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Psaumes 23: Cantique de David. Psaumes 121: Cantique des degrés. 
 

1. L’ETERNEL est mon berger: je ne 

manquerai de rien. 

2. Il me fait reposer dans de verts 

pâturages, Il me dirige près des eaux 

paisibles. 

3. Il restaure mon âme, Il me conduit dans 

les sentiers de la justice, A cause de son 

nom. 

4. Quand je marche dans la vallée de 

l’ombre de la mort, Je ne crains aucun 

mal, car tu es avec moi: Ta houlette et 

ton bâton me rassurent. 

5. Tu dresses devant moi une table, En face 

de mes adversaires; Tu oins d’huile ma 

tête, Et ma coupe déborde. 

6. Oui, le bonheur et la grâce 

m’accompagneront Tous les jours de ma 

vie, Et j’habiterai dans la maison de 

l’Eternel Jusqu’à la fin de mes jours. 

 

1. Je lève mes yeux vers les montagnes… 

D’où me viendra le secours? 

2. Le secours me vient de l’Eternel, Qui a 

fait les cieux et la terre. 

3. Il ne permettra point que ton pied 

chancelle; Celui qui te garde ne 

sommeillera point. 

4. Voici, il ne sommeille ni ne dort, Celui 

qui garde Israël. 

5. L’Eternel est celui qui te garde, 

L’Eternel est ton ombre à ta main droite. 

6. Pendant le jour le soleil ne te frappera 

point, Ni la lune pendant la nuit. 

7. L’Eternel te gardera de tout mal, Il 

gardera ton âme; 

8. L’Eternel gardera ton départ et ton 

arrivée, Dès maintenant et à jamais. 
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Streszczenie 

W dzisiejszych społeczeństwach rośnie bardzo szybko produkcja odbiorników nieliniowych, 

takich jak urządzenia gospodarstwa domowego i przemysłowe odbiorniki energii elektrycznej. 

Ich masowe przyłączenie do sieci zasilającej (pomimo zgodności z normami emisyjnymi EMC) 

może powodować pogorszenie jakości dostarczanej energii elektrycznej. 

Jakość energii odnosi się głównie, do jakości napięcia zasilającego (częstotliwość, 

amplituda, kształt przebiegi itp.), która powinna być zgodna z zaleceniami ustalonymi przez 

normy. W przypadku złej jakości napięcia zasilającego w punkcie wspólnego przyłączenia 

(PWP) jego poprawa jest zatem koniecznością, warunki norm i obowiązujących przepisów 

musza być spełnione. Energia elektryczna jest towarem i dbanie o jej jakość jest niezbędne. 

Zaburzenia jakości dostawy energii elektrycznej są liczne i różnorodne (spadki i wzrosty 

napięcia, wahania, odkształcenie itp.), co oznacza, że stosuje się wiele metod, żeby redukować 

ich poziom w systemie elektroenergetycznym. Niniejsza praca koncentruje się na łagodzeniu 

zaburzeń, takich jak asymetria, harmoniczne i moc bierna podstawowej harmoniczne, stosując 

do tego celu filtry pasywne, aktywne i hybrydowe. 

Celem pracy jest zaprojektowanie hybrydowego filtru aktywnego, który jest połączeniem 

filtru aktywnego z filtrem pasywnym. W celu skutecznego zaprojektowania takiego filtru, w 

niniejszej pracy przedstawiono szczegółową analizę (symulacja i badania laboratoryjne) 

różnych struktur filtrów aktywnych i pasywnych. Omówiono także inne metody stosowane do 

redukcji zniekształceń napięcia i prądu. 

Rozpatrywane są następujące struktury filtru pasywnego: równoległy (prosty), szeregowy, 

podwójnie nastrojony, szerokopasmowe (pierwszego, drugiego i trzeciego rzędu oraz typu C), 

a także hybrydowy filtr pasywny. Każdy z nich jest indywidualnie analizowany pod kątem 

charakterystyki impedancji w funkcji częstotliwości oraz wpływu zjawiska odstrojenia i 

rezystancji tłumienia na ich efektywność. Porównano niektóre struktury filtru pasywnego 

(grupa dwóch filtrów prostych & filtr podwójnie nastrojony, szeregowy filtr pasywny i 

hybrydowy filtr pasywny), a także metody podziału całkowitej mocy biernej w grupie filtrów. 

Wyniki symulacyjne zostały potwierdzone badaniami w laboratorium następujących struktur 

filtru pasywnego: filtr prosty, grupa dwóch filtrów prostych, filtry pierwszego i drugiego rzędu. 

W niniejszej pracy analizowano równoległy filtr aktywny – trójfazowy, trójprzewodowy. 

Celem jego stosowania jest kompensacja asymetrii i odkształcenia napięcia oraz mocy biernej 

podstawowej harmonicznej przy użyciu oryginalnego algorytmu sterowania - opartego na teorii 

p-q - zaproponowanego przez autora. W pracy uwzględniono badania wpływu dławików: 

włączonego między PWP a sieć zasilającą, wejściowego prostownika, wejściowego 

równoległego filtru aktywnego oraz kondensatora strony DC na efektywność działania filtru. 

Eksperymenty laboratoryjne równoległego filtru aktywnego - potwierdzające wyniki badań 

symulacyjnych - zostały przeprowadzane z wykorzystaniem struktury czteroprzewodowej z 

dzieloną pojemnością po stronie DC.  

Po szczegółowych badaniach filtru pasywnego i aktywnego, w następnej kolejności zostały 

przeanalizowane struktury hybrydowe filtru aktywnego: model równoległego filtru aktywnego 

(trójfazowy, trzygałęziowy) połączonego szeregowo z filtrem prostym (badania symulacyjne) 

i model równoległego filtru aktywnego (czteroprzewodowy z dzieloną pojemnością od strony 

DC) połączony równolegle z grupą dwóch filtrów prostych (badania laboratoryjne). Autor 

zaproponował oryginalny algorytm sterowania oparty na teorii mocy p-q dla tej struktury. 

 



 
7 

 

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-q 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. 
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Abbreviations and designations 

Symbols 

a-b-c - three phase system coordinates 

C - Capacitance   

D - delta connection 

f - frequency  

h - number of filter in the filter group  

I - current RMS 

i - instantaneous current 

K - filter effectiveness 

k - coefficient 

ℓ - length of transmission line 

L - inductance 

L - line 

L1,2,3 - phases of supply system 

m, n - harmonic order 

P - active power (fundamental harmonic) 

p -q - instantaneous real and imaginary powers in α-β coordinates  

p ̃, q ̃ - variable components of instantaneous real and imaginary powers  

p̅, q̅  - constant components of instantaneous real and imaginary powers  

Q - reactive power  

𝑞′, 𝑞′′ - quality factor of reactor and single-tuned filter respectively  

R - resistance 

RMS - root mean square 

r - resistance at the DC side of single-phase diode rectifier  

S - apparent power 

Te - electrical torque 

U - voltage RMS 

u - instantaneous voltage 

W - energy 

wye - star connection (also Y) 

X - reactance 

x - cross-section area of supply transmission line  

Y, Y - admittance (module and complex form) 

Z, Z - impedance (module and complex form) 

Greek literary alphabet 

α, β, 0 - rectangular coordinate system axis 

ε - Inverter DC voltage change ratio  

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

γ - conductivity 

Φ - phase shift between voltage and current (fundamental harmonic) 

θ - thyristor bridge firing angle 

ϑ - transformer ratio 
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φ - optimization function coefficient 

𝜔 - angular frequency  

Indexes 

Al - aluminium 

Cu - copper  

F - filter group 

Fe - iron 

I - current 

i - 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  

CSI    - 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 - phase locked loop 

Pri - primary side of transformer 

PWM - pulse width modulation 

re - resonance 

ref - reference 

rms, RMS - root mean square  

rvpmin - revolution per minute 

s - second 

SAPF - shunt active power filter  

SC - short-circuit 

T1-4 - Thyristor 

THD - total harmonic distortion                                            

TTHD - true total harmonic distortion   

Tr    - transformer 

VSI    - 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(1) 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 

                                                 
(1) 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).  

 

 

Figure 1.1 Example of the magnetizing current 

(with voltage) measured at the 

unloaded transformer primary side 

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 
 

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) [119, 

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 5th and 7th 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 5th 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 dq-frame [65, 164]; 

synchronous individual harmonic dq-frame [46 ,164]; instantaneous power pq-theory [7, 8]; 

generalized integrator [262] etc. ) and there are many others methods [53].   



 
17 

 

 
Figure 1.3 Example of 5th (a) and 7th (b) harmonic current and voltage (phase to phase) registered in the 

industry (during 7 hours) at the point of three phase diode rectifiers connection 

 
Figure 1.4 Unbalance voltage and current at the terminals of arc-furnaces 

 
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.  

 
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(2), 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 

                                                 
(2) 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.g. 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. 



 
21 

 

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 2nd 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 

Techniques 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 I (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 µH to 10000 µH (Figure 2.2 (a))) and 

resistance (from 0.425 Ω to 3.4 Ω (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 2.1 Classification of the harmonic mitigation methods in electrical network 

                          (The distinctions in brown colour are explained in detail in the further part of the work)
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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 

information see Annex I) 

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 µH, RS = 

0.425 Ω, THDU = 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 µH, RS = 0.425 Ω, THDI 

= 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 5th, 7th, 17th, 19th, 29th, 

31st 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 5th, 7th, 11th, 13th etc. harmonics (the remain  harmonics are expressed by: n = 18k±1) and 

for the 24  pulse-rectifier, the phase-shifting of 15° cancels the 5th, 7th, 11th, 13th, 17th, 19th 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 (Tr1 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 5th, 7th, 17th, 19th, 29th, 31st etc. harmonics and its 

waveform is less distorted (Figure 2.3(b)). In Figure 2.3(d), the phase-shift between rectifiers 

input currents (I1, I2) can be seen. 

 

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 

(I1 and I2) 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.    



 
26 

 

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 

(a)). 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].  

 

Figure 2.4 (a) 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 (Φ) 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 (LDC) 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).
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Figure 2.5 Influence of the increase of the AC line reactor (L) on the PCC voltage and current THD
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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 

 

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 

Before the filter connection After the filter connection 

 
 

  

  

(a) (b) 

7A 

5A 

1,7A 

0,4A 

Supply 

system 

400/230 

Adjustable 

speed 

drive 

 

Recorde

r 
Supply 

system 

Hybrid passive  

filter 

Adjustable 

speed 

drive 

Recorder 



 
29 

 

 

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; (e) 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 5th and the 7th 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 L1 and L2) 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)). 

 

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 CSI is rarely applied because of its disadvantages [43, 269].  
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Figure 2.11 SAPF topologies: (a)(d) three wires three legs inverter, (b) four wires four legs inverter and (c) 

four wires three legs inverter 

2.3.2.3 Hybrid active power filters 

 

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. 

 

 

Figure 2.13 Examples of HAPF topologies: (a) to (l) [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]. 

 

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 

 

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 R1 (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 R1.  

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 LC1C2 circuit (resonance circuit) is connected between the 

electrical network and the current harmonics source (load). The 5th and the 7th harmonics are 

generated by the load. 

 

Figure 3.1 RLC electrical circuit used to illustrate the series (a) and parallel (b) resonances; (c) impedance vs 

frequency characteristics  

 

Figure 3.2 (a) Voltage at the capacitor and reactor terminals (series resonance at 750 Hz), (b) current flowing 

through reactor and capacitor (parallel resonance at 1 kHz) 

 

Figure 3.3 Electrical circuit with parameters after resonances (series and parallel) 
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Figure 3.4 Impedance vesus frequency characteristic of (a) the resonance circuit (LC1C2) and (b) the electrical 

circuit seen from the load input 

The LC1C2 circuit is designed to resonate at the frequency of 5th (series resonance) and 7th 

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 LC1C2 circuit, the 5th harmonic current (IS(5)) coming from the load side 

did not flow to the electrical network (see data of Figure 3.3). The voltages of the 5th harmonic 

of capacitor (UC1(5)) and reactor (UL(5)) 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 5th harmonic). 

The 7th harmonic generated by the current source flows totally to the electrical network 

because of the parallel resonance (the LC1C2 circuit has a infinity impedance of the 7th 

harmonic). According to the parameters in Figure 3.3, the voltage of the 7th harmonic exits only 

on the reactor (UL(7)). The current of 7th harmonic flowing through the capacitor C2 and the 

reactor L are identical but in opposite sign.  

The impedance versus frequency characteristic of circuit seen from the load input (Z2) 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 II). 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 5th harmonic (4.85th). 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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Figure 3.5 (a) Simulated power system, (b) considered passive parallel harmonic filter topologies 

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]. 

 

Figure 3.6 (a) series PHF configuration example cooperating with 6 pulses thyristor rectifier, (b) Series PHF 

impedance versus frequency characteristics for different value of its fundamental harmonic 

impedance (see Annex III - Table III.1 for the series PHF parameters)  
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Table 3.1 Formulas used to compute the series PHF parameters 

For RLf = RCf ≈ 0 and R infinity 
For RLf = RCf ≈ 0 and by 

considering R: 

𝑍f(𝑗ω)=j
ω𝐿f

ω2𝐿f𝐶f − 1
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2
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  , 𝐿f =
1

𝑛re
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2 𝐶f
 

𝑅Lf =
ω(1)𝐿f

𝑞′
 (reactor resistance computation) 

 

In this chapter, the series PHF is designed to obtain high impedance Zf (parallel resonance) 

for the harmonic to which it is turned (5th) and small impedance for the fundamental harmonic 

Zf(1) (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 5th harmonic increases with the increase of Zf(1) as well 

as the impedance of other harmonics. The seies PHF impedance is inductive below and 

capacitive above the resonance frequency (5th, Figure 3.6(b)).  

If the series PHF is tuned to the frequency lower than the frequency of harmonic to be 

blocked (5th), 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 III - Table III.2 for the filter parameters. 

For the series PHF tuned to the frequency higher than the frequency of harmonic to be 

blocked (5th) (See Annex III - Table III.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 5th is small when the tuning frequency decreases and high when the tuning frequency 

increases (e.g. the 7th, Figure 3.7(a)).  

With the increase of the filter capacity or inductor by +10% (see Annex III, Table III.3 and 

Table III.4), the filter characteristic has moved to the left side of 5th 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 5th harmonic will be partially blocked by the filter) and the 

high harmonics filter impedance (e.g. Zf(7)) has decreased as well. 

For the decrease of filter capacity or inductor by -10% (see Annex III, Table III.3 and Table 

III.4), the filter characteristic has moved to the right side of 5th harmonic (Figure 3.7(b) and 

(c)). The filter impedance of high harmonics (e.g. Zf(7) - Figure 3.7(c)) has increased, whereas 

the filter impedance of 5th harmonic, which is inductive, has decreased. The filter efficiency to 

block the 5th 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 5th harmonic. The series PHF 

is less efficient when the reactor is iron core with small quality factor (see Annex III, Table 

III.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 5th harmonic is equal to 
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the value of damping resistance (see Annex III, Table III.6). The small damping resistance 

reduces the SPF efficiency. 

 

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 III - Table III.2 to 

5)  

 

Figure 3.8 (a) 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 XL 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(a)) 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 

(Z) 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 5th moves with the increase of filter impedance Zf(1) 

(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 5th 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 THDUs (Figure 3.11). The 

spectrums in Figure 3.9(b) and (d) present a significant reduction of the 5th harmonic amplitude 

at the grid side after the seire PHF connection and the amplification of the 7th, 11th, 13th, 17th, 

19th and 25th harmonic. 

The THDIs 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). 

 

Figure 3.9 (a) grid voltage and (b) its spectrum, (c) grid current and (d) its spectrum 

 
 

Figure 3.10 Voltage at the input of thyristor bridge and (b) its 

spectrum 

Figure 3.11 THD of grid 

voltage (US) and current (IS) and 

voltage at the input of thyristor 

bridge (UT) 
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The power system parameters (voltages, current and powers) obtained after simulation are 

presented in Table III.7 to 9 (see Annex III). The PCC reactive power (QS) has decreased after 

the filter connection (form 2140 Var to 2068 Var) (Table III.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.  

 

Figure 3.12 Example of SPFs tuned to the frequency of 5th, 7th and 9th 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 
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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. 

3.4.1.1 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), Qf = 2172,5 Var (compensation) and Qf = 3172.5 Var (overcompensation). 

 

 

 

Figure 3.13 (a) impedance frequency characteristics of single-tuned filter for different values of its reactive 

power, (b) single-tuned filter parameters   

 

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 

Qf(1) [Var] Cf(1) [µF] Lf(1) [mH] RLf [mΩ] q’ 

1172.5 67.55 - - 6.4 - - 23.6 - - 

85 2172,5 - 125.17 - - 3.4 - - 12.7 - 

3172.5 - - 182.78 - - 2.4 - - 8.7 

(a) 

(b) 
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With the filter reactive power increased from 1172.5 Var to 3172.5 Var, the filter 

impedance  of 5th 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 

5th harmonic (see spectrums of Figure 3.14(b) and (d)) and harmonics higher than the 5th (e.g. 

11th to 29th). The filert power losses (Pf) has increased with the reactive power increase (Figure 

3.15(a)). 

 

Figure 3.15 Powers (a) and (b) grid voltage and current THD for different value of single-tuned filter reactive 

power 

 

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 5th 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 (ωre); in the considered example, the 5th 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 5th harmonic (see 

Annex III, Table III.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 III.10 and the power system parameters obtained after simulation are show in Table 

III.11 and Table III.12 of Annex III. 

 
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 5th harmonic (Rf = 0) 

For the tuning frequencies lower (Figure 3.17(a)) or higher (Figure 3.17(b)) than ωre(5), the 

filter impedance of the 5th harmnic is high which reduces the filter filtration efficiency. In the 

case when the filter is detuned to the frequencies higher than ωre(5), the amplification of the 

filtered harmonic (5th) 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 (5th 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 (5th to 4.1st), the amplitude of 5th harmonic of PCC 

voltage and current (Figure 3.18(b) and (d)) has increased as well as the amplitude of higher 

harmonics (11th to 29th). The THD of PCC current and voltage has also increased (Annex III, 

Table III.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 (5th) flowing through the filter depends upon the 

tuning frequency. Its value is high for the tuning frequency near to the frequency of the 5th 

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.  

 

Figure 3.18 (a) grid voltage wavefoms with its spectrum (b), (c) grid current wavefoms with (d) its spectrum 

 

Figure 3.19 (a) filter current waveforms and (b) its spectrum; (c), (d) filter effectiveness 
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Figure 3.20 (a) voltage at the input of rectifier and (b) its spectrum, (c) current at the input of rectifier (d) its 

spectrum  

 
Figure 3.21 Characteristics of power system impedance versus frequency (module and phase) at the thyristor 

bridge input, ωL- input rectifier reactor reactance 
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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 q-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 5th 

harmonic (takes as example) attenuation efficiency at the PCC. The single-tuned filter is 

designed to resonate at the frequency of 245.5 Hz (nre = 4.85). The filter quality factor q" (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 

(5th) 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 

 

 

 

 

 
Figure 3.22 Impedance versus frequency characteristics for different filter resistance 

q" Rf [mΩ] Zf(5) [mΩ] Zf(1) [Ω] Cf [µF] Lf [mH] 
Qf [Var] 

(capacitive) 
nre 

Inf 0 319.5 24.3498 

125.17 3.4 2172.5 4.85 
70 74.9 328.1 24.3499 

21 250 405.5 24.3511 

10 524.3 614 24.3555 
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Figure 3.23 Grid voltage (a) and (b) its spectrum (p.u.), grid current (c) and (d) its spectrum (p.u.) 

 

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 5th harmonic amplitude has increased with the filter resistance 

increase, whereas the one of higher harmonics (e.g. 11th to 29th) 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 (11th 
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to 29th) amplitude have decreased after the filter connection and are almost constant during the 

filter resistance increased (Figure 3.24(b) and (d)). 

 
Figure 3.25 (a) and (b) are respectively the active and reactive power measured at the PCC (PS), filter terminals 

(Pf)  and input of rectifier (PT), (c) THD of PCC voltage  and voltage at the input of rectifier, (d) 

THD of PCC current  and current at the input of rectifier  

 

Figure 3.26 Filter current (a) and (b) its spectrum; (c), (d) filter effectiveness 
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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 (IT) 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 5th 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. 

