | 11133
connectio
Simulation Laboratory
1.5
1
4 5 6 7 8 45 4785 55 6 65 6787
(@) sor (b) 40
. or 30
g 0 9. 20
5 20f —
Lok N 10 /
ST L ST . |
12 4 6 3 0 12 14 | 5.85 10 15 20
Harmonic order Harmonic order

Figure 4.60 Filter group impedance versus frequency characteristics: (a) simulated (expected characteristic)
characteristic, (b) measured characteristic

The filter group impedance versus frequency characteristics are shown in Figure 4.60(a)
(characteristic based on the manufacture parameters) and Figure 4.60(b) (measured
characteristic). In the measured characteristic of Figure 4.60(b) it is noticed that the filter group
parallel resonance has occurred at the frequency of 292.5 Hz. The laboratory data are measured
after fixing the rectifier firing angle at 62.54° (Upc = 250 V).

According to the spectrums of Figure 4.61(a)(b) the grid voltage and current 5 and 7t"
harmonic amplitudes are efficiently reduced by the filter group as well as the higher harmonics
from the 7™,
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Figure 4.61 Grid voltage (a) and current (b) waveforms with the spectrums before and after the filter

connection

No filter is connected

Only the 5t harmonic filter is connected

The 5t and 7th harmonic filters are connected

(group of filters)
(b)
6 RGP == ) N P
3 05 7 9 11 13 17 19 23
I: et e b e S e e S z‘ 4 * T
£ 100 305 7 9 11 13 17 19 23 -
o 4
50 + i = 2 |
0 ! L 1 ! 1 TS . o 2 = ! 0 L III M Ill | Bl I Nl Ra
e e S et e e e e et T S i S — e ——
13 5 7 9 11 13 17 19 23 13 5 7 9 11 13 17 19 23
Harmonic order Harmonic order
(€) 60— .
5 40
=
20
=
0
— S
Usi Isi

Figure 4.62 Harmonics comparison spectrums of grid voltage (a), current (b) and THD (c) when no filter is
connected, when only the 5™ harmonic filter is connected and when the 51 and 7™ harmonic filters
are connected (filter group)
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Figure 4.62 presents a comparative study of the grid voltage and current harmonics and
THD when no filter is connected, when only the 5™ harmonic filter is connected and when the
filter group is connected. It can be seen that the filter group has the best results in term of
characteristic harmonics mitigation and presents the lowest THDs (Figure 4.62(a-c)).

The rectifier input and filter current waveforms are presented respectively in Figure 4.63(a)
and (b). The designed filter group is more efficient on the 5" harmonic mitigation than on the
7" harmonic mitigation (Figure 4.64).
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Figure 4.63 Currents of input rectifier (a) and filter (b) with spectrums
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Figure 4.65 Power system equivalent circuit with the capacitor bank
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Figure 4.66 Capacitor bank characteristics: (a) simulated (expected) characteristic, (b) measured characteristic
from the laboratory (see Table 4.2)

Table 411  Fundamental harmonic active and reactive powers as well as grid voltage and current THDs
measured in the laboratory model

Upc =250 V, 0= 62.54°
Psiy | Qsiy | THDusi | THDis1 | P | Qney | Qmnu DPE
W] | [Var [%] [6] | W] | [var] | [Var]
Before the filter | 5911 | 10644 | 1195 | 5221 | - - - 0.60
connection
After the filter | 75653 | 14503 | 1462 | 16533 | 21.92 | -936.20 | 10801 | 0.98
connection

The capacitor bank (first-order filter) widespread is used for the fundamental harmonic reactive
power compensation in the industry environments where the voltage and current (of the
compensated load) distortion is not considerable [99]. It has been theoretically demonstrated
(in chapter 3) that the application of the capacitor bank in power system does not only
compensate the reactive power, but also reduces or amplifies the harmonics (e.g. the 3™, 5" 7t
etc.

To confirm the correctness of theoretical studies, a laboratory experiment has been
performed by connecting the capacitor bank between the load and the PCC as presented in
Figure 4.65.

The capacitor parameters are presented in Figure 4.65 and its characteristics (simulated and
measured in the laboratory) are respectively presented in Figure 4.66(a) and Figure 4.66(b).

The power system parameters measured before and after the capacitors bank connection
are respectively presented in Table 4.11. Before the first-order filter connection the THD of the
grid voltage was 11.95% and the one of the grid current was 52.21% (Table 4.11). But, after
the filter connection it has increased to 14.62% for the voltage and to 165.33% for the current.

The laboratory capacitor bank (after its connection) has compensated the PCC reactive
power (DPF increase from 0.60 to 0.98 - see Table 4.11) and by observing the grid voltage and
current spectrums in Figure 4.67(b)(d), it can be noticed that, it has caused the 5™ and 7'"
harr:nonics amplitude amplification and the reduction of higher harmonics amplitudes from the
11%,

The spectrum comparing the grid current harmonics and input rectifier current harmonics
is presented in Figure 4.68. It can be seen that the grid current harmonics amplitude from the
2" to the 10" are amplified and from the 11" are reduced. The current waveforms and
spectrums measured at the rectifier input and capacitor bank terminal are presented in Figure
4.69.

From the compensation point of view, the first-order filter is efficient, but from harmonics
reduction point of view, it is only efficient for higher harmonics (Figure 4.70(a), the harmonics
under 100%). The amplification of the lowest generated harmonics (e.g. 3", 5", 7% etc.) is due
the parallel resonance phenomenon between the grid inductance and capacitor bank capacitance
(Figure 4.70(b)).
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Figure 4.68 Grid and input rectifier current spectrum (measured)

In Figure 4.70(b), the cross point between the power system impedance seen from the
rectifier input (characteristic in blue color) and the electrical grid plus line reactor inductance
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(characteristic in black broken line) is at the frequency of 532.1 Hz (n = 10.64) also called
neutral frequency. Below that frequency, the grid current and voltage harmonics are amplified
(e.g. 3", 5™, 7" etc.) and above that frequency, they are mitigated (e.g. 11", 12, etc. - Figure
4.68).

The grid voltage and current waveforms are more distorted after the capacitor bank
connection and in such of situation; the detuning reactor is needed to move the parallel
resonance below the 5™ harmonic frequency.
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Figure 4.70 (a) capacitor bank efficiency in term of harmonics mitigation at the grid side (measured), (b)
impedance versus frequency characteristic of power system simulated at the rectifier input

4.6  Design of the 2" order filter

The laboratory second order filter is designed by connecting the damping resistor Rang in parallel
with the designed single-tuned filter reactor as presented in Figure 4.71.

The experimental study is set to confirm the theoretical explanation of the second-order
filter behaviour when the damping resistance is changed. The power system data (see also Table
4.12) are recorded (for 6 = 62.54°) when the damping resistance is not connected (Rang = inf,
single filter) and when it is connected with the values sets to 28.7 Q, 17.5 Q, 11.7 Q, and 2.2
Q.

Phase [deg]

=4

2
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Figure 4.72 Second-order filter impedance versus frequency characteristics: (a) simulated (expected)
characteristics, (b) measured characteristics

The impedance versus frequency characteristic of second-order filter resembles the one of
single filter when damping resistance is very high (e.g. Rana = inf). When the damping resistance
is very small (e.g. Rang = 2.2 Q), it resembles the capacitors bank characteristic (Figure 4.72).
With the damping resistance decrease, the filter impedance of 5™ order harmonic increases as
well as the filter resonance frequency (Form 245 Hz to 285 Hz in Figure 4.72(a) and from 238.5
Hz to 260 Hz in Figure 4.72(b)). The PCC reactive power has increased (From 84.54 Var to
151.27 Var) with the damping resistance increase (Table 4.12).
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Table 4.12  Fundamental harmonic active and reactive power measured in the laboratory model at the grid side,
filter terminals and rectifier input

Upc =250V, 6 =62.54°
Rand [€2] Psigy [W] | Qsiw [Var] | Puw [W] | Qne [Var] | Qne [Var]
Inf.
(single-tuned filter) 818.29 84.54 17.53 -992.40 1078.0
28.7 831.32 91.84 14.56 -975.15 1066.7
175 838.79 111.52 11.20 -975.88 1086.9
11.7 829.59 133.83 13.15 -964.91 1097.9
2.2 799.05 151.27 7.26 -945.67 1095.7
Hl R2nd = inf Rona=11.7
amm - Rona=17.5 [Q] ]
Rand=28.7 [Q2]  Rna=22 [Q]
228 30T i
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Figure 4.73 Grid voltage waveforms and spectrums (measured)

With the second-order filter damping resistance decrease, the grid voltage and current are
more distorted (see waveforms of Figure 4.73 and Figure 4.74 as well as the THDs of Figure
4.77(a)(b)) and the 51" and 7" harmonics amplitudes are amplified (see spectrums of Figure 4.73
and Figure 4.74). Although the filter with small values of damping resistance (e.g. ) gives a
worse filtration of 5™ harmonic, it ensures a batter reduction of higher harmonics in wide band
(e.g. From the 17" harmonic — spectrums in Figure 4.73 and Figure 4.74). The waveforms and
spectrums measured at the input rectifier and filter terminals are respectively presented in
Figure 4.75 and Figure 4.76.

With small damping resistance, the second-order filter is more efficient on higher
harmonics reduction (e.g. 13" to 23" — Figure 4.77(c)). But that small value should be chosen
in such a way to not amplified (grid side) the harmonic to be eliminated and hamonics around
It. In Figure 4.78, it can be seen that the harmonic to be eliminated (e.g. 5™) is under the parallel
resonance band when the damping resistance is very small (e.g. 2.2 Q). The second-order filter
with high damping resistance (Rzng = inf, Single filter) presents the best results in term of 5%
harmonic and THD reduction. Basing on its damping resistance, the second-order filter is better
than the single filter in term of harmonics mitigation in wide band (higher harmonics).
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Chapter 5
Shunt active power filter

This chapter is about the investigation (based on simulations) of SAPF structure presented in
Figure 2.11(a) (Chapter 2). A control system algorithm based on the instantaneous p-q theory
is proposed by the author. The studies of the influence of the electrical grid inductance, the
inverter input reactor, DC capacitor and the load input reactor parameters on the SAPF filtration
efficiency are presented. The investigated model of SAPF will be used as a part of hybrid active
power filter which is presented in Chapter 6 (Figure 6.1 ).

Some laboratory experiements are also presented in this chapter. The first one is performed
on the model of three legs four wires SAPF presenting the influence of the rectifier inpout
reactor as well as the grid side line reactor on its efficieny. The second one is perfomed on the
hybrid active power filter (model of Figure 2.13(1) — Chapter 2).

5.1 Instantaneous p-q theory

The algorithms applied for the SAPF control system exist in several examples. The difference
between them (in the most cases) is based on the type of power theory adapted for reference
current generation [21, 47, 175]. The control system algorithm under investigation in this
chapter is based on the instantaneous p-g theory. The time domain instantaneous power theory
[10] also called p-q theory is widely applied in voltage source inverter (VSI) control system
algorithms [152, 254]. It was proposed and published by Akagi Kanazawa et al. in 1983 [7, 8].

The goal of its application in control systems is to deliver the reference current by basing
on the determination of the instantaneous real and imaginary powers. With the p-q theory, the
power system with current disturbances (harmonic, reactive power and asymmetry) can be
compensated in steady and transient states [5, 248, 199]. It is not generalized theory of powers
because it can only be applied in three phase system [67, 198, 199, 248]. In some papers, its
physical interpretation is criticised [66].

In three-phase system ((ua, Ub, Uc), (ia, ib, ic)) the total instantaneous power is represented
by (5.3). In rectangular system (a-f) the total instantaneous real power is represented by (5.4).
The total instantaneous power in three-phase system (prwta) IS conserved during the
transformation (from a-b-c to a-p), therefore is equal to the instantaneous real power in a-f
system (Protal = Pap [202, 198].
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The concept of instantaneous imaginary power q (5.8) is introduced by supposing an
imaginary axis in perpendicular connection with the af plan (Figure 5.2) [7].

The definitions of instantaneous real and imaginary power in the space vector (Figure 5.2)
lead to the computation of instantaneous currents in a-f axes. The expressions (5.11) and (5.12)
show that the instantaneous currents in a-S axes depends upon the instantaneous voltage and

the instantaneous real (p) and imaginary (q) powers.

B -1/2 -1/2 Ug
7 usl f V32 —3/2||w ] 5.1
4 Uc
1/N2 1/N2 1/42
0 Uy ) . )
- instantaneous voltage in « axis
Ug - instantaneous voltage in B axis
@ Uo - Zero sequence component
B
lg ~1/2  -1/2 7y,
— L & lﬁ \f V3/2 —3/2 [i,,l (5.2)
lg 1/N2 1/N2 142
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Figure 5.2  Space vector of instantaneous total 7 =dm+tqn (5.16)

real (in real plan) and imaginary
power (imaginary axis) [7]
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= zia? VP Y g T ana 7
oy L S OSNL P T (5.17)
=L +u§p u +u‘23p ud+uf q ud+uf q
. “ug _ ~ - . , , ,
g = u +u2 Do+ i gont+ 2 +u2 q+ 2 +u2 Tnzy 2 Pnt uz D = o T lyg) T law T lup)
¥ b (5.18)

. ~ Ug ug u[; — . . . .
= ug+u§p an t u§+u§ don + u§+u§ Tt g I oz ot u§+u§p = Ipen) * i) + oy + )

Table 5.1 Description of the instantaneous real and imaginary current (in a8 axes) from expression (5.17) [254]

lop) = zp - +u§ —=P  (5.19) | Instantaneous real current in a axis
—-U
loq) = z 7+ +2§ g (5:20) | Instantaneous imaginary current in a axis
Ipp) = zP - +u§ P (5.21) | Instantaneous real current in 8 axis
Ipg) = g Ty +u§ g (5.22) | Instantaneous imaginary current in £ axis
Table 5.2 Instantaneous current components description (in af axes) from expression (5.18) [254]
u Instantaneous real u Instantaneous real
. _ O = . B =
lyp) = mﬂ (5.23) | current (fundamental g = W‘U (5.29) | current (fundamental
harmonic) in « axis g harmonic) in g axis
la(Fam) = 2 ———5 P2y (5.24) | Instantaneous ip(pym) = ” ——— P,(5.30) | Instantaneous
asymmetry current in asymmetry current in
la(@am) = ug+u§ Ton (529) | ¢ axis IB(gom) = z+ g 1030 | paxis
la(py) = u;ﬁ Pn  (5.26) | Instantaneous ippy) = ” —— P (5.32) | Instantaneous
] _uBB N harmonic currentin «a harmonic currentin g
la(gp) = wZ+ul gn (527) | axis lp(gy) = w2l gn (533) | axis
Instantaneous Instantaneous
S _ T — imaginary current imaginary current
i = 5.28 i 5.34
“@ =z 7 (5.28) (fundamental B@ = gl 7 (334 (fundamental
harmonic) in « axis harmonic) in S axis
2n — frequency of harmonic asymmetry component

The components uo and io (zero-phase sequence components) in the expressions (5.1) and
(5.2) are not considered in the expressions (5.5) and (5.6), because the neutral wire is neglected
(three-phase three wires nonlinear load).

The powers p and g (in @-f coordinates) can be divided into two components as presented
in (5.13) and (5.15): p, g - variable components, p, g- constant components. According to [198]
(p, g) are related to the fundamental harmonic (positive sequence) of current and (p, §) are
related to the current harmonics and current asymmetry (negative sequence of fundamental
harmonic) as presented in (5.14) and (5.16).The instantaneous currents in a and in 8 axes are
split into different components as shown in (5.17) and (5.18).

Different instantaneous real and imaginary current in @ and 5 axes are presented Table 5.1
to Table 5.3.

The instantaneous asymmetry currents are expressed in « and S axes by (5.24), (5.25),
(5.30) and (5.31) in Table 5.2 and by (5.41) and (5.42) in Table 5.3.

The instantaneous harmonic currents are expressed by (5.26) and (5.27) in a axis and by
(5.32) and (5.33) in B axis (Table 5.2). The instantaneous reference currents in a-f axes are
depicted by (5.43).

After the invers transformation from a-f to a-b-c, the instantaneous active, asymmetry,
reactive and harmonic current components are respectively expressed by (5.44), (5.45), (5.46)
and (5.47). The needed reference current for the PWM system is expressed by (5.48).
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Table 5.3 Instantaneous harmonic, imaginary, real and asymmetry current components in a8 axes (from Table

5.2) [254]

. Uy ~ “Uug

loty = 5 Pn + 5.35 .

o) =z Pr T iznz I 35 | |nstantancous harmonic  current

. u ~ Ug ~ - .

ipm) = ugfuﬁ Dy + a T (5.36) | (for harmonics compensation)

lyq) = uz_ rzz q (5.37) | Instantaneous imaginary current

. “ua B (fundamental harmonic — reactive

@) = wgHul (5.38) power compensation)

la(py = uzu# D (5.39) | Instantaneous real current
g _ (fundamental harmonic — active

is(p) = = 5.40

e = uawép (5.40) power)

iam) = ez Pon + 3oz Gan (54)

“@n) T gz o T gz 2 1 Instantaneous asymmetry current

. u ~ Uy  ~ H

igany = ué—fué Don + e T (5.42) | (asymmetry compensation)

{ia(ref) =y = lyp) = lo2n) T lom) T lu@) (5.43)
Iperen = g~ Lpp) = lpan) T g t Ipg) '
A '
i:_((;; _ \F 1 -1/2 —1/2 [la@) 1 (5.4
P slo v3/2 —v3/21l i) | '
| ‘c.(P)
i ; '
i:_(aSYmmetry) B \/g [1 -1/2 —=1/277( La(2n) (5.45)
. _(asymmetry) an \/§/2 —\/§/2 ] iB(Zn) .
| lc_(asymmetry) ]
ig (o ,
i:—g _ \F 1 —-1/2 -1/2 [la@) - 6.6
P slo V372 —v3/2lligq | '
L fe (@)
i i .
i:_(:armon.C) _ \[é [1 —1/2 _1/2 [ la(h) (5 47)
. _(harmonic) 310 \/§/2 _\/§/2 i[;(h) .
| lc_(harmonic)
iabc_(ref) = iabc_(ﬁ) + iabc_(harmonic) + iabc_(asymmetry) (5-48)
5.1.1 Example of p-g theory application
Load
r-—-——-"-"""-"TTTT T T T T T
Electrical grid ! [ !
';IT it : &JU%T‘—!' :
: i Rasym RL L UDC:
— et
N = |
B g | ; E § I
Usabe ilabc : :
L e e e e e e e e e e e = -
Rs= 0425 : . Ri= 4 [mQ]
Ls—0.681 [mH] p-q theory algorithm L =025 [mH]
Load { R=36.5 [Q]
* . Rasym = 60 [.Q]
Labe_(ref) Firing angle = 43.78 [deg|

Figure 5.3  Equivalent circuit of the simulated power system
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The simulated power system for the p-g theory application is presented in Figure 5.3 (see Annex
I, Table 1.4 for the electrical grid paramters and chapter 4, Figure 4.2 for the load parameters
(input rectifier reactor and DC side resistance)). The electrical grid equivalent inductance in
Figure 5.3 is around 21.64 times higher than the estimeted laboratory model grid inductance in
Figure 4.2 (see also Figure 4.6(b)). The resistor Rasym IS used to create a current unbalance
condition in this example. The goal of applying the p-q theory is to split the power system
current (I7) into different components: active, reactive, asymmetry and harmonics.

