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Abstract

The aim of the performed research is development of reactive power compensa-
tors for the smooth and asymmetric reactive power compensation in the low volt-
age utility grid.

The cascaded inverter has been modified and adapted for the smooth com-
pensation of reactive power. The topologies of the conventional and cascaded
inverter-based reactive power compensators with the individual inverters for the
every phase for the asymmetric compensation of reactive power have been pro-
posed. The shunt-connected compensator for the smooth and asymmetric com-
pensation of reactive power in the low voltage utility grid has been developed.
The investigation of developed reactive power compensators was performed using
simulation and experimentally.

The dissertation consists of an introduction, three chapters, general conclu-
sions, references and the list of author's publications on the topic of the disserta-
tion.

The research problem, the relevance of the work, the object of research are
presented in the introductory chapter. The aim and objectives of the work, the
research methodology, scientific novelty of the work, the practical significance of
the work results, defended statements are presented as well. At the end of the in-
troduction, the author's publications and conference papers on the topic of the dis-
sertation and the structure of the dissertation are given.

The first chapter analyzes the reactive power compensation techniques and
compensator types. The inverter-based reactive power compensators and shunt-
connected reactive power compensators are analyzed. The conclusions are drawn
out and the tasks of the dissertation are formulated.

The conventional and cascaded inverter-based reactive power compensators
are analyzed in the second chapter. The topologies of reactive power compensa-
tors with the individual ordinary inverters and cascaded inverters for the every
phase for the asymmetric compensation of reactive power are proposed. The
Matlab/Simulink models of compensators were created and investigation of com-
pensators using simulation was performed.

In the third chapter the developed shunt-connected compensator for smooth
asymmetric compensation of reactive power in low voltage utility grid is pre-
sented. The investigation of compensator was performed experimentally using de-
veloped experimental test bench.

The main results of the dissertation have been published in 4 scientific pub-
lications — 3 of them have been published in peer-reviewed scientific journals, 1
in conference proceedings. The results were presented at 5 scientific conferences.



Reziumeé

Tyrimo tikslas — sukurti reaktyviosios galios kompensatorius tolydziam, asimet-
riniam reaktyviosios galios kompensavimui Zemosios jtampos tinkle.

Kaskadinis inverteris buvo modifikuotas ir pritaikytas tolydziam reaktyvio-
sios galios kompensavimui. Sitlomos kompensatoriy schemos su atskirais klasi-
kiniu ir kaskadiniu inverteriais kiekvienai fazei asimetriniam reaktyviosios galios
kompensavimui zemos jtampos tinkle. Sukurtas naujas kompensatorius su Suntu,
skirtas tolydziam, asimetriniam reaktyviosios galios kompensavimui Zemos jtam-
pos tinkle. Sukurty reaktyviosios galios kompensatoriy tyrimas buvo atliktas mo-
deliuojant ir eksperimentiskai.

Disertacija sudaro jvadas, trys skyriai, bendros iS§vados, literatiiros sarasas ir
autoriaus publikacijy disertacijos tema sgrasas.

Ivadiniame skyriuje apraSyta tyrimo problema, darbo aktualumas, tyrimo
objektas. Pateikiamas darbo tikslas ir uzdaviniai, tyrimo metodika, darbo moksli-
nis naujumas, darbo rezultaty praktiné reikSmé, ginamieji teiginiai. Ivado pabai-
goje pateikiamas autoriaus publikacijy ir konferencijy disertacijos tema sgrasas,
disertacijos struktura.

Pirmajame skyriuje analizuojami reaktyviosios galios kompensavimo meto-
dai ir kompensatoriy tipai. Nagrin¢jami reaktyviosios galios kompensatoriai Su
inverteriu ir su Suntu. Pateikiamos i§vados ir suformuluojami disertacijos uzdavi-
niai.

Antrajame skyriuje analizuojami reaktyviosios galios kompensatoriai su kla-
sikiniu ir su kaskadiniu inverteriais. Sitilomos kompensatoriy, skirty asimetriniam
reaktyviosios galios kompensavimui, schemos su individualiais kiekvienai fazei
klasikiniais ir kaskadiniais inverteriais. Sukurti Matlab/Simulink kompensatoriy
modeliai ir atliktas kompensatoriy tyrimas modeliuojant.

Treciajame skyriuje pateiktas sukurtas kompensatorius su Suntu, skirtas toly-
dziam asimetriniam reaktyviosios galios kompensavimui zemos jtampos tinkle.
Kompensatorius istirtas modeliuojant Matlab/Simulink programa ir eksperimen-
tiskai, naudojant sukurtg kompensatoriaus makets.

Pagrindiniai disertacijos rezultatai paskelbti keturiose mokslinése publikaci-
jose — trys i§ jy paskelbti recenzuojamuose mokslo zurnaluose, vienas — konferen-
cijos pranesimy leidiniuose. Rezultatai buvo pristatyti penkiuose mokslinése kon-
ferencijose.

Vi



Notations

Symbols

fc — carrier frequency

fo — phase frequency

n —modulation index

P — active power

Q — reactive power

6 — voltage phase angle

Abbreviations

FTMC — State Research Institute Center for Physical Sciences and Technology
IGBT - Insulated Gate Bipolar Transistor

MOSFET — metal-oxide-semiconductor field-effect transistor
PWM — pulse width modulation

RES - renewable energy source

SAPF — shunt active power filter

STATCOM - static synchronous compensator
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SVC — static VAR compensator
TCR - thyristor controlled reactor
TSC — thyristor switched capacitor

TSR — thyristor switched reactor
VAR — reactive Volt Ampere
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Introduction

Problem Formulation

Grid power systems supply and use two types of electrical energy: active and re-
active. Only the active energy consumed performs useful work. Reactive energy
just pulsates between the power supply and the reactive load and introduces un-
necessary energy losses. The reactive power is produced or consumed by the grid
loads that include not only an active but also a reactive component. It can be in-
troduced by harmonic distortions of grid current caused by the nonlinear loads as
well. The reactive power increases the current in grid transmition lines, cables,
transformers and switches, i.e. the reactive power influence as additional not use-
ful load. Therefore, if reactive energy is generated or used, the grid installation
must be designed for higher power taking into account not just the active but the
reactive power as well. Consumers also have to account the reactive energy and
pay the grids for it.

Small, grid-connected photovoltaic and wind power plants, amount of which
is constantly growing, introduce one more problem related to reactive power be-
cause they can generate the reactive power to low voltage lines as well.