 
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 Double-tuned filter 

The double-tuned filter presented in Figure 3.5(b) is constituted of series part (Zf1) and parallel 

part (Zf2). 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 

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 (Rf =0) 

Resonance frequency of 

the series part 
ωa =

1

√𝐶f1𝐿f1
= 𝑛aω(1)  

Resonance frequency of 

the parallel part 
ωb =

1

√𝐶f2𝐿f2
= 𝑛bω(1)  

Series part equivalent 

impedance 
𝑍f1(𝑗ω) =  𝑗ω𝐿f1 − 𝑗

1

ω𝐶f1
= 𝑗

ω2−ωa
2

ωa
2ω𝐶f1

  

Parallel part equivalent 

impedance 
𝑍f2(𝑗ω) = 𝑗

ω𝐿f2

1−ω2𝐶f2𝐿f2
= 𝑗

ω

𝐶f2(ω
2−ωb

2)
  

Filter impedance 𝑍f(𝑗ω) = 𝑍f1(𝑗ω) + 𝑍f2(𝑗ω) = 𝑗
ω4𝐶f2−ω

2(𝐶f2ωb
2+𝐶f2ωa

2+𝐶f1ωa
2)+𝐶f2ωb

2ωa
2

ωa
2ω𝐶f1𝐶f2(ω

2−ωb
2)

  

Filter series resonance 

angular frequencies (see 

also Figure 3.28) 

ωre1,2 =
√𝐶f2ωb

2+𝐶f2ωa
2+𝐶f1ωa

2±√(𝐶f2ωb
2+𝐶f2ωa

2+𝐶f1ωa
2)
2
−4ωb

2𝐶f2ωa
2

2𝐶f2
  

ω(re1) = 𝑛re1ω(1), ω(re2) = 𝑛re2ω(1) 

Relation between the 

resonance frequencies in 

the considered circuit 

𝜔𝑎 =
ωre1ωre2

𝜔b
 (on the base of [145], this equation can be proved) 

 𝑛re1 > 𝑛b > 𝑛re2 > 1 

Relation between filter 

capacitors 
𝐶f2 = 𝐶f1

ωre1
2 ωre2

2

ωb
2(ωre1

2 +ωre2
2 −ωb

2)−ωre1
2 ωre2

2    

Filter impedance represents 

in other way 
𝑍f(𝑗ω) = 𝑗

(ω2−ωb
2 )(ω2ωb

2−ωre1
2 ωre2

2 )−ω2ωre1
2 ωb

2−ω2ωre2
2 ωb

2+ω2ωre1
2 ωre2

2 +ω2ωb
4

ωre1
2 ωre2

2 ω𝐶f1(ω
2−ωb

2)
  

Filter impedance for the 

fundamental harmonic  
𝑍f(1) =

𝑛b
2(1−𝑛re2

2 )(1−𝑛re1
2 )

𝑛re1
2 𝑛re2

2 𝐶f1(1−𝑛b
2)ω(1)

=
𝑈f
2

𝑄f
  

𝐶f1 =
𝑛b
2(1−𝑛re2

2 )(1−𝑛re1
2 )

𝑛re1
2 𝑛re2

2 (1−𝑛b
2)

𝑄f

ω(1)𝑈f
2  𝐿f1 =

(1−𝑛b
2)

(1−𝑛re2
2 )(1−𝑛re1

2 )

𝑈f
2

ω(1)𝑄f
  

𝐶f2 =
𝑛b
2(1−𝑛re2

2 )(1−𝑛re1
2 )

(1−𝑛b
2)(𝑛re1

2 𝑛b
2+𝑛re2

2 𝑛b
2−𝑛re1

2 𝑛re2
2 −𝑛b

4)

𝑄f

ω(1)𝑈f
2  𝐿f2 =

(1−𝑛b
2)(𝑛re1

2 𝑛b
2+𝑛re2

2 𝑛b
2−𝑛re1

2 𝑛re2
2 −𝑛b

4)

𝑛b
4(1−𝑛re2

2 )(1−𝑛re1
2 )

 
𝑈f
2

ω(1)𝑄f
  

 

Table 3.5 Example of double-tune filter parameters 

Qf = 2172.5 [Var] (capacitive); Uf = 230 [V] 

𝑞′ 
nre 

Cf1(1) 

[µF] 

Lf1(1) 

[mH] 

RLf1 

[mΩ] 

Cf2(1) 

[µF] 

Lf2(1) 

[mH] 

RLf2 

[mΩ] 

Zf(1) 

[Ω] 

Zf(5) 

[Ω] 

Zf(7) 

[Ω] 

nre1 = 4.85 

126 2.6 8.7 1000 0.27 0.91 24.34 0.48 0.479 95 nb = 6 

nre2 = 6.85 

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 (RLf1, RLf2) 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 (Zf1), parallel part (Zf2) and whole 

double-tuned filter (Zf) 

 
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] Pf [W] Qf [Var] QL [Var] PT [W] QT [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 

(Zf2); series part (Zf1) and of the whole filter (Zf). 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 5th and 7th 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 5th 

and the 7th 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 

 

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 

(Uf = 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 5th harmonic impedance and the highest 7th harmonic impedance whereas 

the filter group has the lower impedance for the higher harmonics (e.g. from the 11th) in wide 

band. 
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Table 3.7 Filter group and double-tuned filter parameters 

Qf = 2172.5 [Var] (capacitive), Uf = 230 [V] 

Filter group  

𝑞′ 
nre 

Qf1 = 1086.3 [Var] Qf2 = 1086.3 [Var] 

Zf(1)[Ω] Zf(5)[Ω] Zf(7)[Ω] Cf1a 

[µF] 

Lf1a 

[mH] 

RLf1a 

[mΩ] 

Cf2a 

[µF] 

Lf2a 

[mH] 

RLf2a 

[mΩ] 

4.85 
62.58 6.9 48.1 63.96 3.4 23.6 24.35 0.74 0.30 

45 

6.85 

Double-tuned filter 

nre 
Cf1(1) 

[µF] 

Lf1(1) 

[mH] 

RLf1 

[mΩ] 

Cf2(1) 

[µF] 

Lf2(1) 

[mH] 

RLf2 

[mΩ] 

Zf(1) 

[Ω] 

Zf(5) 

[Ω] 

Zf(7) 

[Ω] 

4.85 

126 2.6 18.3 1000 0.27 1.9 24.35 0.48 0,48 6 

6.85 
 

 

 

Figure 3.32 The impedance vs frequency characteristic of double-tuned filter (black color) is compared to the 

one of filter group (green color)  

 

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 5th harmonics and the worst filtered the grid voltage and current 7th harmonic 

(Figure 3.33(b) and (d)). 

The filter group has lower grid reactive power (QS) and power losses (Pf) (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)). 

 

Figure 3.34 (a) grid and filters active and reactive powers; (b) grid voltage and current THD 

 
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  1st 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 (RCf 

and R neglected) is applied for reactive power compensation and in the second one, the 

capacitor bank (R = 0.25, RCf = 0) is applied with different value of reactive power.  

 
(c) Capacitor bank parameters (RCf  = 0; R = 0.25 Ω) 

 

 

 

 

 

 

 

 

 

 

Figure 3.36 (a) 1st order filter, (b) capacitor bank impedance versus frequency characteristics (RCf  = 0; R = 

0.25 Ω) and (c) capacitor bank parameters 
 

Table 3.8 Capacitor bank equations 

RCf  ≠ 0 and R ≠ 0 

Capacitor bank impedance 𝑍Cf(𝑗𝑛) = RCf + 𝑅 − 𝑗
1

𝑛ω(1)𝐶f
  

RCf = 𝑅 =  0 

Capacitor bank reactance 𝑋Cf(𝑗ω) = −𝑗
1

ω(1)𝐶f
= −𝑗

1𝑈Cf
2

𝑄Cf
  

Capacitor bank equivalent 

capacitance 
𝐶f =

𝑄𝐶f

ω(1)𝑈Cf
2   

 

 

 

 Cf [µF] Zf(1) [Ω] Zf(5)[Ω] Zf(7)[Ω] 

Qf1 = 2172.5 [Var] 130.72 24.3511 4.87 3.48 

Qf2 = 5000    [Var] 300.86 10.58 2.13 1.53 

Qf3 = 20000 [Var] 1200 2.656 0.58 0.45 
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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 11th (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) grid Voltage and current waveforms and (b) their spectrums before and after the capacitor 

connection, (c) capacitor current spectrum. USmax, ISmax and Ifmax are the amplitudes of sinusoidal 

waveforms (R = RCf = 0) 
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Table 3.9 Power system reactive and active power (R = RCf = 0) 

 

Measured values 

Grid (PCC) Capacitor 
Line 

reactor (L) 

Input of thyristor 

bridge 

PS [W] QS [Var] DPF PCf [W] QCf [Var] QL [Var] PT [W] QT [Var] 

Without filter 1365 2140 0.5378 - - 39.53 1365 2100 

With capacitor 1380 19.97 0.999 - -2141 39.5 1380 2118 

 

 

Figure 3.38 Rectifier input voltage (a) and current (b) waveforms (R = RCf = 0) 

Table 3.10 Parameters of grid voltage and current (R = RCf = 0) 

US max [V] IS max [A] 

n  
Without filter QCf = 2172.5 [Var] Without filter QCf = 2172.5 [Var] 

Ampl. Phase Ampl. Phase Ampl. Phase Ampl. Phase 

1st  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 5.34 43.9 6.79 32.2 

7th  0.38 10.6 0.85 -33.9 0.24 116.7 0.54 71.7 

11th  3.48 -34.3 17.60 207.7 1.42 65.7 7.20 -52.3 

13th  0.77 -74 1.03 68.6 0.27 24.9 0.36 167.2 

17th  2.89 -11.1 1.80 162.1 0.77 85.4 0.48 258.7 

19th  1.17 -60.1 0.43 103.0 0.28 36 0.10 198.9 

23rd     2.65 9.4 0.70 172.7 0.52 104.1 0.14 267.6 

25th  1.4 -43.4 0.27 114.3 0.25 51.3 0.05 208.8 

29th  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. 17th) from which the capacitor has started to 

reduce the higher harmonics (e.g. 17th, 19th etc.) and to which it has amplified the lower 

harmonics (e.g. 5th, 7th and 13th) in comparison to the case without filter. 
 

The capacitor bank has reduced the amplitude of higher order harmonics (from the 17th) of 

grid current and voltage (Table 3.10, Qf1 = 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. 17th - 29th). 

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 1st to 13th harmonic are under the parallel resonance (see also 

Table 3.10) and on the other hand, the frequencies above 686 Hz (From the 17th) are reduced 

(Table 3.10). 

 

Figure 3.39 (a) Capacitor bank current characteristic and (b); (c) and (d) capacitor filtration efficiency (R = RCf 

= 0) 

 
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 = RCf = 0) 
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Figure 3.41 Grid current (a) and voltage (b) characteristics for different values of capacitors bank reactive 

power (RCf = 0, R = 0.25 Ω 

The second case study example (R = 0.25 Ω, RCf = 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); Qf3 = 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 1st, 5th, 7th 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 17th  for Qf1, from the 11th for Qf2 and from the 5th for Qf3 

(see also Figure 3.42(a) and (b)). 
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Table 3.11 PCC voltage and current parameters (RCf = 0, R = 0.25 Ω) 

US [V]/ IS [A] 

n  Without filter Qf1=2172.5 Var Qf1=5 kVar Qf1=20 kVar 

1st 319.97/15.86 322.83/8.66 326.31/19.69 338.42/114.56 

5th 6.28/5.34 7.93/6.75 10.9/9.28 4.48/3.82 

7th 0.38/0.24 0.73/0.46 0.51/0.32 0.33/0.2 

11th 3.48/1.42 11.31/4.63 2.23/0.91 0.53/0.21 

13th 0.77/0.27 1.08/0.37 0.25/0.09 0.04/0.01 

17th 2.89/0.77 1.79/0.48 0.61/0.16 0.22/0.06 

19th 1.17/0.28 0.46/0.11 0.17/0.04 0.05/0.01 

23rd 2.65/0.52 0.72/0.14 0.3/0.06 0.14/0.03 

25th 1.4/0.25 0.29/0.05 0.13/0.02 0.05/0.01 

29th 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. 11th, Qf1 = 5kVar) from which the 

capacitor has started to reduce the higher harmonics (e.g. 13th, 17th etc.) and to 

which it has amplified the lower harmonics (e.g. 1st, 5th and 7th) in comparison to 

the case without filter. 
 

 

Figure 3.42 Spectrum (p.u) of grid voltage (a) and current (b) (RCf = 0, R = 0.25 Ω) 

 

Figure 3.43 Waveforms of voltage (a) and current  (b) at the input of rectifier (RCf = 0, R = 0.25 Ω) 

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 

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 (Qf3 

- 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 (RCf = 0, R = 0.25 Ω) 

 

Figure 3.45 (a) current and (b) voltage at the DC side of thyrsitor bridge, (c) firing angle of the control system, 

(d) drive speed; when the capacitor bank reactive power is increased (RCf = 0, R = 0.25 Ω) 

 

Figure 3.46 Capacitor bank efficiency ((a) and (b)) (RCf = 0, R = 0.25 Ω) 
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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 (Qf1 = 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. 

 
Figure 3.47 Power system impedance characteristic (module and phase) measured at the input terminals of 

thyristor bridge for different: (a) filter reactive power (RCf = R = 0) and (b) filter damping resistance 

(Qf1 = 2172.5 Var, RCf = 0) 
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Figure 3.48 Capacitor bank impedance versus frequency characteristics when R is not considered and when it 

is considered (RCf = 0) 

 

 

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 Ω) 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 Ω, the 

amplitude of the amplified grid voltage and current harmonics (e.g. 5th, 7th, 11th) 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 19th) reduces when its resistance increases (power losses 

increase as well).  
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3.4.3.2 2nd order 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 Rf (Figure 3.50(a)). 

The resistance Rf is considered as reactor resistance. The considered studies are mainly focused 

on the influence of filter resistance R on the filtration characteristic.  

 

 

 
(g) Second-order filter parameters (one-phase) 

Figure 3.50 Second-order filter equivalent circuit (a), (b) its impedance frequency characteristics for 

different values of damping resistance R: (c) R = 60 Ω, (d) R = 18 Ω, (e) R = 8 Ω and (f) 

R = 3 Ω and (g) its parameters. The case with R = 3 Ω will not be considered during the 

similation 

R [Ω] Zf(5) [Ω] Zf(1) [Ω] Rf [mΩ] Cf(1)[µF] Lf(1) [mH] 
Qf(1) [Var] 

(Compensation) 
nre 

Without R 0.32 24.34 

74.9 125.17 3.4 2172.5 4.85 

60 0.61 24.35 

18 1.55 24.36 

8 2.89 24.38 

3 4.45 24.51 
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Table 3.12 Second-order filter impedances equations 

For RCf = 0 

𝑍a = −𝑗
1

ω𝐶f
  

𝑍b =
𝑅f𝑅(𝑅f+𝑅)+𝑅ω

2𝐿f
2

(𝑅f+𝑅)
2+ω2𝐿f

2 +  𝑗
𝑅2ω𝐿f

(𝑅f+𝑅)
2+ω2𝐿f

2            

𝑍f =
𝑅f𝑅(Rf+𝑅)+𝑅ω

2𝐿f
2

(𝑅f+𝑅)
2+ω2𝐿f

2 +  𝑗
𝑅2ω2𝐶f𝐿f − (Rf+𝑅)

2 − ω2𝐿f
2

ω𝐶f(𝑅f+𝑅)
2+ω3𝐶f𝐿f

2             
 

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 5th 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 (PfR) 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 Ω) has the characteristic close to the one of single-tuned filter characteristic. With 

small damping resistance value (e.g. 3 Ω), 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 5th 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 5th harmonic for 

example, increases with the decrease of damping resistance value (reduction in the efficiency 

of reducing the 5th harmony from the grid side (see also Table 3.14). 

Table 3.13 Reactive and active power of power system (fundamental harmonic) 

R [Ω] 

Values after simulation 

Grid (PCC) Second-order filter 

Input 

reactor 

(L) 

Thyrystor 

bridge input 

PS 

[W] 

QS 

[Var] 
DPF 

Pf 

[W] 

Qf 

[Var] 

PfR 

[W] 

PRf 

[W] 

QL 

[Var] 

PT 

[W] 

QT 

[Var] 

Without 

filter 
1365 2140 0.53 - - - - 39.53 1365 2100 

Without R 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 0.99 12.01 -2138 5.52 6.49 39.58 1371 2125 

8 1392 26.64 0.99 18.42 -2136 12.1 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 1st to 55.5th) will flow through filter reactor (XLf) 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 

55.5th 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 Ω, the value of filter reactor 

reactance (XLf) of the harmonics in the range between the 1st and the 55th (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 13th harmonic). The same interpretation can be for R 

= 18 Ω. However, in the case of R = 8 Ω (Figure 3.51), the biggest part of filter current 

harmonics (apart the 1st, 5th and 7th) flows through the damping resistance (e.g. the 13th) because 

R < XLf (see Figure 3.51 for R = 18 Ω). 

 

Figure 3.51 Spectrums of filter current flowing through the damping resistance R and reactance XLf 

Table 3.14 Grid voltage and current parameters 

Us max [V]/ Is max [A] 

n 
Without filter 

Single-branch 

filter 
Second-order filter 

Without R R = 60 [Ω] R =18 [Ω] R = 8 [Ω] 

Voltage Current Voltage Current Voltage Current Voltage Current Voltage Current 

1st  319.97 15.86 322.91 8.47 322.89 8.51 322.87 8.57 322.84 8.62 

5th  6.28 5.34 1.19 1.01 2.31 1.97 4.59 3.91 6.21 5.29 

7th  0.38 0.24 0.45 0.28 0.42 0.26 0.37 0.23 0.35 0.22 

11th  3.48 1.42 2.73 1.12 2.72 1.11 2.72 1.11 2.79 1.14 

13th  0.77 0.27 0.50 0.17 0.50 0.18 0.53 0.18 0.56 0.19 

17th  2.89 0.77 2.30 0.62 2.29 0.61 2.27 0.61 2.22 0.59 

19th  1.17 0.28 0.84 0.20 0.84 0.20 0.86 0.21 0.85 0.20 

23rd   2.65 0.52 2.12 0.42 2.11 0.42 2.07 0.41 1.93 0.38 

25th  1.4 0.25 1.05 0.19 1.05 0.19 1.04 0.19 0.98 0.18 

29th  2.52 0.4 2.02 0.32 2.01 0.32 1.94 0.31 1.72 0.27 

THD 

[%] 
4.93 36 3.82 22.38 3.61 29.68 3.21 49.02 2.92 63.72 
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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 5th 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. 23rd to 29th) reduction (see Figure 3.52(b) and (d)). 

 
Figure 3.52 Grid voltage (a) and (b) its spectrum (p.u.); grid current (c) and (d) its spectrum (p.u.) 

 

Figure 3.53 Active (a) and reactive (b) power measured at the PCC (PS, QS ), filter terminals (Pf, Qf) and input 

of rectifier (PT, QT); (c) THD of voltage at the PCC (US) and input of rectifier (UT), (d) THD of 

current at the PCC (IS) and input of rectifier (IT) 
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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 5th 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 (Pf) 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 5th harmonic has decreased and the amplitudes of 

harmonics with frequencies higher than the 5th have increased (Figure 3.54(b)).  

The waveforms (and spectrums) of filter current flowing through the damping resistance 

(R) and reactor (XLf) 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 25th 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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(a) (b) 

 

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  

 

Figure 3.56 Filter effectiveness 

3.4.3.3 3rd 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 5th 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 3rd 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 Cf1 is mainly 

responsible for the reactive power compensation. 



 
73 

 

 

 

 
(g) Third-order filter parameters 

 

R  

[mΩ] 

Zf(5) 

[mΩ] 

Zf(1)  

[mΩ] 

RLf 

[mΩ] 

Cf1 

[µF] 

Cf2 

[µF] 

Lf 

[mH] 

Qf 

[Var] 
nre1 nre2 

80 1070.3 24349.8 

4.3 128.74 242.70 1.2 2172.5 4.85 6 

250 1369.9 24349.8 

750 2282.3 24349.9 

1250 2701.5 24350.0 

8000 3112.0 24352.9 

Figure 3.57 Third-order filter equivalent circuit (a); (b) its impedance frequency characteristics for 

different values of damping resistance R: for (c) R = 0.08 Ω, (d) 0.25 Ω, (e) 1.25 Ω, (f) 

8 Ω and (g) its parameters.  XCf2 - capacitor reactance, ZRCf2 - impedance of the branch 

containing the damping resistance 

 

According to Figure 3.57(b), the parallel resonance has been chosen to occur at the 

frequency of 6th order harmonic and the series at the frequency of the component order 4.85. 

The filter impedance of 5th harmonic has increased from 1070.3 mΩ to 3112.0 mΩ with 

damping resistance increase and the filter fundamental harmonic impedance is almost the same 

(Figure 3.57(g)).  

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 

resonance (Figure 3.57(b)). 

As it can be observed in Figure 3.57(b), with high value of damping resistance (e.g. 8 Ω), 

the third-order filter is practically tuned to a single frequency (around the 8th harmonic) and its 
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characteristic looks like the one of single-tuned filter. The filter loses the ability to filter the 5th 

order harmonic and harmonics in wide range. 

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

For RLf = R ≈ 0 

𝑍f(𝑗ω) = 𝑗
ω2𝐿f(𝐶f1+𝐶f2)−1

ω𝐶f1(1−ω
2𝐶f2𝐿f)

 , 𝑌f(j) = 𝑗
ω𝐶f1(1−ω

2𝐶f2𝐿f)

ω2𝐿f(𝐶f1+𝐶f2)−1
 

ωre1 =
1

√𝐿f(𝐶f1+𝐶f2)
= 𝑛re1ω(1) , ωre2 =

1

√𝐿f𝐶f2
= 𝑛re2ω(1), 𝑛re2 > 𝑛re1 

𝐿f =
ωre2
2 −ω𝑟𝑒1

2

ωre2
2 ωre1

2 𝐶f1
= 

𝑛re2
2 −𝑛re1

2

ω(1)
2 𝑛re2

2 𝑛re1
2 𝐶f1

 , 𝐶f2 =
1

ω(1)
2 𝑛re2

2 𝐿f
 

Taking into account the PCC voltage and the load reactive power, the equation used to compute Cf1 

and the relation between Cf1 and Cf2 are set up. 

Im{𝑍f} =
𝑈f
2

𝑄f
= 

𝑛re2
2 (1 − 𝑛re1

2 )

𝐶f1𝑛re1
2 (𝑛re2

2 − 1)ω(1)
 

𝐶f1 =
𝑛re2
2 (1−𝑛re1

2 )

𝑛re1
2 (𝑛re2

2 −1)
 

𝑄f

ω(1)𝑈f
2 , 𝐶f1 =

𝑛re1
2

(𝑛re2
2 −𝑛re1

2 )
𝐶f2  

For R ≠ 0, RLf ≠ 0 

XCf1 = −𝑗
1

ω𝐶f1
  

𝑍f(𝑗𝜔) =
𝜔4𝐿f

2𝐶f2
2 𝑅+𝜔2𝐶f2

2 (𝑅2𝑅𝐿f+𝑅𝑅𝐿f
2 )+𝑅𝐿f

𝜔2𝐶f2
2 (𝑅+𝑅𝐿f)

2+(𝜔2𝐿f𝐶f2−1)
2 +

𝑗
𝜔4(−𝐿f

2𝐶f2+𝐿𝑓𝐶f2
2 𝑅2)+𝜔2𝐶f1(𝐿𝑓−𝑅𝐿f

2 𝐶f2)−𝜔
2𝐶f2

2 (𝑅+𝑅𝐿f)
2+(𝜔2𝐿f𝐶f2−1)

2

𝜔3𝐶f1𝐶f2
2 (𝑅+𝑅𝐿f)

2+(𝜔2𝐿f𝐶f2−1)
2𝜔𝐶f1

    

 

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 5th harmonic and harmonics in wide range at the PCC. The 7th 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 7th 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 (ZLf) is compared to the 

characteristic of the filter branch having the capacitor reactance and damping resistance (XCf2, 

R). In Figure 3.57(c) it can be observed that for the harmonics between the 1st and the 6th, ZRCf2 

(XCf2 + R) is higher than ZLf, therefore the big part of current harmonic will flow through ZLf 

and ZRCf2 will cause less power losses than ZLf. From the 6th harmonic, ZLf is higher than ZRCf2, 

therefore the big part of current harmonic will flow through ZRCf2 (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 Ω to 1.25 Ω) 

or have an weak influence on the commutation  notches depth mitigation as presented in Figure 

3.58(a) for R equal to 8 Ω (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 Ω to 8 Ω 

 

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 mΩ), the amplitudes of 5th and higher harmonic (from 

the 19th) are reduced whereas those of the 7th, 11th, 13th and 17th 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 Ω to 1.25 Ω), 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 mΩ to 250 mΩ, the filter 5th harmonic amplitude has decreased from 2.16 

A to 2.10 A. For the damping resistance between 250 mΩ and 8000 mΩ, the filter 5th harmonic 

amplitudes have increased. 

 

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 

 

Figure 3.61 Filter current (a) and (b) its spectrum 

The relationship between the filter parallel connected branches ZRCf2 and ZLf (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 5th harmonic amplitudes (for 0.08 Ω, 0.25 Ω, 1.25 Ω and 8 Ω) are higher in 

the ZLf 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 7th) flowing through the damping resistance is higher 

than the amplitude of those flowing through the reactor (for 0.08Ω, 0.25Ω and 1.25Ω); therefore 

from the power losses point of view, the damping resistance causes more power losses (for the 

high order harmonics). 