Two investigation cases are considered. The first one is the application of p-q theory under
symmetrical but distorted supply voltage and the second one is about the filtration of the supply
voltage before its application in the p-q theory algorithm (Figure 5.13). Through the two
investigated cases, it is demonstrated that the supply voltage distortion affects (or are present
in) the obtained reference current (ianc_gef)). The p-q theory algorithm designed in MATLAB-
SIMULINK is described in Annex V. The simulated data are recorded for a constant rectifier
firing angle (6 = 43.78°).

- i= .
alp) ap Labe_(P)
j oo~ [ -y
7 ta(Pom i e
=1 : @i2n) fabe (asymmetry
rm— =] : — [T—
e A
, = -
Trabe e I l% = Lai By .
rabe a is [ i Lar(n)
f N == @) Tabe (ref)
By, =3 Lo
e I o)
7 S ;
" = == | T LA
{4 -
Usabe abc g . - E“ lﬁ(ﬁrzm) i
af R P Bian) ap fabe (@
1 Bldn) A4
r 1 n A
[ 8.2 ':ﬂ(.!?(m} jﬁ(h) wlaff Ao hamonic)
Iﬁf;}uul abe

i,g:ﬁ)

Figure 5.4  p-q theory algorithm applied in the system of Figure 5.3. The blocks in green color represent the
Butterworth filters (HPF — high pass filter, LPF — low pass filter, BPF — band pass filter) (see Annex
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Figure 5.5  Waveforms of supply voltage (a) and load current (b) with spectrums

The input parameters of p-q algorithm (Figure 5.4) are the grid voltages (Usanc) and load
currents (Itanc). The load currents are distorted, unbalance (with the negative sequence of 32.89
% - see also Figure 5.5(b)) and phase shifted with the grid voltage (Figure 5.3 - firing angle).
The load current asymmetry has affected also the supply voltage (0.78 % of negative sequence)
e
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but in small scale (see spectrum in Figure 5.5(a), the THD and RMS are a little different in each
phase). The grid voltage waveforms are also distorted by commutation notches (Figure 5.5(a)).
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The disturbances contained in the supply voltage and load current are conserved during the
transformation from a-b-c to a-f coordinates (comparing Figure 5.6(a)(b) to Figure 5.5(a)(b)).

In a-f coordinates, after the instantaneous real and imaginary powers calculation (see
Figure 5.8(a) and Figure 5.9(a)), the low and band pass filters are used to split the powers into
different parts: the constant part (Figure 5.8(b) and Figure 5.9(b)), the part related to the
harmonics (Figure 5.8(c) and Figure 5.9(c)) and the asymmetry part (Figure 5.8(d) and Figure
5.9(d)) (see Annex V, Figure V.5 to Figure V.8).

The instantaneous real and imaginary current waveforms (in a-f) are respectively
constituted by Figure 5.10 with the spectrums. Figure 5.11(a)(b)(e)(f) presents the
instantaneous asymmetry current waveforms and spectrums. The instantaneous harmonic
current waveforms with spectrums are shown in Figure 5.11 (c)(d)(g)(h).

After the inverse transformation, the reference currents related to the real power (i,)),
imaginary power (i,(z)), harmonics (i,marmonic)) and asymmetry (iq(asymmetry)) are represented
with the spectrum in Figure 5.12(a) to (h). The three-phase reference currents are shown in
Figure 5.12(j) together with the spectrums.

The distortions (commutation notches) present in the supply voltage are also observed in
all instantaneous currents waveforms after the invers transformation (see the waveforms in
Figure 5.12(a) to (h)).
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Figure 5.12 One-phase representation of reference currents after inverse transformation: (a) current related to
the real power and (e) its spectrum; (b) asymmetry current and (f) its spectrum; (c) current related
to the imaginary power constant part and (g) its spectrum and (d) harmonic current with its spectrum
(h). (i) current obtained after additing the waveforms from (a) to (d) as well as the spectrums from
(e) to (h), (j) reference currents in a-b-c (without the current related to the real power (p')) coordinate
with spectrums

5112 Application of p-q theory after supply voltage filtration

The distorted supply voltage is filtered before being applied at the p-g theory algorithm block
input (Figure 5.13). The asymmetry (small scale) on the supply voltage is conserved after the
filtration (Figure 5.13). For more details of “supply voltage filtration” block see Figure V.4 in
Annex V.

The voltage waveforms in Figure 5.14 (in a-fcoordinates) compaired to those in Figure
5.6(a) do not almost contain the supply voltage distortion. In Figure 5.15, the waveforms of
instantaneous real and imaginary current in a-f coordinates do not present any distortion as
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well as the current asymmetry waveforms. The current harmonic waves (in a-f) with spectrums

are presented in Figure 5.15(g) to (j).
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Figure 5.13 p-q theory algorithm with supply voltage filter
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Figure 5.14  Supply voltage in a-f coordinates
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Figure 5.15 Waveforms of instantaneous real current (a)(b), imaginary current (¢)(d), asymmetry current (e)(f),
harmonics current (g)(i) (with spectrums (h)(j)) in a-8 coordinates

The constant component values of instantaneous total real and imaginary power (p, g)
should be equal to the total active and reactive power values (Ps otaic1), Qs totais)) IN a-b-C
coordinates, but according to the data in (Table 5.4) they are almost equal due the slight
numerical errors.

Compared to the waveforms in Figure 5.12(a)(b)(c), the waveforms in Figure 5.16(a)(b)(e)
are sinusoidal. The reference currents in Figure 5.16(g) have lower THD than those of Figure
5.12(j) (see also Figure 5.17).

Figure 5.17(b) shows that with the “Supply voltage filtration” system (see Figure 5.13);
the reference current does not contain the distortion coming from the grid voltage waveforms.

e
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Figure 5.16 One-phase representation of reference currents after inverse transformation: (a) current related to

the real power, (b) current related to the imaginary power, (c) asymmetry current, (d) harmonics
current with (e) its spectrum, (f) current obtained after additing all the current components from (a)
to (d), (g) reference currents (without the current related to the real power) in a-b-c coordinate with

Table 5.4

Figure 5.17 Waveforms of the supply voltage together with the reference real current (obtained after p-q theory
application): (a) case without supply voltage filtration and (b) case with supply voltage filtration

Investigation of three wires three legs SAPF in MATLAB SIMULINK
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The real and imaginary power values in a-f coordinates are compared respectively to the total active
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and reactive powers values in a-b-c coordinates

Ps toraicry  [W] | 6766 | Qs torai(r) [Var] | 3418.1
Dop [W] | 6774 qop [Var] | 3432
- la(p) =Us
(a) (b)

______________________________________________________

The investigation is performed on the simulated laboratory model presented in Figure 4.2 (see
also Annex IV, Figure IV.3).

The analysis done on the p-g theory algorithm (see Figure 5.4) have permitted the author

to propose the SAPF control system presented in Figure 5.19 (see also Figure 5.18). It is
organized into three parts (control loop (1), (2) and (3)) (for more details see Annex V, Figure

V.1to V.13).

The role of the control loop (1) is to maintain the inverter DC capacitor voltage to the
reference level (Upc rer) [168, 30]. The reached maximum voltage during the transient state and

its duration depends upon the capacitor capacitance value and the PI controller parameters.
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Figure 5.18 Power system representation (see also Annex IV, Figure 1V.3)

The control loop (2) contains the p-g algorithm and its goal is to generate the
instantaneous reference current (ianc_(ef)) Needed for the control loop (3) by basing on the
instantaneous PCC voltage (Usanc) and load current (itanc) [30]. In Figure V.5 to V.8 of Annex
V, it is presented the way of real and imaginary power components extraction.

In the control loop (3), the reference current (ianc_(ren) (See example in Figure 5.16(g)) is
compared to the feedback loop current coming from the inverter input (i inv123). The reference
current coming from the p-q theory algorithm block is constituted of load current components
(harmonics, asymmetry and fundamental harmonic reactive current). The fundamental
harmonic active current component is rejected (Figure 5.19).

The time response of the feedback loop current coming from the inverter input should be
as fast as possible to make the inverter input current waveforms as close as possible to the
reference current waveform. The time response delay can be caused by the discrete Pl controller
application, fixed sampling frequency of the analogue digital device, the transistor switching
frequency, and the inverter input reactor (or other passive filters) [42, 70, 138].

521 Simulation studies of three wires three legs SAPF

The SAPF is studied in the power system presented in Figure 5.18. Connected between the
electrical grid and the load, its role is to extract through the control system the disturbances
(harmonics, fundamental harmonic reactive current and asymmetry) contained in load current
I+ and injects them back in opposite sign at the PCC, thereby cancelling the original
disturbances (leaving the fundamental harmonic active current) and improving in that way the
grid current and voltage quality.

Table 5.5 PI controller parameters

Kp Ki
control loop (1) 40000 43.75
control loop (3) 250 0.0001
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Figure 5.19 Proposed SAPF control system (see Figure 5.18)
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I
Kasym = ff)) + 100 (5.50)

S(1)
,Zn 2 s(n) Inlz 152(71)
THDys = ¥——— 100 (551) THD = X——"x100 (5.52)
Us(1) Is(1)
\/Usz_true_RMS_ USZ(1) Ié_true_RMS_Ié(l)
TTHDy, = «100 (5.53) TTHD = 100  (5.54)

Us(w) Isq)

The PI controller parameters of control loop (1) and control loop (2) presented in Table

5.5 are selected on the base of author practical knowledge (the optimal selection of PI controller

parameters is not the subject of this chapter). The rectifier firing angle as well as the PI
controller parameters are constant during the simulation studies. The inverter switching
frequency is fixed to 20 kHz and the reactors and capacitor resistances are neglected during the
studies. The expressions from (5.50) to (5.54) are used to compute the grid current negative
sequence in percentage of positive sequence, the grid voltage and current THD and TTHD.

5.2.1.1 Influence of the inverter input reactor on the SAPF performances
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Figure 5.20 Waveforms of PCC voltage (a) and current (b) with their spectrums before the SAPF connection

The SAPF parameters (see Table 5.6) used to study the influence of the input reactor on its
efficiency are computed based on the expressions (V.14), (V.22) and (V.36) presented in Annex
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V. Two values of SAPF input reactor inductance are considered: L inv min and L inv max (S€€

Annex V, Tabl

e V.3 for more detailes)

For all study cases the simulation is done with a small value of rectifier input reactor (L).
The grid voltage and current waveforms (with spectrums) before the SAPF connection are
constituted by Figure 5.20(a)(b). The phase unbalance can be observed on the grid current
waveforms (which are not identical) and spectrums. In Figure 5.20(a) only one-phase grid
voltage spectrum is presented.

L_inv_min = 14 [mH]

w (s, Is))m(Us2, Is2)m(Us3, 1s3)

L inv_max = 7.2 [mH]
w (Us1, Is))mm(Us2, Is2)m(Us3, Is3)

4oor 400
i~ 2007 = 200F 1
-200} 200
Il
T s 1 1715 172 1925 ¢|.73 AT 305 171 1715 12 1725 173
Time [s] Time [s]
201
= =
—= 0 —
< e
20f |
17 1705 171 1713 172 1725 173 1.7 1705 171 1715 172 1725 1.73
Time [s] Time [s]
z Z
3 3
(b)
Figure 5.21 Waveforms of PCC voltage and current after the SAPF connection: (a) for L iny_min, (b) fOr L iny_max
L inv_min = 1.4 [mH] L inv_max = 7.2 [mH]
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Figure 5.22  Waveforms of SAPF current: (a) for L iny_min, (b) fOr L iny_max
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Table 5.6 Computed SAPF parameters (see expressions 1V.16, 1V.24 and 1V.38 of Annex IV )

Upc invo = 750V
C =3 mF

Lﬁinv_min =1.4 mH
Lﬁinv_max =7.2 mH

After the SAPF connection, the grid current and voltage waveforms as well as the
waveforms of injected current are respectively presented in Figure 5.21(a)(b) and Figure
5.22(a)(b). The SAPF with minimum input inductance L inv min (Figure 5.21(a) and Figure
5.22(a)) presents higher switching components than the SAPF with the maximum intput
inductance L inv max (Figure 5.21(b) and Figure 5.22(b)). The grid current waveforms
commutation notches are less mitigated in the case of SAPF with L inv_max than in the case of
SAPF with L _inv_min (Figure 5.21(a)(b)).

Table 5.7 Grid voltage and current parameters before and after the SAPF connection
Before the SAPF connection
THDys | THDss Qs Psq) Ss) Kasym [%]
[%] [%] [Var] (W] [VA] o
L1 0.25 28.07 414.08 | 2838.4 | 2868.5
L2 0.25 23.41 19545 | 2833.1 | 3441.9 33.25
L3 0.25 42.07 1181.8 | 1507.2 | 1915.2
Usl(l) =230.8 ei3°° |51(1) =12.43 eﬂ”"
Usz(l) =230.7 @2700 |52(1) =14.92 @235'40
Us3(1) =230.7 ej150° |53(1) =8.29 gill1.90°
After the SAPF connection After the SAPF connection
(L_inv_min = 1.4 [mH]) (L_inv_max =7.2 [mH])
TlE:)ZlUS TFA)[;IS Kaym [%] T|[_(|)/0D]US TF/O[;IS Kasym [%]
L1 0.18 10.34 0.25 26.7
L2 0.19 10.99 0.59 0.25 27.92 0.75
L3 0.18 10.93 0.25 27.7
Usl(l) =230.8 &3 |31(1) =10.45 e289° U51(1) =230.80 e/30° |51(1) =10.36 e/278"
Usz(l) = 230.8 e270" |32(1) =10.99 g/2687° Usz(l) = 230.80 /270" |52(1) =10.48 e2677°
Us3y) = 230.8 gi1s0° I3y = 10.93 gita9.1° Us3y) = 230.80 gi1s0° I3 = 10.4 gi47.2°

Table 5.8 Grid voltage and current TTHD

After the SAPF connection
(L_in\/_min = 14 [mH])

After the SAPF connection
(L_inv_max =72 [mH])

TTHDuys [%] | TTHDis [%] || TTHDus [%] | TTHD:s [%]
L1 3.57 16.31 1.70 27.09
L2 2.93 16.19 1.50 27.59
L3 3.60 16.20 2.13 27.89

The values of grid voltage and current fundamental harmonic before and after the filter
connection are presented in Table 5.7. The SAPF with L inv min has the lowest grid current and
voltage THD as well as the lowest coefficient of the grid current asymmetry (Table 5.7).

In Table 5.8, it can be observed that the SAPF with the L inv_max has the lowest grid voltage
TTHD and the highest grid current TTHD in comparison to the SAPF with the L inv_min.

The waveforms of reference current and compensating current (measured from the control
loop (3)) are compared in Figure 5.23. In the ideal case, the two signals should match each other
and by subtracting one from another, the error should be close to zero.

In the case of SAPF with maximum input reactor inductance (L inv_max), the compensating
current (I inv1) has difficulties to tract the reference current (la_gen) at the points of commutation
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notches because of the high rate of reference current change (see Figure 5.23(b)). The reference
current (part of input rectifier current) presents a high rate of change at the commutation notches
because of the very small value of the rectifier output reactor (Lt). The difficulty of the
compensating current to tract the reference current is less accentuated for the inverter with
minimum input inductance (L inv_min) (See Figure 5.23(a)).

The gap between the reference current and the compensating current observed in Figure
5.23(a)(b) determines how much the inverter can be efficient mostly in term of current
harmonics reduction (see grid current THD in Table 5.7). This gap is responsible of high
amplitude ripple (points of commutation notches) observed on the grid current waveform (e.g.
Figure 5.21(b)). After subtracting the compensating current from the reference current, the input
Pl controller error of the minimum and maximum inverter input reactor are respectively
constituted by Figure 5.24(a)(b).

Observing Figure 5.24 (c), it can be seen that the inverter input reactor has an influence on
DC capacitor transient state duration.

The fundamental harmonic active, reactive and apparent powers at the PCC, load and SAPF
for the inverter with L inv_ min @nd L inv max are presented in Table 5.9.

An example of current harmonics spectrums at the rectifier input, SAPF input and grid side
is presented in Figure 5.25 (for L inv_min).

[ invi
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Figure 5.23 Waveforms comparison between the reference and compensating currents of control loop (3)
(Figure 5.19): (a) for L inv_min, (b) for L inv_max
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Figure 5.24  (a), (b) errors at the input of PI current control loop (3); (c) DC link voltage
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Table 5.9 Active and reactive powers at the PCC, load (rectifier input) and SAPF for the minimum and
maximum input inverter reactor inductance

After the SAPF connection After the SAPF connection
(L inv_ min = 1.4 [mH]) (L inv max = 7.2 [mH])
PCC load SAPF PCC load SAPF
L1 2411.4 2838.8 427.40 2389.3 2838.8 449.82
Pa [W] L2 2535.8 2837.9 438.19 2416.8 2837.9 421.33
L3 2522.3 1505.7 | -890.35 2397.5 1505.7 -891.61
L1 46.30 414.13 370.22 91.78 414.13 323.23
Qu [Var] L2 57.54 1950.4 1898 97.07 1950.4 1854.5
L3 39.62 1180.6 1143.7 117.25 1180.6 1062.6
L1 2411.9 2868.8 565.46 2391.1 2868.8 553.92
S [VA] L2 2536.5 3443.5 1948 2418.8 3443.5 1.901.8
L3 2522.6 1913.3 1449.4 2400.3 1913.3 1387.1
110 = 12.43 gi217" | invi) = 2.45 gl10:9" lt10) = 12.43 gi2!7" | invi) = 2.40 g7
|T2(1) =14.92 ¢2355° I inv2(1) = 8.44 ¢1930° |T2(1) =14.92 ¢2355° [ inv2(1) = 8.24 ¢1928"
I3 = 8.29 i!119° | inva(1) = 6.28 €221 | ly30)=8.29 &!!19° | inva1) = 6.01 &20°
z z ‘
J-miEEEEEEEEEEEENE IIII"IIIIII---
35 7 1131719232529 31353741434749 35 7 1131719232529 31353741 434749
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Figure 5.25 Spectrum of input rectifier current (I+), inverter current (1 in,) and grid current (Is) for L jn equal to
1.4mH

52.1.2 Influence of the thyristor bridge input reactor on the SAPF
performances

Basing on the previous experiment, L inv min has been chosen to study the influence of the
rectifier input reactor on the SAPF performances (see Figure 5.26). Three cases of simulation
results are compared: (a) the inverter input inductance is higher than the rectifier input
inductance (L _inv> L7), (b) the inverter input inductance is equal to the rectifier input inductance
(L_inv=L7) and (c) the inverter input inductance is smaller than the rectifier input inductance
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(L_inv < L1). All the three simulation cases are achieved when the line reactor Lss is not
connected at the grid side and when it is connected.