In summary, the following problems of reactive power compensation in low
voltage grid, which are solved in the dissertation, can be formulated: the problem
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of smooth compensation of reactive power; the problem of asymmetric compen-
sation of reactive power.

In order to solve the problem, these hypotheses were raised and proven: the
conventional and cascaded inverter based reactive power compensators with the
individual inverters for the every phase can perform the asymmetric compensation
of reactive power in low voltage grid; shunt-connected reactive power compensa-
tor with single phase air gaped reactors is suitable for the smooth and asymmetric
compensation of reactive power in the low voltage grid.

Relevance of the Thesis

The quality of the electricity is of strategic importance as it determines the relia-
bility, efficiency and safety of energy supply. The generation, transmition and
consumption of electricity are complex processes and one of the negative phe-
nomenon of these processes that worsens the power quality is the reactive power.
It is unavoidable in electrical grid and is introduced by the loads, which consume
not just active power but the reactive power as well. It is highly important to com-
pensate the reactive power, to improve the quality of electricity. Therefore, means
for the compensation of the reactive power are constantly being improved and
increasingly used. Because of this, research is dedicated to the development of
more advanced reactive power compensators, which allows more efficient com-
pensation of the reactive power in the low voltage grid, is relevant and has a prac-
tical value.

The relevance of the results presented in the dissertation is proved as well by
the fact that this research was initiated and financed by a high-tech company de-
veloping and producing reactive power compensators.

The Object of Research

The object of research are smooth and asymmetric inverter based and shunt-con-
nected reactive power compensators for the low voltage utility grid.

The Aim of the Thesis

The aim of the thesis is the development of reactive power compensators for the

smooth and asymmetric reactive power compensation in the low voltage utility
grid.
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The Tasks of the Thesis

To achieve the aim of the thesis, the following tasks are solved:

1. To modify and adapt the cascaded inverter for smooth reactive power
compensation in the low voltage utility grid.

2. To develop the conventional and cascaded inverter-based reactive
power compensator topologies with the individual inverters for the
every phase for the asymmetric compensation of reactive power in the
low voltage utility grid.

3. To develop the reactive power shunt-connected compensator with the
thyristor controlled reactor for the smooth and asymmetric compensa-
tion of reactive power in the low voltage utility grid.

Research Methodology

Analytical techniques, simulation and experimental investigation have been used.
The simulation was performed using Matlab/Simulink software. Experimental re-
sults are obtained employing the test bench of the shunt-connected reactive power
compensator for the smooth and asymmetric reactive power compensation in the
low voltage utility grid. The software for the controller of the test bench has been
developed employing FB and IL programming languages.

Scientific Novelty of the Thesis

1. The novel topology of cascaded inverter-based reactive power
compensator for the smooth asymmetric compensation of the re-
active power in the low voltage utility grid has been proposed.

2. The novel topology of conventional and cascaded inverter-based
reactive power compensators with the individual inverters for the
every phase for the asymmetric compensation of reactive power
in the low voltage utility grid has been proposed.

3. The novel shunt-connected reactive power compensator with the
thyristor controlled reactor for the smooth and asymmetric com-
pensation of reactive power in the low voltage utility grid has been
developed.
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Practical Value of the Research Findings

The research results achieved in the process of doctoral research were applied in
the project “Development of a steeples reactive power compensator”, No. 3400-
$510, which was carried out in period (2018-2019) by the Laboratory of Elec-
tronic Systems of the Center for Physical Sciences and Technology. The project
was the part of the program J05-LVPA-K, Intelektas — Common Science and In-
dustry Projects, financed by the Lithuanian Business Support Agency (LVPA).
Project partner was UAB “Elgama sistemos”.

The Defended Statements

1.

The cascaded inverter-based compensator implemented using two in
series connected inverters, one of which operates at grid frequency and
another one — at higher frequency using PWM technique, allows to
develop the compensator using the combination of thyristor-based and
MOSFET transistor-based inverters.

Conventional and cascaded inverter-based reactive power compensa-
tors with the individual inverters for the every phase with neutral con-
nection are capable to provide asymmetric compensation of reactive
power in the low voltage utility grid.

Shunt-connected reactive power compensator with the thyristor con-
trolled reactor, which typically is used in high and medium voltage
utility grid, can be implemented in the low voltage utility grid for the
smooth and asymmetric compensation, employing single phase air
gapped reactors using Y connection with connected to neutral mid-
point.

Approval of the Research Findings

4 scientific articles have been published on the topic of the dissertation: 3 in peer-
reviewed scientific journals and 1 in conference proceedings.
The author has made 6 presentations at 5 scientific conferences:

— FizTech2015 PhD. Student conference. Vilnius, 2015;
— FizTech2016 PhD. Student conference. Vilnius, 2016;
— 20-th Lithuanian young scientists conference “Science — Future of Lithua-

nia”, Vilnius, 2017;
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— 21-th international conference “Electronics 20177, Palanga, 2017;

— 22-nd Lithuanian young scientists conference “Science — Future of Lithu-
ania”, Vilnius, 2019.

Structure of the Dissertation

The dissertation consists of an introduction, three chapters, general conclusions,
lists of references and author’s publications on the subject of the dissertation, a
summary in Lithuanian.

The total scope of the dissertation — 93 pages excluding annexes, 10 hum-
bered equations, 52 pictures, 3 tables and 82 references.
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Overview of Reactive Power
Compensators and their Operation
Principles

This Chapter reviews the types and properties of reactive power compensators.
The reactive power compensation techniques and different topologies of inverter
based reactive power compensators are analyzed in the first part of the chapter.
The second part of the chapter covers the shunt-connected reactive power com-
pensators. The conclusions of the first chapter are presented and the dissertation
tasks are formulated. The obtained results have been published in two publications
(Sapurov, Bleizgys, et al., 2020; Sapurov et al., 2017).

1.1. Reactive Power Compensation Techniques

The reactive power is produced or consumed by the grid loads that include not
only an active but also a reactive component. Reactive power acts as additional
load of the grid, which is incapable of producing effective work, therefore it re-
quires compensation. Reactive power is introduced by inductive and capacitive
loads and by nonlinear loads as well. However, the reactive power can be pro-
duced by grid-connected photovoltaic and wind power plants, the number of

7



8 1. OVERVIEW OF REACTIVE POWER COMPENSATORS AND THEIR OPERATION ...

which is constantly growing. The reactive power appears when there is phase dis-
placement between the grid current and voltage and is measured in volt-ampere
reactive (VAR) units.