 

 
Figure 3.62 (a) spectrums of current flowing through the filter damping resistance R and reactor ZLf 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 Ω, the 5th 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. 5th) or high harmonics (higher than the 5th) in width range depends upon its 

damping resistance. For instance in the case of 0.08 Ω, the filter is more efficient on the 5th 

harmonic and high (from 25th) harmonics reduction than in the case of 1.25 Ω (Figure 3.63). 

The filter parallel resonance (see Figure 3.57(b)) is a disadvantage because it occurs near the 

characteristic harmonics (e.g. 7th, 11th, 13th and 17th) which are amplified after the filter 

connection to the PCC.   

 
Figure 3.63 Third-order filter effectiveness 

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 3rd 

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 Lf and the capacitor Cfb [177]. Less current (or almost no 

current) of fundamental harmonic will flow through the damping resistance if the impedance 

ZLfCfb is tuned to resonance frequency of fundamental harmonic (Figure 3.64(b)). 

 
(c) 

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 Cfa and Cfb 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 (RLf , Cfa, Cfb, 

and Lf were computed for nre equal to 4.85 but with the damping resistance increase, nre has 

nre R [Ω] 
Zf(nre) 

[Ω] 

Zf(5)

[Ω] 

Zf(1) 

[Ω] 

RLf 

[mΩ] 

Cfa  

[µF] 

Cfb 

[µF] 

Lf 

[mH] 

Qf 

[Var] 

- 1.25 - 4.73 24.34 

12.7 130.72 2900 3.4 -2172.5 

5.64 5 3.45 3.51 24.34 

4.99 8 2.67 2.67 24.34 

4.85 25 1 1.04 24.34 

4.85 2500 0.022 0.32 24.34 
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also increase). The filter impedance of 5th harmonic has decreased with the damping resistance 

increase (Figure 3.64(c)). 

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

C-type filter 

equivalent 

impedance 

For RLf ≠ 0 𝑎𝑛𝑑 𝑅 ≠ 0 

𝑍f(𝑗ω) = (
1

𝑅
+

1

𝑗ω𝐿f+𝑅Lf−𝑗
1

ω𝐶fb

)

−1

− 𝑗
1

ω𝐶fa
=

𝑅ω2𝐶fb
2 𝑅Lf(𝑅Lf+𝑅)+𝑅(ω

2𝐿f𝐶fb−1)
2

(𝑅Lfω𝐶fb+𝑅ω𝐶fb)
2+(ω2𝐿f𝐶fb−1)

2 +

𝑗
𝐶fb𝐶fa(𝑅

2ω4𝐿f𝐶fb−2𝑅𝑅Lfω
2−𝑅2ω2)−(𝑅Lfω𝐶fb+𝑅ω𝐶fb)

2−(ω2𝐿f𝐶fb−1)
2

ω𝐶fa(𝑅Lfω𝐶fb+𝑅ω𝐶fb)
2+(ω2𝐿f𝐶fb−1)

2   

For R𝐿f = 0 𝑎𝑛𝑑 𝑅 ⟹ ∞ 

For 𝑛re(1) = 1, 𝑍LfCfb(𝜔(1)) = 0 ⟹ 𝐿f =
1

𝜔(1)
2 𝐶f𝑏

 

𝑍f(1) =
1

𝜔(1)𝐶fa
=
𝑈f
2

𝑄f
⟹ 𝐶fa =

𝑄f

𝜔(1)𝑈f
2 

For RLf ⟹ 0, 𝑅 ⟹ ∞ and 𝑍f ⟹ 0 

The filter resonance frequency is obtained after assuming the series resonance between the capacitors 

Cfa, Cfb and the inductance Lf  

𝑋Cfa + 𝑋Cfb + 𝑋Lf|𝜔=𝜔re
= 0 ⟹ −𝑗

1

𝜔re𝐶fa
− 𝑗

1

𝜔re𝐶fb
+ 𝑗𝜔re𝐿f = 0 ⟹ 𝜔re = √

𝐶fa + 𝐶fb
𝐶fa𝐶fb𝐿f

 

Relation 

between filter 

capacitors 

𝐶fb
𝐶fa

=
𝜔re
2 − 𝜔(1)

2

𝜔(1)
2 = (𝑛re

2 − 1) 

For   𝑅 ≠ 0,RLf = 0  

Another way to compute the filter equivalent impedance 

𝑍f(𝑗ω) =
𝑗(𝑅ω2𝐿f𝐶fb−𝑅)

ω𝑅𝐶fb+𝑗(ω
2𝐿f𝐶fb−1)

− 𝑗
1

ω𝐶fa
=

(ω2𝐿f𝐶fb−1)+𝑗[ω
3𝐶fa𝑅𝐿f𝐶fb−ω𝐶fa𝑅−𝑅ω𝐶fb]

ω2𝐶fa𝑅𝐶fb+𝑗(ω
3𝐶fa𝐿f𝐶fb−ω𝐶fa)

   

=
(ω2−𝜔(1)

2 )𝜔(1)
2 𝑈f

4+𝑗[𝑈f
2𝑄fωω(1)(ω

2−ωre
2 )𝑅

𝑄f
2(ωre

2 −𝜔(1)
2 )ω2𝑅+𝑗ω(1)ω𝑄f𝑈f

2(ω2−ω(1)
2 )

=
𝜔(1)
2 𝑈f

4

𝑄f
2𝑅ωre

2 +𝑗ω(1)𝜔re𝑄f𝑈f
2 =

𝑈f
4𝑄f𝑅𝑛re−𝑗𝑈f

6

𝑄f
3𝑅2𝑛re

3 +𝑛re𝑄f𝑈f
4  (for ω =  𝜔re)  

The filter 

impedance 

expression at 

any resonance 

frequency 

𝑍f_re =
𝑈f
4

𝑛re𝑄f√𝑄f
2𝑅2𝑛re

2 +𝑈f
4
  

 

The filter reactor inductance (Table 3.16) is obtained after assuming that the branch (Cfb, 

Lf) has a minimal impedance (series resonance) at the fundamental harmonic. The total 

impedance of C-type filter (Zf(1)) is then reduced to the capacitor reactance (XCfa) for the 

fundamental harmonic (Figure 3.64(b)). The C-type filter behave as a capacitor for the first 

harmonic and Cfa 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. 25Ω), 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 (ωre) higher than the fundamental 

(ω(1)). For the two identical C-type filter tuned respectively to the 5th and the 7th harmonic, the 

resonance frequency filter impedance for the 7th harmonic is lower than the one of the 5th 

harmonic (Figure 3.65(c)). 
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Figure 3.65 Filter impedance frequency characteristics: (a) for different value of damping resistance, (b) for 

resonance frequencies; (c) characteristics of filter impedance frequency (for the chosen 

frequencies; e.g. Zf(n = 4.85)) and filter resonance frequencies (Zf) together 

 

Figure 3.66 Filter impedance frequency characteristics for different value of damping resistance R (ωre = 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 Ω) and for the small values, it is similar to 

the one of the first-order filter (Figure 3.66, e.g. 1.25 Ω). On the one hand, when the damping 

resistance value is high, the 5th 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 ZLfCfb (impedance of 

branch containing Lf and Cfb) and the damping resistance in point of view of harmonic current 

quantity, which can flow through the filter elements. For example, for 8 Ω, from the 1st to the 

7.5th harmonic (ZLfCfb < R) more current harmonic will flow through the Lf Cfb branch than the 

R branch. From the 7th harmonic (ZLfCfb > R) more current harmonic will flow through R branch 

than the Lf Cfb branch. The same interpretation can be formulated for other characteristics in 

Figure 3.66 (25 Ω and 2500 Ω). 

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 Ω) than for high values (see Figure 3.68 for R between 8 Ω and 2500 Ω).  

 

 

Figure 3.67 PCC current waveforms and spectrum 
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Figure 3.68 PCC voltage waveforms and spectrum 

 

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 ZLfCfb branch and (d) 

its spectrum; damping resistance current (If R) and (f) its spectrum 
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After the C-type filter connection, for R equal to 1.25 Ω, the 5th, 7th and 11th 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 17th are 

reduced. However, with the resistance increase from 8 Ω to 2500 Ω, the 5th harmonc amplitude 

has considerably decreased (see spectrums of Figure 3.67 and Figure 3.68) whereas the 

amplitudes of high harmonics from the 17th have increased. 

The filter current waveforms is presented in Figure 3.69(a), the current waveforms of the 

LfCfb 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 7th) and more charged by the 5th order 

harmonic (Figure 3.69(b)) when the damping resistance is high (e.g. 2500 Ω). The fundamental 

harmonic flowing through the filter, flows largely through the LfCfb branch (Figure 3.69(d) and 

(f)). The quantity of current harmonic (apart of the fundamental) flowing through the damping 

resistance is high when its value (e.g. 1.25Ω ) is small and small when its value is high (Figure 

3.69(f)). The LfCfb 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 

(Pf) and rectifier input (PT) 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 (ZLfCfb and R) depends on their mutual relationship. For instance, the 

increase of the damping resistance (R) value has increased the current harmonics in the LfCfb 

branch (Figure 3.71(d)) and the decrease of damping resistance, has decreased the current 

harmonics in the LfCfb branch (Figure 3.71(a)).   

 

Figure 3.70 (a) active power at the PCC (PS), filter terminals (Pf) and input of rectifier (PT); (b) reactive power 

at the PCC (QS), filter terminals (Qf)  and input of rectifier (QT); (c) THD of PCC voltage (US) and 

voltage at the input of rectifier (UT); (d) THD of PCC current (IS) and current at the input of 

rectifier (IT) 
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Figure 3.71 Spectrums of current flowing through the resistance R and reactance XLf for R equal to (a) 1.25Ω, 

(b) 8Ω, (c) 25Ω, (d) 2500Ω 

 
Figure 3.72 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 5th 

harmonic when its damping resistance is high (e.g. 2500Ω). The amplitude of harmonics from 

the 7th to the 29th 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 5th 

harmonic when its damping resistance is small (e.g. 1.25Ω). The grid current harmonics from 

the 5th to the 13th 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 (a), (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. 5th) and higher harmonics in the power system. That detuning is concerned 

by the increase and decrease of the nominal values of the capacitors (Cfa, Cfb) 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 IV.4 and Figure IV.7 of Annex IV). The C-

type filter damping resistance R is maintained to 25 Ω during the studies.  

 The increase and decrease of the filter capacitor Cfa by ±10% 

The Figure 3.74(a) shows that with the increase of filter capacitor (Cfa) by +10 %, the 

characteristic has moved to the left side (nre = 4.63) and the 5th harmonic impedance has 

increased and remains on the inductive side of the characteristic. With the decrease of Cfa by -

10%, the characteristic has shifted to the right side and the impedance of 5th 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 5th 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 5th 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 (Cfa(-10%))). 

The amplitude of grid voltage and current 5th harmonic is smaller when Cfa is increased by 

+10% than when it is decreased by -10% (Cfa(-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 5th harmonic (Figure 

3.75). 

 

Figure 3.74 C-type filter impedance versus frequency characteristic for Cfa±10% 

 

Figure 3.75 Grid voltage and current with their spectrums (p.u.) after detuning the C-type filter (Cfa±10%) 
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Figure 3.76 (a) Active power at the PCC (PS), filter  terminals (Pf) and input of rectifier (PT); (b) reactive 

power at the PCC (QS), filter terminals (Qf)  and input of rectifier (QT); (c) THD of PCC voltage 

(US) and voltage at the input of rectifier (UT); (d) THD of PCC current (IS) and current at the input 

of rectifier (IT) (Cfa±10%) 

The higher harmonics (from the 11th) of grid voltage and current are better reduced by the 

filter when the capacitor Cfa 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 5th harmonic is also observed on the filter spectrum (If) for Cfa decreased by -10%. 

The impedance of the branch (Lf, Cfb) (see Figure 3.74) is lower than the damping 

resistance (R) for the frequencies order from the fundamental to the 29th harmonic and higher 

than the damping resitance for the frequencies order from the the 29th harmonic. In the 

comparison spectrums of Figure 3.78, it can be noticed that by increasing or decreasing Cfa by 

±10%, the amplitude of harmonics (from the fundamental) flowing through the damping 

resistance is smaller than the one of harmonics flowing through the ZLfCfb 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 Cfa 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 Cfa (assuming Lf, Cfb 

and R constant) can reduce its efficiency in term of harmonics mitigation at the grid side. 
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Figure 3.77 Filter current waveforms and their spectrums. IZLfCfb - current of ZLfCfb branch, IR - damping 

resistance current (Cfa±10%) 

 
Figure 3.78 The spectrum of current flowing through the resistance R is compared to the spectrum of current 

flowing through the ZLfCfb branch  for: (a) Cfa(+10%) , (b) Cfa and (c) Cfa(-10%) 



 
89 

 

 

Figure 3.79 Characteristic of power system impedance measured at the input of thyristor bridge for different 

value of filter capacitor capacitance (Cfa±10%) 

 

 The increase and decrease of the filter reactor inductance Lf by ±10% 

The increase and decrease of Lf have an influence on the resonance frequency (50 Hz) of the 

filter Cfb Lf branch. Therefore the change of Lf by ±10% has caused the reduction and 

augmentation of that frequency (50 Hz) (e.g. f(1)+10% = 47.5Hz, f(1)-10% = 52.5Hz). 

For Lf increased by +10% the C-type filter is detuned from the frequency of 242.5 Hz (nre 

= 4.85) to the frequency of 231 Hz  (nre = 4.62) (lower than 250Hz) and for Lf 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 5th 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 5th (e.g. from 11th) are better reduced by the C-type filter when Lf is decreased by -10% 

though the 5th harmonic is slightly amplified. By increasing Lf by +10%, the filter efficiency 
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has reduced in term of 5th harmonic and higher harmonics reduction from the PCC side (Figure 

3.81). 

 

Figure 3.80 C-type filter impedance versus frequency characteristics (Lf±10%) 

 

Figure 3.81 Grid voltage and current with their spectrums (p.u.) (Lf±10%) 
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Figure 3.82 (a) Active power at the PCC (PS), filter  terminals (Pf) and input of rectifier (PT); (b) reactive 

power at the PCC (QS), filter terminals (Qf)  and input of rectifier (QT); (c) THD of PCC voltage 

(US) and voltage at the input of rectifier (UT); (d) THD of PCC current (IS) and current at the input 

of rectifier (IT) (Lf±10%) 

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 5th harmonic 

flowing through the filter has the highest amplitude (the 7th to 17th harmonics as well) for Lf(-

10%) and the lowest for Lf(+10%).  

The damping resistance (R) is higher than the filter impedance of the branch (ZLfCfb) for the 

frequencies from the fundamental to the 30th and lower for the frequencies from the 30th 

(Lf(+10%), see also Figure 3.80). Observing Figure 3.80, For Lf(-10%), the resistance R is higher 

than the filter impedance of (Cfb, Lf) branch for the frequencies from the fundamental to the 35th 

and lower for the frequencies from the 35th. The current harmonics (ILfCfb) flowing through 

ZLfCfb presents the highest amplitude in comparison to those flowing through R (Figure 3.84(a), 

(b) and (c)). 
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Figure 3.83 Filter current waveforms and their spectrums. IZLfCfb - current of ZLfCfb branch, IR – damping 

resistance current (Lf±10%) 

 
Figure 3.84 The spectrum of current flowing through the resistance R is compared to the spectrum of current 

flowing through  the ZLfCfb branch  for: (a) Lf(+10%) , (b) Lf 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 (Lf): (a) when the line reactor (L) at the rectifier is considered 

and (b) when it is not (Lf±10%) 

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 Lf 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 Lf 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 Lf(-10%), the 5th 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 5th 

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 Cfb Lf branch is 52.5 Hz for Cfb+10% and 47.5 Hz for Cfb-10%. By 

increasing Cfb by +10% and decreasing it by -10%, the C-type filter resonance frequencies are 

respectively 242 Hz (nre = 4.84) and 243 Hz (nre = 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 Cfb (detuned of C-type filter based on the variation of Cfb only) will 

have significantly less influence in the electrical power system than the change of Lf and Cfa. 

 
Figure 3.86 C-type filter impedance versus frequency characteristics for Cfb±10% 

 
Figure 3.87 Grid voltage and current with their spectrums (p.u.) 

 



 
95 

 

The increased or decreased of C-type filter capacitor capacitance (Cfb) by ±10% does not 

have an significant influence on the grid voltage commutation notches (Figure 3.87); grid 

current 5th 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 Cfb 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 5th 

harmonic has increased (Figure 3.90). 

 
Figure 3.88 Current flowing though the filter with the spectrums. IZLfCfb - current of (Lf, Cfb) branch, IR - 

damping resistance current 
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Figure 3.89  (a) Active power at the PCC (PS), filter  terminals (Pf) and input of rectifier (PT); (b) reactive 

power at the PCC (QS), filter terminals (Qf)  and input of rectifier (QT); (c) THD of PCC voltage 

(US) and voltage at the input of rectifier (UT); (d) THD of PCC current (IS) and current at the input 

of rectifier (IT) 

 

Figure 3.90 Characteristics of power system impedance versus frequency observed at the input of thyristor 

bridge for different value of filter capacitor capacitance Cfb, when the input rectifier reactor (L) is 

considered and when is not considered 
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3.5 Conclusion 

 
Figure 3.91 Compared topologies 

 

Table 3.17 comparison assumptions 

 
Qf = -2172.5Var, θ = 57º, nre = 4.85, q’= 85 

First-order Single-tuned Second-order third-order C-type 

R [Ω] 

- - 0.08 0.08 0.08 

- - 1.25 1.25 1.25 

- - 8 8 8 

- - 25 25 25 

RLf  [Ω] - 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 (ΔPf), the PCC 

voltage and current 5th harmonic amplitude (US(5), IS(5)) 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 Ω, 1.25 Ω and 25 Ω, 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 Ω to 25 Ω). 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 5th harmonic (Figure 3.92(a)(b)). 

With small values of damping resistance (e.g. 0.08 Ω, 1.25 Ω), 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 Ω, 25 Ω), 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 5th harmonic; (c), (d) grid voltage and current THD; 

(e) filter power losses 

From the point of view of the 5th 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 Ω). The third-order filter with high damping resistance value has more 

probability to amplify the 5th 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 Ω, 1.25 Ω), and the C-type filter is more recommendable than other filters for high 

damping resistance (e.g. 8 Ω, 25 Ω) (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 Ω, 1.25 Ω), the third-order filter is more 

recommendable than the second-order and C-type filter. For high values of R (e.g. 8 Ω, 25 Ω) 

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 5th, the 7th 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 III.6 

of Annex III 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.   

 
(b) 

n Cf [µF] Lf [mH] RLf [mΩ] Qf [Var] Uf [v] 𝑍f(5)
′ [mΩ] 𝑍f(7)

′ [mΩ] 

4.85 62.583 6.9 25.4 1086.3 230 
741 303 

6.85 63.969 3.4 12.5 1086.3 230 
 

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 III.6 

of Annex III (for RLf = 0.89 mΩ) 
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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 Qf is equal to 1086.3 Var. 

In the considered example, series PHF is tuned to the frequency of 5th 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 (5th and 7th) (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.  

 
Figure 3.94 Impedance frequency characteristics: (a) Series PHF, (b) parallel connected filter group 

 

Figure 3.95 (a) grid voltage and (b) its spectrum; (c) grid current and (d) its spectrum 

 

 

Figure 3.96 (a) power at the PCC (PS, QS), rectifier input (PS, QS) and HPHF terminal (P, Q); (b) THD of grid 

current (IS) and voltage (US)  and voltage at the rectifier input (UT) 
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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 (7th – 19th and 25th) 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 5th 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. 

 

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 groupη 

 
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 II 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 (QF) 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 η (fη), 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). 

𝑄F = 𝑄f1 + 𝑄f2 +⋯+ 𝑄fη = ∑ Qfη
ℎ
η=1        (3.7.1.1) 𝑄f1 = 𝑄f2 = 𝑄f3 = ⋯ = 𝑄fη               (3.7.1.2) 

𝑄fη =
𝑄F

ℎ
                                                                 (3.7.1.3) for ℎ, 𝜂 ≥ 1 𝑎𝑛𝑑 ∈ ℕ 

Example 

For ℎ = 3, 𝑛re_f1 = 2.8, 𝑛re_f2 = 4.8,  

𝑛re_f3 = 6.8 and 𝑄F = 500 Var 
𝑄fη =

500

3
= 𝑄f1 = 𝑄f2 = 𝑄f3 = 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 (𝑛fη) (3.9.1.4). 
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𝑛fη𝑄fη = 𝑛f(η+1)𝑄f(η+1)                                                                                                                                   (3.7.1.4) 

Example 

For ℎ = 3, 

 𝑛re_f1 = 2.8,  

𝑛re_f2 = 4.8,  

𝑛re_f3 = 6.8  
 𝑄F = 500 Var 

{

𝑄f1 + 𝑄f2 + 𝑄f3 = 𝑄F
𝑛re_f1𝑄f1 = 𝑛re_f2𝑄f2
𝑛re_f2𝑄f2 = 𝑛re_f3𝑄f3

{
 
 

 
 𝑄f1 =

𝑛re_f2+𝑛re_f3

𝑛re_f2𝑛re_f3+𝑛re_f1𝑛re_f3+𝑛re_f1𝑛re_f2
𝑄F

𝑄f2 =
𝑛re_f1+𝑛re_f3

𝑛re_f2𝑛re_f3+𝑛re_f1𝑛re_f3+𝑛re_f1𝑛re_f2
𝑄F

𝑄f3 =
𝑛re_f1+𝑛re_f2

𝑛re_f2𝑛re_f3+𝑛re_f1𝑛re_f3+𝑛re_f1𝑛re_f2
𝑄F

  

{
 
 

 
 𝑄f1 =

32.64

65.15
500 = 250.61 Var

𝑄f2 =
19.04

65.15
500 = 146.19 Var

𝑄f3 =
13.44

65.15
500 = 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 (𝑛fη
2 ) (3.9.1.5). 

𝑛fη
2 𝑄fη = 𝑛f(η+1)

2 𝑄f(η+1)                                                                                                  (3.7.1.5) 

Example 

For ℎ = 3, 

 𝑛re_f1 = 2.8,  

𝑛re_f2 = 4.8,  

𝑛re_f3 = 6.8  
 𝑄F = 500 Var 

{

𝑄f1 + 𝑄f2 + 𝑄f3 = 𝑄F
𝑛re_f1
2 𝑄f1 = 𝑛re_f2

2 𝑄f2

𝑛re_f2
2 𝑄f2 = 𝑛re_f3

2 𝑄f3

{
 
 

 
 𝑄f1 =

𝑛re_f2
2 +𝑛re_f3

2

𝑛re_f2
2 𝑛re_f3

2 +𝑛re_f1
2 𝑛re_f3

2 +𝑛re_f1
2 𝑛re_f2

2 𝑄F

𝑄f2 =
𝑛re_f1
2 +𝑛re_f3

2

𝑛re_f2
2 𝑛re_f3

2 +𝑛re_f1
2 𝑛re_f3

2 +𝑛re_f1
2 𝑛re_f2

2 𝑄F

𝑄f3 =
𝑛re_f1
2 +𝑛re_f2

2

𝑛re_f2
2 𝑛re_f3

2 +𝑛re_f1
2 𝑛re_f3

2 +𝑛re_f1
2 𝑛re_f2

2 𝑄F

  

{
 
 

 
 𝑄f1 =

1065.4

1608.5
500 = 331.16 Var

𝑄f2 =
362.52

1608.5
500 = 112.68 Var

𝑄f3 =
180.63

1608.5
500 = 56.14 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 Rf = 0 (see also Table 3.2).  