ELectrical grid Load

- L - - - .
L _inv_min= 0.25 [mH]
1.4 [mH] Lt=9¢ 1.4 [mH]
3 [mH]

SAPF
e
==
Cinv

Figure 5.26  Simulated power system. The inverter input reactor is constant and the rectifier input reactor is
increased from 0.25 mH to 3 mH

« Simulation studies when the line reactor Lss is not connected at the grid side

The grid voltage and current waveforms of Figure 5.27(a)(b)(c) shows that with the thyristor
bridge input reactor inductance equal or higher than the inductance at the SAPF input reactor,
the ripples (at the points of commutation notches) are reduced (see Figure 5.27(b)(c)).

(a) (b) (c)
L inv_min > LT L_inv_min = LT L_inv_min< [T
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Figure 5.27 Waveforms of PCC voltage and current for different value of input rectifier reactor inductance: (a)
L_inv_min > L, (b) L_inv_min =L, (C) L_inv_min <Lt

The fundamental harmonic parameters of grid voltage and current are presented in Table
5.10. With the input rectifier reactor inductance increase, the grid current has little decreased.
The waveform of the reference current compared to the one of the compensating current is
presented in Figure 5.28(a)(b)(c). Increasing the rectifier input reactor inductance (L) to the
value equal or higher than L inv_min has reduced the rectifier input current rate of change at the
points of commutation notches making possible the compensating current to track the reference
current (Figure 5.28(b)(c)). The error at the PI controller input are presented in Figure
5.29(a)(b)(c) and the waveforms of inverter DC capacitor voltage are considered Figure 5.29(d).

Table 5.11 shows that the best results in term of grid current and voltage THD (as well as
TTHD — see Table 5.12); fundamental harmonic reactive power compensation and asymmetry
compensation are when the L inv_min is equal or smaller than L.
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Table 5.10  Grid voltage and current fundamental harmonic before and after the SAPF connection (for different
input rectifier reactor value)

(Before the SAPF connection) (After the SAPF connection)
Lr=1nH L iw> Lt
Usq [V] Isay [A] Usw [V] Isa) [A]
RMS | Phase | RMS | Phase || RMS | Phase | RMS | Phase
L1 | 230.8 | 30° | 1243 | 21.7° | 230.8 | 30° | 10.41 | 29.4°
L2 | 230.7 | 270° | 14.92 | 235.4° | 230.7 | 270° | 10.4 | 269.2°
L3 | 230.7 | 150° | 8.29 | 111.90° | 230.7 | 150° | 10.37 | 149.3°

(After the SAPF connection) (After the SAPF connection)
L_inv_min = Lt L_inv_min < Ly
Usw [V] Isq [A] Usw [V] Ise [A

RMS | Phase | RMS | Phase || RMS | Phase | RMS | Phase
L1 | 230.8 30° | 10.29 | 29.4° | 230.8 30° 10.14 | 29.5°
L2 | 230.7 | 270° | 10.3 | 269.3° || 230.8 | 270° | 10.14 | 269.3°
L3 | 230.7 | 150° | 10.28 | 149.3° || 230.8 | 150° | 10.11 | 149.4°

Table 5.11  Grid voltage and current THD as well as reactive and active power before and after the SAPF
connection (for different input rectifier reactor inductance value)

(Before the SAPF connection) (After the SAPF connection)
Ly=1nH Linvmin > Lt
THDys | THDis | Qs Psq) 0 THDuys | THDis | Qs Psq) 0
o] | [ | (va | (w) | KeomDOT ] rog) | pos) | [var] | [wy | Mem[¥
L1| 0.25 28.07 | 414.08 | 2838.4 0.15 8.77 | 25.15 | 2402.5
L2 | 0.25 23.41 | 1954.5 | 2833.1 33.25 0.15 8.75 | 33.51 | 2400.1 0.30
L3 | 0.25 42.07 | 1181.8 | 1507.2 0.15 8.77 | 29.24 | 2393.2
(After the SAPF connection) (After the SAPF connection)
L inv. mn = Lt L inv min < Ly
THDuys | THDis | Qs Ps) 0 THDus | THDis | Qs Ps 0
o] | 1) | [varl | (w] | PO reg) | poe) | [var] | wy | KemD%)
L1| 0.04 2.47 | 24.86 | 2374.8 0.02 1.22 | 20.42 | 2340.2
L2 | 0.05 291 |29.04 | 2377.1 0.30 0.02 1.49 | 28.59 | 2340.1 0.20
L3 | 0.05 2.79 | 28.98 | 2372.4 0.02 1.22 | 24.43 | 2333.3
Eﬂ L inv min > [ uu‘n L inv min= Lt " L inv_min< L1
2 = g (ref) g a— [u_(ref) gj
: 10F .E 10 - E -— o (ref)
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Figure 5.28 Waveforms comparison between the reference and compensating current of control loop (3) (Figure
4.24): (a) for L jny_min > L1, (b) for for L inv min = L, (C) fOr L jny_ min = Lt

L7 1705 171

182
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Figure 5.29  (a)(b)(c) error at the input of PI current control loop (3); (d) inverter DC capacitor voltage
Table 5.12  Grid voltage and current TTHD for different value of input rectifier reactor inductance
(After the SAPF connection) || (After the SAPF connection) | (After the SAPF connection)
L_inv_min > Ly L_inv min = Lt L_inv_min <Lt
TTHDus [%] | TTHDis[%] || TTHDys [%] | TTHDis [%] || TTHDus [%] | TTHDis [%]
L1 3.12 12.60 3.18 7.16 3.30 6.59
L2 2.77 13.77 2.85 8.08 2.92 6.82
L3 3.12 13.40 3.23 7.20 3.29 6.11

e Simulation studies when the line reactor Lss is connected at the grid side

These studies are about to present the influence of the grid inductance increase on the SAPF
performances. The grid inductance is increased by connecting an additional reactor (Lss = 0.5
mH) between the PCC and the electrical grid as presented in Figure 5.26.

The grid voltage and current waveforms as well as the waveforms of compensating and
reference current are presented in Figure 5.30. Comparing the grid voltage waveforms of Figure
5.27(a)(b)(c) to those of Figure 5.30(a)(b)(c) it can be noticed that the grid voltage waveforms
of Figure 5.30(a)(b)(c) present higher switching ripples (higher THD) because of the additional
line reactor Lss voltage drop.

As in the case without the line reactor, the SAPF with L jnv = Lt and L inv < Lt present a
better shape of grid current waveforms (lower THD) (see Figure 5.30(b)(c)) than the SAPF with
L inv> L. The zoom of the compensating and reference currents are also presented in Figure
5.30(a)(b)(c). Whith Lss connected, the increase of the input reactor inductance Lt from 250
uH to 3 mH has not only reduce the grid current THD but also the grid voltage (Figure 5.30).

The grid voltage TTHD presented in Table 5.13 shows that with grid inductance increase
and with the SAPF input reactor inductance smaller than the rectifier input reactor inductance,
the grid voltage is more distorted by the switching ripple harmonics.

Table 5.13  Grid voltage and current TTHD for different value of input rectifier reactor inductance when the
grid inductance is increased
L55 =0.5mH
(After the SAPF connection) || (After the SAPF connection) | (After the SAPF connection)
L_inv_min > Ly L_inv min = Lt L_inv_min <Ly

TTHDuys [%] | TTHDs [%] || TTHDus [%] | TTHDis [%] || TTHDus [%] | TTHDs [%]

L1 13.98 8.51 17.54 6.20 19.22 6.56

L2 15.64 9.92 17.94 6.78 19.48 6.49

L3 17.61 8.72 22.49 5.20 24.99 4.69

183




Lss= 0.5 [mH]
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Figure 5.30 Grid voltage and current waveforms (PCC) as well as compensating and reference current
waveforms when the line reactor Lss is connected: (&) L inv_min > Lt, (b) L inv_min = L7, (€) L inv_min
<Lt

5.2.1.3 Influence of invert DC capacitor parameters on the SAPF performances

The SAPF performance does not only depend on the parameters of input reactor but also on the
parameters of the capacitor at its DC side (capacitance and voltage). Two types of study are
under consideration in this chapter: the first one is about the impact of the DC capacitor
capacitance on the SAPF efficiency and the second one concerns the inverter DC voltage level
importance. During the analysis, the load and inverter input reactor inductances have been
chosen (basing on the previous experiments) to be equal (Lt = L inv min =1.4 mH). The line
reactor Lss is not connected.

e Impact of the DC capacitor size on the SAPF efficiency

Table 5.14  Inverter DC capacitor parameters

AUDC_inv [V] UDC_inV_O [V] AWDC_inV [‘]] C_inv [mF]
140 0.1
9 750 11 1.6
5 3
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Figure 5.32 Capacitor DC voltage waveforms for different capacitance: transient state observation after the
rectifier DC resistance change (Roc)
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By assuming constant the inverter DC reference voltage (750 V), the capacitor capacitance
(C_inv) values are computed for different values of AUpc inv (Capacitor voltage fluctuation
between the maximum and the minimum) (see Table 5.14). The expression (V.22) of Annex V
have been used for that computation.

Comparing Figure 5.31(b) to (c) and (d), it can be noticed that the SAPF with the lowest
capacitor capacitance (0.1mF) presents the worst filtration characteristics: highest grid current
THD, grid fundamental harmonic reactive power and asymmetry coefficient.

With a large capacitor capacitance, the range of the inverter DC voltage fluctuation varying
between the min and the max is reduced (Figure 5.32 e.g. waveform in red colour) and the
transient state (e.g. during the load change) is longer than when capacitor capacitance is small
(see Figure 5.32).

Table 5.15  Grid voltage and current TTHD for different value of inverter DC side capacitor capacitance

(After the SAPF connection) | (After the SAPF connection) || (After the SAPF connection)
C_inv = 01 mH C_inv = 16 mH C_inv = 3 mH
TTHDus [%] | TTHDis[%] || TTHDus [%] | TTHDis [%] || TTHDus [%] | TTHD:s [%]
L1 3.34 16.95 3.27 7.59 3.28 7.16
L2 2.55 18.59 2.87 7.42 2.8 8.08
L3 3.41 20.45 3.22 6.14 3.23 7.20

e Influence of the DC capacitor voltage on the SAPF efficiency

Three values of inverter DC reference voltage (Upc_inv 0) computed basing on the expression
(\V16) of Annex V are presented in Table 5.16. Three values of the coefficient kpc (e.g. 1; 1.32
and 1.68) have been chosen for that computation. Other power system parameters are constant
during the simulation (e.g. C inv, L inv_min, L7...). The first simulation is done for Upc inv o0 equal
to 600 V, the second one is done for Upc_inv 0 equal to 750 V and the third one is done for
Ubc_inv 0 equal to 950 V.

Table 5.16  Computed inverter DC voltage for different value of kpc (see expression (V16) Annex V). The
values of the inverter DC capacitor capacitance and input reactor inductance as well as the rectifier

input reactor inductance are also presented

1(v/2)400 = 565.68 = Up iny o = 600 [V]
1.32(¥2)400 = 746.70 = Up 1, o = 750V

1.68(V2)400 = 944.69 = Upc 1, 0 = 950V
Civ=3mMF [Liwmn=14mH [Lr=0.14mH

One-phase representation of the compensating current together with reference current are
shown in Figure 5.33(a)(b)(c) (from control loop (3)) and the grid voltage and current
waveforms are presented in Figure 5.34(a)(b)(c). In Figure 5.33, it can be observed that in the
case of the SAPF with DC voltage equal 600 V (Figure 5.33(a)), the compensating current has
more difficulty to track the reference current than in the case of the SAPF with DC voltage
equal 750 V and 950 V (Figure 5.33(b)(c)). The consequences of the compensating current not
to track enouth the reference current can be observed in the grid current (see Figure 5.34(a))
which is more distorted and presents the highest THD, TTHD and asymmetry component when
compared to the case of the SAPF with DC voltage equal 750 V and 950 V (see Table 5.17 and
Table 5.18).

The Figure 5.33(b)(c) is the prove that the DC link capacitor voltage should be high to
ensure the SAPF good functionality and efficiency.

The higher is the voltage at the inverter DC side, the longer is the transient state (Figure
5.35(a)(b)(c)).

In Figure 5.36, it is presented a comparative study of grid voltage and current waveforms
as well as THD and TTHD when the PCC voltage is filtred before been used in the SAPF
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algorithm control system and when it is not filtred (see Figure 5.13 as well). The results with
non-filtered PCC voltage (Figure 5.36) presents higher grid current THD and TTHD. In the
case of hight value of grid indance, the grid current will be much more distorted than in Figure
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Figure 5.34  Grid current and voltage waveforms when: (a) the SAPF capacitor voltage is equal to the maximum
of PCC voltage; (b) and (c) when it is higher than the PCC maximum

Table 5.17  Grid voltage and current THD, reactive and active powers as well as asymmetry coefficient before
and after the SAPF connection (for different capacitor voltage values)
. (After the SAPF connection)
(Before the SAPF connection) Unc.im 0= 600 [V]
THDys | THD, Qs Ps Kasym || THDus | THDis Qs Ps [W] Kasym
[%] | s[%] | [Var] [W] [%] [%] [%] | [Var] [%]
L1 0.21 27.85 | 447.89 | 2809.2 0.17 15.62 | 66.18 | 2369.4
L2 0.21 23.09 | 1984.6 | 2693.4 | 33.45 0.18 1590 | 66.24 | 2371.7 0.39
L3 0.21 41.61 | 1212.8 | 1474.9 0.17 1590 | 66.18 | 2369.4
(After the SAPF connection) (After the SAPF connection)
Ubc inv 0= 750 [V] Upc inv 0= 950 [V]
THDys | THDis Qs Ps [W] Kasym || THDus | THDis Qs Ps Kasym
[%] [%] | [va] | ° [%] [%] [%] | [var] | [W] [%]
L1 0.04 2.93 24.89 | 2377.1 0.03 1.71 16.59 | 2377.2
L2 0.05 3.23 33.12 | 23724 | 0.30 0.03 1.86 33.25 | 23816 | 0.31
L3 0.05 2.51 24.77 | 2365.6 0.03 1.75 28.93 | 2367.8
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Table 5.18  Grid voltage and current TTHD for different value of inverter DC side capacitor voltage
(After the SAPF connection) || (After the SAPF connection) | (After the SAPF connection)
Ubc_inv. 0= 600 [V] Ubc inv.0= 750 [V] Ubc_inv.0= 950 [V]
TTHDus [%] | TTHDis[%] || TTHDus [%] | TTHDis [%)] | TTHDus [%] | TTHDis [%]
L1 2.00 16.27 3.28 7.16 3.24 7.46
L2 1.62 16.50 2.85 8.08 2.86 7.39
L3 2.04 16.73 3.23 7.20 3.06 6.39
(a) (b) ()
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Figure 5.35 Inverter DC side voltage waveforms for Upc inv o IS equal to: (a) 600 V, (b) 750 V and (c) 950 V
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THDuys | THDis | TTHDys | TTHDss || THDus | THDis | TTHDys | TTHDs
[%] [%] [%] [%] [%] [%] [%] [%]
L1 0.03 1.71 3.24 7.46 0.03 1.83 3.04 8.21
L2 0.03 1.86 2.86 7.39 0.03 2.17 2.87 7.86
L3 0.03 1.75 3.06 6.39 0.03 2 3.20 7.27
Figure 5.36  Grid voltage and current waveforms as well as THD and TTHD: (a) the PCC voltage is filtred, (b)
the PCC voltage is not filtred (see Figure 5.13)
o Conclusion

The performed studies in this chapter allow the author to conclude that the SAPF efficiency did
not depend only on its control system and parameters of the elements that constitute it, but also
on the electrical grid and load parameters. In the power system with non-sinusoidal voltage and
current, the voltage filtration before its use in the algorithm based on instantaneous p-q theory
is important (from the grid current distortion mitigation point of view).

188




5.3 Laboratory experiments on the three legs four wires shunt active power filter (model of Figure 2.11(b))
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The studies of the influence of the rectifier input reactor (Lt) and the grid side line reactor (Lss)
on the SAPF performances have been previously presented by basing on the simulation. In this
chapter based on the laboratory experiments the same studies are presented.

The laboratory model equivalent circuit is presented in Figure 5.37. The load is composed
of three-phase thyristor bridge with resistance R and reactor L at its DC side and reactor Lt at
its AC side. The one-phase diode bridge with 24 Ohm resistance at the DC side is used to obtain
the current asymmetry. The electrical network parameters were already presented in chapter 4
(Figure 4.6).

The SAPF used in the laboratory to perform the studies is three legs four wires (Figure
5.38). Its control system is based on the instantaneous p-q theory algorithm and PWM control
method. The inverter output current is used as feedback signal.

The laboratory experiments are not focused on the design of the SAPF with its control
system, but on the influence of the rectifier commutator reactor (Lt) and line reactor (Lss) (see
Figure 5.37) on the SAPF performances. The author did not have influence on the way of SAPF
feedback coupling system connection.

The experiments are carried-out by maintaining constant the parameters of SAPF with
control system and rectifiers DC components as well.

The measured grid voltage and current spectrums and waveforms before the SAPF
connection (Lss and Lt are not connected) is presented in Figure 5.39. It can be seen in that
figure the PCC voltage and current distortion, the current asymmetry and the high level of
fundamental harmonic reactive power.

5.3.1 Studies of thyristor bridge input reactor influence on the SAPF
performance

Three cases of study based on the rectifier input reactor change (Lt) were considered after the
SAPF connection: Lt — is not connected, Lt =L jw =2 mH and Lt =25 mH > L jny = 2 mH.
During the experiments, the grid side line reactor (Lss) was not considered.

Figure 5.40(b)(c) in comparison to Figure 5.40(a) shows that when the inverter input
reactor inductance is equal or lower than the rectifier input reactor inductance, the PCC voltage
and current waveforms ripples at the commutation are better reduced by the SAPF.

PCC

L inv=2 [mH]

finv = 14.629 [kHz]
1 UbC inv = 710[V]

Cinv =33 [mF]
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Figure 5.39 Measured grid voltage and current waveforms with spectrums before the SAPF connection (Lss =
LT = 0)
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Figure 5.40 Comparison of grid voltage (Us) and current (Is) and SAPF current (1 in) waveforms: (a) Lt is not
connected, (b) Lt =L jw=2mH and (¢) L+ > L jny

Figure 5.41 represents (for the three case studies) a comparison of PCC voltage and current

spectrums and THD as well as the PCC active and reactive power. Only one-phase of each case

is considered because of the PCC current balance after the SAPF connection. For L inv equal or

e
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smaller than L, the PCC voltage and current 5™ harmonic as well as THD are better mitigated
(Figure 5.41(a) to (c)). It is important to notice that the PCC voltage contains harmonics, which
can affect the results at the PCC.