One of the now-days main problems of the electrical grid is compensation of
the reactive power in the low voltage grid (Ali et al., 2018; Arshad & Lehtonen,
2018; Balcells & Bogonez-Franco, 2013; Beck, Berlovich, & Braunstein, 2016;
Beck, Berlovich, Muller, et al., 2016; Bielskis et al., 2020; Bogénez-Franco et al.,
2011; Charalambous et al., 2019; Deblecker et al., 2016; Dong et al., 2012; Ga-
yatri et al., 2018; llisiu & Dinu, 2019; Li etal., 2011; Merai et al., 2015; Santacana
etal., 2010; Stanelyte & Radziukynas, 2020; Trentini et al., 2012; Xu et al., 2010;
Yong Xue et al., 2009) Since the low-voltage three-phase lines are often loaded
asymmetrically (Charalambous et al., 2019; Pana et al., 2018a, 2018b; Tong
XiangQian et al., 2005), the low voltage three phase lines are often loaded asym-
metrically, i.e. the reactive power, which has to be compensated, is different in
different phases.

Most of grid equipment that introduce the reactive power, such as electric
motors, induction heating devices, ballasts operate as inductive loads. Because of
this, the most part of reactive power compensation systems in low voltage lines of
the utility grid are based on the electro-mechanical commutation technology of
capacitor banks, which are split into steps connected in parallel to the utility grid.
However, capacitor banks have fixed discrete reactive power capacity, i.e. the re-
active power produced by the capacitor bank cannot be changed smoothly. There-
fore, it is impossible to fully compensate reactive power of the utility grid using
capacitor banks.

The considerable amount of nowadays utility grid power in consumed by in-
ductive loads as electric motors, transformers, induction heating devices. There-
fore conventional reactive power compensation system in the low voltage lines
employs capacitor banks split into steps connected in parallel to the utility grid.
Main disadvantage of compensators based on the capacitor banks is a fact that the
reactive power produced by the capacitor bank is changed discretely, i.e. there is
no possibility of fine-tuning the reactive power and, as a consequence, fully com-
pensate it in the utility grid. These compensators are capable to compensate only
symmetrical inductive loads; however, reactive grid loads often are asymmetrical,
i.e. different in different phases and can by of capacitive type as well.

There two main types of compensators that provide smooth compensation of
inductive and capacitive reactive power:

1. Inverter-based reactive power compensators.
2. Shunt-connected reactive power compensators.

Inverter-based reactive power compensators usually are named as STAT-
COM. They are based on the inverter, which acts as voltage source and using
PWM technique generates AC voltage synchronized with the grid voltage (PQC-
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STATCON, 2011; Yan, 2015). Dependent on voltage amplitude it compensates
smoothly the inductive or capacitive reactive power. Capacitance reactive power
is supplied if inverter provided voltage amplitude is higher than voltage amplitude
of the utility grid. In case inverter provided voltage amplitude is lower than volt-
age amplitude of the utility grid inductance reactive power is consumed. In case
inverter provided volt-age, amplitude is equal to the utility grid voltage reactive
power is not produced or consumed. Converter based reactive power compensa-
tors have fast response time, are capable of full reactive power compensation. The
main disadvantages is that STATCOM is not capable to compensate asymmetric
reactive loads.

Shunt-connected reactive power compensator is based on thyristor-switched
capacitor — TSC for discrete capacitor bank capacity variation and thyristor-con-
trolled reactors — TCR for smooth reactive power compensation (Mahapatra et al.,
2014; Sullivan, n.d.). While TCR allows adjusting the re-active power smoothly.
The smooth adjusting of inductive reactive power using TCR is provided by fine-
tuning of duration, during the which the re-actor during every grid voltage half-
period is connected to the grid. Shunt-connected reactive power compensator ap-
proach is much cheaper in comparison with the inverter based reactive power
compensators, and they can provide asymmetric compensation, however, such
compensators are developed just for high voltage lines of the utility grid (Dixon
et al., 2005; Gayatri et al., 2018; D. I. Panfilov & ElGebaly, 2016; Sethi et al.,
2014).

1.2. Inverter based Reactive Power Compensators

Conventional energy transfer technique consists of two voltage sources, where
one is supplying power. Voltage sources could not be connected in parallel, there-
fore inductance is being employed. Simplified conventional energy grid diagram
is presented in Fig. 1.1.

L

N (A I

V1 Actu acty \/2

Fig. 1.1. Simplified energy transfer diagram between two voltage sources
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The energy transferred to the grid can be controlled in two ways: by variation
of inverter voltage amplitude and by variation of voltage phase angle &. Active
(P) and reactive (Q) power values can be obtained using equations (Haykin & Van
Veen, 2003; Rozanov et al., 2016):
V1V2 siné§ _

x Q=

It could be observed that P and Q are coupled among themselves. However,
they could be decoupled under certain circumstances. Assuming that ¢ is very
small, therefore equations could be considered:

V1V, cos §—V2

P =
X

(1.1)

sind =~ §,when 6 - 0;
cosd =1, whené - 0. (1.2)
Adding obtained values to 1.1 new equations for P and Q could be obtained:

~ V1V26

P , whené - 0;

AL

T when § — 0. 1.3)

Q

It is seen (1.3) that reactive power produced by the inverter-based reactive
power compensator depends on the output voltage amplitude. In the situation
when V; > V,, reactive power Q < 0, i.e. If V; < V,, reactive power Q > 0, i.e. a
dependent on amplitude value compensator acts as a capacitive or inductive load.
It is obvious that P ~ 0, when § is very small, therefore, an inverter can compen-
sate the reactive power with low active power losses.

1.3. Inverter for Reactive Power Compensation

1.3.1. Conventional Three-Phase Compensator

The H-bridge-based single-phase inverter is usually employed for three level ap-
plications, see Fig. 1.2. (Neves et al., 2009). Power stage of H-bridge inverter
consists of four IGBT transistors with parallel diodes, a DC part uses capacitors
or batteries for renewable energy storage; an output filter is employed for carrier
frequency cancelation. Presented topology is a conventional technique for single
phase shunt active power filter and renewable energy source supply applications
(Padiyar, 2007; Rozanov et al., 2016).
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Fig. 1.2. Schematics of three level H-bridge single-phase inverter

1.3.2. Single-Phase Cascaded Inverter based Compensator

Cascaded inverters are usually employed in high voltage high power applications.
The switching devices are connected in series in high voltage applications reduc-
ing the voltage of each switch. Each cascade is supplied with isolated voltage
source, therefore a cascaded inverter can provide voltage of seven levels at output,
causing lower THD. Employment of cascaded inverter could also reduce the har-
monic spectrum currents and voltages. At the same time, the employment of cas-
caded inverter could reduce switching losses and noise. Schematics of the single-
phase cascaded inverter is presented in Fig. 1.3. (P & Mahapatra, 2011; Padiyar,
2007; Rao et al., 2013; Rozanov et al., 2016).
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TH22 1TH24
*

Fig. 1.3. Schematics of single phase cascaded inverter
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1.3.3. Three-Phase Cascaded Inverter based Compensator

This approach covers implementation of cascaded inverter in compensator appli-
cation. It results in a good dynamic performance under both steady state and tran-
sient operations. The DC-bus capacitor voltage of cascaded inverter is controlled
by Pl-controller. Employment of cascaded inverter in active power system pro-
vides effective compensation of harmonics and facilitates power factor correction.