The filter group admittance (fundamental harmonic) of (YF) is expressed by (3.7.1.7) and 

Yf𝜂 is the admittance of individual filter carrying the number 𝜂. It is formulated after considering 

the filter group series resonance frequencies (e.g. nre_f1, nre_f2 . . . nre_f𝜂).  

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 

(𝑌F(mλ)
′ ) is formulated in (3.7.1.8).  

𝑌fη(𝑗ω(1)) =
1

𝑍fη(𝑗ω)
= −𝑗 

ωreη
2 ω𝐶fη

ω2−ωreη
2                             (3.7.1.6) 

for ω = ω(1) 

𝑌F = ∑ 𝑌fη
h
η=1 =

𝑛re_f1
2 ω(1)

1−𝑛re_f1
2 𝐶f1 +

𝑛re_f2
2 ω(1)

1−𝑛re_f2
2 𝐶f2 +

𝑛re_f3
2 ω(1)

1−𝑛re_f3
2 𝐶f3 +⋯+

𝑛refη
2 ω(1)

1−𝑛refη
2 𝐶fη =

𝑄F

𝑈f
2  (3.7.1.7) 

for ω = ωm = mω(1), nre_fη < mλ < nre_f(η-1),  and ∈ ℕ,  1λ  h
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𝑌F(mλ)
′ = ∑ −𝑗

𝑛re_fη
2 ω(1)

2 ω𝑚λ

ω𝑚λ
2 −𝑛re_fη

2 ω(1)
2

h
η=1 𝐶fη;  ∑ (−𝑗

𝑛re_fη
2 𝑚λω(1)

𝑚λ
2−𝑛re_fη

2 𝐶fη) −𝑗⁄ ω(1)
h
η=1 ≅ 0 −𝑗ω(1)⁄  ⇒

 𝑌F(mλ)
′ = ∑

𝑛re_fη
2 𝑚λ

𝑚λ
2−𝑛re_fη

2 𝐶fη
h
η=1 =

𝑛re_f1
2 𝑚λ

𝑚λ
2−𝑛re_f1

2 𝐶f1 +
𝑛re_f2
2 𝑚λ

𝑚λ
2−𝑛re_f2

2 𝐶f2 +
𝑛re_f3
2 𝑚λ

𝑚λ
2−𝑛re_f3

2 𝐶f3 +⋯+

𝑛re_fη
2 𝑚λ

𝑚λ
2−𝑛re_fη

2 𝐶fη ≅ 0                                                                                                         (3.7.1.8) 

λ - is the number of parallel resonance frequency (number of admittance equations 𝑌F(mλ)
′  

(3.9.1.8)). If the filter group contains 3 filters (h = 3), λ ( ) 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 (Cf1, Cf2, … Cfη) (see example).  

{
 
 
 
 

 
 
 
 𝑌F(𝑚1)

′ =
𝑛re_f1
2 𝑚1

𝑚1
2−𝑛re_f1

2 𝐶f1 +
𝑛re_f2
2 𝑚1

𝑚1
2−𝑛re_f2

2 𝐶f2 +
𝑛re_f3
2 𝑚1

𝑚1
2−𝑛re_f3

2 𝐶f3 +⋯+
𝑛refη
2 𝑚1

𝑚1
2−𝑛refη

2 𝐶fη ≅ 0

𝑌F(𝑚2)
′ =

𝑛re_f1
2 𝑚2

𝑚2
2−𝑛re_f1

2 𝐶f1 +
𝑛re_f2
2 𝑚2

𝑚1
2−𝑛re_f2

2 𝐶f2 +
𝑛re_f3
2 𝑚2

𝑚2
2−𝑛re_f3

2 𝐶f3 +⋯+
𝑛refη
2 𝑚1

𝑚2
2−𝑛refη

2 𝐶fη ≅ 0 

.

.

.

𝑌F(𝑚λ)
′ =

𝑛re_f1
2 𝑚λ

𝑚λ
2−𝑛re_f1

2 𝐶f1 +
𝑛re_f2
2 𝑚λ

𝑚λ
2−𝑛re_f2

2 𝐶f2 +
𝑛re_f3
2 𝑚λ

𝑚λ
2−𝑛re_f3

2 𝐶f3 +⋯+
𝑛refη
2 𝑚λ

𝑚λ
2−𝑛refη

2 𝐶fη ≅ 0

            (3.7.1.9)                        

[
 
 
 
 
 
 
 
 
 
 
𝑛re_f1
2 ω(1)

1−𝑛re_f1
2

𝑛re_f2
2 ω(1)

1−𝑛re_f2
2

𝑛re_f3
2 ω(1)

1−𝑛re_f3
2 …

𝑛refη
2 ω(1)

1−𝑛refη
2

𝑛re_f1
2 𝑚1

𝑚1
2−𝑛re_f1

2

𝑛re_f2
2 𝑚1

𝑚1
2−𝑛re_f2

2

𝑛re_f3
2 𝑚1

𝑚1
2−𝑛re_f3

2 …
𝑛refη
2 𝑚1

𝑚1
2−𝑛refη

2

𝑛re_f1
2 𝑚2

𝑚2
2−𝑛re_f1

2

𝑛re_f2
2 𝑚2

𝑚1
2−𝑛re_f2

2

𝑛re_f3
2 𝑚2

𝑚2
2−𝑛re_f3

2 …
𝑛refη
2 𝑚2

𝑚2
2−𝑛refη

2

⋮ ⋮ ⋮ ⋱ ⋮
𝑛re_f1
2 𝑚λ

𝑚λ
2−𝑛re_f1

2

𝑛re_f2
2 𝑚λ

𝑚λ
2−𝑛re_f2

2

𝑛re_f3
2 𝑚λ

𝑚λ
2−𝑛re_f3

2 …
𝑛refη
2 𝑚λ

𝑚λ
2−𝑛refη

2
]
 
 
 
 
 
 
 
 
 
 

 

[
 
 
 
 
 
 
 
𝐶f1
 
𝐶f2
 
𝐶f3
 
⋮ 
𝐶fη]
 
 
 
 
 
 
 

[−1] =

[
 
 
 
 
 
 
 
𝑄F

𝑈f
2

 
0
 
0
 
⋮ 
0 ]
 
 
 
 
 
 
 

                            (3.7.1.10) 

{
 
 
 

 
 
 𝑄f1 =

𝑛re_f1
2 ω(1)𝑈f

2

1−𝑛re_f1
2 𝐶f1

𝑄f2 =
𝑛re_f2
2 ω(1)𝑈f

2

1−𝑛re_f2
2 𝐶f2

⋮

𝑄fη =
𝑛re_fη
2 ω(1)𝑈f

2

1−𝑛re_fη
2 𝐶fη

                                                (3.7.1.11) 

Example 

For ℎ = 3, 

 𝑛re_f1 = 2.8,  

𝑛re_f2 = 4.8,  

𝑛re_f3 = 6.8  
𝑚1 = 4 

𝑚2 = 6  
𝑄F = 500 Var 

{
  
 

  
 

 

[
 
 
 
 
 
 
2.82. 100π

1 − 2.82
4.82. 100π

1 − 4.82
6.82. 100π

1 − 6.82

2.82. 4

42 − 2.82
4.82. 4

42 − 4.82
6.82. 4

42 − 6.82

2.82. 6

62 − 2.82
4.82. 6

62 − 4.82
6.82. 6

62 − 6.82 ]
 
 
 
 
 
 

[

𝐶f1
𝐶f2
𝐶f3

] = [

500

2302

0
0

] 

{

 𝐶f1 = 19.62 μF
𝐶f2 = 4.38 μF
𝐶f3 = 2.93 μF

, {

𝑄f1 = 373.84Var
𝑄f2 = 76.24Var
𝑄f3 = 49.90Var

 

1λ  h
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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 Lf1 = Lf2 = Lf3 = … = L, the reactive power (Qfη) of each filter in the filter 

group is expressed in (3.9.1.13). 

{
 
 
 
 

 
 
 
 Zf1 = 𝑗

ω2𝐿𝐶f1−1

ω𝐶f1
Zf2 = 𝑗

ω2𝐿𝐶f2−1

ω𝐶f2
⋯ Zfη = 𝑗

ω2𝐿𝐶fη−1

ω𝐶fη

𝐶f1 =
1

ωre_f1𝐿
𝐶f2 =

1

ωre_f2𝐿
⋯ 𝐶fη =

1

ωre_fη𝐿

𝑄f1 =
𝑈f
2

𝑍f1
=

𝑈f
2ω𝐶f1

ω2𝐿𝐶f1−1
𝑄f2 =

𝑈f
2

𝑍f2
=

𝑈f
2ω𝐶f2

ω2𝐿𝐶f2−1
⋯ 𝑄fη =

𝑈f
2

𝑍fη
=

𝑈2ω𝐶fη

ω2𝐿𝐶fη−1

ωre_f1 = 𝑛re_f1ω(1) ωre_f2 = 𝑛re_f2ω(1) ⋯ ωre_fη = 𝑛re_fηω(1)
 for ω = ω(1)   

𝑄f1 =
𝑈f
2

ω(1)𝐿(1−𝑛re_f1
2 )

𝑄f2 =
𝑈f
2

ω(1)𝐿(1−𝑛re_f1
2 )

⋯ 𝑄fη =
𝑈f
2

ω(1)𝐿(1−𝑛re_fη
2 )

                  (3.7.1.12)

        

{
  
 

  
 𝑄F = 𝑄f1 + 𝑄f2 +⋯+ 𝑄fη =

𝑈f
2

ω(1)𝐿
(

1

1−𝑛re_f1
2 +

1

1−𝑛re_f2
2 +⋯+

1

1−𝑛re_fη
2 )

𝐿 =
𝑈f
2

ω(1)𝑄F
(

1

1−𝑛re_f1
2 +

1

1−𝑛re_f2
2 +⋯+

1

1−𝑛re_fη
2 ) =

𝑈f
2

ω(1)𝑄F
∑

1

1−𝑛fη
2

∞
η=1

𝑄fη =
𝑄F

(1−𝑛re_fη
2 )(

1

1−𝑛re_f1
2 +

1

1−𝑛re_f2
2 +⋯+

1

1−𝑛re_fη
2 )

=
𝑄F

(1−𝑛re_fη
2 )∑ (

1

1−𝑛re_fη
2 )∞

η−1

                        (3.9.1.13)      

Example 

For ℎ = 3, 𝑛re_f1 = 2.8, 𝑛re_f2 = 4.8,  

𝑛re_f3 = 6.8 and 𝑄F = 500 Var 

{
 
 
 
 

 
 
 
 𝑄f1 =

500

(1 − 2.82) (
1

1 − 2.82
+

1
1 − 4.82

+
1

1 − 6.82
)
= 342.10 Var

𝑄f2 =
500

(1 − 4.82) (
1

1 − 2.82
+

1
1 − 4.82

+
1

1 − 6.82
)
= 106.17 Var

𝑄f3 =
500

(1 − 6.82) (
1

1 − 2.82
+

1
1 − 4.82

+
1

1 − 6.82
)
=  51.72 Var

 

 

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. Qf1) 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 (US(1) – 

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. 

 
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 2.8th and 4.8th. Each load harmonic current (I(n)) 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 (3rd and 5th) on the grid 

impedance (ZS(3), ZS(5)) are represented by Ua(3) and Ua(5) (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 3rd and 5th harmonics on the parallel connected grid impedance (ZS(3), ZS(5)) 

and filter group impedance ((Zf1(3), Zf1(5)) ((Zf2(3), Zf2(5)))) are represented by Ub(3) and Ub(5) 

(Figure 3.99(e)). 

The filter impedances of the two chosen frequencies (Zf1(3), Zf1(5)) are expressed in 

(3.7.1.14). The filter group impedances of 3rd and 5th harmonic (Z(3), Z(5)) 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 3rd and 5th harmonics (𝑍(3)
" , 𝑍(5)

" ) is 

expressed by (3.7.1.17). 

By the assumption that the current harmonics (I(3) and I(5)) 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, Ua(3) represents the voltage drop (Figure 

3.99(c)) caused by the 3rd harmonic on the grid impedance (ZS(3)) and Ub(3) represents the voltage 

drop caused by the load current of 3rd harmonic on the grid impedance (ZS(3)) together with the 

filter group impedance (Z(3)) (Figure 3.99(e)). Ua(3) is supposed to be higher than  (Ub(3)) 

because, after the filter connection and due to the resonance phenomena, the impedance of 3rd 

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 5th harmonic.  

The example objective function (3.7.1.19) is defined from coefficients φ1 and φ2 of 

expression (3.7.1.18). The search of Qf1 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. 

{
 

 𝑍f1(𝑛f1) = 𝑗
𝑛f1
2 ω(1)

2 𝐿f1𝐶f1−1

𝑛f1𝐶f1ω(1)
= 𝑗

(𝑛f1
2 −𝑛re_f1

2 )𝑈f(1)
2

𝑛f1(𝑛re_f1
2 −1)𝑄f1

𝑍f2(𝑛f2) = 𝑗
𝑛f2
2 ω(1)

2 𝐿f2𝐶f2−1

𝑛f2𝐶f2ω(1)
= 𝑗

(𝑛f2
2 −𝑛re_f2

2 )𝑈f(1)
2

𝑛f2(𝑛re_f2
2 −1)𝑄f2

 for {

𝑛f1 = 3
𝑛f2 = 5

𝑛re_f1 = 2.8

𝑛re_f2 = 4.8

                          (3.7.1.14)                                               

{
 
 

 
 𝑍(𝑛f1) =

𝑍f1(𝑛f1)
𝑍f2(𝑛f1)

𝑍f1(𝑛f1)
+𝑍f2(𝑛f1)

= 𝑗
𝑈f(1)
2

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
𝑛f1𝑄f2+

(𝑛re_f1
2 −1)

(𝑛f1
2 −𝑛re_f1

2 )
𝑛f1𝑄f1

𝑍(𝑛f2) =
𝑍f1(𝑛f2)

𝑍f2(𝑛f2)

𝑍f1(𝑛f2)
+𝑍f2(𝑛f2)

= 𝑗
𝑈f(1)
2

(𝑛re_f2
2 −1)

(𝑛f2
2 −𝑛re_f2

2 )
𝑛f2𝑄f2+

(𝑛re_f1
2 −1)

(𝑛f2
2 −𝑛re_f1

2 )
𝑛f2𝑄f1

                                (3.7.1.15)                                                

{
𝑍S(𝑛f1) = 𝑛f1ω(1)𝐿S
𝑍S(𝑛f2) = 𝑛f2ω(1)𝐿S

                                                                                                          (3.7.1.16)                                 

{
 
 

 
 𝑍(𝑛f1)

" =
𝑍(𝑛f1)𝑍S(𝑛f1)

𝑍(𝑛f1)+𝑍S(𝑛f1)
= 𝑗

𝑈f(1)
2 ω(1)𝐿S𝑛f1

𝑈f(1)
2 +[

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
𝑛f1𝑄f2+

(𝑛re_f1
2 −1)

(𝑛f1
2 −𝑛re_f1

2 )
𝑛f1𝑄f1]𝑛f1ω(1)𝐿S

𝑍(𝑛f2)
" =

𝑍(𝑛f2)𝑍S(𝑛f2)

𝑍(𝑛f2)+𝑍S(𝑛f2)
= 𝑗

𝑈f(1)
2 ω(1)𝐿S𝑛f2

𝑈f(1)
2 +[

(𝑛re_f2
2 −1)

(𝑛f2
2 −𝑛re_f2

2 )
𝑛f2𝑄f2+

(𝑛re_f1
2 −1)

(𝑛f2
2 −𝑛re_f1

2 )
𝑛f2𝑄f1]𝑛f2ω(1)𝐿S

            (3.7.1.17)                       

{
 
 

 
 φ1 =

𝑈b(𝑛f1)

𝑈a(𝑛f1)
=

𝑍(𝑛f1)
"

𝑍S(𝑛f1)
=

𝑈f(1)
2

𝑈f(1)
2 +[

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
𝑄F+(

(𝑛re_f1
2 −1)

(𝑛f1
2 −𝑛re_f1

2 )
−

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
)𝑄f1]ω(1)𝐿S𝑛f1

2

φ2 =
𝑈b(𝑛f2)

𝑈a(𝑛f2)
=

𝑍(𝑛f2)
"

𝑍S(𝑛f2)

𝑈f(1)
2

𝑈f(1)
2 +[

(𝑛ref2
2 −1)

(𝑛f2
2 −𝑛re_f2

2 )
𝑄F+(

(𝑛re_f1
2 −1)

(𝑛f2
2 −𝑛re_f1

2 )
−

(𝑛re_f2
2 −1)

(𝑛f2
2 −𝑛re_f2

2 )
)𝑄f1]𝑛f2

2 ω(1)𝐿S

                                                                                                                                                      

    (3.7.1.18) 

 

 

𝑦 = 1 − (1 − φ1)(1 − φ2) 

                                                                                            

for 

{
 
 
 

 
 
 
(1 − φ1) =

[
(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
𝑄F+(

(𝑛re_f1
2 −1)

(𝑛f1
2 −𝑛re_f1

2 )
−

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
)𝑄f1]ω(1)𝐿S𝑛f1

2

𝑈f(1)
2 +[

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
𝑄F+(

(𝑛re_f1
2 −1)

(𝑛f1
2 −𝑛re_f1

2 )
−

(𝑛re_f2
2 −1)

(𝑛f1
2 −𝑛re_f2

2 )
)𝑄f1]ω(1)𝐿S𝑛f1

2

(1 − φ2) =

[
(𝑛ref2
2 −1)

(𝑛f2
2 −𝑛ref2

2 )
𝑄F+(

(𝑛re_f1
2 −1)

(𝑛f2
2 −𝑛re_f1

2 )
−

(𝑛ref2
2 −1)

(𝑛f2
2 −𝑛ref2

2 )
)𝑄f1]𝑛f2

2 ω(1)𝐿S

𝑈f(1)
2 +[

(𝑛ref2
2 −1)

(𝑛f2
2 −𝑛ref2

2 )
𝑄F+(

(𝑛re_f1
2 −1)

(𝑛f2
2 −𝑛re_f1

2 )
−

(𝑛ref2
2 −1)

(𝑛f2
2 −𝑛ref2

2 )
)𝑄f1]𝑛f2

2 ω(1)𝐿S

                      (3.7.1.19)                                                           
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3.7.2 Comparison of the methods 

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 II-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). 

 
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 3rd and 5th harmonic (2.9rd and 4.85th).  

The total reactive power (basic harmonic) of the filter group (QF = -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   𝑄f1 = 𝑄f2 =
𝑄F

2
 

Method B - the reactive power of filters is 

inversely proportional to the 

harmonic order 

𝑄f1
𝑄f2

=
𝑛re_f2
𝑛re_f1

⇒ 2.9𝑄f1 = 4.85𝑄f2 ⇒ 𝑄f1 =
2.9

7.75
𝑄F 

Example 

For ℎ = 2, 𝑛re_f1 = 2.8,  

𝑛re_f2 = 4.8 and 𝑄F = 500 Var 

 

𝑦 = 1 − (1 −
52900

51384 + 14.38𝑄f1
) (1 −

52900

82980 − 58.02𝑄f1
) 

 

 
 

𝑄f2 = 500 − 325.54 =  174.46 Var 
(The function used to design the characteristic y versus Qf1 is 

described in Annex III - Table III.13) 
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Method C - the reactive power of filters is 

inversely proportional to the 

square of harmonic order 

𝑄f1
𝑄f2

=
𝑛re_f2
2

𝑛re_f1
2 ⇒ 8.41𝑄f1 = 23.52𝑄f2  ⇒ 𝑄f1

=
8.41

31.93
𝑄F 

Method D - the reactive power of filters is 

calculated on the base of the 

shaping of frequency 

characteristic of the filter 

impedance 

 

 
 

{
 

 
 

[
 
 
 
2.92 ∗ 100π

1 − 2.92
4.852 ∗ 100π

1 − 4.852

2.92 ∗ 4

42 − 2.92
4.82 ∗ 4

42 − 2.92 ]
 
 
 

[
𝐶f1
𝐶f2
] = [

𝑄F
2302

0
0

] 

Method E - the reactive power of filters is 

calculated on the base of the 

assumption that the reactors of 

filters are identical 

𝑄f1 =
𝑄F

(1−2.92)(
1

1−2.92
+

1

1−4.852
)
               

Method F (optimization) -  

𝑦 = 1 − (1 − φ1)(1 − φ2) 

 

(see Annex III - Table III.13) 
 

Table 3.19 Filter group parameters 

Methods 

QF = - 500 [Var], 𝑞′ = 85  

nf1 = 2.9 nf2 = 4.85 

Cf1 

[µF] 

Lf1  

[mH] 

RLf1  

[Ω] 

Zf1(3)  

[Ω] 

Qf1  

[Var] 

Cf2 

[µF] 

Lf2  

[mH] 

RLf2  

[Ω] 

Zf2(5)  

[Ω] 

Qf2 

[Var] 

A 13.25 90.9 0.33 5.62 250 14.40 29.9 0.11 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 7.58 56.8 0.20 5.27 131.68 

D 18.62 64.7 0.23 4.00 351.2 8.57 50.2 0.18 4.66 148.80 

E 19.94 60.4 0.22 3.73 376.22 7.13 60.4 0.22 5.61 123.77 

F 16.05 75.0 0.27 4.64 302.79 11.36 37.9 0.14 3.52 197.20 
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Figure 3.101 Objective function characteristic of method F with reactive powers  of other methods (Qf1(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 

(Qf1(A-E)) of other methods are also presented. It can be seen that for method F, the filter f1 has 

the lowest reactive power.  

 
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, (e) 

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 3rd harmonic and the lowest value of impedance for the 

5th harmonic. Focusing the comparison only on the 3rd and 5th 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 5th, 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 
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the 3rd and 5th (e.g. 7th, 9th, 11th). Method A has the worse reduce the 3rd harmonic and the best 

reduce the 5th 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 5th 

harmonic (Figure 3.103(b) and (d)). Methods A and B present the lowest THD of grid voltage 

(Figure 3.103(f)). 

The filter group has improved the waveform of grid current (Figure 3.104(a)) reducing the 

3rd and 5th 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 5th 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. 

 
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 3rd and 5th 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 3rd 

harmonic and less effective for the 5th harmonic. Method A has a better efficiency for the 5th 

harmonic than for the 3rd. 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 



 
114 

 

between the compared parameters. 