= No SAPF connected L _inv=L1=2 [mH]
L inv=2 [mH], LT-is not connected w [ inv=2[mH] <Lr=2.5[mH]
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Figure 5.41 Comparison of: (a) PCC voltage spectrums, (b) PCC current spectrums and (c) PCC voltage and
current THDs, active (P1) and reactive powers (Q1)

5.3.2 Studies of the grid side line reactor influence on the SAPF performances

The goal of these studies is to present what happened if at the PCC (grid side), an additional
line reactor (Lss - Figure 5.37) is connected when the SAPF is operating (Lt = 2.5 mH). Three
case studies are also compared: (a) the SAPF is not connected, (b) the SAPF is connected but
the line reactor Lss is not considered and (c) the SAPF is connected and line reactor Lss is
considered.

(@) (b) (c)
No SAPF connected SAPF connected, no Lss connected SAPF connected, Lss = 0.8 [mH]
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Figure 5.42 Comparison of PCC voltage and current waveforms: (a) the SAPF is not connected, (b) the SAPF
is connected but the line reactor Lss is not connected and (c) the SAPF is connected as well as the
line reactor

On the one hand, the increase of the grid inductance by adding the line reactor has
improved the PCC current waveform (better reduction of ripples at the commutation points
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(Figure 5.42(c)) as well as the 5%, 7" and 11" harmonic amplitudes (Figure 5.43(b)) and lower
THD (Figure 5.43(c))). On the other hand, it has increased the grid higher voltage harmonics
amplitudes from the 13" (Figure 5.43(a)) as well as the THD (Figure 5.43(c)). In comparison
to Figure 5.42(a)(b), the grid voltage waveform in Figure 5.42(c) presents the highest switching
ripples because of the grid inductance increase. The PCC active and reactive power are
presented in (Figure 5.43(c)).
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Figure 5.43 Comparison of: (a) grid voltage spectrums, (b) PCC current spectrums and (c) grid voltage and
current THDs, active (P1) and reactive power (Q1)

e Conclusion

The laboratory experiments have shown that:

— for a better reduction of grid voltage and current ripples at the commutation points of
waveforms, the inductance of reactor (first-order filter) connected at the SAPF input for
switching ripples mitigation, should be smaller or equal to the inductance of the input
rectifier reactor so called commutation reactor,

— when the SAPF with reactor at its input is connected at the PCC, the additional line reactor
connection between the PCC and the grid is not recommendable, because the PCC voltage
will be more distorted with inverter switching ripple.
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5.4 Laboratory experiments on the hybrid active power filter: model of Figure
2.13(1)

S 1 P s / [ — 7
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Figure 5.44 HAPF laboratory model
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Figure 5.45 PCC voltage and current waveforms and spectrums measured when the HAPF is not connected
(with L)

The considered laboratory model of HAPF is presented in Figure 5.44 (concerning the load
part, see Figure 5.37 for more detail). It is constituted of SAPF (Figure 5.38) connected in
parallel with the group of two single-tuned PHFs (Figure 4.59). The PHF group impedance
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versus frequency characteristics is presented in Figure 4.60(b). The SAPF feedback coupling
system was not accessible to the author.

The goal of this laboratory experiments is to confirm the functionality of the considered
HAPF topology as described in chapter 2 (Figure 2.12(b) and to show the ability to reduce the
SAPF power by connecting the group of PHFs.

Two laboratory experiments are performed: 1) the PHF group, SAPF and HAPF are
connected successively and the results (at the PCC) are compared (only the line reactor Lss: is
connected to improve the filter group efficiency (Lss2 is not connected)); 2) the HAPF (withouth
Lss1) is connected to the grid through the line reactor Lss2 and the results are compared with
those obtained when Lss: (Lss2 not connected) were connected between the SAPF and the PHF
group (Figure 5.44). The reactors optimization solution is not under concern in this chapter but
their influence on the HAPF efficiency.

5.4.1 The first laboratory experiment

In that experiment, the filters are successively connected (firstly no filters is connected,
secondly only the PHF is connected, thirdly only the SAPF is connected and finally both of
filters are connected (HAPF)) and the measured PCC data are compared (see Figure 5.46 and
Figure 5.47).

The PCC voltage and current waveforms and spectrums when no filter is connected are
presented in Figure 5.45. The load consumes the fundamental harmonic reactive power and
generates the current harmonics and current asymmetry (Figure 5.46(a)).

In Figure 5.46, it can be observed that the SAPF (when operating alone - Figure 5.46(c))
and the HAPF (Figure 5.46(d)) present better shape of grid current waveforms than the group
of PHF operating alone (Figure 5.46(b)).

For all considered cases (see Figure 5.47), it can be noticed that the PHF after its connection
has mitigated the fundamental harmonic reactive power (Qs123 - Figure 5.47(c)) and the current
harmonic amplitudes (e.g. 51, 71" 11", 13" and 19" - Figure 5.47(b)). The SAPF connected
together with the PHF (forming the HAPF) has compensated the remaining grid fundamental
harmonic reactive power and mitigated the remaining current harmonics (Figure 5.47(b)(c)).

After the filters connection some PCC voltage harmonic amplitudes have increased (e.g.
5t 7% - Figure 5.47(a)). This increase is due to the fact that the grid voltage contains harmonics
other than the fundamental (e.g. 3%, 5, 7" etc. see Figure 4.7, chapter 4) and the grid inductance
voltage drops caused by the current harmonics from the grid side and from the remaining load
current harmonics after filtration are added (or subtracted). In this case example, these
harmonics increase (5™ and 7™") is much visible, when the SAPF is operating alone (see the
highest PCC voltage THD of Figure 5.47(c)).
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Figure 5.46 PCC voltage and current waveforms: (a) None filter is connected, (b) only the PHF is connected,
(c) only the SAPF is connected and (d) the PPF and SAPF are connected (HAPF)
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Figure 5.48 SAPF current waveforms: (a) the SAPF is operating alone and (b) the SAPF is operating together
with the PHF (HAPF)

Figure 5.48 and Figure 5.49 present a comparison data of SAPF when it is operating alone
and when it is operating with the PHF (HAPF). The current waveforms of SAPF (I sapr) when
operating alone presents a higher amplitude (around 20 A) than when it is operating with the
PHF (around 10 A) (Figure 5.48(a)(b)).

The SAPF when connected alone at the PCC has to generate higher current harmonics
amplitudes (Figure 5.49(a)) and fundamental harmonic reactive power (Figure 5.49(b)) than
when it is connected with the PHF. The SAPF connected together with the PHF has less power
losses (Sk_sapr - Figure 5.49(b)) than when it is working alone.
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Figure 5.49 (a) SAPF current spectrum and (b) powers
5.4.2 The second laboratory experiment

In the second experiment, the HAPF (without Lss1) is connected to the grid through the line
reactor Lssz and the results are compared with those obtained when Lss1 (Lss2 not connected)
were connected between the SAPF and the PHF group (Figure 5.44).

In the case where the HAPF has Lss1 connected between the SAPF and the PHF group
(without Lss2), the PCC current and voltage waveforms are less distorted (see Figure 5.50(a)).

The connection of the HAPF (without Lss1) to the grid through the line reactor Lss> presents
the worst results in term of harmonics mitigation (Figure 5.51(a)-(c)) and fundamental
harmonic reactive power compensation (Figure 5.51(d). The PCC voltage and current are more
distorted because of the additional voltage drops on the line reactor Lssz (Figure 5.50(b)) (The
connection of Lssy at the grid side has decreased the grid short-circuit power, increasing its
impedance).

Connected between the filters (SAPF and the PHF group), the line reactor Lssi helps on
one hand, the group of PHF to mitigate the 5™ and 7™ current harmonics and on other hand, it
helps the SAPF to mitigate the ripples at the commutation notches of grid voltage and current
waveforms.

(a) (b)
Lss1 is connected between the SAPF and PHF The HAPF is connected to the grid through Lss2
(Lss2 disconnected) (Lss1 disconnected)
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Figure 5.50 PCC voltage and current waveforms: (a) the line reactor Lss: is connected between the SAPF and
PHF (Lss2 disconnected) and (b) the HAPF is connected to the grid throught Lssz (Lss: disconnected)
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™8 The HAPF is connected to the grid through Lss2 Lss1 is connected between the SAPF and PHF

(Lss1 disconnected) (Lss2 disconnected)
6 .
1+ ]
(a) 4 {1 (b)
250 — 5| ]
: I[ | I ] 20 " I
=f | | L]
; ~ 0 I J‘ 1 1 0
= 150 3 5 7 9 11 13 15 17 19 23 |77 3 5 7 9 11 13 15 17 19 23
£ 100 P\ 1 1 T
50 4
| . . i L L " i A L Il |
155 7 9 1115 15 17 19 23 1]3 5 7 & 1 13 15 17 19 23
(©) Harmonic order () Harmonic order
10F 1 | | (]‘
— , 6000 8 Ij
S : B
= = 4000 =
a ] <
QI - =%
=) 2000} A
0 ‘ o= —

Usi Is1 Psi Osi

Figure 5.51 (a), (b) PCC voltage and current spectrums, (c) THD and (d) fundamental harmonic active and

reactive powers

Conclusion

The laboratory experiments have shown that:

the SAPF is better than the PHF in term of grid current harmonics mitigation,

combined with the PHF (HAPF), the SAPF demants less power than when it is operating
alone,

the connection of the SAPF or HAPF to the PCC through a line reactor is not
recommendable,

in the configuration of HAPF where the SAPF and PHF are connected in parallel, if the PHF
presents higher impedance of harmonic(s) to be mitigated than in the grid side, the line
reactor between the SAPF and PHF is needed.
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Chapter 6
Hybrid active power filter (topology n°2)

The shunt active power filter (SAPF) and the passive harmonic filters (PHF) have been studied
in the previous chapters (Chapter 3-5). Their disadvantages were notified: high inverter DC
voltage demand as well as high cost of its elements (transistor, capacitor etc.) in the case of
SAPF and gird impedance dependency, the sensitivity of filter efficiency on LC parameters
tolerance, resonance and detuning phenomenon in the case of PHF. The hybrid active power
filter is designed to overcome these disadvantages [40, 53, 181].

The hybrid active power filter (topology n°2) (HAPF2) under study (based on simulation)
in this chapter is the topology presented in Figure 2.12(c) (Chapter 2). It is composed of PHF
connected in series with the active power filter [95]. The SAPF when operating alone is always
connected to the full supply phase-to-phase PCC voltage and need (for a good performance)
high voltage rate at its inverter DC side (see Figure 5.33). But connected in series with the PHF
(HAPF2), the passive filter allows the active power filter to work under small voltage rate at
the DC side, therefore reducing its cost [9, 12, 18, 53, 54, 55, 57, 64, 76, 85, 95, 98, 132, 150,
156, 158, 191, 231, 239, 241, 242, 247, 265].

The focus of the author on the topology presented in Figure 2.12(c) is due to the fact that,
in the literature there are not many clarifications on the PHF tuning frequency when it is
connected in series with the SAPF. The HAPF2 functionality principle and control system as
well as the studies based on the PHF tuning frequency are presented in this chapter.

6.1 Functionality principle of HAPF2

The HAPF2 functionality principle is presented in Figure 6.1. The symmetrical load is the
source of distorted current which is composed of 3 components: active (It Active), inductive
reactive (I7(1)_inductive_Reactive) and harmonics (It(n)).

Tuned on the frequency of the load characteristic harmonic which in this case is the 7,
(the case of other tuning frequencies will presented in further part of the work) the PHF role is
to compensate the load reactive power fundamental harmonic by producing through its
capacitor capacitive reactive current (I capacitive_Reactive) Which at the PCC cancel with the load
inductive reactive current (I()_inductive_Rreactive) (in Figure 6.1 it can be seen that, the load induc-
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tive reactive current which was 5.45 A is reduced to 0.22 A (Is(1)_inductive_Reactive) at the grid side).
It plays as well the role of inverter switching ripples attenuation mostly through its reactor. It
presents very small impedance for the resonance frequency and frequencies around.

In Figure 6.1, it can be noticed that the grid current remaining harmonics (Isg)remaining)
extracted through the control system algorithm becomes the control system reference harmonics
current (lrefy)) Which are directly injected to the PWM system without any feedback signal
coming from the inverter AC side. Therefore by basing on the reference harmonics current lref(n
(e.0. lrefs) = 0.14€1*>%°), the inverter generates current harmonics (ltp), €.9. lrefs) = 2.62e74%%)
which have the same amplitudes and angle as the load current harmonics (e.g. lt@) = 2.63¢/!2")
but in opposite sign so that they cancel each other at the PCC (grid current THD reduction from
37.18% to 4.13% - Figure 6.1). The inverter behaves as a harmonics voltage source (Uinv(n). At
the end of the compensation, flows at the grid side a current with almost not-change in the active
component (Isi) active) and with the remain reactive and harmonic currents (see Figure 6.1).

6.1.1 Description of HAPF2 control system

The HAPF2 control system is presented in Figure 6.3. The applied algorithm to extract the
remaining PCC current harmonics is based on the instantaneous p-q theory described in chapter
5. The control system structure is almost the same as the one of SAPF described in chapter 5,
Figure 5.24. It has three control loops: the control loop (1) for inverter DC side voltage
stabilization and maintenance to the desire level, the control loop (2) to extract the harmonics
from the PCC current signal and the control loop (3) (open loop without feedback from the
inverter AC side) for transistors pulses generation. For more details of HAPF2 control system,
see Annex V.

6.2 HAPF2 Simulation studies

The simulated power system is presented in Figure 6.4. The load and the electrical grid
parameters are the same as those of the laboratory model presented in chapter 4 (Figure 4.2 and
Figure 4.6). The HAPF2 is connected at the PCC to compensate the grid current harmonics and
fundamental harmonic reactive power. The voltage at the HAPF2 DC side (Upc inv) has been
fixed to the value of 150V and can be less than that value (e.g. 70V (see [30])).

In papers (e.g. [12, 191, 231] etc.) the authors have presented the same consideration about
the PHF tuning frequency. The 7' harmonic frequency is selected to be the HAPF2 passive
harmonic filter resonance frequency and the mentioned reason are: the PHF is then less bulky
and shipper than when it is tuned to the 5" harmonic frequency, the PHF presents lower
impedance for the 11" and 13" harmonic frequencies than when it is tuned to the 5™ harmonic
frequency etc. In this chapter, the experimental studies are carried out after tuning the PHF in
three different frequencies.

It is well explained in chapter 3 and 4 that the PHF (when operating alone) should be tuned
to the frequency a little bit lower than the frequency of the lowest load characteristic harmonic
in order to slow down its natural detuned phenomenon which can be caused by the aging or
damage of its elements. This principle is taken into account during the HAPF2 passive harmonic
filter design in the experimental studies.

Three simulation cases studies are compared: in the first one, the PHF of HAPF2 is tuned
to the frequency a little bit lower (e.g. 243.5Hz, 4.87) than the frequency of the first load
characteristic harmonic (the 5™); in the second one, it is tuned to the frequency a little bit lower
(e.g. 343.5Hz, 6.87) than the frequency of the second load characteristic harmonic (the 7™") and
in the third one, it is tuned to the frequency a little bit lower (e.g. 543.5Hz, 10.87) than the
frequency of the third load characteristic harmonic (the 11™).
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6.2.1 Simulation assumption and parameters computation

The PHF parameters of Table 6.1 has been computed by basing on the formula of Table 3.2.
(see chapter 3) and the reactor resistances are computed by using of quality factor equation (see
Table 3.2.). The PHF reactive power is chosen on the base of the load highest reactive power
which is in this case example around 1210 Var (see chapter 4, Figure 4.12). The load, the
inverter and the control system parameters are the same for each simulated case and some of
them can be seen in Figure 6.4. The HAPF2 will been working with a constant reactive power
in the symmetrical power system.

Observing the Table 6.1, it can be seen that, with the resonance frequency increase, the
PHF reactor inductance has decreased whereas its capacitor capacity has increased. From the
power losses point of view, the PHF with the resonance frequency (nr. = 10.87 (543.5Hz)) near
the frequency of the 11" harmonic will generate less power losses because of its lowest
resistance value. The PHF impedance versus frequency characteristics are presented in Figure
6.2.

Table 6.1 HAPF passive harmonic filter parameters
Nre Ls [mH] Ci[uF] | Rue[mQ] | Qf[Var] | ¢ Lt [mH]
4.87 6.1 69.74 12.8
6.87 3.0 71.27 6.3 1210 150 35
10.87 1.2 72.19 2.5
@ /e=4.87 (243.5 [Hz])
nre= 6.87 (343.5 [Hz])
@ = 10.87 (543.5 [Hz))
4 o
3 -
1 -
0k
4 5
60r
= 40
S
N 20t
0 NT— |,
4.87 6.87 10.87 15 20

Harmonic order
PHF impedance versus frequency characteristics. The PHF is tuned to the resonance frequencies of
243.3 Hz, 343.5 Hz and 543 Hz

Figure 6.2

6.2.2 Simulation results

The grid voltage and current waveforms with the spectrums before the HAPF2 connection
are presented in Figure 6.5. Because of the symmetrical power system, some results are
presented only for one-phase. Because of the electrical grid rigidity in the laboratory model
(very small inductance in comparison to the rectifier and HAPF2 input inductance), the PCC
voltage is very less distorted.
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In Figure 6.6, the waveforms of grid voltage and current and HAPF2 current after the
HAPF2 connection are presented and it can be noticed that the HAPF with PHF tuned to the
frequency a little bit lower (e.g. 543.5Hz, 10.87) than the frequency of the 11" harmonic
presents the best reduction of the PCC current ripples at the waveforms commutation points
(see also Figure 6.7(b)). Nevertheless, it presents the highest PCC voltage THD (Figure 6.6).
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Figure 6.5  Grid voltage (Us) and current (Is) waveforms with their spectrums before the HAPF2 connection
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Figure 6.6  Waveforms of grid voltage (Us) and current (Is) and HAPF2 current (lf) for the PHF tuned to the
harmonic component frequency of: 4.87, 6.87 and 10.87
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Table 6.2 Fondamental harmonic active, reactive and apparent powers at the load (Qiead), HAPF (Qf) and grid
(Qs) side (from the simulation — one-phase)

No filter | ne=4,87 | ne=6,87 | ne=10,87
Qs [Var] 1234 -48.7 8,16 18,31
Psiqy [W] 1435 1438 1437 1435
Qnq [Var] - -1283 -1226 -1216
Sy [VA] - 1282,83 1225,70 1217,54
Ploadity [W] - 1437 1437 1437
Quoadi(y) [Var] - 1234 1234 1234

In the PCC current comparison spectrums of Figure 6.7(a), the HAPF2 with the PHF tuned
to the harmonic component resonance frequency of 10,87 presents the best reduction of the
higher harmonics from the 11" (according to the impedance versus frequency characteristics in
Figure 6.2, the PHF presents the lowest impedance for the higher harmonics) as well as the
lowest THD (see Figure 6.7(b)). But it presents the highest 5™ harmonic impedance.

The HAPF with the PHF tuning frequency (nr. = 6.87) around the frequency of the 71
harmonic presents the lowest amplitude of the grid current 5" and 7" harmonics (Figure 6.7(a)).