Generalized power theory for sinusoidal or non-sinusoidal, balanced or un-
balanced three-phase power system with or without zero-sequence currents em-
ploys compensator connected in series or in parallel with supply network (Holms
& Lipo, 2003). The series connection is suitable for voltage harmonic compensa-
tion. Industrial applications are mostly in need of current harmonics compensa-
tion; therefore, the shunt-connected compensator (parallel connection) is mostly
used. Development of insulated-gate bipolar transistors (IGBT) caused rapid
growth of interest in inverter based compensators (P & Mahapatra, 2011). The
compensator generates the currents required to compensate distorted line current
and reactive power.

Cascaded inverter is employed to increase number voltage levels, causing
lower switching losses and higher order harmonics compensation. The cascade
inverter consists of full bridge inverters supplied with separate dc sources. Topol-
ogy of cascaded inverter based compensator is presented in Fig. 1.4 (Macken

et al., 2004).
] (:} ] VT33 J(:}VTSA ]
~Cdc1 7~ Cdc3 7~ Cdc5
] VT14 JGVBZ ] VT34 JGWSZ ] VT54
VT21 | VT23 ] ]
J ] 1

VT13 VT53

VT43 VT63

I Cde 2 TN Cacd 7= Cdc6

V124 V144 VT64

Fig. 1.4. Cascaded inverter based compensator topology
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1.3.4. Two Level Four-Leg Three-Phase Inverter

Four-leg inverter is commonly used in three phase utility grid for current unbal-
ance and neutral current compensation along with harmonic current elimination
and reactive power compensation. Three legs supply phase currents to the utility
grid, while fourth leg increases amount of switching states, which allows neutral
current compensation and improves output voltage quality, see Fig. 1.5. (Acuia
et al., 2014; Babu et al., 2013; Bala Nikilesh & Nageswara Rao, 2015; Barbosa
et al., 1998; Dineshkumar & Senthilnathan, 2014; Gururaj M V et al., 2015; llango
etal., 2012; Padiyar, 2007; Pouresmaeil et al., 2015; Singh et al., 2011). Passive
filter is employed for carrier frequency elimination.

lTle WI TH21 TH31 TH41

DC T ¢ T ¢ R, L

TH12 1 TH22 TH32 TH42
L L g L

Fig. 1.5. Circuit diagram of two level four leg three-phase inverter

Grid

RES could serve as power supply for two level four leg inverter. Renewable
energy should be harvested implementing MPPT techniques and conditioned as
DC source. However, employing two level inverter as shunt active power filter is
complicated due high THD of two level PWM. Therefore, current harmonic elim-
ination could not provide the best quality.

1.3.5. Reactive Power Compensation in the Distributed Utility
Grid

Utility grid could be supplied with reactive power as well as active power, provid-
ing reactive power compensation capabilities. Such approach is considered a re-
newable energy generation with compensator capability. Supply power should be
driven from renewable energy sources: solar, wind and biomass. Renewable en-
ergy sources usually provide DC current, either AC current witch is not synchro-
nous to the utility grid, therefore it requires power electronics converter. The
growth of interest in inverters with additional features, like reactive power and
harmonic compensation, could be considered in deregulated electricity market.
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Conventional renewable energy converters are usually designed for maximal
active energy production. To be noticed, that amount of available active power
(P) is rarely at its maximum, consequently the amount of reactive power (Q) is
sufficient for compensating purposes most part of the time at wind energy system
(Bielskis et al., 2020; Macken et al., 2004; Pikutis et al., 2014).

In distributed system among several inverters connected to the grid all units
are connected in common network causing them to act as a single unit. Single-
phase source inverter with simplified control loop is presented in Fig. 1.6 (Pikutis
etal., 2014).

o
5
|||+
ol <
<

Vdc,ref — :v\+ H ] *

Fig. 1.6. Single-phase source inverter with simplified control loop

The controller of presented inverter consists of inner current control loop Hc
and outer voltage control loop Hv. Voltage controller maintains certain DC bus
value and provides reference value for the current. Increase of DC voltage causes
growth of current drawn from the DC bus, resulting decrease of dc bus voltage.
Decrease of DC voltage results in lower current driven from the DC bus, therefore
DC bus voltage increases. Current controller feeds PWM unit, supplying desired
amount of current to the utility network (Macken et al., 2004).

1.3.6. Renewable Energy Source Supplied Reactive Power
Compensators

Inverter that could be utilized for renewable energy source power injection into
the grid, as well as shunt connected compensator to compensate current unbal-
ance, load current harmonics. Topology of three-phase four-wire connection also
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gains possibility of current unbalance and neutral current compensation. Schemat-
ics of reactive power compensator supplied by renewable energy source is pre-
sented in Fig. 1.7 (Singh et al., 2011; Vechiu et al., 2015).
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Fig. 1.7. Schematics of reactive power compensator supplied by
renewable energy source

Compensator can perform following function separately and simultaneously:

1. Supply the renewable energy sources power to the utility grid.

2. Fulfill load reactive power demand.

3. Compensate current harmonics.

4. Compensate neutral current.

Compensator consists of renewable energy source connected to the utility
grid employing four-leg inverter. Renewable energy source could serve as AC or
DC energy source depending on its type. Any type of renewable source energy
needs conditioning before connecting to the DC link of the inverter (i.e. DC/DC
or AC/DC). System transfers fundamental active power to the utility grid all the
time. In case non-linear or unbalanced load compensation of the harmonics, un-
balance and neutral current is performed. The DC-bus voltage is maintained con-
stant by employing Pl-controller. Pl-controller performance is based on the con-
trol of the active and reactive power supplied to the utility grid.