 
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  

criteria 
Method A Method B Method C Method D Method E Method F 

US(3) [v] 0.43 0.41 0.40 0.40 0.40 0.41 

US(5) [v] 0.45 0.48 0.51 0.50 0.52 0.47 

(IF(3)/Ir(3)) [%] 11.16 15 16.66 16.66 16.66 13.33 

(IF(5)/Ir(5)) [%] 31.48 24.07 18.51 22.22 18.51 25.92 

THDUs[%] 0.50 0.50 0.51 0.51 0.51 0.51 

ΔPF [w] 0.533 0.600 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 3rd and 5th harmonic current respectively are 

reduced by the filter group. This is due to fact that the 3rd and 5th harmonic grid impedances are 

higher than the 3rd and 5th harmonic filter group impedances as presented in Table 3.21 (problem 

of the grid impedance dependency on the PHF efficiency). 

Table 3.21 The 3rd and 5th harmonic impedances of filter group (e.g. ZF(3)) are compared to those of grid 

impedance (e.g. ZS(3)) when the line reactor LSS is not connected 

Methods ZS(3) [Ω] ZF(3) [Ω] ZS(5) [Ω] ZF(5) [Ω] 

A 

0.77 

6.41 

1.15 

2.69 

B 4.85 3.53 

C 3.99 4.87 

D 4.22 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 (3rd to 11th) as well as 

THD of PCC voltage and current are better reduced after the line reactor connection. 60 % and 

71.46 % of 3rd and 5th harmonic current respectively are reduced from the grid side. 

 
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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Figure 3.109 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 2nd 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. 

 
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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Figure 4.2 Block diagram of the non-linear load applied in the investigated laboratory model  
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Figure 4.3 Equivalent circuit of the electronic board (analogue PI controller) used to control the  thyristor pulse generator
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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 Ω) (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 IV).  

The goal of analogue PI controller board is to control the rectifier DC current (IDC) 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 kΩ potentiometer (Pz) (Figure 4.3) is used to generate the reference signal (𝐼ref
∗ ). 

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 µF, R1 

= R2 = 51 kΩ, R3 = R4 = 250 kΩ; U1, U2 and U3 are respectively the voltages at R1, R2 and R3 

terminals). 

𝑈out(𝑗ω) = −(1 +
1

𝑗ω𝐶1𝑅4
) [

𝑅4

𝑅1
𝑈1(𝑗ω) +

𝑅4

𝑅2
𝑈2(𝑗ω) +

𝑅4

𝑅3
𝑈3(𝑗ω)]                                     (4.1) 

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

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.  

 
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) (C2 = 

0.47 nF, R5 = 120 kΩ, R7 = R6 = 250 kΩ; U5 and U6 are respectively the voltages at R5 and R6 

terminals). 

𝑈R_LEM(𝑗ω) = (
1−𝑗ω𝐶2𝑅7

1+𝑅7
2ω2𝐶2

) [
𝑅7

𝑅5
𝑈5(𝑗ω) +

𝑅7

𝑅6
𝑈6(𝑗ω)]                                                             (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”. 

 
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 IV.3 and Table IV.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 IV).  

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 5th (around 

2%) and then comes the 3rd (more than 1%) and at the end the 7th (almost 1 %). According to 

the IEC61000-2-4 standard, its THD and harmonics amplitude are acceptable (Figure 4.7(b)). 
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Figure 4.6 (a) laboratory electrical network, (b) electrical grid equivalent circuit  

 
Figure 4.7 (a) PCC voltage waveforms without the considered load connected) and (b) its spectrum (p.u.) 

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 UDC 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]. 

θ = acos (
𝑈DC

1.35𝑈L−L
) 

for       

0 ≤ θ ≤
π

3
 

continuous DC voltage and current 

(4.3)            
 

θ = acos ((
𝑈DC

1.35𝑈L−L
) − 1) −

π

3
 

for      
π

3
≤ θ ≤

2π

3
 

discontinuous DC voltage and current 

 (4.4)
 

For 
2π

3
≤ θ ≤ π, 𝑈DC = 0 [203])

 
UL-L is the line to line voltage and UDC  is the average voltage at the rectifier DC side 
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Figure 4.8 Voltage and current at the rectifier DC side for different firing angle: (a) continuous mode (θ = 

30°); (b) discontinuous mode (θ = 60°) (simulation – see Annex IV, Figure IV.3) 

 
Figure 4.9 PCC phase voltage and current for different value of DC voltage (firing angle as well): (a) UDC = 

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

The laboratory model (Figure 4.2) described above has been simulated in 

MATLAB/SIMULINK (see Annex IV, Figure IV.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 5th harmonic (see spectrum of 
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Figure 4.7(b)). The same phenomenon is observed for the 7th harmonic (see Figure 4.11(e) – 

(f)).  

 
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 

 
Figure 4.11 Comparison between laboratory and simulated characteristics: PCC voltage and current 5th 

harmonic vs rectifier firing angle (a)(b) and vs rectifier DC (c)(d); PCC voltage and current 7th 

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 UDC 

increase (Figure 4.12(a)). The reactive power characteristic achieves its maximum for θ equals 

to 50.23° for UDC 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 UDC increase (e.g. from 226.97 V (UDC = 50 V) to 226.13 V (UDC = 525 V)). The 5th 
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harmonic has the highest amplitude for UDC equal to 250 V and the 7th harmonic for UDC to 

350V (Figure 4.13). 

Apart the 3rd and 9th, 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.     

 
Figure 4.12 Fundamental harmonic PCC active and reactive powers vs firing angle and vs UDC: (a) laboratory 

data; (b) simulated data 

 
Figure 4.13 Grid voltage and current parameters measured from the laboratory model. The example of 

waveforms are for the UDC equal to 250 V 



 
126 

 

 
Figure 4.14 Example of grid current spectrum for UCD = 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 5th harmonic mitigation (the lowest load generated characteristic harmonic after the 

fundamental) and the second filter is used for the 7th 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 5th 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 (Lf = 7.3 mH, Cf = 19.2 µF – see “Parameters from 

producer” in Table 4.1, Table 4.2 and Annex IV - Figure IV.4 and Figure IV.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 5th order harmonic single-tuned filter is performed by increasing and 

decreasing (by ±5% and ±10%) the reactor inductance Lf  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 7th order harmonic filter parameters (Lf = 7.3 mH, Cf = 9.6 µF) 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 IV.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 IV.4, Figure IV.7 and Figure 

IV.8). 

In the case of reactor with many terminals (Table 4.1), it can be seen that the measured 

parameters do respect the tolerance.  

 
(a) 

𝑅L =
𝑃

𝐼2

𝐿 =
√(

𝑈

𝐼
)
2
−𝑅𝐿

2

ω(1)

                                                (4.5) 

𝑅C1′ =
𝑃

𝐼2

C1
′ =

1

ω(1)√(
𝑈

𝐼
)
2
−𝑅

C1
′
2

𝐶1 =
2

3
 C1
′

                                  (4.6) 

 
(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 (5th harmonic filter). 

 
 Parameters from producer 

(nominal) 
Measured parameters 

L [mH] U [V] I [A] P [W] RL [Ω] L [mH] Z(1) [Ω] 

8.03 13.19 5 7.5 0.3 8.34 2.638 

7.7 12.67 5 7.5 0.3 8.00 2.534 

7.3 12.17 5 7.5 0.3 7.68 2.434 

7 11.65 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 7th harmonic filter. 

 
Parameters from producer 

(nominal) 
Measured parameters 

L [mH] U [V] I [A] P [W] RL [Ω]  L [mH]  Z(1) [Ω] 

7.3 12.08 5 7.5 0.3 7.63 2.41 
 

Table 4.2 Capacitors parameters 

5th harmonic filter capacitor. 

 
Parameters from producer 

(nominal) 
Measured parameters 

C1 [µF] U [V] I [A] P [W] RC1 [Ω]  C1 [µF]  

19.2 241 2.2 0 0 19.4 

 

7th harmonic filter capacitor 

 
Parameters from producer 

(nominal) 
Measured parameters 

C1 [µF] U [V] I [A] P [W] RC1 [Ω]  C1  [µF]  

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 5th 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). 

 
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  

5th harmonic filter 

Frequencies from producer 

(nominal) 

Computed frequencies 

(from Table 4.1 and Table 4.2) 

Measured frequencies 

(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 4.67 233.5 

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 

 

7th harmonic filter 

6.94 347 6.69 334.5 6.78 339 
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4.3.3 Laboratory results of the 5th harmonic single-tuned filter 

 
Figure 4.17 Equivalent circuit of laboratory model with 5th harmonic single-tuned filter (measured filter 

parameters) 

 
Figure 4.18 5th 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 5th 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 UDC equal to 350 V and the grid current 
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presents the lowest THD for UDC equal to 525 V. For UDC from 0 to around 220V and between 

470V and 525V the power system is overcompensated (see QS1(1) -  Table 4.4). A partial 

compensation is observed between 250V and 450V (UDC).  

Table 4.4 Power system parameters measured in the laboratory for different rectifier firing angles (the 5th 

harmonic filter is connected) 

UDC 

[V] 

θ  

[deg.] 

THDUS1 

[%] 

THDIS1 

[%] 

THDIT1 

[%] 
DPF 

PS1(1) 

[W] 

Pf1(1) 

[W] 

QS1(1) 

[Var] 

Qf1(1) 

[Var] 

QT1(1) 

[Var] 

50 95.23 2.06 100.32 57.37 0.07 52.52 12.56 -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 1225.4 

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 

 

 
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 5th 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 5th 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 7th harmonic amplitude before and after the filter connection is presented 

in Figure 4.21(c). For certain firing angles (e.g 95.23º) the 7th harmonic amplitude is reduced at 

the grid side after the filter connection and for others (e.g 76.31º), it is amplified. 

The grid current spectrum in Figure 4.19  shows that the lowest amplitude of 5th harmonic 

is obtained for UDC 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 5th harmonics amplification (comparing the spectrums of IS1 in Figure 4.19 to the one of IT1 

in Figure 4.20). The filter current is more charged by the 5th harmonic than the other harmonics 

(see spectrum of IT1 in Figure 4.20). 

The filter efficiency for the harmonics from the 1st to the 23rd 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 (UDC equal to 50V and 

525V) because of the overcompensation. 

 

Figure 4.20 Input rectifier current with its spectrum and filter current with the spectrum 

 
Figure 4.21 (a) grid voltage THD; grid voltage 5th (b) and 7th (c) harmonic amplitudes before and after the 5th 

harmonic filter connection 
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For UDC equal to 250V (θ = 62.54°), the single-tuned filter efficiency on the grid current 

5th harmonic mitigation is around 80.74% (see Figure 4.22(a) - only 19.26 % of 5th 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 5th harmonic amplitude of the input rectifier current is compared to 

the 5th harmonic amplitude of the grid current for different firing angle. It can be noticed that 

for θ equal to 95.23º, 33.57º and 13.54º, the 5th harmonic amplitude in the grid side current is 

higher than the 5th harmonic amplitude in the load side current (Figure 4.22(b)). For θ equal to 

76.31º, 62.54º and 59.62º the 5th harmonic amplitude in the grid side current is smaller than the 

5th 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 5th harmonic amplitude. In the further part of the theses, some experiments are 

performed to clarify the 5th harmonic current amplitude amplification (Figure 4.22(b)) at the 

grid side. 

 
Figure 4.22 (a) 5th harmonic single-tuned filter efficiency, (b) the 5th harmonic current amplitude generated by 

the load (IT) is compared to the 5th harmonic current amplitude at the grid side for different firing 

angle 

4.3.3.1 Experiments with the programmable AC voltage source (Chroma) 

 
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 

Ω and inductance of 63.69 µH. Two experiments are carried out: Chroma voltage source with 

harmonics (5th, 7th, 11th and 13th - 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. 

 

 

Figure 4.24 (a) PCC voltage waveform with (b) its spectrum, (c) voltage source input current with (d) 

its spectrum (with the load connected) 

 
Figure 4.25 (a) PCC voltage waveform with the spectrum (b), (c) voltage source input  current with the 

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 



 
135 

 

harmonics). In the case of the voltage source with harmonics (Figure 4.24(d)), the current 5th 

harmonic amplitude is the smallest for UDC equal to 250V (θ = 62.54°) as in the case of grid 

current spectrum of Figure 4.19. 

 

 

Figure 4.26 (a) rectifier input current waveform with (b) its spectrum, (c) filter  current waveform with 

(d) its spectrum 

 

Figure 4.27 (a) 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 5th 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 5th, whereas at the input 

of the voltage source with harmonics, there is a part of non-filterd 5th harmonic plus the part of 

5th harmonic flowing from the voltage source. 

The load (IT) 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 

5th, 7th, 11th and 13th 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 5th harmonic current from the grid side than from 

the load side, whence the amplification of that harmonic at the grid side. 

 
Figure 4.28 Comparison between the 5th harmonic current amplitude generated by the load (IT) and the 5th 

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 5th harmonic current measured at the thyristor bridge input 

(IT1(5)) is compared to the amplitude of 5th harmonic measured at the voltage source input 

(IS1(Chroma)(5)). In the case of the voltage source with harmonics (see Figure 4.28(a)) the 

amplification of the current 5th harmonic amplitude (at the voltage source input) is due to the 

fact that the voltage source is the source of 5th harmonic current which flows to the single-tuned 

filter. In the case of the voltage source without harmonics (see Figure 4.28(b)) the 5th harmonic 

is not amplified but is partially mitigated (at the Chroma input) due to the filter 5th harmonic 

impedance (Zf(5) = 1.16 Ω - Figure 4.17) which is almost 8 times higher than the Chroma cable 

5th harmonic impedance (ZCable(5) = 0.148 Ω).   

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 5th 

harmonic impedance (which is (ZS(5) = 49.5 mΩ - Figure 4.6(b)) around 23.43 times smaller 
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than the filter 5th harmonic impedance (Zf(5) = 1160 mΩ)). 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. 

 

 

 

 

Figure 4.29 Equivalent circuit of laboratory model with line reactor 

 

Table 4.5 Line reactor parameters (LSS) 

Line reactor  

 

Parameter from producer Measured parameters 

LSS [mH] U [V] I [A] P [W] RLSS [Ω] LSS [mH] ZLSS(1) [Ω] 

2.5 4.74 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  

 

 

 

 

UDC  

[V] 

θ  

[deg.] 

PS1(1) 

[W] 

QS1(1) 

[Var] 
DPF 

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) 

 
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 

 
Figure 4.33 Voltage waveforms at different point of laboratory model 

4.3.3.3 Analysis of the 5th harmonic single-tuned filter efficiency after electrical 

grid inductance increase 

 

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 5th 

harmonic grid impedance is around 4 times higher than filter impedance of the 5th 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 UDC 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 7th, 11th, 13th, 17th, 19th, 23rd
 (see also Figure 4.33) and higher 

harmonics (because of the commutation notches depth increase) as well as the best reduction of 5th 

harmonic amplitude.  

The grid current waveforms and spectrum are constituted by Figure 4.36 (the lowest value of 

5th
 harmonic amplitude is obtained when thyristor bridge firing angle is set to 62.54° (UDC =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 5th harmonic amplitude has considerably 

decrease after the filter connection.  

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

UDC 

[V] 

θ  

[deg.] 

THDUS1 

[%] 

THDIS1 

[%] 

THDIT1 

[%] 
DPF 

PS1(1) 

[W] 

QS1(1) 

[Var] 

Pf1(1) 

[W] 

Qf1(1) 

[Var] 

QT1(1) 

[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 0.82 394.58 -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 1223.5 

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

525 13.54 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 5th and higher 

harmonics reduction (values below 100% - Figure 4.38(a)). The amplification of the 3rd 

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 5th harmonic generated by the load (IT(5)) and the one flowing 

to the electrical grid (IS(5)) is presented in Figure 4.38(b). For any firing angle, there is none grid 

side 5th harmonic amplification (see Figure 4.22(b)). The line reactor has increased the filter 

efficiency (θ = 62.54°) on the 5th 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 

 
Figure 4.37 Waveforms and spectrums of input rectifier current (IT1) and filter current (If1) 
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Figure 4.38 (a) filter electiveness, (b) comparison between the 5th harmonic current of grid (IS1) and the input 

rectifier (IT1) 

 
Figure 4.39 Grid voltage and current spectrum: the case without the filter is compare to the case with filter 

(UDC = 250 V) 

 
Figure 4.40 THD of grid voltage (a) and current (a) for different UDC: 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 5th harmonic frequency. Figure 4.41 and the results presented in this chapter show that the 

5th 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 5th harmonic 

frequency, this harmonic (5th) 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 5th 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 5th harmonic frequency (e.g. 334.5 Hz which is 33.6 % above 250 Hz).  

 
Figure 4.41 Impedance versus frequency characteristic observed at the rectifier input (from the simulated 

model) 

4.3.3.4 Detuning of 5th 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. 5th) when its resonance frequency is lower 

and fare from the frequency of that harmonic and that the amplification of 5th harmonic 

amplitude can occur when the filter is tuned to the frequency higher than the 5th 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 5th 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.  

 
Figure 4.42 Power system equivalent circuit with filter reactor parameters 

 
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 

(UDC) equal to 250 V (θ = 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 

 

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 5th 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 5th 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 nre equal to 4.99, the grid current 5th harmonic amplitude should be decreasing 

as the 5th harmonic amplitude observed in the grid voltage spectrum. This difference is due to 

the 5th harmonic current flowing from the grid side to the laboratory model. 

 
Figure 4.44 Point of common coupling voltage and current waveforms and spectrums 

nre PS1(1) [W] QS1(1) [Var] Pf1(1) [W] Qf1(1) [Var] QT1(1) [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 
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Figure 4.45 Input rectifier and filter current waveforms and spectrums 

 
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 5th 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 5th harmonic amplitude for both 

grid current and voltage and the  filter tuned to the frequency of 4.99 should presents the lowest 

5th harmonic amplitude for both grid current and voltage. But the reduction of the 5th 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.  

 
Figure 4.47 5th harmonic reduction efficiency 

4.3.3.5 Experiments with the programmable AC voltage source (Chroma) 

 
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.  

 
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 5th 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 5th 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 5th 

harmonic amplitude mitigation. 
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Figure 4.50 (a) rectifier input current waveform with (b) the spectrum, (c) filter  current waveform with (d) the 

spectrum 

 
Figure 4.51 (a) rectifier input current waveform with (b) the spectrum, (c) filter  current waveform with (d) the 

spectrum  
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Figure 4.52 PCC voltage (a) and current (b) THD 

 
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 7th 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 5th 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 5th. But for the investigation purposes, the single-tuned filter is 

tuned to the frequency very close the frequency of the 7th order harmonic (6.78).  

The 7th 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 5th 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.  

 
Figure 4.54 Power system equivalent circuit with the 7th harmonic passive filter 

 
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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Figure 4.56 (a) grid voltage waveform with the spectrum; (b) grid current waveform with the spectrum 

 
Figure 4.57 (a) input rectifier current waveform with the spectrum, (b) filter current waveform with its 

spectrum 

The laboratory model parameters are measured after choosing (as example) the rectifier 

firing angle value equal to 50.29º (Compaired to other firing angle, it presents the best resuts in 

 

UDC = 345V, θ = 50.29° 
PS1(1)  

[W] 

QS1(1)  

[Var] 

THDUS1 

[%] 

THDIS1 

[%] 

Pf1(1)  

[W] 

Qf1(1)  

[Var] 

PT1(1)  

[W] 
DPF 

Before the 

filter 
1320 1172.5 12.89 39.60 - - - 0.74 

After the 

filter 
1275.2 755.33 14.48 75.38 13.57 -462.22 1292.3 0.86 
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term of 7th 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 QS1(1) = 462.22 Var.   

The PCC voltage and current spectrums in Figure 4.56(a)(b) show that the 7th harmonic is 

well reduced (as well as the higher order harmonics (e.g. 11th to 23rd)) after the filter connection, 

but the 5th 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 5th harmonic amplitude (Figure 51(b)). 

Tuned to the frequency near the frequency of 7th harmonic (6.78th), the filter has prevented 

almost 82.76% of load 7th harmonic from entering the electrical grid (Figure 4.58(a)) but has 

amplified the 5th harmonic (at the grid side). That amplification is due to the presence of the 5th 

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 5th 

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. 

 
Figure 4.58 (a) 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 5th 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 7th 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 

 

 

 

 
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 62.54º (UDC = 250 V). 

According to the spectrums of Figure 4.61(a)(b) the grid voltage and current 5th and 7th 

harmonic amplitudes are efficiently reduced by the filter group as well as the higher harmonics 

from the 7th.  

 

UDC = 250 V 

PS1(1)  

[W] 

QS1(1)  

[Var] 

Pf1(1)  

[W] 

Qf1(1)  

[Var] 

QT1(1)  

[Var] 

Before the filters 

connection 
818.54 1067.7 - - - 

After the filters 

connectio 
877.92 -377.15 20.39 -1487.9 1113.3 
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Figure 4.61 Grid voltage (a) and current (b) waveforms with the spectrums before and after the filter 

connection 

 
Figure 4.62 Harmonics comparison spectrums of grid voltage (a), current (b) and THD (c) when no filter is 

connected, when only the 5th harmonic filter is connected and when the 5th and 7th 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 5th 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 5th harmonic mitigation than on the 

7th harmonic mitigation (Figure 4.64). 

 
Figure 4.63 Currents of input rectifier (a) and filter (b) with spectrums 

 
Figure 4.64 Filter group efficiency 

4.5 Capacitor bank 

 
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 4.11 Fundamental harmonic active and reactive powers as well as grid voltage and current THDs 

measured in the laboratory model  

 

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 3rd, 5th 7th 

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 5th and 7th 

harmonics amplitude amplification and the reduction of higher harmonics amplitudes from the 

11th. 

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 

2nd to the 10th are amplified and from the 11th 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. 3rd, 5th, 7th etc.) is due 

the parallel resonance phenomenon between the grid inductance and capacitor bank capacitance 

(Figure 4.70(b)). 

 

 

UDC = 250 V, θ = 62.54° 
PS1(1)  

[W] 

QS1(1)  

[Var] 

THDUS1 

[%] 

THDIS1 

[%] 

Pf1(1)  

[W] 

Qf1(1)  

[Var] 

QT1(1) 

[Var] 
DPF 

Before the filter 

connection 
809.11 1064.4 11.95 52.21 - - - 0.60 

After the filter 

connection 
756.33 145.03 14.62 165.33 21.92 -936.29 1080.1 0.98 
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Figure 4.67 Measured grid voltage waveforms (a) and (b) their spectrums; measured grid current waveforms 

(a) and (d) thier spectrum 

 
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. 3rd, 5th, 7th etc.) and above that frequency, they are mitigated (e.g. 11th, 12th, 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 5th harmonic frequency.  

 
Figure 4.69 (a) input rectifier current and (b) its spectrum, (c) capacitor bank current and (d) its spectrum 

(meausred) 

 
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 2nd order filter   

The laboratory second order filter is designed by connecting the damping resistor R2nd 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 θ = 62.54°) when the damping resistance is not connected (R2nd = inf, 

single filter) and when it is connected with the values sets to 28.7 Ω, 17.5 Ω, 11.7 Ω, and 2.2 

Ω. 
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Figure 4.71 Power system equivalent circuit with the second-order filter 

 
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. R2nd = inf). When the damping resistance 

is very small (e.g. R2nd = 2.2 Ω), it resembles the capacitors bank characteristic (Figure 4.72). 