In Figure 6.7(b), it can also be noticed that the PCC fundamental harmonic reactive power
(Qs) is the best compensated for the HAPF with the PHF tuned to the harmonic component
resonance frequency of 6.87. The difference observed in the results of the grid fundamental
reactive powers after the HAPF2 connection (Figure 6.7(b)) is du to the fact that, for different
PHF tuning frequency, the HAPF2 has generated different fundamental harmonic reactive
power (little different than the one used to compute the PHF paramters in Table 6.1) for the
compensation at the PCC (see Qs in Table 6.2).
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In comparison to the SAPF (when operating alone) DC side voltage (which is around
750V), the HAPF inverter DC voltage is considerably reduced (around 150V, see Figure
6.7(c)).

The simulated power system transient ability during the load parameters change (e.g.
decrease of the rectifier DC resistance Rpc from 36.5 Q to 18.25 Q) is presented in Figure 6.8.
It can be seen that after the power system current increase (see Figure 6.8(a) after the rectifier
DC side resistance decrease), the HAPF has mitigated the grid current harmonics, but did not
totally compensate the fundamental harmonic reactive power because of its PHF reactive power
which is sized to around 1210 Var. The invert DC side voltage is shown in Figure 6.8(b).

Figure 6.9(a)(b) presents respectively the waveforms of rectifier input (I1) and grid side
(Is) current during the asymmetry. The asymmetry was obtained by connecting the resistance
beween phases as presented in Figure 5.18 (Rasym). The HAPF2 with the proposed control
system, does not have ability to compensate the asymmetry component (see also the SAPF in
Chapter 5, Figure 5.20(b) and Figure 5.21).

The impedance versus frequency observed at the rectifier terminals (Figure 6.10) shows
that the power system is purely inductive. The parallel resonance between the PHF (when
operating alone) and the electrical gird is completely eliminated as well the dependency of the
PHF performances (when operating alone) on the grid impedance.
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Figure 6.11  Grid current waveforms before and after the HAPF connection.

The HAPF2s with passive harmonic filter tuned to the resonance frequency (n = 6.87
(543.5Hz)) near the frequency of the 7" harmonic and to the resonance frequency (nre = 10.87
(543.5Hz)) near the frequency of the 11" harmonic have the best result in term of grid current
THD reduction because the inductances of their reactors which are 3 mH and 1.2 mH
respectively are smaller than the input thysristor bridge reactor inductance which is 3.5 mH
(see Figure 6.11). Therefore as it has been experimentally demonstrated in chapter 5 that the
SAPF input reactor inductance (first-order filter) should be chosen with the value equal or little
bit lower than the input rectifier reactor inductance value for a better mitigation of grid current
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ripple at the waveforms commutation points, that principle should also be applied during the
design of HAPF passive harmonic filter.

The choose of the HAPF2 passive harmonic filter resonance frequency should not be
focused only on the rectifier (load to be compensated) characteristic harmonics but also on the
value of the rectifier input reactor inductance. The PHF of HAPF2 can be tuned to any
frequency provided that, its reactor inductance has a value equal or smaller than the one of the
rectifier input reactor so called commutation reactor.

The performed experiments have also shown that when the PHF is tuned to the resonance
frequency higher than the frequencies of the 5™ and 7" harmonic: the HAPF reduces (at the grid
side) better the higher current harmonics (e.g. from the 13™) because the PHF presents smaller
impedance for that harmonics (Figure 6.2.), the 5 and 7" current harmonics are worse reduced
and the PHF reactor value is smaller in comparison to the case when it was tuned to the
frequency near the 5 or 7" harmonics, therefore low cost. If the PHF reactor value is too small,
the HAPF can face the problem of switching ripple mitigation

There are many topologies of PHF that can be connected in series with the SAPF as in the
structure of HAPF2 [30].
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Chapter 7
Conclusion

The techniques used to reduce the voltage and current distortion caused by power electronic
converters in the electrical power systems exist in large numbers. Some of them were selected
and presented in this work. The thesis objective focused on the hybrid active power filter
(HAPF) which is the combination of active power filter (APF) and passive harmonic filter
(PHF). To achieve the thesis objective, the author performed different studies (simulation and
laboratory) on the selected PHF and SAPF structures.

The acquired knowledge from the studies of the PHF and SAPF structures allowed the
author to design and analyzed the hybrid active power filter (HAPF) structures: model of SAPF
(three legs three wires) connected in series with the single-branch filter (simulation) and model
of SAPF (three legs four wires) connected in parallel with the group of two single-branch filters
(laboratory).

7.1  Simulation study results

The following PHF structures were considered: the single-tuned filter, the series PHF, the
double-tuned filter, the broad-band filters (first, second, third-order and C-type filter) and
Hybrid passive harmonic filter (HPHF). The author analyzed the PHF topologies basing on
their impedance versus frequency characteristics, detuning phenomenon (due to the filter
elements parameters (LC) change over the time or due to fault or atmospheric conditions), and
damping resistance. All the quoted elements have an influence on PHF filtration efficiency. The
comparison of some PHF structures (group of two single-filters & double-tune filter, series PHF
& HPHF) as well as the methods of sharing the total reactive power in the filter group were also
considered. The structures were tested as a stand-alone device as well as a part of the entire
system including non-linear load and supply network with its internal equivalent impedance.

Basing on the impedance versus frequency characteristics, the author showed that the
variation of the series PHF parameters decreases its efficiency on the harmonic to be blocked.
Connected between the PCC and the rectifier load, it can be the source of harmonics
amplification at the grid side. The disadvantages (e.g. harmonics amplification etc.) of the series
PHF can be overcome by the shunt PHF (HPHF).
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The author demonstrated that:

- the shunt PHFs (single-tuned, double-tuned and broad-band filters) should by tuned to the
frequency a bit lower than the frequency of harmonic to be eliminated because of the aging
of their elements (LC) which can caused the filter detuned. The harmonic to be eliminated
should be the load (e.g. rectifier) characteristic harmonic after the fundamental harmonic.
The bad choice of the shunt PHF resonance frequency can cause the amplification of
harmonics at the electrical grid side and filter terminals,

- the increase of single-tuned filter resistance reduces its efficiency on the mitigation of
harmonic to be eliminated at the grid side and increases its power losses,

- the filter group (two single-tuned filters) in comparison to the double-tuned filter (the same
fundamental harmonic reactive power, reactor quality factor and voltage at their terminals)
presentes higher value of inductances (more expensive in practice) and lower impedance for
harmonics higher than the harmonics to which it is tuned,

- the first-order filter designed for the fundamental harmonic reactive power compensation, in
the electrical power system with distorted voltage and current, can be a source of harmonics
amplification (at the grid side),

- the second-order, third-order and C-type filter efficiency depends upon the choice of the
damping resistance value. They can be the source of harmonics amplification (mostly the
characteristic harmonics near the fundamental) at the grid side if the damping resistance is
not well chosen. Depending on their damping resistance value, they are better on the
reduction of harmonics in wide band than the single-tune filter (grid side),

- the single-tuned filter compared to the broad-band filters (equal fundamental reactive power,
equal reactor quality factor, and equal resonance frequency) and regardless of damping
resistance value, is better on the mitigation (grid side) of harmonic which the frequency is
near its resonance frequency,

- the second-order filter in comparison to the single-tuned filter and other the broad-band
filters (equal fundamental reactive power, equal reactor quality factor, and equal tuning
frequency) and regardless of damping resistance value, present higher power losses,

Six methods (Method A to F) of sharing the total fundamental reactive power in the filter
group were presented and compared in this work. Despite the fact that the efficiency of filters
whose individual components have been selected by different methods is very similar, method
A (equal reactive for filters in the group) remains more attractive than other method because it
demands less caculation and presents better resuls in term of filter group power losses.

The goal of designing the SAPF (three wires three legs structure) was to compensate the
load fundamental harmonic reactive power, harmonics, and asymmetry and it was achieved
using the original control algorithm — based on p-q theory - prosed by author. The influence of
the line reactor (connected between the PCC and the grid side), rectifier input reactor and SAPF
input reactor and DC capacitor on its efficiency, was also considered.

In the description of the p-q theory algorithm used in the SAPF control system, the author
demonstrated that the distortion contained in the PCC voltage, if not filtred, affects the reference
current and can be found in the grid current after compensation (the grid current waveform is
then the replica of the PCC voltage waveform).

In the electrical system with rectifier load, the choice of the SAPF input reactor (L-filter)
inductance value should be also based on the input rectifier reactor inductance value. It should
be lower or equal to the input rectifier reactor inductance value for better mitigation of the grid
current ripples at the commutation notches points. The connection of the line reactor between
the PCC and the grid is not recommendable because of the PCC voltage distortion increased.

The analyzed HAPF was the topology of SAPF connected in series with the PHF (single-
tuned filter). The goal of studying such of topology was to show that it is possible to reduce the
power of SAPF (active part). The HAPF was applied to compensate the load fundamental
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harmonic reactive power and harmonics. The author demonstrated that the choice of the single-
branch filter tuning frequency of that topology should not only depend on the rectifier (load to
be compensated) characteristic harmonics but also on rectifier input reactor size. The author
also proposed a control system algorithm based on p-q theory for that topology.

7.2  Laboratory study results

Basing on the investigations in the laboratory, the author demonstrated that the shunt PHFs
efficiency depends upon the electrical grid impedance (the filter impedance of the harmonic to
be eliminated should be smaller than the grid impedance of that harmonic), the supply voltage
quality (with the distorted electrical grid voltage, after the filter connection, the harmonics flow
from the grid to the filter (amplification of harmonics at the grid and filter side)) and the
tolerance of the filter elements (LC). Before the shunt PHF design, the following infromations
are needed:

- the load current characteristic harmonics and fundamental harmonic reactive power,

- the electrical grid estimeted impedance,

- the supply voltage spectrum at the PCC when the load to be compensated is not connected.

In the case of the distorted supply voltage (when the load to be compensated is not
connected) and filter impedance of the harmonic to be eliminated not enaugh lower than the
grid impedance of that harmonic, the author has demonstrated that the connection of the line
reactor between the grid and the PCC can be the solution with the disadvantage that the PCC
voltage will be more distorted.

The author also demonstrated that after receiving the filter elements from the producer, it
is important to verify (by measuring) if their parameters (reactor inductance and resistance,
capacitor capacitance and resistance as well as filter resonance frequency) are within the
tolerance or are the expected ones. The measured filter parameters can be a bit different from
the nominal parameters because of the elements (LC) tolerance.

The investigation of the single-tune filter, group of two single-tuned filters, first and
second-order filters in the laboratory confirmed the simulation studies.

The laboratory experiments of the SAPF were performed on the structure of four wires
three legs with input reactors L. Based on that structure, the author presented the influence of
the rectifier input reactor as well as the grid side line reactor on the SAPF efficiency (confirming
the simulation).

The laboratory experiments of the HAPF were performed on the structure of SAPF (four
wires three legs with L filter at the input connected in parallel with the group of two single-
tuned filters. The author presented the advantages (the SAPF used less power) of that structure
as well as the interest (improvement of the PHF efficiency) of connecting the line reactor
between the SAPF and the group of PHF.

7.3 Further work direction

The further part of this work will be focussed on the HAPF (model of SAPF connected in series
with the single-branch filter):

- the laboratory investigations

- design of new control system algorithm, allowing the active part to compensate the
harmonics, reactive power (despite the passive part reactive power) and asymmetry (so far
in the literature, it is difficult to find cases where the active part compensate the load reactive
power and asymmetry).
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Annex |. Electrical grid model design in MATLAB/SIMULINK

The electrical network model in Figure 1.1 is applied for the simulation studies presented in
chapter 3. The equivalent circuit presented in Figure 1.1(a) has its computed parameters as well
as computation formulas in Table 1.1, Table 1.2, Table 1.3 and Table 1.4 [233, 234].

Medium voltage Primary (Pri) Tr Secondary (Sec) PCC

7//‘} S -|_[ Transmision line | Y 4
SN 7777 t t

f 6 kv ? 0.4 kv T

(b) A

Electrical grid
Figure 1.1 Supply network equivalent circuit (a) and (b) its model in MATLABE/SIMULINK [1]

Table 1.1~ Medium voltage parameters (6 kV)

Substitute parameters Formulas Computed parameters
Xy = 1.1 % Zwv =0.1989 Q

s ZOKV | Pt el gt |y o1
Rmv = 0.1 Xmv Rmv =0.0198 Q

Swv.n = 200MVA 1y =0.995 Zuy Ly — 630 uH

Table 1.2 Transformer parameters (two windings) at the primary side

Substitute parameters Formulas Computed parameters
SN =500 kVA APCU_NU%r_Pri_N ) —
AP n —gskw | Rmpi =T Zipi =3.240Q
APFe_N =25kw 5 X ) -30
lose =530 | Zpy py = —oR PN e
- 100ST; N
AUscy =45% -
Urr pri_N =6 kV 5 Rr_pri =1.224Q
_ 19 — (UTr_Sec_N)
UTr_Sec_N =0.4kV UTr_PriN LTr_Pri — 9550 HH
Strn - nominal power of transformer
APcu_n - nominal copper losses of transformer
APge N - Iron losses of transformer
looe - no-load current of transformer
AUsnhco - short-circuit voltage of transformer
Ut priN - transformer nominal voltage (primary side)
Ut sec N - transformer nominal voltage (secondary side)
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Two points of the supply network (secondary side of transformer and transmission line
end) are chosen for the short-circuit power calculation (Figure 1.1(a)). The computation
equations are shown in Table 1.4 [74, 114, 206, 233, 234]. Figure 1.1(b) represents the supply
network model in MATLAB/SIMULINK [1].

Table 1.3 Transmission line parameters

Substitute parameters Formulas Computed parameters
— m j—
YaL =34 — R, = s ZL =0.465Q
X =35 mm? YALX XL =02Q
Q
X =0.4— R =0.420 Q
0 0.4 o X, = Xyt L 0.420
I3 =500 m Lo =636.6 uH
Xo - reactance per unit length of transmission line
'3 - length of transmission line
X - cross-section area of transmission line

Table 1.4  Computed equivalent parameters of the simulated power system

Zs¢ sec = (ZMV + ZTr_Pri)19

ZSC_Sec =0.01528 Q
I — UTr_Sec N
SC.See ™ V3Z5c sec Isc_sec =15.109 kA
Ssc_sec = V3Urr sec nIsc_sec Ssc sec =10.468 MVA
Zs = Zscpcc = Zscsec T 21, Zs =0.480 Q
I — UTr Sec N
SC.PCC = T 35 Isc_pcc =481.12 A

Ssc_sec = \/§UTr_Sec_lec_Pcc Ssc pec =0.33 MVA

XS = (XMV + XTr_Pri)ﬁ + XL XS = 02142 Q
Rs = (Rwy + Ry pii )0 + Ry Rs = 0.4255 Q
Ls =681.82 uH

Zshe_sec - equivalent impedance (from the MV system to the transformer secondary side)
Isc_sec - initial short-circuit current at the transformer secondary side
Ssc_sec - short-circuit power at the transformer secondary side
Zs, Zsnc pcc - power system equivalent impedance (from the MV system to the PCC)
Isc_pcc - initial short-circuit current at the transmission line end (PCC)
Ssc_pcc - short-circuit power at the transmission line end (PCC)

Annex Il. Model of the electrical grid with the load
(MATLAB/SIMULINK)

In this annex, the two electrical circuits models designed in MATLAB/SIMULINK to perform
the analyses in chapter 3 are presented. The first electrical model is constituted of three-phase
adjustable speed drive (Figure 11.1) and the second one is constituted of one-phase diode bridge
with R load at the DC side (Figure 11.6).
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A Electrical circuit model with three-phase adjustable speed drive

The three-phase thyristor bridge with DC motor drive at its DC side and reactor (L) at its AC
side constitutes the non-linear load of Figure 11.1. The block in dark green is the DC motor drive
(see Figure 11.2) and the block in cyan represents the DC motor control speed (see Figure 11.3).

The blocks in orange and light blue are respectively the scopes, voltage and current

measurement blocks (Figure 11.1).

The DC motor drive block is presented in Figure 11.2 with more details. The block in red
colour is the DC motor, the torque is given by the block named “Load torque” and the blocks
named “Meanl” and “Mean2” are respectively used to compute the mean value of rotor speed
and current for the feedback control system loops. The “Armature current” is the current of

rotor coils and the “Field current” is the current of the wound stator.

Ps= 1365 [W] B Pr=1365 [W]
Os=2140 [var) 2 T3FIVAT 002100 [Var]

Continuous T T T

Inc

J‘!-m [H]

powergui Us Ur T
l Is /
Ly AW{,—. o] -' nl
labc:
B J,— LIl
Electrical grid o
DC motor drive
Control system Speed [rvpmin]
Armature current [A]
Figure Il.1  Three-phase thyristor rectifier connected to the electrical grid
1
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DC Motor 200V
outt N
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> ) "
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Meunz
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Armature current [A]
X'i
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Figure I1.2  DC motor drive
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Figure 11.4 Examples of waveforms and spectrums obtained after simulation of power system of Figure 11.1
(AC side): (a) grid voltage and (b) its spectrum; (c) grid current and (d) its spectrum; (e) voltage
at the thyristor bridge input; (f) reactor (L) voltage

The DC motor control speed system is presented with more details in Figure 11.3. It is
constituted of two control loops (rotor speed and current), two PI controllers and one pulls
generator [1, 123]. The optimization of the PI controllers ("Speed control” and "Current
control™) is not taking into account. The block named “Function” is used to inverse the signal
at the output current controller (the firing angle is between 90° and 0°). At the end the two
control loops, the generated firing angle is used by the generator to generate pulses.

The waveforms and spectrums examples obtained after simulating the power system of
Figure I1.1 are presented in Figure 11.4 (AC side) and Figure I1.5 (DC side).

At the AC side, the grid voltage and current with their spectrums are presented in Figure
I1.4(a) to (d). The input thyristor rectifier voltage is presented in Figure 11.4(e) and the voltage
reactor in Figure I1.4(f). When the grid current is increasing (during the thyristors
commutation), the grid reactor (Ls) voltage also increases at the same time and the voltage dips
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appear on the grid voltage as show on Figure 11.4(a). The voltage increase (AUrs = 103 V) on
the grid reactor is equal to the voltage dip on the grid voltage (AUs = 103 V — see the
commutation dip of Figure 11.4(a)). The input thyristor bridge voltage (UT) is more distorted
than the grid voltage (Us) because the reactor (L) presence (Figure 11.4(a) and (g)).