1.3.7. Transformer-Clamped Multilevel Inverter

Transformer clamped multilevel topology allows to increase the number of output
voltage levels in the output of multilevel inverter. Therefore, waveform, which by
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the shape is closer to the pure sinusoid with lower THD, could be achieved. Pre-
sented topology consists of two inverter units considered as main an auxiliary in-
verter and two transformers. Both, main and auxiliary H-bridge inverters are con-
nected to a single voltage source, see Fig. 1.8 (Jabir et al., 2013).

4 L 4 l L 4
TH13 TH21

‘lTH 11
DC c—
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Fig. 1.8. Schematics of transformer-clamped multilevel inverter
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Maximum number of output voltage levels depends on the rating of voltage
source, which could be adjusted by selecting the ratio of primary and secondary
transformer winding turns (Jabir et al., 2013).

1.4. Shunt-Connected Reactive Power Compensators

Shunt-connected reactive power compensators provide smooth reactive power
compensation and usually are used in high and medium voltage utility grid. They
include following functional blocks: thyristor switched capacitor (TSC), thyristor
switched reactor (TSR) and thyristor controlled reactor.
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1.4.1. Thyristor Switched Capacitor

A conventional reactive power compensation system is usually implemented by
connecting capacitor banks in parallel to the utility grid. For three phase applica-
tions capacitors can be connected in Y or A (Fig. 1.9). Capacitor banks are usually
split in to several steps to gain more agility. The raising of capacitor bank power
(connecting more steps) results in full reactive power compensation dramatically
reducing power loss and overload of the utility grid (Mathur & Varma, 2002;
Padiyar, 2007; Singh et al., 2011).

SW SW
A_l » . A_l » 3
s | o Inductive 8 | o Inductive
cl » load cl » g load

C1 c2
C1 C2 c3

ZaEaN TTT

a) b)
Fig. 1.9. Schematics of capacitor connection: a) Y connection; b) A connection

The presented technique is usually implemented in factories and other indus-
tries because it can be easily installed and requires little maintenance, energy
losses are considered low as well. Nevertheless such system is incapable of fast
response as switching of the capacitor causes current overshoots therefore the
switching number per hour is usually limited. The second disadvantage is that
capacitor banks are split into discrete steps this means reactive power cannot be
fully compensated.

Reactive power compensation systems are presented as improvement of con-
ventional discrete capacitor banks. Hence, improvement of reactive power control
and enchantment of stability are the main goals of the approach. Main types of
reactive power compensation systems are:

e Thyristor controlled reactor (TCR);
e Thyristor switched capacitor (TSC);
e TCR and fixed capacitor.

Thyristor switched capacitor circuit consists of bidirectional transistor switch
for each capacitor connected in parallel to the utility grid. The schematics of thy-
ristor switched capacitor compensator is presented in Fig. 1.10 (Mukhopadhyay
etal., 2017, 2018; Patel & Dubey, 1983; Singh et al., 2011, 2011).
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Fig. 1.10. Schematics of thyristor switched capacitor compensator

Capacitors can be switched on or off by controlling the firing angle of the
bidirectional thyristor pair. For implementation of such control thyristor switches
should be turned on or off at the peak of applied voltage, they should also be
precharged for proper operation. Avoiding these conditions causes utility grid cur-
rent overshoots, which could permanently damage the system.

1.4.2. Thyristor Controlled Reactor

Thyristor controlled reactor applications consist of bidirectional high power
switch and reactance (coil). Air core reactors fit best, but due to the low efficiency
air, gaped reactors are usually selected. Inductance supplied to the utility grid is
controlled by changing firing angle: 90° firing angle corresponds full conduction,
at the firing angle of 180°, system does not provide utility grid with inductance.
Therefore increasing the firing angle reduces the reactive power absorbed by re-
actor. It should be stressed that the control of the reactive power could be obtained
only at discrete points; therefore, the lag of the continuous control could be up to
half period of the utility grid. Usage of firing angle control results in generation
of fundamental waveform odd harmonics. Thyristor controlled reactor is pre-
sented in Fig. 1.11 and voltage and current waveforms at different firing angle are
presented in Fig. 1.12 (Awad et al., 2015; Mahapatra et al., 2014; Mathur &
Varma, 2002; Padiyar, 2007).
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Fig. 1.11. Thyristor controlled reactor
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Fig. 1.12. Voltage and current waveforms of thyristor controlled reactor at firing angle
(a): a) 90°; b) 110°; ) 140°; d) 160°
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1.4.3. Shunt-Connected Reactive Power Compensator

Shunt-connected reactive power compensators are used as improvement of con-
ventional discrete capacitor banks. Hence, improvement of reactive power control
and enchantment of stability are main goals of the approach. Usually it includes
thyristor switched capacitor (TSC) and thyristor controlled reactor (TCR). TSC
and TCR are connected in parallel (Fig. 1.13). This approach provides the possi-
bility of consuming the reactive power by thyristor controlled reactor and supply
of reactive power by the thyristor switched capacitor. Thyristor switched capacitor
should be switched on at voltage zero crossing value for minimization of current
overshoots and avoiding harmonics. Turn off position is obtained automatically
as thyristor is switched of when current value fell below the holding current.

Lows Jowa Lo -
Lo Lo Lo -
[

Fig. 1.13. Schematics of shunt-connected reactive power compensator

Thyristor controlled reactor inductance is controlled by the firing angle. Thy-
ristor controlled reactor could be used for limiting voltage rises on lightly loaded
transmission lines. Working in parallel allows the smooth overall reactive power
control employing thyristor controlled capacitor for absorption of oversupplied
capacitance.

The analysis of publications shows that the shunt-connected reactive power
compensators based on the TSC and TCR is developed only for the symmetric
compensation of the reactive power and practically is employed just for high and
medium voltage lines of the utility grid (Acha, 2002; Cerfian & Tlusty, 2015;
Chang & Liao, 2017; Dixon et al., 2005; Farkoush et al., 2016; Fuchs & Masoum,
2011; Hong Hu et al., 2015; Igbinovia et al., 2015; Ilisiu & Dinu, 2019; Liberado
etal., 2013; Liu et al., 2016; Mathur & Varma, 2002; Padiyar, 2007; D. I. Panfilov
etal., 2017a, 2017b; Dmitry I. Panfilov et al., 2019; Rahmani et al., 2014; Tehrani
et al., 2011; Tokiwa et al., 2017). There are few publications dedicated to shunt-
connected reactive power compensators for the smooth compensation of reactive
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power in low voltage grid (Alkayyali & Ghaeb, 2020; Balcells & Bogoénez-
Franco, 2013; Beck, Berlovich, & Braunstein, 2016; Beck, Berlovich, Muller,
et al., 2016; Bogonez-Franco et al., 2011; Dong et al., 2012; Kose & Irmak, 2016).
However, all these publications are dedicated to symmetric compensation of re-
active power in all three phases and in most of them just the simulation results are

presented.