With the damping resistance decrease, the filter impedance of 5th 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 

 

 

 
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 5th and 7th 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 5th harmonic, it ensures a batter reduction of higher harmonics in wide band 

(e.g. From the 17th 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. 13th to 23rd – 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. 5th) is under the parallel 

resonance band when the damping resistance is very small (e.g. 2.2 Ω). The second-order filter 

with high damping resistance (R2nd = inf, Single filter) presents the best results in term of 5th 

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). 

UDC = 250 V, θ = 62.54° 
R2nd [Ω] PS1(1) [W] QS1(1) [Var] Pf1(1) [W] Qf1(1) [Var] QT1(1) [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 

17.5 838.79 111.52 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 
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Figure 4.74 Grid current waveforms and spectrums (measured) 

 
Figure 4.75 Input rectifier current waveforms and spectrum (measured) 
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Figure 4.76 Filter current waveforms and spectrum (measured) 

 
Figure 4.77 THD of grid voltage (a) and current (b), 2nd order filter efficiency (measured) 
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Figure 4.78 Simulated impedance versus frequency characteristics of power system seen from the rectifier 

input 
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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(l) – 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-q 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 (𝛼-𝛽) the total instantaneous real power is represented by (5.4). 

The total instantaneous power in three-phase system (ptotal) is conserved during the 

transformation (from a-b-c to 𝛼-𝛽), therefore is equal to the instantaneous real power in 𝛼-𝛽 

system (ptotal = p𝛼𝛽 [202, 198]. 



 
166 

 

The concept of instantaneous imaginary power q (5.8) is introduced by supposing an 

imaginary axis in perpendicular connection with the 𝛼𝛽 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 𝛼-𝛽 axes. The expressions (5.11) and (5.12) 

show that the instantaneous currents in 𝛼-𝛽 axes depends upon the instantaneous voltage and 

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

 

[ 

𝑢α

𝑢β 
𝑢0

] = √
2

3
[

1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄

1 √2⁄ 1 √2⁄ 1 √2⁄

] [ 

𝑢𝑎
𝑢𝑏
𝑢𝑐
 ]               (5.1)  

 

u𝛼 - instantaneous voltage in 𝛼 axis 
u𝛽 - instantaneous voltage in 𝛽 axis   

u0 - zero sequence component   
(a) 

 

[ 

𝑖α
𝑖β
𝑖0

 ] = √
2

3
[

1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄

1 √2⁄ 1 √2⁄ 1 √2⁄

] [ 

𝑖𝑎
𝑖b
𝑖c

 ]                 (5.2)                   

                 

i𝛼 - instantaneous current in 𝛼 axis 
i𝛽 - instantaneous current in 𝛽 axis 

i0 - zero sequence component      

(b) 

Figure 5.1 Vectors representation of 

voltage (a) and current (b): 

transformation a-b-c into 𝛼-𝛽 

 

 

 

 

p = p
αβ
= 𝑢α𝑖α + 𝑢β𝑖β                                             (5.7) 

q = 𝑢α × 𝑖β + 𝑢β × 𝑖α = 𝑢α𝑖β − 𝑢β𝑖α                     (5.8)                                                                        

[ 
p
q ] = [

𝑢α 𝑢β
−𝑢β 𝑢α

 ] [
𝑖α
𝑖β
]                                           (5.9)            

[
𝑖α
𝑖β
] =

1

𝑢α
2+𝑢β

2 [
𝑢α −𝑢β
𝑢β 𝑢α

] [ 
p
q ]                                (5.10)            

𝑖α =
𝑢α

𝑢α
2+𝑢β

2 p +
−𝑢β

𝑢α
2+𝑢β

2 q                                          (5.11) 

𝑖β =
𝑢β

𝑢α
2+𝑢β

2 p +
𝑢α

𝑢α
2+𝑢β

2 q                                          (5.12) 

p = p ̃ + p̅ = p ̃2n + p ̃h + p̅                                (5.13) 

p ̃   = p ̃2n + p ̃h                                                     (5.14) 

q = q ̃  + q̅ = q ̃2n + q ̃h + q̅                                (5.15) 

q ̃   = q ̃2n + q ̃h                                                     (5.16) 
Figure 5.2 Space vector of instantaneous total 

real (in real plan) and imaginary 

power (imaginary axis) [7] 
 

 

𝑝total = 𝑢𝑎𝑖𝑎 + 𝑢𝑏𝑖𝑏 + 𝑢𝑐𝑖𝑐                             (5.3) p
αβ
= 𝑢α𝑖α + 𝑢β𝑖β                                                  (5.4) 

[ 
𝑢α

𝑢β
 ] = √

2

3
[
1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄
] [ 

𝑢𝑎
𝑢𝑏
𝑢𝑐
 ]           (5.5)                 [ 

𝑖α
𝑖β
 ] = √

2

3
[
1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄
] [ 

𝑖𝑎
𝑖𝑏
𝑖𝑐

 ]                (5.6)                   
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{

𝑖α =
𝑢α

𝑢α
2+𝑢β

2 p ̅ +
𝑢α

𝑢α
2+𝑢β

2 p ̃ +
−𝑢β

𝑢α
2+𝑢β

2 q̅ +
−𝑢β

𝑢α
2+𝑢β

2 q ̃

𝑖β =
𝑢β

𝑢α
2+𝑢β

2 p ̅ +
𝑢β

𝑢α
2+𝑢β

2 p ̃ +
𝑢α

𝑢α
2+𝑢β

2 q̅ +
𝑢α

𝑢α
2+𝑢β

2 q ̃
                                                  (5.17) 

{

𝑖α = +
𝑢α

𝑢α
2+𝑢β

2 p ̃2n +
−𝑢β

𝑢α
2+𝑢β

2 q ̃2n +
−𝑢β

𝑢α
2+𝑢β

2 q ̅ +
−𝑢β

𝑢α
2+𝑢β

2 q ̃h
𝑢α

𝑢α
2+𝑢β

2 p ̃h +
𝑢α

𝑢α
2+𝑢β

2 p ̅ = 𝑖α(2n) + 𝑖α(q ̅) + 𝑖α(h) + 𝑖α(p̅)

𝑖β =
𝑢β

𝑢α
2+𝑢β

2 p ̃2n +
𝑢α

𝑢α
2+𝑢β

2 q ̃2n +
𝑢α

𝑢α
2+𝑢β

2 q ̅ +
𝑢α

𝑢α
2+𝑢β

2 q ̃h +
𝑢β

𝑢α
2+𝑢β

2 p ̃h +
𝑢β

𝑢α
2+𝑢β

2 p ̅ = 𝑖β(2n) + 𝑖β(q ̅) + 𝑖β(h) + 𝑖β(p̅)

   (5.18) 

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

𝑖α(p) =
𝑢α

𝑢α
2+𝑢β

2 p ̅+
𝑢α

𝑢α
2+𝑢β

2 p ̃      (5.19) Instantaneous real current in 𝛼 axis 

𝑖α(q) =
−𝑢β

𝑢α
2+𝑢β

2 q ̅+
−𝑢β

𝑢α
2+𝑢β

2 q ̃      (5.20) Instantaneous imaginary current in 𝛼 axis 

𝑖β(p) =
𝑢β

𝑢α
2+𝑢β

2 p ̅+
𝑢β

𝑢α
2+𝑢β

2 p ̃      (5.21) Instantaneous real current in 𝛽 axis 

𝑖β(q) =
𝑢α

𝑢α
2+𝑢β

2 q ̅+
𝑢α

𝑢α
2+𝑢β

2 q ̃      (5.22) Instantaneous imaginary current in 𝛽 axis 
 

Table 5.2 Instantaneous current components description (in 𝛼𝛽 axes) from expression (5.18) [254] 

 𝑖α(p̅) =
𝑢α

𝑢α
2+𝑢β

2 p ̅       (5.23) 
Instantaneous real 

current (fundamental 

harmonic) in  𝛼 axis 

 

𝑖β(p̅) =
𝑢β

𝑢α
2+𝑢β

2 p ̅       (5.29) 
Instantaneous real 

current (fundamental 

harmonic) in  𝛽 axis 

𝑖α(p ̃2n) =
𝑢α

𝑢α
2+𝑢β

2 p ̃2n  (5.24) 

𝑖α(q ̃2n) =
−𝑢β

𝑢α
2+𝑢β

2 q ̃2n  (5.25) 

Instantaneous 

asymmetry current in  

𝛼 axis 

𝑖β(p ̃2n) =
𝑢β

𝑢α
2+𝑢β

2 p ̃2n(5.30) 

𝑖β(q ̃2n) =
𝑢α

𝑢α
2+𝑢β

2 q ̃2n(5.31) 

Instantaneous  

asymmetry current in  

𝛽 axis 

𝑖α(p ̃h) =
𝑢α

𝑢α
2+𝑢β

2 p ̃h     (5.26) 

𝑖α(q ̃h) =
−𝑢β

𝑢α
2+𝑢β

2 q ̃h    (5.27) 

Instantaneous  

harmonic current in  𝛼 

axis 

𝑖β(p ̃h) =
𝑢β

𝑢α
2+𝑢β

2 p ̃h   (5.32) 

𝑖β(q ̃h) =
𝑢α

𝑢α
2+𝑢β

2 q ̃h   (5.33) 

Instantaneous  

harmonic current in  𝛽 

axis 

𝑖α(q̅) =
−𝑢β

𝑢α
2+𝑢β

2 q ̅         (5.28) 

Instantaneous 

imaginary current 

(fundamental 

harmonic) in  𝛼 axis 

𝑖β(q̅) =
𝑢α

𝑢α
2+𝑢β

2 q ̅       (5.34) 

Instantaneous 

imaginary current 

(fundamental 

harmonic) in  𝛽 axis 

2n – frequency of harmonic asymmetry component 
 

The components u0 and i0 (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 q (in 𝛼-𝛽 coordinates) can be divided into two components as presented 

in (5.13) and (5.15):  p ̃, q ̃ - variable components, p̅, q̅ - constant components. According to [198] 

( p̅, q̅ ) are related to the fundamental harmonic (positive sequence) of current and (p ̃, q ̃) 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 𝛼 and in 𝛽 axes are 

split into different components as shown in (5.17) and (5.18). 

Different instantaneous real and imaginary current in 𝛼 and 𝛽 axes are presented Table 5.1 

to Table 5.3.  

The instantaneous asymmetry currents are expressed in 𝛼 and 𝛽 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 𝛼 axis and by 

(5.32) and (5.33) in 𝛽 axis (Table 5.2). The instantaneous reference currents in 𝛼-𝛽 axes are 

depicted by (5.43).  

After the invers transformation from 𝛼-𝛽 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 𝛼𝛽 axes (from Table 

5.2) [254] 

𝑖α(h) =
𝑢α

𝑢α
2+𝑢β

2 p ̃h +
−𝑢β

𝑢α
2+𝑢β

2 q ̃h             (5.35)        

𝑖β(h) =
𝑢β

𝑢α
2+𝑢β

2 p ̃h +
𝑢α

𝑢α
2+𝑢β

2 q ̃h             (5.36)                              

Instantaneous harmonic current 

(for harmonics compensation) 

𝑖α(q ̅) =
−𝑢β

𝑢α
2+𝑢β

2 q ̅                                 (5.37) 

𝑖β(q ̅) =
𝑢α

𝑢α
2+𝑢β

2 q ̅                                 (5.38) 

Instantaneous imaginary current 

(fundamental harmonic –  reactive 

power compensation) 

𝑖α(p ̅) =
𝑢α

𝑢α
2+𝑢β

2 p ̅                                 (5.39) 

𝑖β(p ̅) =
𝑢β

𝑢α
2+𝑢β

2 p ̅                                 (5.40) 

Instantaneous real current 

(fundamental harmonic – active 

power) 

𝑖α(2n) =
𝑢α

𝑢α
2+𝑢β

2 p ̃2n +
−𝑢β

𝑢α
2+𝑢β

2 q ̃2n        (5.41)                                   

𝑖β(2n) =
𝑢β

𝑢α
2+𝑢β

2 p ̃2n +
𝑢α

𝑢α
2+𝑢β

2 q ̃2n        (5.42)           

Instantaneous  asymmetry current 

(asymmetry compensation) 

 

{
𝑖α(ref) = 𝑖α − 𝑖α(p̅) = 𝑖α(2n) + 𝑖α(h) + 𝑖α(q ̅)

𝑖β(ref) = 𝑖β − 𝑖β(p̅) = 𝑖β(2n) + 𝑖β(h) + 𝑖β(q ̅)
                           (5.43) 

[ 

𝑖𝑎_(p ̅)
𝑖𝑏_(p ̅)
𝑖𝑐_(p ̅)

 ] = √
2

3
[
1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄
] [ 
𝑖α(p ̅)
𝑖β(p ̅)

 ]                                                                                                   (5.44) 

[ 

𝑖𝑎_(asymmetry)
𝑖𝑏_(asymmetry)
𝑖𝑐_(asymmetry)

 ] = √
2

3
[
1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄
] [ 
𝑖α(2n)
𝑖β(2n)

 ]                                                                                       (5.45) 

[ 

𝑖𝑎_(q ̅)
𝑖𝑏_(q ̅)
𝑖𝑐_(q ̅)

 ] = √
2

3
[
1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄
] [ 
𝑖α(q ̅)
𝑖β(q ̅)

 ]                                                                                                   (5.46) 

[ 

𝑖𝑎_(harmonic)
𝑖𝑏_(harmonic)
𝑖𝑐_(harmonic)

 ] = √
2

3
[
1 −1 2⁄ −1 2⁄

0 √3 2⁄ −√3 2⁄
] [ 
𝑖α(h)
𝑖β(h)

 ]                                                                                          (5.47) 

𝑖𝑎𝑏𝑐_(ref) = 𝑖𝑎𝑏𝑐_(q ̅) + 𝑖𝑎𝑏𝑐_(harmonic) + 𝑖𝑎𝑏𝑐_(asymmetry)                                                                                        (5.48) 

5.1.1 Example of p-q theory application 

 
Figure 5.3 Equivalent circuit of the simulated power system 
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The simulated power system for the p-q theory application is presented in Figure 5.3 (see Annex 

I, Table I.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 (IT) 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 (iabc_(ref)). 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 (θ = 43.78º).  

 
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 

V) 

5.1.1.1 Application of p-q theory under symmetrical but distorted supply 

voltage  

  
(a) (b) 

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 (USabc) and load 

currents (ITabc). 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) 
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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)). 

  
(a) (b) 

Figure 5.6 PCC voltage waveforms in 𝛼-𝛽 

coordinates with spectrums 

Figure 5.7 Load current waveforms in 𝛼-𝛽 

coordinates with spectrums 

 

  

Figure 5.8 (a) instantaneous real powers in 𝛼-𝛽 

coordinates:  (b) constant part; (c) part 

related to the harmonics; (d) part 

related to the asymmetry 

Figure 5.9 (a) instantaneous imaginary powers in 

𝛼-𝛽 coordinates:  (b) constant part; (c) 

part related to the harmonics; (d) part 

related to the asymmetry 

 

  

Figure 5.10 (a), (b) waveforms of instantaneous 

real current in 𝛼-𝛽 coordinates with 

their spectrums (e) and (f);  (c), (d) 

waveforms of instantaneous 

imaginary current in 𝛼-𝛽 coordinates 

with their spectrums (g) and (h) 

Figure 5.11 (a), (b) waveforms of instantaneous 

asymmetry current in 𝛼-𝛽 coordinates 

with their spectrums (e) and (f);  (c), 

(d) waveforms of instantaneous 

harmonic current in 𝛼-𝛽 coordinates 

with their spectrums (g) and (h) 
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The disturbances contained in the supply voltage and load current are conserved during the 

transformation from a-b-c to 𝛼-𝛽 coordinates (comparing Figure 5.6(a)(b) to Figure 5.5(a)(b)).  

In 𝛼-𝛽 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 𝛼-𝛽) 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 (𝑖a(p ̅)), 

imaginary power (𝑖a(q ̅)), harmonics (𝑖a(harmonic))  and asymmetry (𝑖α(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)). 

 
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  

5.1.1.2 Application of p-q theory after supply voltage filtration 

The distorted supply voltage is filtered before being applied at the p-q 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 𝛼-𝛽coordinates) 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 𝛼-𝛽 coordinates do not present any distortion as 
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well as the current asymmetry waveforms. The current harmonic waves (in 𝛼-𝛽) with spectrums 

are presented in Figure 5.15(g) to (j). 

 
Figure 5.13 p-q theory algorithm with supply voltage filter  

 
Figure 5.14 Supply voltage in 𝛼-𝛽 coordinates 

 
Figure 5.15 Waveforms of instantaneous real current (a)(b), imaginary current (c)(d), asymmetry current (e)(f),  

harmonics current (g)(i) (with spectrums (h)(j)) in 𝛼-𝛽 coordinates 

The constant component values of instantaneous total real and imaginary power ( p̅, q̅ ) 

should be equal to the total active and reactive power values (𝑃S_total(1), 𝑄S_total(1)) 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. 
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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 

spectrums  
 

Table 5.4 The real and imaginary power values in 𝛼-𝛽 coordinates are compared respectively to the total active 

and reactive powers values in  a-b-c coordinates 

𝑃S_total(1)    [W] 6766 𝑄S_total(1) [Var] 3418.1 

�̅�αβ              [W] 6774 �̅�αβ            [Var] 3432 
 

 
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 

5.2 Investigation of three wires three legs SAPF in MATLAB SIMULINK 

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-q 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.1 to V.13).  

The role of the control loop (1) is to maintain the inverter DC capacitor voltage to the 

reference level (UDC_ref) [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 IV.3) 

The control loop (2) contains the p-q algorithm and its goal is to generate the 

instantaneous reference current (iabc_(ref)) needed for the control loop (3) by basing on the 

instantaneous PCC voltage (uSabc) and load current (iTabc) [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 (iabc_(ref)) (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 PI 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]. 

5.2.1 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 

IT 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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kasym =
𝐼S(1)
(−)

𝐼
S(1)
(+) ∗ 100                                                                                                        (5.50) 

THDUs =
√∑ 𝑈𝑠(𝑛)

250
𝑛=2

𝑈𝑆(1)
∗ 100                   (5.51)                                                                                                      THDIs =

√∑ 𝐼s(𝑛)
250

𝑛=2

𝐼S(1)
∗ 100                     (5.52)                                                                                                           

TTHDUs =
√𝑈S_true_RMS

2 −𝑈S(1)
2

𝑈S(1)
∗ 100      (5.53)                                                                                                                  TTHDIs =

√𝐼S_true_RMS
2 −𝐼S(1)

2

𝐼S(1)
∗ 100        (5.54) 

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 

 
(a) 

 
(b) 

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 (see 

Annex V, Table V.3 for more detailes) 

For all study cases the simulation is done with a small value of rectifier input reactor (LT). 

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 = 1.4 [mH] L_inv_max = 7.2 [mH] 

  

(a) (b) 

Figure 5.21 Waveforms of PCC voltage and current after the SAPF connection: (a) for L_inv_min, (b) for L_inv_max  

L_inv_min = 1.4 [mH] L_inv_max = 7.2 [mH] 

  
(a) (b) 

Figure 5.22 Waveforms of SAPF current: (a) for L_inv_min, (b) for L_inv_max  
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Table 5.6 Computed SAPF parameters (see expressions IV.16, IV.24 and IV.38 of Annex IV ) 

𝑈DC_inv_0 = 750 V  

𝐶_inv=3 mF    

𝐿_inv_min=1.4 mH  

𝐿_inv_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 

THDUS 

[%] 

THDIS 

[%] 

QS(1) 

[Var] 

PS(1) 

[W] 

SS(1) 

[VA] 
kasym [%] 

L1 0.25 28.07 414.08 2838.4 2868.5 

33.25 L2 0.25 23.41 1954.5 2833.1 3441.9 

L3 0.25 42.07 1181.8 1507.2 1915.2 

 Us1(1) = 230.8 ej30º Is1(1) = 12.43 ej21.7 º 
 Us2(1) = 230.7 ej270 º Is2(1) = 14.92 ej235.4 º 
 Us3(1) = 230.7 ej150 º Is3(1) = 8.29 ej111.90º 

 

Table 5.8 Grid voltage and current TTHD 

 

After the SAPF connection  

(L_inv_min = 1.4 [mH]) 

After the SAPF connection 

 (L_inv_max = 7.2 [mH]) 

TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%] 

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 (Ia_(ref)) at the points of commutation 

 

After the SAPF connection  

(L_inv_min = 1.4 [mH]) 

After the SAPF connection 

 (L_inv_max = 7.2 [mH]) 

THDUS 

[%] 

THDIS 

[%] 
kasym [%] 

THDUS 

[%] 

THDIS 

[%] 
kasym [%] 

L1 0.18 10.34 

0.59 

0.25 26.7 

0.75 L2 0.19 10.99 0.25 27.92 

L3 0.18 10.93 0.25 27.7 

 Us1(1) = 230.8 ej30º Is1(1) = 10.45 ej28.9 º Us1(1) = 230.80 ej30 º Is1(1) = 10.36 ej27.8 º 
Us2(1) = 230.8 ej270 º Is2(1) = 10.99 ej268.7 º Us2(1) = 230.80 ej270 º Is2(1) = 10.48 ej267.7 º 
Us3(1) = 230.8 ej150 º Is3(1) = 10.93 ej149.1 º Us3(1) = 230.80 ej150 º Is3(1) = 10.4 ej147.2 º 
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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 

PI 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 and 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). 

 
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 

 
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  

(L_inv_min = 1.4 [mH]) 

After the SAPF connection 

 (L_inv_max = 7.2 [mH]) 

PCC load SAPF PCC load SAPF 

P(1) [W] 

L1 2411.4 2838.8 427.40 2389.3 2838.8 449.82 

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 

Q(1) [Var] 

L1 46.30 414.13 370.22 91.78 414.13 323.23 

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 

S(1) [VA] 

L1 2411.9 2868.8 565.46 2391.1 2868.8 553.92 

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 

 
IT1(1) = 12.43 ej21.7 º I_inv1(1) = 2.45 ej-10.9 º IT1(1) = 12.43 ej21.7 º I_inv1(1) = 2.40 ej-5.7 º 
IT2(1) = 14.92 ej235.5 º I_inv2(1) = 8.44 ej193.0 º IT2(1) = 14.92 ej235.5 º I_inv2(1) = 8.24 ej192.8 º 
IT3(1) = 8.29 ej111.9 º I_inv3(1) = 6.28 ej22.1 º IT3(1) = 8.29 ej111.9 º I_inv3(1) = 6.01 ej20 º 

 

 
Figure 5.25 Spectrum of input rectifier current (IT), inverter current (I_inv) and grid current (IS) for L_inv equal to 

1.4 mH 

5.2.1.2 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 > LT), (b) the inverter input inductance is equal to the rectifier input inductance 

(L_inv = LT) and (c) the inverter input inductance is smaller than the rectifier input inductance 
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(L_inv < LT). All the three simulation cases are achieved when the line reactor LSS is not 

connected at the grid side and when it is connected.  