At the DC side, Figure I1.5(a) and (b) shows respectively the voltage and current feeding
the DC motor rotor and Figure 11.5 (c) and (d) constitutes respectively the rotor drive speed and
firing angle.
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Figure 11.5 Examples of characteristics obtained after simulation of power system of Figure 11.1 (DC side):
(a) voltage and (b) current feeding the motor drive rotor; (c) motor drive speed; (d) firing angle
obtained at the end of the control system

B. Electrical circuit model with one-phase diode rectifier

The one-phase diode bridge with RC load at the DC side and reactor (L) at the AC side is
presented in Figure 11.6. The blocks D1 to D4 represent the diodes bridge. The blocks named
“Flip-Flop”, “Breakerl”, “Comparator”, “Constant” and “Breaker2” are used to charge the
capacitor Cpc. When the simulation starts, the capacitor Cpc is securely charged through the
resistance r (“Breaker1” and “Breaker2” are switched off). When the capacitor Cpc is charged
to a value higher or equal to the value inside the block name “constant” (e.g. 300 V), “Breaker1”
and “Breaker2” are switched on and the current stopped to flow through the resistance r. The
block named “Flip-Flop” is used to maintain the blocks “Breaker1” and “Breaker2” on during
the rest of simulation. The blocks in orange colour represents the scope and the blocks in light
blue colour are voltage and current measurements.

The examples of waveforms and spectrums obtained after simulation of Figure 11.6 are
presented in Figure I1.7. The grid voltage and current with their spectrums are presented in
Figure 11.7(a) to (d), the input diode rectifier voltage in Figure 11.7(e) and the voltage at the DC
side of rectifier in Figure 11.7. The input diode rectifier voltage (Ur) is more distorted than the
grid voltage (Us).
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Flip-Flop Comparator

Constant
- .
Breakerl
Ps=102.6 [W] Pr=102.6 W)
Os=9.438 [VAr] Q= 0.626 [VAr]  0:=9.375[VAr] =15 [ohm]
Discrete ‘ ‘ A~
Breaker2
powergui . " .
pCC S
. L=1[mH]
- 2142 |
Cpe=0.001 [F]T ﬂ Rpc=1[kohm]
Electrical grid
D3 D4

Figure 11.6 Single-phase rectifier with Rpc-Cpc load at the DC side and reactor L at the AC side
(MATLAB/SIMULINK).
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Figure I11.7 Examples of waveforms and spectrums obtained after simulation of single-phase diode bridge of
Figure 11.6: (a) grid voltage and (b) its spectrum; (c) grid current and (d) its spectrum; (e) voltage
at the input of rectifier; (f) voltage at the DC side of rectifier
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Annex Il1l. Data from chapter 3

1.1 Series passive harmonic filters

Table I11.1 The series PHF parameters for different values of the fundamental harmonic impedance (Zsq))
Nre =5
Ziw [Q] Zig) [TQ] | Cry[pF] | Lew[mH]
0.0795 2251.8 1700 0.24
1.0795 36029 122.86 3.3
2.0795 36029 63.779 6.4
4.0795 Inf 32.511 12.5
Table 111.2 The series PHF parameters for different values of tuning frequency
Zgy= 0.0795[Q]
Nre Zxs) [Q] Crw [1F] Lec) [uH]
4.7 2.8809 1900 241.60
5 Inf 1700 242.93
5.2 5.0740 1500 243.70
Table I11.3 The series PHF parameters. Increase and decrease of filter reactor inductance by + 10%
Nre =5
Liyeao) [WH] | Le[uH] | Leaycaow) [H] | Cry [MF] | Zewy [€Q] Zx5) [€2]
267.23 - - 0.0878 4.1976
- 242.93 - 1700 0.0795 2.2518e+15
- - 218.64 0.0713 3.4344
Table 111.4 The series PHF parameters. Increase and decrease of filter capacitor capacitance by + 10%
Nre =5
Ziwy= 0.0795[Q]
Cray+a0m) [LF] | Cray [WF] | Crycaom [0F] | Lew [MH] | Zrw [Q] Zrs) [Q]
1800 - - 0.0798 3.8160
- 1700 - 242.93 0.0795 2.2518e+15
- - 1500 0.0792 3.8160
Table 111.5 The series PHF parameters. Increase of reactor resistance (Riy)
Nie =5
Z51)=0.0795 [Q]
q' Zis) [Q] Ciw [0F] | Li[mH] | Rif[mQ]
inf 2.2518e+15 0
100 190.80 0.76
a5 162 18 1700 0.24293 0.89
35 66.78 2.2
Table 111.6 The series PF parameters. Increase of damping resistance (R)
Nre =5
Ziw [Q] Zxs) [Q] Cry [WF] | Ley[mH] | RIQ]
2.2518e+15 -
0.0795 > 1700 0.24293 >
' 10 ' 10
20 20
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Table I11.7

Parameters after simulation

Us max [V] |s max [A]
Without filter With filter Without filter With filter
n
Ampl. | Phase | Ampl. Phase | Ampl. | Phase | Ampl. | Phase
1 319.96 | 30.6 | 320.06 30.6 15.86 | -26.8 | 15.50 | -25.9
5t 6.29 -67.5 0.01 133.2 535 | 43.8 | 0.01 | 224.2
70 0.37 9.5 9.35 250.5 0.24 | 116.4 | 5.88 -3.9
11 3.49 -34.5 4.88 -28.9 142 | 655 | 199 | 71.2
13t 0.77 -74.3 4.48 -79.3 027 | 247 | 156 | 19.2
17t 2.89 -11.4 3.38 -3.3 0.77 | 850 | 090 | 933
19t 1.17 -60.4 3.12 -54.8 028 | 366 | 0.75 | 411
23t 2.65 8.9 1.98 19.0 052 | 103.7 | 0.39 | 114.0
25t 1.40 -43.8 1.83 -32.7 0.25 | 508 | 0.33 | 619
29t 2.53 28.0 0.69 34.2 04 | 1218 | 0.11 | 128.3
THD [%] 4.94 4.21 36 42.19
Table 111.8 Continuity of Table I11.7
UTmax[V]
Without filter With filter
n
Ampl. | Phase | Ampl. | Phase
18 315.75 | 30.2 | 314.98 30.0
5t 14.45 -55.3 211.26 -46.2
7t 0.88 18.6 18.85 258.5
111 8.40 -28.6 11.30 -23.2
13t 1.87 -69.3 10.56 -74.4
17t 7.02 -7.6 8.07 0.6
19t 2.84 -57.0 7.50 -51.4
23t 6.45 11.8 4.78 21.9
251 3.41 -41.2 4.42 -30.1
29t 6.15 30.3 1.66 36.4
THD [%] 12.07 67.73
Table 111.9 Reactive and active power of power system (the SPHF resistance was neglected)
Psw [W] | Qsw[Var] | Pfoy [W] | Qi [Var] | QuolVar] | Prw [W] | QrplVar]
Before 1365 2140 - - 39.52 1365 2100
After 1369 2068 - 9.549 37.73 1369 2021

I11.2 Shunt Passive Filter
111.2.1Single-tuned filter

1.2.1.1

Analysis of single-tuned filter for different tuning frequencies

Table 111.10  Parameters of single-branch filter
Var
f[Hz] | n | Cio [uF] | Liw [MH] | Zie) [Q] | Zey [€] (CO?rf]%)e[nsati]on)
205 | 41 | 12295 4.9 2.52
235 | 470 | 12481 3.7 0.67 24.35 21725
2455 | 485 | 125.17 3.4 0.32 ' '
250 5 125.49 3.2 0.00
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Table I11.11

Reactive and active power of simulated power system

Measured values
Input Input of
n Grid (PCC) Single filter reactor thyrystor
(L) bridge
Ps(W] | Qs[var] | DPF | Pew | (2T | uvar | prpwy | (I
Without filter 1365 2140 0.5378 - - 39.53 1365 2100
4.1 1362 25.21 0.9998 - 2145 39.54 1362 2131
4,70 1360 30.01 0.9998 - 2142 39.56 1360 2132
4.85 1359 32.68 0.9997 - 2140 39.59 1360 2133
5 1359 31.94 0.9997 - 2141 39.6 1359 2134
Table 111.12  Grid voltage (Us max [V]) and current (Is max [A]) parameters
Without filter n=41 n=470 n =485 n=>5
N Voltag | Curren | Voltag | Curren | Voltag | Curren | Voltag | Curren | Voltag | Curren
e t e t e t e t e t
1t 1319.97 | 15.86 |322.93| 8.43 |322.92| 8.42 |32291| 8.42 |322.91| 8.42
5t 6.28 5.34 4.48 3.82 2.46 2.09 1.17 0.99 0.02 0.01
7 0.38 0.24 0.41 0.25 0.42 0.27 0.43 0.28 0.45 0.29
11t 3.48 1.42 2.98 1.22 2.81 1.15 2.75 1.12 2.71 1.10
13t 0.77 0.27 0.59 0.21 0.53 0.19 0.51 0.18 0.49 0.17
17t 2.89 0.77 2.48 0.67 2.36 0.63 2.32 0.62 2.29 0.61
19t 117 | 028 | 095 | 023 | 0.88 | 0.21 | 0.86 | 0.20 | 0.83 | 0.20
23 2.65 0.52 2.28 0.45 2.17 0.43 2.13 0.42 211 0.41
25 14 0.25 1.16 0.21 1.09 0.20 1.06 0.19 1.04 0.19
29t 2.52 0.4 2.17 0.34 2.07 0.33 2.03 0.32 2.01 0.31
T[;)? 493 | 36 | 424 | 4970 | 3.94 | 3154 | 384 | 2235 | 379 | 18.74
111.2.1.2 Optimization technique in MATLAB (method f)

The optimization technique (method f) applied to share the total reactive power in the
group of two single-tuned filters is clarified in Table 111.13.

Table 111.13

Program used to obtained the objective function (y) and Qn

File name: dwafiltry500var.m

File name: gl.m

nre_f1=2.9;

function [y]=dwafiltry500var(Qf1)
if Qf1>0 && Qf1<500
Qf2=500-Qf1;

% resonance frequency of filter (f1)

nre_f2=4.85; % resonance frequency of filter (f2)

nfl =3; % characteristic harmonic to be  eliminated
by (f1)

nf2=5; % characteristic harmonic to be eliminated
by (f2)

q=85; % reactor quality factor

U=230; % filter voltage

w1=100%*pi;

Cfl=(nre_f172-1)*Qf1/(wl*nre_f172*U"2);
Cf2=(nre_f272-1)*Qf2/(wl*nre_f2/2*U"2);
Lf1=1/(wl"2*nre_f172*Cf1);
Lf2=1/(wl"2*nre_f2/2*Cf2);
R_Lfl=wl1*Lfl/q;

R_Lf2=w1*Lf2/q;

clc

clear

Qf1=1:499;

n=length(Qf1);

d=zeros(n,3);

for i=1:length(Qf1)
d(i,:)=dwafiltry500var(Qf1(i));

end

hold on

plot(Qf1,d(:,1),'b") % optimization function
characteristic

grid on
Q3opt=fminsearch(‘dwafiltry500var',260)%
= Qf1 % reactive power of filter (f1)
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zs_nf1=0.425+1i*0.214*nfl; % electrical grid system
impedance for the 3rd

harmonic
zs_nf2=0.425+1i*0.214*nf2; % electrical grid system
impedance for the 5th Lo2r
harmonic
zfl_nfl=R_Lfl1+li*wl*nfl*Lf1-1i/(wl*nfl*Cfl); % 3rd | = I
harmonic impedance (f1)
zf1_nf2=R_Lf1+1i*w1*nf2*Lf1-1i/(w1*nf2*Cf1); % 5rd 098}
harmonic impedance (f1) 097 +
zf2_nfl=R_Lf2+1li*wl*nfl*Lf2-1i/(wl*nfl*Cf2); % 3rd 0.96 : : - ; :
harmonic impedance (f2) 0 100 200 300 400 500
zf2_nf2=R_Lf2+1i*wl*nf2*Lf2-1i/(w1*nf2*Cf2); % 5rd o Onfva]
harmonic impedance (f2) Optlmlzatlon function

zF_nfl=zfl nfl.*zf2_nfl./(zf1_nfl+zf2_nfl);
% 3rd harmonic impedance (f2 and f1)
zF_nf2=zf1_nf2.*zf2_nf2./(zf1_nf2+zf2_nf2);
% 5th harmonic impedance (2 and f1)
zF_Zs nfl=zs_nfl.*zF nfl./(zs_nfl+zF_nfl);
% 3rd harmonic impedance for (2, f1
and grid)
ZF_Zs _nf2=zs_nf2.*zF_nf2./(zs_nf2+zF_nf2);
% 5th harmonic impedance for (f2, f1
and grid)
y=1-((1-abs(zF_Zs_nfl./zs_nfl)).*(1-
abs(zF_Zs_nf2./zs_nf2))); % optimization function

else
y=1e5;
end

Annex IV. Technical data of the PHFs laboratory components
(chapter 4)

IV.1 Load data
The load technical data are presented in Table IV.1, Table 1V.2, Figure 1V.1 and Figure 1V.2.

Table IV.1 Technical data of resistances (R1, R2) at the thyristor bridge DC side [285]

SIMPAX DAWNIEJ SIMET S.A. PIASKI

Parameter Value Unit

Nominal voltage Uy 840 V

Nominal current Iy 354 A

Nominal resistance Ry 8 Q=+5%

Type of work S-1 %

Protection degree IP-20 IP
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Table IV.2 Technical data of the thyristor rectifier [286]

Technical data: DACPOL SERVICE Sp. Z 0.0.
Thyristor type ST3F
Supply voltage 3x400V,50 Hz (L1, L2, L3, N)
Tolerance of supply voltage +10% to -15%
Method of adjusting the firing angle phase
Adjusting angle range 0 to170°el
Control signal 0-10V or 4-20mA
Lock signal :)V'blocking a logic zero or +24V blocking a
ogical one
Work temperature range 0°C, +40°C
Storage temperature range -25°C to +55°C
Relative humidity to 90% (without condensation)
Insulation electrical strength 2500V AC
Protection degree 1P20
Cover metal
Control mode - External control V\_/ith contrql signal
- Internal control with potentiometer

Ll Napiecie
L2 |«— Zasilanie
(3 |la— X230 ¢ .
N T+K T-K
K + K3 - K6
R- [ -~ -—
B T+B
K |i] T-B |f| !
ST 5] S| ks SK,_| K2
K S+B )
T- 5 I| S-B |Ia
K RPK | k1 RK K4
R+ ﬁ R+B 1 1
STEROWNIK |—& f I ‘ =
ST3FU S I8 R-B
T+ L1 L2 L3
BLl | ———» Biokada 1"
BLO |—— g Blokada 0" SOftStﬂl’t(BLl, BLO)
GND |g———— \ . |
WEJ Sygnat sterujacy 0 - 10 V: 4-20 mA
+10V

Figure IV.1 Connection diagram of thyristor bridge rectifier [286]
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ABB France SENSOR/ CAPTEUR Issued: 1995.03.23
3, rue Jean Perrin - L
69680 Chassieu, FRANGE anjmerclal referen_ce . Order code Modification -
Tel : +33 (0)4 72 22 17 22 Reférence commerciale | Référence de commande | pate -
Fax : +33 (0)4 7222 19 84 EL25P1 1SBT132500R0001 Page 2/2
CHARACTERISTICS CARACTERISTIQUES
Nominal primary current (Ipx) Courant primaire nominal (I1py) A r.m.s. (A eff.) 25
Measuring range (I, max) Plage de mesure (Ip max) A peak (A créte) : £55 (@ £15V (£5%))
Max. measuring resistance (Ry max) Reésistance de mesure max. (Ry max) : 142 (@Ilpmax / 15V (+5%))
Min. measuring resistance (Ry; min) Résistance de mesure min. (Ry min) 100 (@lpy / £15V (£5%))
Min. measuring resistance (Ry min) Résistance de mesure min. (Ry min) :0 (@lpn / 12V (£5%))
Turn ratio (Np/Ng) Rapport de transformation (Np/Ns) : 1/1000
Secondary current (Ig) at Ipy Courant secondaire (Ig) a Ipy mA :25
Accuracy at Ipy Précision a Ipy %o : <205 (-20°C ... +70°C)
Offset current (Igg) Courant résiduel (Isg) mA 1.2 (@ +25°C)
Linearity Linéarité % :=0.1
Thermal drift coefficient Coefficient de dérive thermique uA/~C :=7 (-20°C ... +70°C)
Delay time Temps de rerard us <0.1
di/dt correctly followed difdt correctement suivi Alps <200
Bandwidth Bande passante kHz :0...200 (-1dB)
No-load i t 1 Courant de consommation a vide
((f" o e a0) (I1o) mA <20 (@ +15V (£5%))
-onsumption = Iy + Is) (Consommation = Iy + Is)
Voltage drop (e) Tension de déchet (e) v :=3
Secondary resistance (Rg) Résistance secondaire (Rs) Q 163 (@ +70°C)
Dielectric strength Rigidité diélectrigue
Primary / Secondary Primaire / Secondaire kVr.m.s. (kV eff.) 3 (50Hz, 1min)
Supply voltage Tension d'alimentation Vd.c. 12 L EDS (B5%)
Mass Masse Kg 0.02
Operating temperature Température de service “C =20 ... +70
Storage temperature Température de stockage “C -25 ... 485
Temperature of primary conductor Température du conducteur primaire °C < 100
in contact with the sensor en contact avec le capteur =
40 15,5
17,5 @10
R = c 0
o + —M =~y
@ = 0,6%0,7 )
5,08 4,1
f— 1 —— et
6| 27,94 |
T
I ﬁl
LT
Figure IV.2 Current sensor technical data [287]

IV.2 Electrical grid parameters

The parameters of the electrical grid (from the MV to the LV) feeding the laboratory model
are presented in Table IV.3, Table IV.4 and Table IV.5. The simulated blocks of laboratory
model is presented in Figure IV.3.
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Table IV.5

MV

U_MV_N = 15.75[KV]
S_MV_N =250[MVA]
X_MV = 1.09 [ohm]
R_MY =0.109 [ohm]
L MV = 0.0035 [H]

Table I1V.3 Medium voltage network side parameters

Given parameters Computed parameters
Zmv =1.0970 Q
Uwv N  =15.750KkV | Xmv =1.0915 Q
Rmv =0.1091 Q
Swn o =20MVA L —000s5 H
Table IV.4 Transformer parameters (two windings)

Computed parameters

Given parameters (secondary side)

ZTFZ;T_N : ;823 @l Al Znse =000930
APre N =1610 W X1rsec  =0.0092 Q
AUShc% =581%
I7r_pri_n =36.66 A

R =0.0015 Q
Ureprin  =15750kV | =

Urr_sec N =0.4 kV
LTr_Sec = 29.228 lJ.H

|Tr_Sec_N = 1443, 38 A

Computed equivalent parameters of the electrical grid (calculated at the PCC point) feeding the

laboratory model

Sscsee = 0.15994 MVA | Zs =0.0100
Xs =0.0099 Q Isc_sec = 23.086 kA

Rs =0.0015 Q

Zss) = RS + (5X5)? Ls  =31468uH
- Zss) =0.0495 Q
Ksw = s Xss  =0.0494 Q

- Us
Transformer “‘_'—.
I Us RL

R=36.5 [Ohm]

R_Tr_pri=2.24 [ohm] I A A A rw‘ﬁ"\
X_Tr_pri= 14.23 [ohm]

L_Tr_pri= 0.0453 [H]

i

Rr=4 [mQ] Thyristor Bridge
R_Tr_sec = 0.0015 [ohm] L =025[mH]
X _Tr_sec= 0.0092 [ohm]
L_Tr_sec =29.228[uH]
Figure IV.3 Simulated model of laboratory setup
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IV.3 PHF reactors and capacitors technical data

Lubliniec, 28.06.2017r.