1.5. Conclusions of Chapter 1 and Formulation of the
Thesis Objectives

1.

The most part of the reactive power compensation systems in low volt-
age lines of the utility are based on the electro-mechanical commuta-
tion technology of capacitor banks, which are split into steps con-
nected in parallel to the utility grid.

Capacitor banks have fixed discrete reactive power capacity, i.e. the
reactive power produced by the capacitor bank cannot be changed
smoothly. Therefore, it is impossible to fully compensate reactive
power of the utility grid using capacitor banks.

The inverter-based reactive power compensators, which provide
smooth reactive power compensation, are characterized by fast re-
sponse time and are capable to compensate both capacitance and in-
ductance reactive, however they are characterized by a high price and
provide just symmetric compensation of reactive power in all three
phases of the grid.

Cascaded inverter-based reactive power compensators are character-
ized by lower switching losses as compared to conventional inverter-
based compensators and they can be implemented using transistors
with lower operating voltage.

TCR based shunt-connected reactive power compensator is developed
only for the symmetric compensation of the reactive power and just
for high and medium voltage lines of the utility grid, and no one on
the market offers the shunt-connected reactive power compensator for
the smooth asymmetric compensation of the reactive power in the low
voltage grid.
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To achieve the aim of the dissertation, the following tasks have to be
solved:

1. To modify and adapt the cascaded inverter for the smooth reactive
power compensation in the low voltage utility grid.

2. To develop the conventional and cascaded inverter-based reactive
power compensator topologies with the individual inverters for the
every phase for the asymmetric compensation of the reactive power in
the low voltage utility grid.

3. To develop the shunt-connected reactive power compensator for the
smooth and asymmetric compensation of the reactive power in the low
voltage utility grid.



Asymmetric Inverter based Reactive
Power Compensators

This chapter presents the results of the development and investigation of the reac-
tive power compensator topology based on the single cascaded inverter realized
using combination of a thyristor and transistor-based H bridges. Circuits of com-
pensators for the asymmetric compensation of the reactive power developed using
individual conventional inverters and individual cascaded inverters for every
phase are proposed in this chapter as well. The obtained results have been pub-
lished in two publications (Sapurov, Dervinis, et al., 2020; Sapurov et al., 2017).

2.1. Development of the Cascaded Inverter based
Single-Phase Compensator

2.1.1. Conventional Inverter based Single-Phase Compensator

The single-phase conventional inverter based compensator is investigated in this
chapter. It is a part of widely used conventional inverter based three-phase com-
pensators for the symmetric compensation of the reactive power. The results ob-
tained in this chapter will be required for comparative evaluation of the proposed

23
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compensators with the individual inverters for the every phase for asymmetric
compensation of reactive power. The single-phase conventional inverter based
compensator consists of full bridge inverter, DC source and output low pass filter.

The main part of every inverter is leg, which consists of two in series con-
nected MOSFET or IGBT transistors. The single-phase inverter consists of two
legs (H-bridge), the three-phase inverter consists of three legs. The design of in-
verter leg is very important, because it determines the quality of output voltage
(duration of pulse rising and falling edges), power losses and reliability of the
inverter. The circuit diagram of inverter leg is presented in Fig. 2.1. The upper
transistor VT1 is used to form the rising and lower one for falling edge of gener-
ated pulse. The Ugg, Stands as control signal of the upper transistor and Ugg, —
control signal of lower transistor. In Fig. 2.1 Cg stands for non-inductive capacitor
for the cancelation of overvoltage introduced by switching of transistors. The ap-
propriate capacity of this capacitor is determined by the parasitic inductances de-
termined by the design solutions of the printed circuit board (conductors’ length,
angle of inclination and distance between conductors). Capacitor Cp, and resistor
Ry are parts of the RC snubber circuit, which has to be used to reduce the transis-
tor overvoltage to increase the reliability of the transistor operation. At the same
time, inclusion of snubber circuit increases the power losses of inverter as well.
Therefore, the snubber circuit parameters have to be chosen in order to compro-
mise between overvoltage elimination efficiency and power loss.

+HV
O0—

Uge1

Ce

Fig. 2.1. The circuit diagram of inverter leg

The Matlab/Simulink model of inverter based single-phase compensator was
developed for the investigation (Fig. 2.2). According to the law of energy transfer
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(1.3), supplied reactive power depends on the output voltage of the compensator.
Inverter of the compensator produces PWM voltage to the utility grid employing
low pass filter. The amplitude of the voltage is controlled by variation of PWM
voltage duty cycle. Capacitance reactive power is supplied if the amplitude of the
voltage provided by the compensator is higher than voltage amplitude of the utility
grid. In case when the amplitude of the inverter voltage is lower than amplitude
of the utility grid voltage, inductive reactive power is consumed.
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Fig. 2.2. Matlab/Simulink model of conventional inverter based single-phase reactive
power compensator

The DC supply voltage of the analyzed compensator is 400 V. The compen-
sator allows to compensate capacitive and inductive reactive power up to Q =
4 kVAr. The waveforms of grid voltage, compensator current, and spectrum of
current are presented in Fig. 2.3. The current phase shift with respect to voltage
shows that supply current in Fig. 2.3 a) is capacitive and in Fig. 2.3 b) is inductive.

In order to produce quality reactive power, the total harmonic distortion
(THD) of compensator current has to be minimal. Therefore, it is of interest to
know the relation between the reactive power produced or consumed by the com-
pensator and THD. The value of reactive power consumed or produced by the
compensator is varied by variation of compensator output voltage amplitude. The
dependences of reactive power and THD on the amplitude are given Fig. 2.4. It
can be noticed that the highest THD value of 45% is reached when the reactive
power supplied by the compensator is minimal and it decreases when the absolute
value of reactive power increases. This is due the fact that THD is measured rela-
tively to the main harmonic amplitude, which increases with the reactive power.
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Fig. 2.3. Waveforms and spectrums of the compensator current: a) waveform of induc-
tive current; b) waveform of capacitive current; c) spectrum of inductive current;
d) spectrum of capacitive current
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2.1.2. Cascaded Inverter based Single-Phase Compensator