 
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)).  

 
Figure 5.27 Waveforms of PCC voltage and current for different value of input rectifier reactor inductance: (a)  

L_inv_min > LT, (b) L_inv_min = LT, (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 (LT) 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 LT.   
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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)  

LT = 1 nH  

(After the SAPF connection) 

L_inv > LT 

US(1) [V] IS(1) [A] US(1) [V] IS(1) [A] 

 RMS Phase RMS Phase RMS Phase RMS Phase 

L1 230.8 30º 12.43 21.7º 230.8 30º 10.41 29.4º 

L2 230.7 270º 14.92 235.4º 230.7 270º 10.4 269.2º 

L3 230.7 150º 8.29 111.90º 230.7 150º 10.37 149.3º 

 

 

 

 

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)  

LT = 1 nH 

(After the SAPF connection) 

L_inv_min    >  LT 

THDUS 

[%] 

THDIS 

[%] 

QS(1) 

[Var] 

PS(1) 

[W] 
kasym [%] 

THDUS 

[%] 

THDIS 

[%] 

QS(1) 

[Var] 

PS(1) 

[W] 
kasym [%] 

L1 0.25 28.07 414.08 2838.4 

33.25 

0.15 8.77 25.15 2402.5 

0.30 L2 0.25 23.41 1954.5 2833.1 0.15 8.75 33.51 2400.1 

L3 0.25 42.07 1181.8 1507.2 0.15 8.77 29.24 2393.2 

 

 
Figure 5.28 Waveforms comparison between the reference and compensating current of control loop (3) (Figure 

4.24): (a) for L_inv_min > LT, (b) for for L_inv_min = LT, (c) for L_inv_min = LT 

 

(After the SAPF connection) 

L_inv_min    =   LT 

(After the SAPF connection) 

L_inv_min    <  LT 

US(1) [V] IS(1) [A] US(1) [V] IS(1) [A] 

 RMS Phase RMS Phase RMS Phase RMS Phase 

L1 230.8 30º 10.29 29.4º 230.8 30º 10.14 29.5º 

L2 230.7 270º 10.3 269.3º 230.8 270º 10.14 269.3º 

L3 230.7 150º 10.28 149.3º 230.8 150º 10.11 149.4º 

 

(After the SAPF connection) 

L_inv_min    =   LT 

(After the SAPF connection) 

L_inv_min    <  LT 

THDUS 

[%] 

THDIS 

[%] 

QS(1) 

[Var] 

PS(1) 

[W] 
kasym [%] 

THDUS 

[%] 

THDIS 

[%] 

QS 

[Var] 

PS 

[W] 
kasym [%] 

L1 0.04 2.47 24.86 2374.8 

0.30 

0.02 1.22 20.42 2340.2 

0.20  L2 0.05 2.91 29.04 2377.1 0.02 1.49 28.59 2340.1 

L3 0.05 2.79 28.98 2372.4 0.02 1.22 24.43 2333.3 
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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) 

L_inv_min    >  LT 

(After the SAPF connection)  

L_inv_min = LT 

(After the SAPF connection) 

 L_inv_min < LT 

TTHDUS [%] TTHDIS [%] TTHDUS [%] 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 

 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_inv = 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 > LT. 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 

µH 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 

 

LSS = 0.5 mH 

(After the SAPF connection) 

L_inv_min    >  LT 

(After the SAPF connection)  

L_inv_min = LT 

(After the SAPF connection) 

 L_inv_min < LT 

TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%] 

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 
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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: (a)  L_inv_min > LT, (b) L_inv_min = LT, (c) 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. 

 Impact of the DC capacitor size on the SAPF efficiency 

 
Table 5.14 Inverter DC capacitor parameters 

 

 

 

 
 

∆𝑈DC_inv [V] 𝑈DC_inv_0 [V] ∆𝑊DC_inv [J] 𝐶_inv [mF] 

140 

750 11 

0.1 

9 1.6 

5 3 
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Figure 5.31 Grid current waveforms: (a) before the SAPF connection; (b), (c), (d) after the filter connection (for 

different values of inverter capacitor capacitance) 

 
Figure 5.32 Capacitor DC voltage waveforms for different capacitance: transient state observation after the 

rectifier DC resistance change (RDC) 
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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 ΔUDC_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) 

C_inv = 0.1 mH 

(After the SAPF connection)  

C_inv = 1.6 mH 

(After the SAPF connection) 

C_inv = 3 mH 

TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%] 

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 
 

 Influence of the DC capacitor voltage on the SAPF efficiency 

Three values of inverter DC reference voltage (UDC_inv_0) computed basing on the expression 

(V16) of Annex V are presented in Table 5.16. Three values of the coefficient kDC (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, LT…). The first simulation is done for UDC_inv_0 equal 

to 600 V, the second one is done for UDC_inv_0 equal to 750 V and the third one is done for 

UDC_inv_0 equal to 950 V.   

Table 5.16 Computed inverter DC voltage for different value of kDC (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(√2)400 = 565.68 ⟹ 𝑈DC_inv_0 = 600 [V]  

1.32(√2)400 = 746.70 ⟹ 𝑈DC_inv_0 = 750V 

1.68(√2)400 = 944.69 ⟹ 𝑈DC_inv_0 = 950V 

C_inv = 3 mF L_inv_min = 1.4 mH LT = 0.14 mH 

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 

5.36(b) 

 
Figure 5.33 One phase waveforms of compensating together with reference currents for: (a) UDC_inv_0 = 600 V, 

UDC_inv_0 = 750 V and UDC_inv_0 = 950 V 

 
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) 

 

(Before the SAPF connection) 
(After the SAPF connection) 

UDC_inv_0 = 600 [V] 

THDUS 

[%] 

THDI

S [%] 

QS 

[Var] 

PS  

[W] 

kasym 

[%] 

THDUS 

[%] 

THDIS 

[%] 

QS 

[Var] 
PS [W] 

kasym 

[%] 

L1 0.21 27.85 447.89 2809.2 

33.45 

0.17 15.62 66.18 2369.4 

0.39 L2 0.21 23.09 1984.6 2693.4 0.18 15.90 66.24 2371.7 

L3 0.21 41.61 1212.8 1474.9 0.17 15.90 66.18 2369.4 
 

 

 

(After the SAPF connection) 

UDC_inv_0 = 750 [V] 

(After the SAPF connection) 

UDC_inv_0 = 950 [V] 

THDUS 

[%] 

THDIS 

[%] 

QS 

[Var] 
PS [W] 

kasym 

[%] 

THDUS 

[%] 

THDIS 

[%] 

QS 

[Var] 

PS  

[W] 

kasym 

[%] 

L1 0.04 2.93 24.89 2377.1 

0.30 

0.03 1.71 16.59 2377.2 

0.31 L2 0.05 3.23 33.12 2372.4 0.03 1.86 33.25 2381.6 

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) 

UDC_inv_0 = 600 [V] 

(After the SAPF connection)  

UDC_inv_0 = 750 [V] 

(After the SAPF connection) 

UDC_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 

 

 
Figure 5.35 Inverter DC side voltage waveforms for UDC_inv_0 is equal to: (a) 600 V, (b) 750 V and (c) 950 V 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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) 

 

 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).   

 

 

UDC_inv_0 = 950 [V] 

(With filtred grid voltage) 

(a) 

(Without filtred grid voltage)  

(b) 

  
THDUS 

[%] 

THDIS 

[%] 

TTHDUS 

[%] 

TTHDIS 

[%] 

THDUS 

[%] 

THDIS 

[%] 

TTHDUS 

[%] 

TTHDIS 

[%] 

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 
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5.3 Laboratory experiments on the three legs four wires shunt active power filter (model of Figure 2.11(b)) 

 

Figure 5.37 Equivalent circuit of the laboratory model with components 
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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_inv = 2 mH and LT = 2.5 mH > L_inv = 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.  

 
Figure 5.38 Laboratory model of three legs four wires SAPF 
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Figure 5.39 Measured grid voltage and current waveforms with spectrums before the SAPF connection (LSS = 

LT = 0) 

 
Figure 5.40 Comparison of grid voltage (US) and current (IS) and SAPF current (I_inv) waveforms: (a) LT  is not 

connected, (b) LT = L_inv = 2 mH and (c) LT > L_inv 

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 
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smaller than LT, the PCC voltage and current 5th 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.   

 
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. 

 
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 5th, 7th and 11th 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 13th (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)).  

 
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) 

 

 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(l) 

 
Figure 5.44 HAPF laboratory model 

 
Figure 5.45 PCC voltage and current waveforms and spectrums measured when the HAPF is not connected 

(with LT) 

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 LSS1 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 LSS1 (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. 5th, 7th 11th, 13th and 19th - 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. 

5th, 7th - Figure 5.47(a)). This increase is due to the fact that the grid voltage contains harmonics 

other than the fundamental (e.g. 3rd, 5th, 7th 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 (5th and 7th) is much visible, when the SAPF is operating alone (see the 

highest PCC voltage THD of Figure 5.47(c)). 

 
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 5.47 (a) PCC voltage (US123) spectrums, (b) PCC current (IS123) spectrums and (c) PCC voltage and 

current THD as well as active (PS123) and reactive power (QS123) 

 
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 (If_SAPF) 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 (SF_SAPF - 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 LSS2 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 LSS2 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 LSS2 (Figure 5.50(b)) (The 

connection of LSS2 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 LSS1 helps on 

one hand, the group of PHF to mitigate the 5th and 7th current harmonics and on other hand, it 

helps the SAPF to mitigate the ripples at the commutation notches of grid voltage and current 

waveforms.  

 
Figure 5.50 PCC voltage and current waveforms: (a) the line reactor LSS1 is connected between the SAPF and 

PHF (LSS2 disconnected) and (b) the HAPF is connected to the grid throught LSS2 (LSS1 disconnected) 
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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 nº2) 

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 nº2) (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(1)_Active), inductive 

reactive (IT(1)_Inductive_Reactive) and  harmonics (IT(h)).  

Tuned on the frequency of the load characteristic harmonic which in this case is the 7th, 

(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 (If(1)_Capacitive_Reactive) which at the PCC cancel with the load  

inductive reactive current (IT(1)_Inductive_Reactive) (in Figure 6.1 it can be seen that, the load induc-
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Figure 6.1 HAPF functionality principle 
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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 (IS(h)Remaining) 

extracted through the control system algorithm becomes the control system reference harmonics 

current (Iref(h)) 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 Iref(h) 

(e.g. Iref(5) = 0.14ej42.5º), the inverter generates current harmonics (If(h), e.g. Iref(5) = 2.62e-j48.9º)  

which have the same amplitudes and angle as the  load current harmonics (e.g. IT(5) = 2.63ej128º) 

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(h)). At 

the end of the compensation, flows at the grid side a current with almost not-change in the active 

component (IS(1)_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 (UDC_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 7th 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 5th harmonic frequency, the PHF presents lower 

impedance for the 11th and 13th harmonic frequencies than when it is tuned to the 5th 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 5th);  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 7th) 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 11th). 
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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 (nre = 10.87 (543.5Hz)) near 

the frequency of the 11th 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  Lf [mH] Cf [µF] RLf [mΩ] Qf [Var] q' LT [mH] 

4.87 6.1 69.74 12.8 

1210 150 3.5 6.87 3.0 71.27 6.3 

10.87 1.2 72.19 2.5 

 

 
Figure 6.2 PHF impedance versus frequency characteristics. The PHF is tuned to the resonance frequencies of 

243.3 Hz, 343.5 Hz and 543 Hz 

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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Figure 6.3 HAPF2 control system  
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Figure 6.4 Simulated power system in  Matlab-Simulink
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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 11th 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). 

 
Figure 6.5 Grid voltage (Us) and current (Is) waveforms with their spectrums before the HAPF2 connection 

 
Figure 6.6 Waveforms of grid voltage (Us) and current (Is) and HAPF2 current (If) for the PHF tuned to the 

harmonic component frequency of: 4.87, 6.87 and 10.87  



 
206 

 

 
Figure 6.7 (a) grid current spectrum, (b) grid current THD and fundamental harmonic reactive power and (c) 

HAPF2 DC voltage 

Table 6.2 Fondamental harmonic active, reactive and apparent powers at the load (Qload), HAPF (Qf) and grid 

(QS) side (from the simulation – one-phase)  

 No filter nre = 4,87 nre = 6,87 nre = 10,87 

QS1(1) [Var] 1234 -48.7 8,16 18,31 

PS1(1)  [W] 1435 1438 1437 1435 

Qf1(1) [Var] - -1283 -1226 -1216 

Sf1(1) [VA] - 1282,83 1225,70 1217,54 

Pload1(1)  [W] - 1437 1437 1437 

QLoad1(1) [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 11th (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 5th harmonic impedance. 

The HAPF with the PHF tuning frequency (nre = 6.87) around the frequency of the 7th 

harmonic  presents the lowest amplitude of the grid current 5th and 7th 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 Qf 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 RDC from 36.5 Ω to 18.25 Ω) 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 (IT) 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. 

 
Figure 6.8 (a) grid current waveforms and (b) HAPF2 inverter DC side voltage during the reduction of RDC 
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Figure 6.9 Waveforms of (a) input rectifier current and (b) grid current during the load side asymmetry 

 
Figure 6.10 Impedance versus frequency of power system observed from thyristor bridge terminals 

 

 Conclusion  

 

 

Figure 6.11 Grid current waveforms before and after the HAPF connection. 

The HAPF2s with passive harmonic filter tuned to the resonance frequency (nre = 6.87 

(543.5Hz)) near the frequency of the 7th harmonic and to the resonance frequency (nre = 10.87 

(543.5Hz)) near the frequency of the 11th 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 5th and 7th harmonic: the HAPF reduces (at the grid 

side) better the higher current harmonics (e.g. from the 13th) because the PHF presents smaller 

impedance for that harmonics (Figure 6.2.), the 5th and 7th 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 5th or 7th 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). 

 



 
211 

 

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 I. Electrical grid model design in MATLAB/SIMULINK 

The electrical network model in Figure I.1 is applied for the simulation studies presented in 

chapter 3. The equivalent circuit presented in Figure I.1(a) has its computed parameters as well 

as computation formulas in Table I.1, Table I.2, Table I.3 and Table I.4 [233, 234]. 

 
Figure I.1 Supply network equivalent circuit (a) and (b) its model in MATLABE/SIMULINK [1] 

 
Table I.1 Medium voltage parameters (6 kV)  

Substitute parameters Formulas Computed parameters 

UMV_N = 6 kV 

𝑋MV = 1.1
𝑈MV_N
2

𝑆MV_N
                           ZMV = 0.1989 Ω 

For the medium voltage system 

with UMV_N ≤ 35 kV [114]: 
XMV = 0.198 Ω 

RMV = 0.1 XMV                                                  RMV = 0.0198 Ω 

SMV_N = 200 MVA 
XMV = 0.995 ZMV                                            LMV = 630 µH 

 

Table I.2 Transformer parameters (two windings) at the primary side  

Substitute parameters Formulas Computed parameters 

STr_N    = 500 kVA 
𝑅Tr_Pri =

∆𝑃CU_N𝑈Tr_Pri_N
2

𝑆Tr_N
2                          ZTr_Pri = 3.24 Ω 

ΔPTr_N    = 8.5 kW 

ΔPFe_N  = 2.5 kW 

𝑍Tr_Pri =
∆𝑈SC%𝑈Tr_Pri_N

2

100𝑆Tr_N
                          

XTr_Pri = 3 Ω 
I0%  = 5.3 % 

ΔUSC%  = 4.5 % 

RTr_Pri = 1.224 Ω UTr_Pri_N    = 6 kV 

  𝜗 = (
𝑈Tr_Sec_N

𝑈Tr_Pri_N
)
2

                                  
UTr_Sec_N  = 0.4 kV 

LTr_Pri = 9550 µH 

 

 

 

 

STr_N    - nominal power of transformer 

ΔPCu_N    - nominal copper losses of transformer 

ΔPFe_N - Iron losses of transformer 

I0% - no-load current of transformer 

ΔUShc%          - short-circuit voltage of transformer 

UTr_Pri_N    - transformer nominal voltage (primary side) 

UTr_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 I.1(a)). The computation 

equations are shown in Table I.4 [74, 114, 206, 233, 234]. Figure I.1(b) represents the supply 

network model in MATLAB/SIMULINK [1].  

Table I.3 Transmission line parameters  

Substitute parameters Formulas Computed parameters 

γAL =34
m

Ωmm2
 

𝑅L =
ℓ

γAL𝑥
                                       

ZL = 0.465 Ω 

x = 35 mm2 XL = 0.2 Ω 

X0 =0.4
Ω

km
 

                           

𝑋L = 𝑋0ℓ                                      
 

RL = 0.420 Ω 

ℓ = 500 m LL = 636.6 µH 

 

 

 

Table I.4 Computed equivalent parameters of the simulated power system 

𝑍SC_Sec = (𝑍MV + 𝑍Tr_Pri)𝜗                                      

 
ZSC_Sec = 0.01528 Ω 

𝐼SC_Sec =
𝑈Tr_Sec_N

√3𝑍SC_Sec
                                           

                           
ISC_Sec =15.109 kA 

𝑆SC_Sec = √3𝑈Tr_Sec_N𝐼SC_Sec                                    
 

SSC_Sec =10.468 MVA 

𝑍S = 𝑍SC_PCC = 𝑍SC_Sec + 𝑍L                                  
 

ZS = 0.480 Ω 

𝐼SC_PCC =
𝑈Tr_Sec_N

√3𝑍S
                                                    

 
ISC_PCC = 481.12 A 

𝑆SC_Sec = √3𝑈Tr_Sec_N𝐼SC_PCC                                  

 
SSC_PCC = 0.33 MVA 

𝑋S = (𝑋MV + 𝑋Tr_Pri)𝜗 + 𝑋L                                  XS = 0.2142 Ω 

𝑅S = (𝑅MV + 𝑅Tr_Pri)𝜗 + 𝑅L                                  
 

RS = 0.4255 Ω 

 LS = 681.82 µH 

 

 

Annex II. 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 II.1) and the second one is constituted of one-phase diode bridge 

with R load at the DC side (Figure II.6). 

 

 

X0 - reactance per unit length  of transmission line 

ℓ - length of transmission line 

x - cross-section area of transmission line   

ZShc_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, ZShc_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) 



 
229 

 

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 II.1. The block in dark green is the DC motor drive 

(see Figure II.2) and the block in cyan represents the DC motor control speed (see Figure II.3). 

The blocks in orange and light blue are respectively the scopes, voltage and current 

measurement blocks (Figure II.1). 

The DC motor drive block is presented in Figure II.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 “Mean1” 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. 

 
Figure II.1 Three-phase thyristor rectifier connected to the electrical grid 

 
Figure II.2 DC motor drive  
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Figure II.3 DC motor control speed 

 
Figure II.4 Examples of waveforms and spectrums obtained after simulation of power system of Figure II.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 II.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 90º and 0º). 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 II.1 are presented in Figure II.4 (AC side) and Figure II.5 (DC side).  

At the AC side, the grid voltage and current with their spectrums are presented in Figure 

II.4(a) to (d). The input thyristor rectifier voltage is presented in Figure II.4(e) and the voltage 

reactor in Figure II.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 II.4(a). The voltage increase (ΔULS = 103 V) on 

the grid reactor is equal to the voltage dip on the grid voltage (ΔUS = 103 V – see the 

commutation dip of Figure II.4(a)). The input thyristor bridge voltage (UT) is more distorted 

than the grid voltage (US) because the reactor (L) presence (Figure II.4(a) and (e)). 

At the DC side,  Figure II.5(a) and (b) shows respectively the voltage and current feeding 

the DC motor rotor and Figure II.5 (c) and (d) constitutes respectively the rotor drive speed and 

firing angle. 

 
Figure II.5 Examples of characteristics obtained after simulation of power system of Figure II.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 II.6. The blocks D1 to D4 represent the diodes bridge. The blocks named 

“Flip-Flop”, “Breaker1”, “Comparator”, “Constant” and “Breaker2” are used to charge the 

capacitor CDC.  When the simulation starts, the capacitor CDC is securely charged through the 

resistance r (“Breaker1” and “Breaker2” are switched off). When the capacitor CDC 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 II.6 are 

presented in Figure II.7. The grid voltage and current with their spectrums are presented in 

Figure II.7(a) to (d), the input diode rectifier voltage in Figure II.7(e) and the voltage at the DC 

side of rectifier in Figure II.7. The input diode rectifier voltage (Ur) is more distorted than the 

grid voltage (US). 
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Figure II.6 Single-phase rectifier with RDC-CDC load at the DC side and reactor L at the AC side 

(MATLAB/SIMULINK). 