Sz. P. mgr inz. Marek Litewka
Akademia Gorniczo-Hutnicza

‘Wydziat Elektrotechniki, Automatyki, Informatyki i Inzynierii Biomedycznej
Katedra Energoelektroniki i Automatyki Systeméw Przetwarzania Energii

Al Mickiewicza 30
30-059 Krakow

kom.: +4812617-34-03
e-mail: litewka@agh.edu.pl

elhand

TRANSFORMATORY

ELHAND TRANSFORMATORY Sp. z o.0.
PL 42-700 Lubliniec ul. Klonowa 60
tel. +48 34 34 73 100

fax +48 34 34 70 207
info@elhand. pl

www.elhand.pl

NIP: PL 5751862934

Oferta nr OFPL-2017-1293 na dlawiki typu ED1-8.03-7.7-7.3-7.0-6.6: TP00

Szanowny Panie,

w nawigzaniu do przeslanego zapytania w dniu 19.06.2017r. niniejszym przedstawiam nasza oferte na
mteresujgce Panstwa dlawiki nasze] produkeji w wykonaniu ladowym, wykonane zgodnie z wymaganiami normy

PN-EN 60076-6 oraz przekazanymi danymi technicznymi:

typ ED1-8,03-7.7-7,3-7,0-6.6: IPO0
ni- obliczen / nr kalkulacyi OBL33476 / KALK/2017/0411
indukcyjnosé L 803-77-73-70-66mH
pradl 15 A
czestotliwosé 50 Hz
napiecie pracy Un 400 V

napiecie proby Upr

3 l(\”A( (l ll'liIl)

praca S1 (ciagla)
wykonanie Cl/EQ
klasa izolacji T40F

chlodzenie

AN (naturalne, powietrzne)

polozenie stojace
material uzwojen miedz
impregnacja lakier elektroizolacyjny

stopien ochrony

IP00, klasa I

wymiary LxBxH [mm]

~165x110x240

masa [kg] ~12

ilos¢ [szt.] 3
Tolerancja indukeyjnosci +10%
cena netto 717,00 PLN/szt.

OFERTA WAZNA DO: 30.09.2017r.
WARTOSC OFERTY NETTO: 2 151,00 PLN
WARUNKI HANDLOWE:

1. Termin realizacji zlecenia:
2. Warunki dostawy:

3. Sposé6b zaplaty

4. Okres gwarancji: 24 miesiace od daty sprzedazy.
Oczekujac zainteresowania oferta, lacze serdeczne pozdrowienia.
7 powaZaniem

Adam Jonczyk

ELHAND TRANSFORMATORY Sp. zo.o.

tel. +48 34 3473 111

fax +48 34 3470 207

e-mail: marketing@elhand.pl

‘W przvpadku zamowienia prosze powolac sie na numer ofertv.

KRS: 0000342480

Sad Rejonowy w Czestochowie,
XVIIl Wydz. Gospod. KRS

Kapitat zaktadowy: 7.211.850 PLN
NIP: PL 5751862934,

Figure IV .4

Konto bankowe

ING Bank Slaski S.A.O/Lubliniec

PL 29 1050 1142 1000 0023 5194 3747 (PLN)
L 12 1050 1142 1000 0023 5194 3762 (EUR)

PL 20 1050 1142 1000 0023 5336 5832 (USD)

3 -5 tygodni od otrzymania pisemnego zamdowienia,
FCA (wg Incoterms) - spedycja na koszt Odbiorcy,
przelewem na nasze konto z terminem wplywu 14 dni od daty sprzedazy,

Konto bankowe:

Deutsche Bank PBC S.A.

PL 78 1910 1048 2518 4670 6589 0001 (PLN)
PL 51 1910 1048 2518 4670 6589 0002 (EUR)
SWIFT/BIC: DEUTPLPX

Technical data of reactor with six terminals. This rector is used to present the detuning

phenomenon of single-tune filter applied to mitigate the 5™ harmonic in the grid current and

voltage [288]
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Form.3/P10-01

ELHAND TRANSFORMATORY Sp. z o.0. Lubliniec dn. _ 2017-08-22

Zamoéwienie : PL/1295/2017 /1  Nrobliczen: 33476

PROTOKOF, KONTROLI DEAWIKA PEU

L. Dane techniczne :
Typ:Ep1 - 8,03-7,7-7,3-1,0-6,6/15 _ Nr fabr. 13637 Rok prod.: 2017

Moc znamionowa 0,57 kVAr
Indukcyjno$é s,03-7,7-7,3-7,0-6,6 mH Prad znamionowy 15 A Napiecie pracy 400 v

Najwyzsze napiecie pracy 750 'V Czgstotliwosé __ s0 Hz Klasaizol.  raor
Napigcie prob. _ 2,5 kV weciagu_60 sek. 50 Hz Rezystancja izolacji _ 7,112 GQ
Rodzaj pracy s1 Chtodzenie AN Stopien ochr. 1P00
Wykonanie _C1/EQ wg przepisow PN-EN 61553-2-20

Straty czynne przy Iy 29,8 w

II. Wymiary, waga :

Waga: miedzi 5 o kg zelaza 4,13 kg dlawik 19,46 kg

Wymiary zewngtrzne dlawika (LxBxH) 157 _mm _ 133 mm _ 235 _mm
Rozstaw i §rednica otworéw montazowych (d x e x f) 115 mMm 106 MM _1ix21 mm

IIL. Wyniki pomiaréw (temp.uzw.=__ 22  °C; czgstotliwo$¢ __so  Hz)

Pol
i “Reon [GO) |7 Rigs [GO)7 |- Reon / Risy -
7,112 6,980 1,01

PAETES & B PR DI ST P e s B L B aiei B TS R e S
uzwolenle — rdzen 60 pozytywny
Pomlar rezystanc|l uzwojer:
Zaciski Rezystancja
Q)
1.1-12 0,10568
13-12 0,10364
14-12 0,10158
15-1.2 0,09955
16-1.2 0,09702

Pomiar indukcyjnodei (czgstotliwo$é 50 Haz):

1835873 rH

Orzeczenic:
Wyniki préb | pomiaréw fabrycznych pozytywne. Urzadzenle nadaje sig do eksploatac)l.

Uwagl .
Urzgdzenla pomlarowe: INW/11350/ELH, INW/11450/ELH, INW/10750/ELH, INW/11110/ELH,
AHH/11550/ LR, ZLHAND TRANSFORMATORY Sp. 20,0,

. - Specjalista Konimll Jakosci
; Zzﬂd/ﬂ‘é « inz, Wojciech fa
kontroler - sprawdzit

Figure IV.5  Technical data of the reactors with six terminals: control protocol [288]

241



Lubliniec, 18.10.2017.

e
h’ L —
Sz. P. Stephane A ej«wze e a “ —
e - » ° ° = | e
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tel. +48 34 34 73 100

i fax +48 34 34 70 207
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30'05.9 Krakéw - www.elhand.pl
e-mail: stephane@agh.edu.pl NIP: PL 5751862934

Oferta nr OFPL-2017-1957 na dilawiki typu ED1-7,3; TP00

Szanowny Panie,
w nawigzaniu do przeslanego zapytania w dniu 18.10.2017r. ninicjszym przedstawiam naszg oferte na
interesujace Panstwa dlawiki naszej produkcji w wykonaniu ladowym, wykonane zgodnie z wymaganiami normy
PN-EN 60076-6 oraz przekazanvmi danvmi technicznvmi:

Ltyp ; ED1-7,3; IPOO

ilosé [szil.] ¥
cena netto 596,00 PLLN/szt.

DFERTA WAZNA DO: 31.01.2018r.
WARTOSC OFERTY NETTO: 1 788,00 PLN

WARUNKI HANDLOWE:

1. Termin realizacji zlecenia: 4 - 5 tygodni od otrzymania pisemnego zamdéwienia,

2. Warunki dostawy: FCA (wg Incoterms) - spedycija na koszt Odbiorcy,
3. Sposéb zaplaty przelewem na nasze konto z terminem wplywu 14 dni od daty sprzedazy,
4. Okres gwarancji: 24 miesigce od daty sprzedazy.

Oczekujge zainteresowania oferta, lacze serdeczne pozdrowienia.
Z powazaniem | 4

Adam Jonczyk = [“7¢ ‘»‘{‘ .

ELHAND TRANSFORMATORY Sp. z o.0.

tel. +48 34 3473 111 ey
fax +48 34 3470 207 . -
e-mail: ajonczyk@elhand.pl ! 243 Otarska
W przypadku zaméwienia prosze powola¢ sie na numer oferty. ¢ /K//_/’/'/
= - =
<_
KRS: 0000342480 Konto bankowe: Konto bankowe:
Sad Rejonowy w Czgstochowie, ING Bank Slaski S.A.O/Lubliniec mBank S.A. o/Opole
XVIl Wydz. Gospod. KRS PL 29 1050 1142 1000 0023 5194 3747 (PLN) PL 80 1140 1788 0000 4359 4600 1001 (PLN)
Kapitat zaktadowy: 7.211.850 PLN PL 12 1050 1142 1000 0023 5194 3762 (EUR) PL 53 1140 1788 0000 4359 4600 1002 (EUR)
NIP: PL 5751862934; PL 20 1050 1142 1000 0023 5336 5832 (USD) SWIFT/RIC: RREXPI PWORPO

Figure IV.6  Technical data of reactors used to design the 71" harmonic single-tuned filter [288]
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Figure IV.7

Figure IV.8

THREE-PHASE GAS INSULATED POWER CAPACITORS MKG TYPE

General rated data

Type Vol:/age szi/v:r Rated:urrent Cap;:llt:nce Gibisls
MKG 525-2.5 525 25 2.7 9.6 A
MKG 525-5 525 5 (3 19,2 A
- MKG 525-7.5 525 7.5 8,2 28.9 B
B | IMKG 525-10 525 10 11,0 38,5 B
“’; MKG 525-12,5 525 12,5 13,7 48.1 C
5 | MKG 525-15 525 15 16,5 57.7 D
MKG 525-20 525 20 22.0 77.0 E
MKG 525-25 525 25 27.5 96.2 F
MNG 525-30 525 30 33,0 115,5 G

current:

Discharge:
Altitude:

Humidity:

Standards:

General rated data:
Rated voltage:

Rated power:
Frequency:
Capacitance tolerance:
Active power losses:
Permissible continuous

Permissible short-time
current (0,5 period):
Mounting position:

Ambient temperature:

Internal protection:

400, 440, 450, 480,
525,690 V
2,5....40 kvar
50Hz

-5..4+10%
=0,2W/kVar

1.3y

2001y
50V/1min.
<2000m a.s.l.
vertical
-25...450°C
95%
overpressure
IEC60831

>

LT

il

Technical data of capacitor used in the design of single-tune filter for the 5™ harmonic mitigation
in the grid current [289]

Low Voltage Power Capacitors

Three-phase capacitors: 525V, 50Hz, IP 20, MKP

TYP Vykon Kapacita Proud Hmotnost Rozmeéry
Type Powar Capacitanca Current Weight Dimansion
Qy [kvar] Cy [WF] I [A] kgl a0xH [mm]
CSADG 1.0,525/2,6N 25 EFT I RN 0.6
CSADG 1-0,525/6N 5 3% 183 [3% 55 0.7 5 175
CSADG 1-0,525/8N B 3x308 3% 68 59
CSADG 1-0,525/10N 10 3x38,5 [3x 110 1,0
CSADG 1-0,525/12,6N 125 3x481  [3x 137 K] R
CSADG 1-0,525/15N 15 3% 578 |3k 165 12
CSADG 1-0,525/20N 20 3% 770 |3x 220 17
CSADG 1-0,525/25N 25 3%96.3 |3x 275 15 110 % 245
CSADG 1-0,525/30N 30 3% 116__|3x 33.0 2.1
Rated voltage: Uy 230-800V
Frequency: fy 50/60 Hz
Standards: IEC 60831-1+2, EN 60831-1+2, UL No. 810,
GOST 1282-88, VDE 0560 46+47
Max overvoltage: Unp,

Overcurrent {according to above standards):
Capacitance tolerance:

Test voltage, terminal/terminal:

Test voltage, terminal / case:

Inrush current:

Dielectric losses:

Statistical life expectancy:
Degree of protection:

Ambient temperature category:

Cooling:

Permissible relative humidity:
Max above sea level:
Mounting position:

Mounting:

Case:

Dielectric:

Impregnant:

Discharge resistors:

% Uy + 10 % (up to 8 hours daily)
Uy + 15 % (up to 30 minutes daily)
Uy + 20 % (up to 5 minutes)
Uy + 30 % (up to 1 minute)
1,5-2,0%1Iy
-5/ 410 %

Ut 2,15 * Uy, AC, 2 s
Urc Uy < 500 V: 3000 V AC, 10's

Uy > 500 V: 2 x Uy + 2000 V AC, 10 s
Max 400 x Iy

tan & cca 0,2 W/kvar

150 000 - 200 000 hours (depended on voltage, temper.)
1P 20, on request IP 54

=50 °C / D - maximum Is 65 °C

- highest mean over any period of 24 h is 45 °C

- highest mean over any period of 1 year is 35 °C
natural or forced

95 %

4 000 m above sea level

any

Stud M12 at the bottom

Aluminium

MKP - metallized PP film

Dry type, inert gas Ny

Included - 50 V, 1 minute or 75 V, 3 minutes

Technical data of capacitor used in the design of single-tune filter for the 7™ harmonic mitigation
in the grid current [290]
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IV.4  Connection of the capacitors bank to the PCC

In Figure V.9, the capacitor bank is supplied by the PCC voltage (0.4 kV) which contains
a little quantity of harmonics (see Figure 4.7, chapter 4). The capacitor bank parameters are
presented in Table IVV.6 and Table IV.7. The grid voltage THD has decreased after the capacitor
connection (Form 2.66% before to 2.38% after the capacitor connection - Table IV.7).

Figure 1V.10(c) shows that the capacitor bank current waveform (supposed to be pure
sinusoidal) is distorted, therefore contains harmonics coming from the grid voltage (Figure
IV.10(d)).

The grid current 5" and 7™ harmonics represent respectively 9.59 % and 6.15 % of the
supplied current.

1 PCC T i A
® —t I
A US1 Is2 | CfAJ_ I ] Cra=19.2 [UF]
S o Ocra =966.66 [Var]
A Us2 1;3 : Cta - T : Cfa = ;
hUS3: b o o -

Capacitor bank

Electrical grid

Figure IV.9 Laboratory equivalent circuit with the capacitors bank connected to the PCC

Table IV.6 Capacitor parameters

Un cu [V] 400 525
Incs [A] 4,185 5.5
Qn cu [Var] 966.6 1666.66

Table IV.7 PCC voltage and current parameters
Phase to ground voltage
Us1 [V] (load connected)
n (No load Us: [V] lss [A]
connected) st st
rm.s | phase | r.m.s | phase | r.m.s phase
1t 224.71 | 83.08 | 225.9 | -77.04 | 4.15 14.06
3 261 | -523 | 2.15 |244.86| 0.028 -3.32
5t 476 |241.60| 435 |162.19| 0.399 | 251.42
7h 2.13 |251.66| 1.85 |212.67| 0.255 | -54.92
gt 0.49 |179.57| 0.40 |17555| 0.015 | 66.12
111 0.60 |123.73| 1.23 |154.73| 0.244 | 247.62
13t 0.13 | -0.64 | 0.25 | 63.57 | 0.068 | 137.72
17t 0.39 |-3854| 0.25 | 99.03 | 0.088 | 186.85
19t 0.26 |-35.71| 0.17 |154.74| 0.072 | -85.31
23t 0.26 |116.78 | 0.166 | 36.01 | 0.067 | 120.05
THD [%)] 2.66 2.38 13.97
True r.m.s 224.80 226 4.2
Qs [Var] - -937.31
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Figure IV.10  One-phase PCC voltage (a) and current (b) with the spectrum respectively in (b) and (d)

Annex V. Presentation of the simulated power system with SAPF

V.1 Description of shunt active power filter (SAPF) simulated blocks

The electrical power system designed in MATLAB environment to analyze the SAPF in
chapter 5 is presented in Figure V.1. It is constituted of three parts (see also chapter 5, Figure
5.18): the electrical network, the load (rectifier with resistance at its DC side and reactor at its
AC side) and the SAPF with its control system. The electrical grid and load are described in
Chapter 4. This chapter is focused on the SAPF control system simulated blocks which are:
control loops (1) to (3) and block using PWM control method (Figure V.1).

The DC side capacitor of the inverter is pre-charged by the “Battery charging” system in
Figure V.2. After the capacitor reaches the fixed voltage (e.g. 700 V — see the capacitor voltage
characteristic of Figure V.2), the resistor “r” is eliminated from the circuit by closing the contact
“A”. The control loop (1) is used to stabilized and maintain constant (around 750 V) the inverter
DC voltage (Figure V.2).

The control loop (2) presented in Figure V.3 has six blocks: the electrical grid voltage
filtration block (Figure V.4) (for the reconstitution of pure sinusoidal voltage waveforms,
synchronized with the grid voltage by the phase-locked loop (PLL) block); the a-b-c to a-
coordinates conversion block (Figure V.5) to convert the PCC voltage Us and load current It
from a-b-c coordinates to a-f3 coordinates; the powers division block (Figure V.6) from which
the constant (', ¢), asymmetry (5, , ¢, ) and harmonic (7', , §,,) components of power in a-
B coordinates are obtained; the current computation blocks in a-p coordinates (Figure V.7(a)(b))
and the invers conversion block (Figure V.8) from a-f to a-b-c coordinates.
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Discrete,
Ts = Se-06 s. Us J ‘

powergui 4378 | Firingangle  1[~ R=36.5[Ohm]
4

[Is1] Lt
L1 3 1 < T L1 %
‘ [1s2] Rasym‘% Lt
L2 1Tt 1+ T2 2
s3] iy Jr T
T = — L3
Electrical grid £ [Ls3] Thyristor Bridge
RN

Control loop (2)
Control loop (1)

ia_rel

i_invl

~ib_refl

PWM2

i_inv2 750

[1/8123] ic_ref UDC_inv_0

_ PWM3
i inv3

Control loop (3)

Figure V.1 Simulated power system in MATLAB environment (see also the equivalent circuit of chapter 5, Figure 5.18)
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Figure V.2 DC inverter battery charging system and Control loop (1)
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Figure V.4 Grid voltage filtration from Control loop (2)
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abc/Alpha-Betta

Figure V.5 Conversion from a-b-c to a-p coordinates (from Control loop (2))
Inl @
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Figure V.6 Powers filtration in a-p coordinates (from Control loop (2))
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Figure V.7 (a) current computation in a axis (from Control loop (2)), (b) current computation in p axis (from

Control loop (2))
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Figure V.8 a-P to a-b-c coordinates conversion from Control loop (2)
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Figure V.9 Instantaneous real power in a-p coordinates: (a) before the filtration; (b) constant part for different
cutoff frequencies; (c) variable part

The power filtration block in Figure V.6 is constituted of three types of Butterworth filters:
the low pass filter (Filterl), the pass band filter (filter2) and high past filter (Filter3).