The cascaded inverters are mainly used in motor drives. In this work it is proposed
to use the cascaded inverter for the reactive power compensation and the topology
adapted for the implementation in inverter based compensator is proposed and
investigated. The output voltage in the cascaded inverter topology is formed using
two connected in series inverters (Fig. 1.3). This feature allows to provide the
forming of voltage in two stages: first cascade operates with grid voltage fre-
guency, i.e. at low switching frequency and second cascade works at high switch-
ing frequency. The idea of reactive power compensator current forming using the
cascaded inverter is as follows: square wave formed by the first cascade consists
not just of first harmonic wave but includes higher harmonic waves as well. The
second cascade using PWM technique, operating at high frequency forms the
waves of higher harmonics for the cancelation of harmonics generated by the first
cascade. The amplitude of higher harmonic waves is significantly lower than the
amplitude of main harmonic wave, therefore the second cascade can operate at
relatively low voltage. The first cascade operates at higher voltage, which corre-
sponds to the grid voltage. Since the operating frequency of first stage is low, the
traditionally used IGBT transistors, that are characterized by relatively high inter-
nal resistance in state ON can be replaced with thyristor switches with low internal
resistance. The low voltage high speed MOSFETSs with low internal resistance in
state ON and low switching losses can be employed in the second cascade.

Matlab/Simulink model of cascaded inverter based single-phase reactive
power compensator and PWM signal controller are presented in Fig. 2.5.

Thyristors Al, A2, A3 and A4 are employed for main (grid voltage)) fre-
guency and transistors B1, B2, B3 and B4 are implemented for THD correction
using higher harmonics cancelation. PWM controller for forming of control sig-
nals for inverter switches (Fig. 2.5 (b)) consists of two separate PWM controllers:
first for generation of control signals for thyristors of the first cascade, second
one — for the MOSFETS of the second cascade. The first PWM controller sets the
50 Hz switching frequency for the first cascade, while the second one — 8 kHz
for the second cascade.

The proposed cascaded inverter based single-phase reactive power compen-
sator provides voltage of seven levels at the output. The second cascade is em-
ployed only for elimination of higher harmonics, while first cascade provides volt-
age of single square pulse per cycle. Amplitudes of resultant voltage of the square
voltage harmonics can obtained by solving Equation (Haykin & Van Veen, 2003):

2 2.1)

N o sin(2T) sin{ i (n-25) )

A

where N —harmonic order, Agy —amplitude of N-th order harmonic, A —amplitude
of square signal, n — modulation index of square wave voltage.
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Fig. 2.5. Matlab/Simulink model of cascaded inverter based single-phase reactive power
compensator: a) model of compensator; b) model of pulse width modulation controller

Modulation index n is proportional to output voltage amplitude. Maximal
value of modulation index n = 1, at which the compensator output voltage
reaches its maximal value (2.1).

For the waveform presented in Fig. 2.6 a) Supply voltage of the first cascade
is chosen A = 320V, equal to the amplitude of single-phase utility grid voltage.
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Amplitude of the thirst order harmonic of square voltage of 320 V at maximal
modulation index n = 1is A¢; = 407 V, which is more than square signal ampli-
tude, amplitude of the third harmonic — A¢; = 136 V. Therefore, supply voltage
of 150 V for second cascaded inverter is sufficient for quality cancelation of cur-
rent harmonics. Amplitude of all other higher order harmonics are lower than third
harmonic amplitude and can be determined solving Equation (2.1).

For the development of proper harmonic elimination technique, simulation
was performed. It was carried out when compensator operates as an inductive load
and consumes 4 kV Aar of reactive power.

Firstly, the waveforms and spectrum of voltage and current for the square
shape of voltage were investigated. The results are presented in Fig. 2.6. It is seen
that square wave consists of sum of higher harmonics, which have to be eliminated
in order to provide quality reactive power. For the checking of harmonic cancela-
tion possibility, the PWM control signal for the switches of the second cascade
was formed in such a way that the 3" (f; = 150 Hz) and 5" (fs = 250 Hz) har-
monics would be eliminated. Waveforms and spectrum of cascaded inverter out-
put voltage and current with harmonic elimination are presented in Fig. 2.7.
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Fig. 2.6. Waveforms and spectrums of inverter output voltage and current without har-
monics cancelation: a) waveform of output voltage; b) waveform of output current;
¢) spectrum of output voltage; d) spectrum of output current
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It is seen that the 3 and 5™ harmonics amplitudes in the spectrum of current
became insignificant (Figs 2.7a — 2.7d), i.e. the harmonics cancelation techniques
can be applied in reactive power compensator. The elimination of 3™ and 5™ har-
monics allows to reduce the THD of current from 59.6% to 21.62%. The THD
remains high because another harmonics are not canceled. During the next step,
the cancelation up 22" harmonic, i.e. up to frequency f,, = 1100 Hz was carried
out (Figs 2.7e-2.7h). It is seen that the cancelation up to the 22" harmonic allows
reducing the THD up to 1.7% and the shape of the current is close to sinus.

Analyzed compensator can compensate capacitive and inductive reactive
power up to Q = 4 kVAr.Waveforms of utility grid voltage and current, and spec-
trum of current are presented in Fig. 2.8. It is seen that supply current in Fig. 2.8 a)
is capacitive and in Fig. 2.8 b) is inductive. The THD of the current when reactive
power compensator acts as capacitive load is higher as compared to the case when
it operates as inductive load (4.9% and 1.7%, respectively).
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Fig. 2.8. Waveforms and spectrums of compensator current with the cancelation of all
harmonics up to 22": a) waveform of inductive load current; b) waveform of capacitive
current; ¢) spectrum of inductive current; d) spectrum of capacitive current
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The obtained relation between the reactive power produced or consumed by
the compensator and THD is presented in Fig. 2.9. The value of reactive power
consumed or produced by the compensator is varied by variation of compensator
output voltage amplitude. It can be noticed that the highest THD value of is
reached when the reactive power supplied by the compensator is minimal and it
decreases when the absolute value of reactive power increases.
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Fig. 2.9. The dependences of reactive power and THD on resultant inverter output
voltage amplitude with the cancelation of all harmonics up to 22nd

2.2. Asymmetric Three-Phase Inverter based Reactive
Power Compensator

The asymmetric three-phase inverter based reactive power compensator based on
the separate inverter for each phase has been proposed and investigated in this
section. Two topologies of compensator have been proposed: compensator with
the individual conventional inverters and compensator with the individual cas-
caded inverters for the every phase.