 
Figure II.7 Examples of waveforms and spectrums obtained after simulation of single-phase diode bridge of 

Figure II.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 III. Data from chapter 3 

III.1 Series passive harmonic filters 

Table III.1 The series PHF parameters for different values of the fundamental harmonic impedance (Zf(1)) 

nre =5 

Zf(1) [Ω] Zf(5) [TΩ] Cf(1) [µF] Lf(1) [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 III.2 The series PHF parameters for different values of tuning frequency 

Zf(1) = 0.0795[Ω] 

nre Zf(5) [Ω] Cf(1) [µF] Lf(1) [µH] 

4.7 2.8809 1900 241.60 

5 Inf 1700 242.93 

5.2 5.0740 1500 243.70 

 

Table III.3 The series PHF parameters. Increase and decrease of  filter reactor inductance by ± 10%  

nre =5 

Lf(1)(+10%) [µH] Lf [µH] Lf(1)(-10%) [µH] Cf(1) [µF] Zf(1) [Ω] Zf(5) [Ω] 

267.23 - - 

1700 

0.0878 4.1976 

- 242.93 - 0.0795 2.2518e+15 

- - 218.64 0.0713 3.4344 

 

Table III.4 The series PHF parameters. Increase and decrease of  filter capacitor capacitance by ± 10%  

nre =5 

Zf(1) = 0.0795[Ω] 

Cf(1)(+10%) [µF] Cf(1) [µF] Cf(1)(-10%) [µF] Lf(1) [µH] Zf(1) [Ω] Zf(5) [Ω] 

1800 - - 

242.93 

0.0798 3.8160 

- 1700 - 0.0795 2.2518e+15 

- - 1500 0.0792 3.8160 

 

Table III.5 The series PHF parameters. Increase of reactor resistance (RLf) 

nre =5 

Zf(1) =0.0795 [Ω] 

𝑞′ Zf(5) [Ω] Cf(1) [µF] Lf(1) [mH] RLf [mΩ] 

inf 2.2518e+15 

1700 0.24293 

0 

100 190.80 0.76 

85 162.18 0.89 

35 66.78 2.2 

 

Table III.6 The series PF parameters. Increase of damping resistance (R) 

nre =5 

Zf(1) [Ω] Zf(5) [Ω] Cf(1) [µF] Lf(1) [mH] R [Ω] 

0.0795 

2.2518e+15 

1700 0.24293 

- 

5 5 

10 10 

20 20 
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Table III.7 Parameters after simulation 

Us max [V] Is max [A] 

n 
Without filter With filter Without filter With filter 

Ampl. Phase Ampl. Phase Ampl. Phase Ampl. Phase 

1st 319.96 30.6 320.06 30.6 15.86 -26.8 15.50 -25.9 

5th 6.29 -67.5 0.01 133.2 5.35 43.8 0.01 224.2 

7th 0.37 9.5 9.35 250.5 0.24 116.4 5.88 -3.9 

11th 3.49 -34.5 4.88 -28.9 1.42 65.5 1.99 71.2 

13th 0.77 -74.3 4.48 -79.3 0.27 24.7 1.56 19.2 

17th 2.89 -11.4 3.38 -3.3 0.77 85.0 0.90 93.3 

19th 1.17 -60.4 3.12 -54.8 0.28 35.6 0.75 41.1 

23th 2.65 8.9 1.98 19.0 0.52 103.7 0.39 114.0 

25th 1.40 -43.8 1.83 -32.7 0.25 50.8 0.33 61.9 

29th 2.53 28.0 0.69 34.2 0.4 121.8 0.11 128.3 

THD [%] 4.94 4.21 36 42.19 

 

Table III.8 Continuity of Table III.7 

UT max [V] 

n 
Without filter With filter 

Ampl. Phase Ampl. Phase 

1st 315.75 30.2 314.98 30.0 

5th 14.45 -55.3 211.26 -46.2 

7th 0.88 18.6 18.85 258.5 

11th 8.40 -28.6 11.30 -23.2 

13th 1.87 -69.3 10.56 -74.4 

17th 7.02 -7.6 8.07 0.6 

19th 2.84 -57.0 7.50 -51.4 

23th 6.45 11.8 4.78 21.9 

25th 3.41 -41.2 4.42 -30.1 

29th 6.15 30.3 1.66 36.4 

THD [%] 12.07 67.73 

 

Table III.9 Reactive and active power  of power system (the SPHF resistance was neglected) 

 PS(1) [W] QS(1) [Var] Pf(1) [W] Qf(1) [Var] QL(1)[Var] PT(1) [W] QT(1)[Var] 

Before 1365 2140 - - 39.52 1365 2100 

After 1369 2068 - 9.549 37.73 1369 2021 

 

III.2 Shunt Passive Filter 

III.2.1 Single-tuned filter 

III.2.1.1 Analysis of single-tuned filter for different tuning frequencies 

Table III.10 Parameters of single-branch filter 

 

 

 

 

 

 

 

f [Hz] n Cf(1) [µF] Lf(1) [mH] Zf(5) [Ω] Zf(1) [Ω]
 

Qf(1) [Var] 

(Compensation) 

205 4.1 122.95 4.9 2.52 

24.35 -2172.5 
235 4.70 124.81 3.7 0.67 

245.5 4.85 125.17 3.4 0.32 

250 5 125.49 3.2 0.00 
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Table III.11 Reactive and active power of simulated power system 

n 

Measured values 

Grid (PCC) Single filter 

Input 

reactor  

( L ) 

Input of 

thyrystor 

bridge 

PS [W] QS [Var] DPF Pf [W] 
Qf [Var] 

(capacitive) 
QL [Var] PT [W] 

QT [Var] 

(inductive) 

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 III.12 Grid voltage (US max [V]) and current (IS max [A]) parameters 

n
 

Without filter 1.4n  70.4n  85.4n  5n  
Voltag

e 

Curren

t 

Voltag

e 

Curren

t 

Voltag

e 

Curren

t 

Voltag

e 

Curren

t 

Voltag

e 

Curren

t 

1st  319.97 15.86 322.93 8.43 322.92 8.42 322.91 8.42 322.91 8.42 

5th  6.28 5.34 4.48 3.82 2.46 2.09 1.17 0.99 0.02 0.01 

7th  0.38 0.24 0.41 0.25 0.42 0.27 0.43 0.28 0.45 0.29 

11th  3.48 1.42 2.98 1.22 2.81 1.15 2.75 1.12 2.71 1.10 

13th  0.77 0.27 0.59 0.21 0.53 0.19 0.51 0.18 0.49 0.17 

17th  2.89 0.77 2.48 0.67 2.36 0.63 2.32 0.62 2.29 0.61 

19th  1.17 0.28 0.95 0.23 0.88 0.21 0.86 0.20 0.83 0.20 

23rd     2.65 0.52 2.28 0.45 2.17 0.43 2.13 0.42 2.11 0.41 

25th  1.4 0.25 1.16 0.21 1.09 0.20 1.06 0.19 1.04 0.19 

29th  2.52 0.4 2.17 0.34 2.07 0.33 2.03 0.32 2.01 0.31 

THD 

[%] 
4.93 36 4.24 49.70 3.94 31.54 3.84 22.35 3.79 18.74 

 

III.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 III.13. 

Table III.13 Program used to obtained the objective function (y) and Qf1  

File name: dwafiltry500var.m File name: gl.m 

function [y]=dwafiltry500var(Qf1) 

if Qf1>0 && Qf1<500 

   Qf2=500-Qf1; 

   nre_f1=2.9;    % resonance frequency of filter (f1) 

   nre_f2=4.85;  % resonance frequency of filter (f2) 

   nf1 =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; 

   Cf1=(nre_f1^2-1)*Qf1/(w1*nre_f1^2*U^2); 

   Cf2=(nre_f2^2-1)*Qf2/(w1*nre_f2^2*U^2); 

   Lf1=1/(w1^2*nre_f1^2*Cf1); 

   Lf2=1/(w1^2*nre_f2^2*Cf2); 

   R_Lf1=w1*Lf1/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*nf1;     % electrical grid system 

impedance for the 3rd 

harmonic 

   zs_nf2=0.425+1i*0.214*nf2;     % electrical grid system 

impedance for the 5th 

harmonic 

   zf1_nf1=R_Lf1+1i*w1*nf1*Lf1-1i/(w1*nf1*Cf1);   % 3rd 

harmonic impedance (f1) 

   zf1_nf2=R_Lf1+1i*w1*nf2*Lf1-1i/(w1*nf2*Cf1); % 5rd 

harmonic impedance (f1) 

   zf2_nf1=R_Lf2+1i*w1*nf1*Lf2-1i/(w1*nf1*Cf2); % 3rd 

harmonic impedance (f2) 

   zf2_nf2=R_Lf2+1i*w1*nf2*Lf2-1i/(w1*nf2*Cf2); % 5rd 

harmonic impedance (f2) 

   zF_nf1=zf1_nf1.*zf2_nf1./(zf1_nf1+zf2_nf1);   

                                  % 3rd harmonic impedance (f2 and f1) 

   zF_nf2=zf1_nf2.*zf2_nf2./(zf1_nf2+zf2_nf2);   

                                   % 5th harmonic impedance (f2 and f1) 

   zF_Zs_nf1=zs_nf1.*zF_nf1./(zs_nf1+zF_nf1);   

                                   % 3rd harmonic impedance for (f2, 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_nf1./zs_nf1)).*(1-

abs(zF_Zs_nf2./zs_nf2))); % optimization function  

     

else 

    y=1e5; 

end 

 

 

 

 

 
Optimization function 

 

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 IV.2, Figure IV.1 and Figure IV.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 UN 840 V 

Nominal current IN 35.4 A 

Nominal resistance RN 8 Ω ± 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 O.O. 

Thyristor type ST3F 

Supply voltage 3x 400 V, 50 Hz (L1, L2, L3, N) 

Tolerance of supply voltage +10% to -15% 

Method of adjusting the firing angle phase 

Adjusting angle range 0   to 170° el 

Control signal 0-10V or 4-20mA 

Lock signal 
0V blocking a logic zero or +24V blocking a 

logical 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 IP20 

Cover metal 

Control mode 
- External control with control signal 

- Internal control with potentiometer 

 

 

Figure IV.1 Connection diagram of thyristor bridge rectifier [286] 
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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.3 Medium voltage network side parameters  

Given parameters Computed parameters 

UMV_N = 15.750 kV 

ZMV = 1.0970 Ω 
XMV = 1.0915 Ω 

RMV = 0.1091 Ω 

SMV_N = 250 MVA 
LMV = 0.0035 H 

 

Table IV.4 Transformer parameters (two windings) 

Given parameters 
Computed parameters 

(secondary side) 
STr_N    = 1000 kVA 

ZTr_Sec = 0.0093 Ω 
ΔPCu_N    = 9067 W 

ΔPFe_N  = 1610 W XTr_Sec = 0.0092 Ω 
ΔUShc%  = 5.81 % 

RTr_Sec = 0.0015 Ω 
ITr_Pri_N  = 36.66 A 

UTr_Pri_N    = 15.750 kV 

UTr_Sec_N  = 0.4 kV 

LTr_Sec = 29.228 µH 
ITr_Sec_N  = 1443,38 A 

 

Table IV.5 Computed equivalent parameters of the electrical grid (calculated at the PCC point) feeding the 

laboratory model  

SSC_Sec = 0.15994 MVA ZS = 0.0100 Ω 

SX  = 0.0099 Ω ISC_Sec = 23.086 kA 

𝑍S(5) = √𝑅S
2 + (5𝑋S)

2 

𝑋S(5) = 5𝑋S 

RS = 0.0015 Ω 

LS = 31.468 µH 

ZS(5) = 0.0495 Ω 

XS(5) = 0.0494 Ω 

 

 

Figure IV.3 Simulated model of laboratory setup 
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IV.3 PHF reactors and capacitors technical data 

 

Figure IV.4 Technical data of reactor with six terminals. This rector is used to present the detuning 

phenomenon of single-tune filter applied to mitigate the 5th harmonic in the grid current and 

voltage [288]  
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Figure IV.5 Technical data of the reactors with six terminals: control protocol [288]  
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Figure IV.6 Technical data of reactors used to design the 7th harmonic single-tuned filter [288] 
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Figure IV.7 Technical data of capacitor used in the design of single-tune filter for the 5th harmonic mitigation 

in the grid current [289] 

 

Figure IV.8 Technical data of capacitor used in the design of single-tune filter for the 7th harmonic mitigation 

in the grid current [290] 
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IV.4 Connection of the capacitors bank to the PCC 

In Figure IV.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 IV.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 IV.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 5th and 7th harmonics represent respectively 9.59 % and 6.15 % of the 

supplied current. 

 

Figure IV.9 Laboratory equivalent circuit with the capacitors bank connected to the PCC 

 

Table IV.6 Capacitor parameters  

UN_CfΔ [V] 400  525  

IN_CfΔ  [A] 4.185 5.5 

QN_CfΔ  [Var] 966.6  1666.66 

 
Table IV.7 PCC voltage and current parameters  

Phase to ground voltage 

n 

US1 [V] 

(No load 

connected) 

(load connected) 

US1 [V] IS1 [A] 

r.m.s phase r.m.s phase r.m.s phase 

1st  224.71 83.08 225.9 -77.04 4.15 14.06 

3th   2.61 -5.23 2.15 244.86 0.028 -3.32 

5th 4.76 241.60 4.35 162.19 0.399 251.42 

7th 2.13 251.66 1.85 212.67 0.255 -54.92 

9th 0.49 179.57 0.40 175.55 0.015 66.12 

11th 0.60 123.73 1.23 154.73 0.244 247.62 

13th 0.13 -0.64 0.25 63.57 0.068 137.72 

17th 0.39 -38.54 0.25 99.03 0.088 186.85 

19th 0.26 -35.71 0.17 154.74 0.072 -85.31 

23th 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 α-β 

coordinates conversion block (Figure V.5) to convert the PCC voltage US and load current IT 

from a-b-c coordinates to α-β coordinates; the powers division block (Figure V.6) from which 

the constant (p ̅, q ̅), asymmetry (p ̃
2n

, q ̃
2n

) and harmonic (p ̃
h
, q ̃

h
) components of power in α-

β coordinates are obtained; the current computation blocks in α-β coordinates (Figure V.7(a)(b)) 

and the invers conversion block (Figure V.8) from α-β to a-b-c coordinates.   
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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)  

 
Figure V.3 Control loop (2) 

 
Figure V.4 Grid voltage filtration from Control loop (2) 



 
248 

 

 
Figure V.5 Conversion from a-b-c to α-β coordinates (from Control loop (2)) 

 
Figure V.6 Powers filtration in α-β coordinates (from Control loop (2)) 

 
Figure V.7 (a) current computation in α axis (from Control loop (2)), (b) current computation in β axis (from 

Control loop (2)) 
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Figure V.8 α-β to a-b-c coordinates conversion from Control loop (2) 

 
Figure V.9 Instantaneous real power  in α-β 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 (Filter1), the pass band filter (filter2) and high past filter (Filter3). 

The fourth-order low past filter (Filter1) with the cut off frequency (f_Butterwoth) equal to 10 

Hz is used to obtain the constant part (e.g. p ̅) of the power (e.g. p) as presented in Figure V.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 (p ̃
2n

) of real powers is obtained through the second-order band 

pass filter and the harmonic components is obtained basing on the following equation: p ̃
h
=

p ̃− p ̃
2n

 (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 2nd 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 2nd order (e.g. 

6th 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 α-β coordinates (from Figure V.9(c) 

for f_Buterworth =10 Hz): (a) before the filtration; (b) asymmetry and (c) harmonic component after 

increasing the upper passband frequency from 105Hz to 200Hz by maintaining the lower passband 

constant 

 
Figure V.11 Variable part (with spectrums) of instantaneous real power  in α-β coordinates (from Figure V.9(c) 

for f_Buterworth =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 

constant  
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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 2nd 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 = 

1e-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 PI controller output signal limits are set to ±0.95 and the upper and lower 

carrier signal boundary are fixed to ±1 [1]. 

 
Figure V.12 Control loop (3) 

 

 

(a) (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.  



 
252 

 

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 

(UDC_inv_peak-peak(max)) and 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 - UDC_inv_max is the 

maximum voltage achieves by the capacitor during the transient state,  UDC_inv is the mean value 

of capacitor voltage at the steady state, iDC_inv (t) is the instantaneous DC inverter current at the 

transient state and (θ1, θ2) the chosen period.  

The inverter DC capacitor capacitance is expressed in [170] by assuming that the DC 

inverter voltage ripple factor (Kν) is inferior or equal to 5% of the capacitor mean voltage 

UDC_inv and the inverter input current is sinusoidal and balance. The expression (V.3) (Table 

V.1) is more clarified in [170] (IDC_inv(h) 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] (ΔUDC_inv is the inverter DC voltage ripples and UDC_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) (UDC_inv_ref is the reference value 

of inverter DC capacitor voltage and UDC_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 (IV.8), (V.9) and (V.10) 

are computed from (IV.6) basing on the type of system and load disturbances to be compensated 

(𝑈S,𝑗 is the grid voltage, 𝑖𝑗,h is the load generated current harmonics (without fundamental 

harmonic) and rυ 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 (UDC_inv) to the inverter 

input voltage (UAC_inv(1) – fundamental harmonic) is proposed in [155] (for three legs four wires 

inverter). 

In [3] the estimation of the DC inverter reference voltage (UDC_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) 

𝐶_inv =
π 𝐼AC_inv_rated

√3 ω 𝑈DC_inv_peak-peak(max)
           (V.1) 

𝐶_inv =
1

(𝑈DC_inv_max−𝑈DC_inv)
 ∫ 𝑖DC_inv(t)dt

θ2/ω

θ1/ω
      (V.2) 

𝐶_inv =

√{∑ (
𝐼DC_inv (h)

h
)
2

∞
h=6 }

ω(1) Kν 𝑈DC_inv
          (V.3) 

𝐶_inv =
𝑆_inv

2Δ𝑈DC_invω
(1)
𝑈DC_inv  

                                  (V.4) 

𝐶_inv =
2Emax

(𝑈DC_inv_ref
2 −𝑈DC_inv_min

2 ) 
                               (V.5) 

𝐶_inv =
Δ[∫∑ {𝑈S,𝑗𝑖𝑗,h}𝑗=a,b,c dt]

(rυ𝑈DC_inv
2 ) 

          (V.6) 

rυ =
𝑈DC_inv_max−𝑈DC_inv_min

𝑈DC_inv
=

Δ𝑈DC_inv

𝑈DC_inv
                  (V.7) 

𝐶_inv =
1.24

Δ𝑈DC_inv𝑈DC_inv  
                                           (V.8) 

𝐶_inv =
0.32

Δ𝑈DC_inv𝑈DC_inv  
                           (V.9) 

𝐶_inv =
0.776

Δ𝑈DC_inv𝑈DC_inv  
                                         (V.10) 

𝑈DC_inv = √2 𝑈AC_inv(1)                                 (V.11) 

𝑈DC_inv_ref =
2√2 𝑈S(1)

1.155
                                           (V.12) 

 𝑈AC_inv_max < 𝑚a_max

𝑈DC_inv_ref

√3
      (V.13) 

 

V.2.1.1 Proposed expressions to compute the inverter DC capacitor parameters 

The relation between the inverter reference DC voltage (UDC_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 (IV.14).  

                                                    kDC ≥ 1 is a coefficient                                      (V.14)   
   
 

 
Figure V.14 Waveforms of inverter DC voltage 

The capacitor DC inverter voltage ripple varies between the extremums (UDC_inv_max and 

UDC_inv_min) as presented in Figure V.14. The capacitor DC voltage variation (ΔUDC_inv) also 

corresponds to energy variation (ΔWDC_inv) as presented in (IV.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 (ΔWDC_inv) tending to infinity and its minimum capacitance is obtained by assuming 

the voltage variation (ΔUDC_inv) tending to infinity (see expressions (V.23) and (V.24)).    

𝑊DC_inv_0 =
1

2
𝐶_inv𝑈DC_inv_0

2             (V.15) 
𝑊DC_inv_max =

1

2
𝐶_inv𝑈DC_inv_max

2            (V.16)

  

𝑊DC_inv_min =
1

2
𝐶_inv𝑈DC_inv_min

2      (V.17) 
𝑈DC_inv_min = 𝑈DC_inv_max − ∆𝑈DC_inv   (V.18) 

  𝑊DC_inv_max −𝑊DC_inv_min = ∆𝑊DC_inv =
1

2
𝐶_inv(𝑈DC_inv_max

2 − 𝑈DC_inv_min
2 )             (V.19)                   

∆𝑊DC_inv =
1

2
𝐶_inv(2𝑈DC_inv_max∆𝑈DC_inv − ∆𝑈DC_inv

2 )                                                          (V.20) 

𝑈DC_inv_0 > kDC(√2 𝑈S_p-p) 
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𝑈DC_inv_max = 𝑈DC_inv_0 +
∆𝑈DC_inv

2
                                                                                                      (V.21) 

 

                                                                 (V.22) 

 

 

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 ((dI_inv/dt)min) should be smaller than the triangle saw waveforms slope 

[194]. In the expression (V.25), ξ 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 (ΔUmin 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, 𝜍 is the level of voltage source inverter, ∆𝐼ripple is the maximum current 

ripple, 𝛿 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, ΔIripple_max is the maximum ripple chosen and UDC_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 

For {

∆𝑈DC_inv = const

∆𝑈DC_inv = const

∆𝑊DC_inv → ∞
⇒ 𝐶_inv_max   (V.23) For {

∆𝑊DC_inv = const

∆𝑈DC_inv = const

∆𝑈DC_inv → ∞
⇒ 𝐶_inv_min   (V.24) 

𝐶_inv =
∆𝑊DC_inv

𝑈DC_inv_0 ∆𝑈DC_inv
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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 

(ΔIripple_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, IT(1) is the RMS 

value of the load fundamental harmonic current, f(1) fundamental harmonic frequency and ζ 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) 

𝐿_inv= 
𝑈S(1)+(

𝑈DC_inv

2
)

4ξf_inv
                                             (V.25) 𝐿_inv_min= 

∆𝑈min

ω(1)𝐼_inv_max
                                         (V.26) 

𝑈DC_inv

8f_inv(ς−1)∆𝐼ripple
≤ L_inv ≤

δ𝑈DC_inv

𝑛ω(1)𝐼C_inv
   for ς > 0 and 0.1 ≤ δ ≤ 0.3                                                                (V.27) 

𝐿_inv >
𝑈DC_inv_max

6f_inv∆𝐼ripple_max
                                       (V.28) 𝐿_inv = 

𝑈S(1)

2√6f_inv𝐼ripple_max
                         (V.29) 

𝐿_inv =
𝑈DC_inv

4f_invIripple
                                               (V.30) 𝐿_inv_min = 𝑘 

1

2√3
 

𝑈DC_inv

f_inv∆𝐼ripple_max
                         (V.31) 

𝐿_inv ≥
3𝑈DC_inv

16f_inv∆𝐼ripple_𝑚𝑎𝑥
                                    (IV.32)                   𝐿_inv >

𝑈_inv

𝐼T(1)(f_inv/f(1))ωζ
                                         (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 (ΔUL_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_(ref)) 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) (Ia_(ref), Ib_(ref) and Ic_(ref) 

are RMS values of reference current in each phase). 

∆𝑈L_inv = 𝑈AC_inv_p-g - 𝑈S  =  𝐿_invω(1)𝐼_inv                       (V.34) 

𝐼_inv = 𝐼_(ref) = 
𝐼𝑎_(ref)  + 𝐼𝑏_(ref) + 𝐼𝑐_(ref)

3
                                                                                    (V.35) 
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                                                                                                                                         (V.36) 

 

𝐿_inv_min =
3∆𝑈L_inv_min

ω(1)(𝐼𝑎_(ref)  + 𝐼𝑏_(ref) + 𝐼𝑐_(ref))
   (V.37) 𝐿_inv_max =

3∆𝑈L_inv_max

ω(1)(𝐼𝑎_(ref)  + 𝐼𝑏_(ref) + 𝐼𝑐_(ref))
   (V.38)                   

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 (UDC_inv0) 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. ΔUL_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. ΔUL_inv_max = 16 V). The 

reference current values (𝐼𝑎_(ref), 𝐼𝑏_(ref), 𝐼𝑐_(ref)) 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(√2)400 = 746.70 ⟹ 𝑈DC_inv_0 = 750 V  

𝐶_inv = 
11

750*5
=3 mF    

𝐿_inv_min =
3*3

100π(4.46+9.38+7.34)
=1.4 mH  

𝐿_inv_max =
3*16

100π(4.46+9.38+7.34)
=7.2 mH   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐿_inv =
3∆𝑈L_inv

ω(1)(𝐼𝑎_(ref)  +  𝐼𝑏_(ref)  +  𝐼𝑐_(ref))
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OSWIADCZENIE AUTORA PRACY 

Oświadczam, świadomy odpowiedzialności karnej za poświadczenie nieprawny, że niniejszą 

pracę doktorska wykonałem osobiście i samodzielnie, że nie korzystałem ze żródeł innych niż 

wymienione w pracy. 
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