The fourth-order low past filter (Filterl) with the cut off frequency (f Butterwotn) equal to 10
Hz is used to obtain the constant part (e.g. p) of the power (e.g. p) as presented in Figure VV.9(a).
The higher is the cut-off frequency, the higher are the fluctuating components in the power
constant part (see Figure V.9(b)).

The real power variable part (e.g. p in Figure V.9(a)) is obtained by using the high past
filter (Filter3 — see Figure V.6).

The asymmetry component (5", ) of real powers is obtained through the second-order band
pass filter and the harmonic components is obtained basing on the following equation: 5, =
p — P ,, (see Figure V.10) [89, 197].

The waveforms and spectrums of the instantaneous real power variable part are shown in
Figure V.10(a) and Figure V.11(a) (from Figure V.9(c) for f_Buterworth =10 Hz). In the both
spectrums, the 2" order harmonic represents the asymmetry component. The band pass filter
has two frequencies (upper (e.g. 105 Hz) and lower (e.g. 95 Hz) pass band frequency) that
should be well chosen (near 100 Hz) in order to separate the 100 Hz component from the
harmonics component.

In Figure V.10(b)(c), after increasing the upper pass band frequency from 105 Hz to 200
Hz (lower passband frequency (95 Hz) is constant), the harmonics other than the 2" order (e.g.
6™ etc.) appeared. In Figure V.11(b)(c) the upper pass band frequency is maintained constant
(105 Hz) and the lower pass band is decreased from 95 Hz to 50 Hz. The observations done on
the instantaneous real power (p) are the same for the instantaneous imaginary power (q).
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Figure V.10  Variable part (with spectrums) of instantaneous real power in a- coordinates (from Figure V.9(c)
for f uerworh =10 Hz): (a) before the filtration; (b) asymmetry and (c) harmonic component after
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Figure V.11  Variable part (with spectrums) of instantaneous real power in a-§ coordinates (from Figure V.9(c)
for f suerworh =10 Hz): (a) before the filtration; (b) asymmetry and (c) harmonic component after
decreasing the lower passband frequency from 95Hz to 50Hz by maintaining the upper passband
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In Figure V.10(b) and Figure V.11(b) it can be noticed a significant influence of the
filtration bandwidth on the 2"* harmonic elimination.

The block of control loop (3) is constituted by Figure V.12. It contains three PI controller
blocks and despite the current unbalance in the power system, their parameters (kp = 250, ki
le-4) are the same (The PI controller parameters optimization was not the subject under
consideration of the work theses).

The MATLAB blocs used to obtain transistors pulses is shown in Figure V.13(a) and an
example of transistors pulses generation is presented in Figure V.13(b). The output PI controller
signal is compared to the carrier signal and from that comparison, the pulses are generated. The
upper and lower Pl controller output signal limits are set to £0.95 and the upper and lower
carrier signal boundary are fixed to +1 [1].

— PIController
(A * 4 -
tia_ref ia_ref T 'f PI(s) ’UJ
N PWMI1| 2 PWMI
—~i_invl i vl _
{ib_ref & N o pic yale
- L ib ref T P PI(s)
N PWM2| e i i
~i_inv2 4 PWM2
: i inv2
{ic_ref - N
PWM3H )
i inv3 ic_ref P PICS) 3)
(6) PWM3
Control loop (3 -
P (3) I_mv3 ‘ kp F % ki ‘
Figure V.12  Control loop (3)
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—m  f
el 8 E -
I 1 1 >=1 M L (2 - E
g PWMI L { - -L g2 E 0 0.705 0.71 0.71 .72
WMI1 = = .
gz D) Time [s] ‘
2y - ~|Con\-‘erl N I “E‘
o3 VR T
PWM2 - 5
g T - £
[&D >=1 ok s (6 )
s [ Heleant - 1
&5 . 0716
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o LU O OO RO Ryl g
0.719 0.719. 0.72 0.72035
Time [s]
(@) (b)
Figure V.13 (a) PWM blocks from MATLAB-SIMULINK, (b) carrier signal together with output PI controller

signal and IGBT transistor gate pulses

V.2 Proposed expressions to compute the three-wire three legs SAPF
input reactor and DC side capacitor parameters

The computation of the SAPF input reactor and DC capacitor parameters are very controversial
in the literature (there are many expressions). In this chapter, a literature revue is presented and
the new expressions are proposed by the author.
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V.2.1 SAPF DC capacitor parameters computation

For an efficient functionality of the SAPF, the DC link capacitor plays an important role [92,
125, 168]. Its parameters (voltage and capacitance) define the SAPF (power) compensation
capability. The capacitor capacitance must be chosen in such a way to maintain the DC voltage
ripples as small as possible because of their negative influences (e.g. THD increase etc.) on the
grid current.

There are two constrains while computing the DC inverter capacitor capacitance: one is
based on the capacitor voltage ripple amplitude, which should be as small as possible (large
capacitor capacitance) and the second is based on the fast capacitor voltage stabilization (short
transient state — small capacitor capacitance).

In [125], the inverter DC capacitor is designed to generate less DC voltage ripples. The
expression (V.1) (Table V.1) proposed in that literature depends upon the peak voltage ripple
(Upc_inv_peak-peak(max)) @nd the rate of inverter input current (Iac_inv rated).

In the power system with the SAPF connected between the PCC and the load, the transient
state due to the load change, causes fluctuation on the inverter DC side voltage. The voltage
fluctuation amplitude (during that transient state) can be control by designing the appropriate
inverter DC capacitor [78, 168] (see the expression (V.2) in Table V.1 - Upc_inv max IS the
maximum voltage achieves by the capacitor during the transient state, Upc inviS the mean value
of capacitor voltage at the steady state, ipc_inv (t) IS the instantaneous DC inverter current at the
transient state and (01, 62) the chosen period.

The inverter DC capacitor capacitance is expressed in [170] by assuming that the DC
inverter voltage ripple factor (K,) is inferior or equal to 5% of the capacitor mean voltage
Ubc _inv and the inverter input current is sinusoidal and balance. The expression (V.3) (Table
V.1) is more clarified in [170] (loc_invy IS the RMS value of the given current harmonic
crossing and h is the DC current harmonic.

The determination of SAPF DC capacitor capacitance presented in [173] is based on the
inverter nominal power (S inv). The expression (V.4) presented in Table V.1 is well defined in
[108, 173] (AUbc inv is the inverter DC voltage ripples and Upc inv is the mean value of the
inverter capacitor voltage).

In [56, 87] the inverter DC capacitor maximum energy (Emax) constituted the main criteria
of inverter capacitor capacitance calculation (V.5) (Table V.1) (Uoc_inv ref is the reference value
of inverter DC capacitor voltage and Upc_inv_min IS the inverter DC capacitor minimum voltage).

The inverter DC capacitor should be design in such a way to maintain the DC voltage ripple
between certain limit (1 to 2% of the nominal voltage according to [244]). The expressions
(V.6) and (V.7) (Table V.1) are described in [244] and the expressions (1V.8), (V.9) and (V.10)
are computed from (1V.6) basing on the type of system and load disturbances to be compensated
(Us,j is the grid voltage, i;, is the load generated current harmonics (without fundamental
harmonic) and r, is the inverter DC voltage ripple).

The inverter DC voltage level determines the capability of SAPF to work efficiently in
term of grid disturbances compensation. According to [239] its value should be more than two-
time the source peak voltage value.

The expression (V.11) (Table V.1) relating the inverter DC voltage (Upc_inv) to the inverter
input voltage (Uac_inv) — fundamental harmonic) is proposed in [155] (for three legs four wires
inverter).

In [3] the estimation of the DC inverter reference voltage (Ubc inv ref) is based principle
that the voltage at the inverter DC side should be higher or equal to the line to line PCC voltage
(V.12) (Table V.1). Another expression to estimate the inverter DC voltage value is presented
in (V.13).
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Table V.1  Expression examples of inverter DC capacitor capacity and voltage (from literature)

1 02/o .
mIAC d Ciy= i t)dt V.2
C inv = e (Vl) -~ (UDC inv_max~UDC inv) fel/w be. mV( ) ( )
- V3o UDC_inv_peak»peak(max) - -
g0 (IDC iny (1) S inv
Rl w Cimy = o —— (V.4)
C . e —— (V 3) - 2AUDC inv® 1 UDC inv
inv . (1)
- (1) Ky Upc inv
C. = AlS T j=ab.e{Us,jijn}d] (V.6)
2E v T 2 .
C inv = 2 ma; (V5) (rUUDC_inv)
- (UD(‘,iinviref_UDCiinvimin) b= UpC_inv_max—UDC inv min __ AUDC inv (V.7)
v UDC inv UpcC inv )
1.24
Cow=—"""7—"" (V.8) | Upc iny = V2 Uac imv1) (V.11)
- AUpc_invUDC _inv .
0.32 _ S
2 (V.9) | Upc in ror = 22050 (V.12)
- AUpc_invUDC _inv :
0.776 U UDCimviref V 13
iy = - (VlO) AC_inv_max < My max V3 ( . )
- AUpc invUpC inv

V.2.1.1  Proposed expressions to compute the inverter DC capacitor parameters

The relation between the inverter reference DC voltage (Upc inv 0) and the PCC phase to phase
AC voltage (Us p-p) is proposed by the author in (V.14). The DC capacitor reference voltage is
proposed to be higher than the maximum phase to phase PCC voltage (1V.14).

Upc iny 0 > kp (V2 Us p-p) kpc = 1 is a coefficient (V.14)

UDC inv_max

Unicfi;v 0 AAAAAAAAA Af AUDC inv
UU\ VUYVVVVTT]

UDCiinvim in

Time [s]
Figure V.14  Waveforms of inverter DC voltage

The capacitor DC inverter voltage ripple varies between the extremums (Upc_inv_max and
Ubc inv_min) as presented in Figure V.14. The capacitor DC voltage variation (AUpc inv) also
corresponds to energy variation (AWbpc _inv) as presented in (1V.19).

The reference energy of inverter DC capacitor is expressed by (V.15) and the maximum
and minimum energy are expressed respectively by (IV.16) and (V.17). The DC capacitor
energy variation between the max and the min is presented by (V.19) and (V.20). By using the
expression (V.21) in (V.20), the inverter DC capacitor capacity is obtained in (V.24).

The inverter DC capacitor maximum capacitance is obtained by assuming the energy
variation (AWbc _inv) tending to infinity and its minimum capacitance is obtained by assuming
the voltage variation (AUpc _inv) tending to infinity (see expressions (V.23) and (V.24)).

. =1c. vz
WDCﬁianO = %Cjnv U]%C_inV_O (V15) WDCmefmax 2 Cimv UDC_1nV_max (V16)

1 Upc inv min = Upc i — AUpc ; V.18
WD C inv min = E C_inv U ]%C_inv_min (Vl?) DC inv_min DC inv_max DC inv ( )

= 1 2 2
Woc_inv_max = Woc_inv.min = AWpc_inv = 5 € inv(Upc_inv max — Ubc_inv_min) (V.19)

1
AWDCfil’lV = 2 Ciinv(2 UDCfianmaxAUDCjnV - AU]%C_inv) (VZO)
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AU inv
UDC_inv_max = UDC_inV_O + DTQ (VZ 1)

C o= AWDC_inV (V22)
- UDC_inV_O AUDC_inv
AUpc jny = const AWpc jny = const
For AUDC_inV = const = Ciinvimax (V23) For AUDC_inv = const = Ciinvimin (V24)
AWpc jpy = @ AUpc jpy = @

V.2.2 Computation of SAPF input reactor inductance

As well as the DC side inverter capacitor, the choice of the inverter input reactor (L inv) also
influences the SAPF performances. Like other interface passive filters for power inverters (see
chapter 2), the mean goal of its application is to mitigate the inverter switching ripples contained
in the PCC voltage and current [168]. In the literature there is not fixed rule on how to compute
the inverter input reactor inductance and because of that many mathematic expressions are
proposed (see some examples in Table V.2).

The reduction of switching ripple harmonic depends upon the inverter input reactor size,
which also have an influence on the compensation performances of SAPF in term of harmonics,
asymmetry and reactive power mitigation.

The expression (V.25) (Table V.2) of inverter input reactor inductance proposed in [168]
is based on the constraint that for a given inverter switching frequency (f inv), the inverter input
reactor minimum slope ((dl_inv/dt)min) should be smaller than the triangle saw waveforms slope
[194]. In the expression (V.25), & is the maximum current ripple value.

The expression (V.26) of Table V.2 is proposed in [21, 108]. The inverter input reactor
minimum inductance (L inv min) iS computed by basing on the maximum value of the
compensating current (I inv max) generated by the inverter to compensate the load inductive
current (AUmin is the minimum reactor voltage drop to keep the ripple current at the small level.
It is the different between the RMS value (fundament component) of inverter output voltage
and the grid voltage).

In some literatures it can be noticed that, the design of inverter output reactor is based on
the inverter capability to compensate the load current harmonics and reactive power
fundamental harmonic [195]. However, that approach depends upon the load parameters which
can be unavailable or vary with time.

In [195] two methods are proposed to compute the inverter input reactor inductance. The
first method is focused on the current ripples suppression (difference between the compensating
and the reference current) and the second method is focused on the ability of the inverter input
current to track the reference current. From the two methods, the expression (V.27) in Table
V.2 is proposed. The expression (V.27) should be for a symmetrical power system in which the
SAPF compensates only the load current harmonics and reactive power fundamental harmonic.
In that expression, ¢ is the level of voltage source inverter, Al is the maximum current
ripple, 6 is the coefficient that can be chosen between 0.1 and 0.3 according to [195], n is the
order of the most dominating load harmonic, Ic_inv is the RMS value of current rating flowing
at the AC side of inverter, Alripple max IS the maximum ripple chosen and Upc inv_max IS the
maximum capacitor voltage. The expression (V.28) is proposed in [87].

According to the expression (V.29) (see Table V.2) presented in [75, 153, 204, 45], the
inverter output reactor inductance is computed basing on the maximum current ripples
(I ripple_max) permitted to flow through that reactor. That expression is set up by the assumption
that the reactor resistance is neglected and the inverter control system is in close loop [204]. A
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low inverter inductance value gives a better harmonics compensation characteristic [75]. The
expression (IV.30) is presented in [239].

The goal of computing the inverter input reactor inductance in [56] is to maintain the
switching ripple amplitude below certain limit. The expressions (IV.31) and (IV.32) (Table
V.2) are formulated taking into account the current switching ripple maximum amplitude
(Alripple_max) [56, 195]. In (V.31), k is a constant that can take the value of 0.70 [56].

In [244], the topology of four wires SAPF with capacitors connected to the neutral is
considered. The inverter output reactor (V.33) (see Table V.2) is designed by basing on the
criteria that the amplitude of current ripples should not be higher than the 5% of the load current
rate [244]. In (V.33), U inv is the RMS value of the inverter output voltage, I is the RMS
value of the load fundamental harmonic current, f(1y fundamental harmonic frequency and € is
the percentage boundary of the switching frequency amplitude (should not excide 5% of the
load current load).

Table V.2  Expression examples of inverter input reactor inductance (from literature)

UDCiinv AU
US(1)+( ) . L= min
Lin= == (V.25) | Linvmin= 5o (V.26)
UDC inv 8UDC inv
8 (S DArpe SLiws role for¢>0and 0.1 <6 < 0.3 (V.27)
U inv_max U
L jpy > (V.28) | Ly = 0 (V.29)

6f7invA1ripple,max ngfiinvlripple,max

L iy = o (V-30) | Linymin =k 5 T (V.3D)

4f7inv1ripp1e 2V3 fiinvAIripple_max

3Upc inv U iny
N pe— IV32) | Ly >————m——
v 16f inyAlripple_max ( ) -~ IT(I)(f_il‘lV/f(l))mZ

(V.33)

V.2.2.1  Proposed expression for SAPF input reactor inductance

The switching ripples observed on the input inverter voltage and current waveforms can
be reduced whether by increasing the switching frequency or applying at the inverter input an
reactor with high inductance. In practice the main disadvantage of invert switching frequency
increase is the transistors power losses growth.

The inverter input reactor with high value of inductance has the drawback that the SAPF
compensation efficiency is reduced, mostly in term of harmonics filtration.

The switching ripple reduction and the compensation performances improve are the two
principle criteria that should be taken into account while designing the inverter input reactor.

The author has proposed the expression presented in (V.36). In that expression the reactor
inductance size is proportional to its voltage drop.

The input inverter reactor voltage (AUL inv) presented in (V.34) is the difference between
the RMS (fundamental harmonic) value of the phase to ground output inverter voltage Uac inv p-
g) and the PCC voltage (Us) (I inv is the inverter input current. By assuming that the RMS value
of reference current (output p-q theory algorithm current (I _ef) is equal to the RMS value of
the inverter input current (in each phase), the expression (V.35) is set up (the number 3 in (V.35)
means three-phase). The expressions used to obtained the minimum and maximum inverter
input reactor inductance are respectively presented in (V.37) and (V.38) (la_ref), Ib_(rer) @and Ic_(ref)
are RMS values of reference current in each phase).

AUL_inv = UAC_inV p-g” US = L_invw(l)l_inv (V34)

_ _ g gen t1p e +1c (e
Iiinv - Iﬁ(ref) - 3 (V35)
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3A UL_inV

inv

a w(l)(lai(ref) + Ibi(ref) + Ici(ref))

3A ULfinvfmin
W(1) (Iai(ref) + lbi(ref) + Ici(ref))

Lﬁinvﬁmin -

(V 37) Lﬁinvﬁmax =

(V.36)

3AUL7inv7maX (V 38)

®)Ta ety + Ip_(ret) + Ic_(ref))

An example of SAPF parameters computation is presented in Table V.3.The expressions V.14,
V.22 and V.36 are used to calculate respectively the inverter DC side voltage (Upc invo) and
capacitance (C inv) as well as input inductance (L inv). The minimum value of the inverter input
reactor inductance (L _inv_min) iS Obtained after assuming a minimum voltage drop on the inverter
input reactor (e.g. AUL inv min = 3 V) and the maximum value (L _inv max) IS Obtained after
assuming a maximum voltage drop on the inverter input reactor (e.g. AUL inv max = 16 V). The
reference current values (I ey Ip ey Ic (rer)) are obtained at the end of the control system
(output of control loop (2)) before the SAPF connection to the PCC.

Table V.3  Computed SAPF parameters

1.32(V/2)400 = 746.70 = Upc jny o = 750V

11

_inv 7 750+

= =3 mF

L

_ 3%3
_Inv.min ™ 400m(4.46+9.38+7.34)

i _ 316
_IV_MaX " 4 001(4.46+9.38+7.34)
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