2.2.1. Conventional Inverter based Reactive Power
Compensator

The widely used three-phase conventional inverter based compensator has been
investigated in this chapter. The investigation purpose is to test if this compensator
can provide asymmetric compensation of reactive power. The results obtained in
this chapter will be required for comparative evaluation of the proposed compen-
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sators with the individual inverters for the every phase. The schematics of con-
ventional three-phase inverter based reactive power compensator is presented in
Fig. 2.10.
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Fig. 2.10. Schematics of conventional three-phase inverter based reactive power
compensator

The conventional three-phase inverter based reactive power compensator
(Fig. 2.10) includes three leg inverter and output filters for each phase.

The Matlab/Simulink model of the conventional three-phase inverter
based compensator was built for the investigation (Fig. 2.11). It consists of
three-leg inverter connected to the utility grid employing low pass filters.
For the evaluation of ability to control asymmetric reactive power at first
the same amount of 2.2 kVAr of reactive power was provided by the com-
pensator to all phases, later at time moment t = 0.02 s the amount of reac-
tive power supplied by the compensator to the first phase was instantane-
ously increased up to 4.5 kVAr. The transients of reactive power are
presented in Fig. 2.12. It is seen that change of reactive power supplied by
the first phase influence the reactive power provided by the second and
third phases. Finally, at time moment ¢ = 0.3 s, all phases of the compen-
sator provided the same 3.5 kVAr of reactive power in spite the fact that
the reactive power of the first phase was set to 4.5 KVAr, the reactive power



34 2. ASYMMETRIC INVERTER BASED REACTIVE POWER COMPENSATORS

of second and third phases to 2.2 kVAr. Therefore, the obtained investiga-
tion results of conventional three-phase inverter based compensator show

that it is incapable of asymmetric reactive power compensation.
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Fig. 2.11. Matlab/Simulink model of conventional inverter based reactive power
compensator

4500 -

IS
o
=]
=]
L

(=]
5]
=]
=1
1

3000+

Reactive Power Q, VAr

2500

T
000 005 010 015 020 025 030
Time, s

Fig. 2.12. Transients of reactive power set point step response of conventional
inverter-based reactive power compensator



2. ASYMMETRIC INVERTER BASED REACTIVE POWER COMPENSATORS 35

2.2.2. Asymmetric Reactive Power Compensator with the
Individual Inverters for the Every Phase

Conventional inverter topology is employed for numerous power electronics ap-
plications including inverter based reactive power compensators. (Neves et al.,
2009; Rozanov et al., 2016). Never less there are no three-phase asymmetric re-
active power compensation approaches employing conventional inverter for each
phase. Schematics of the proposed asymmetric reactive power compensator with
the individual conventional inverters for the every phase is presented in Fig. 2.13.
This approach consists of three independent single-phase conventional inverters
connected in star with neutral. Matlab/Simulink model developed in Section 2.1.1
was employed for the simulation of this compensator.
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| ] T
I I
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[ hi h2 h3 |
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Fig. 2.13. Schematics of asymmetric reactive power compensator with the individual
conventional inverters for the every phase

Another proposed approach was employing cascaded inverter topology for
the development of compensator with the individual single phase inverters. In this
case each cascade is supplied with isolated voltage source and is capable of
providing 7 level output voltage. In order to reduce switching losses majority of
power is being produced by one cascade at low frequency while second cascade
performs harmonic elimination at low power at high frequency. Schematics of
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asymmetric reactive power compensator with the individual cascaded inverters
for the every phase is presented in Fig. 2.14.
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Fig. 2.14. Schematics of asymmetric reactive power compensator with the individual
cascaded inverters for the every phase

For the testing of asymmetric reactive power compensation capability, sim-
ulation of two proposed topologies was carried out. During this simulation at first,
compensators are switched off and there is now reactive power in the utility grid.
Later one by one different reactive loads are applied for each phase: —4.4 kVAr to
first phase; 2.0 kVAr to second phase; 3.0 kVAr to third phase. Compensators are
set to start reactive power compensation at time moment t = 0.04 s after reactive
load was applied. Compensation transients of reactive power of each phase for
both topologies are presented in Fig. 2.15. It can be observed that reactive power
compensation in any phase has no impact on reactive power in any other phase.
The settling time during which the reactive power is compensated is in range
0.12-0.22s.
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Fig. 2.15. Transient of reactive power compensation for each phase: a) transients of in-

verter-based compensator with the individual inverters for the every phase; b) transients
of cascaded inverter-based compensator with the individual inverters for the every phase

As reactive power that is necessary to compensate is different in the every
phase it can be concluded that both proposed three-phase asymmetric inverter
based reactive power compensators are suitable for asymmetric reactive power
compensation.

2.3. Conclusions of Chapter 2

1. The adapting of cascaded inverter topology for the development of
reactive power compensator allows to provide the forming of voltage
using two cascades: first cascade operates with grid voltage fre-
guency, i.e. at low switching frequency and can be implemented us-
ing thyristors, the second one works at high switching frequency and
can be designed using low voltage high speed MOSFETSs.

2. The developed cancelation technique of higher harmonics of the cas-
caded inverter based reactive power compensator current allows to
reach the 1.7% value of current THD when all harmonics up to the
22nd order are eliminated.

3. All phases of the conventional inverter based compensator provided
the same 3.5 kVAr of reactive power in spite the fact that the reactive
power of the first phase was set to 4.5 kVAr, the reactive power of
second and third phases to 2.2 kVAr. Therefore, it can be stated that
conventional three-phase inverter based compensator is incapable of
asymmetric reactive power compensation.
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The proposed compensators with the individual inverters for the
every phase with neutral connection are capable to provide asymmet-
ric compensation of reactive power in the low voltage utility grid
because the reactive power provided by any phase of the compensa-
tor has no impact on reactive power in any other phase.

The settling time during which the reactive power is compensated
using compensators with the individual inverters for the every phase
isin range 0.12-0.22 s.



Asymmetric Shunt-Connected
Reactive Power Compensator

This chapter presents the results of development and investigation of shunt-con-
nected compensator for smooth asymmetric compensation of reactive power in
low voltage utility grid. The investigation of proposed compensator was per-
formed experimentally using developed experimental test bench. The obtained
results have been published in two publications (Sapurov, Bielskis, et al., 2020;
Sapurov, Bleizgys, et al., 2020).

3.1. Principle of the Smooth Shunt-Connected
Reactive Power Compensator

Firstly, the symmetric shunt-connected reactive power compensator research was
carried out in order to validate the possibility of this approach implementation in
the low voltage utility grid Block diagram of the developed smooth reactive power
compensator is presented in Fig. 3.1. It consists of the conventional reactive power
compensator, build from capacitor banks, electromechanical relays for capacitor
bank commutation to the utility grid and a designed reactor for smooth compen-
sation capabilities.

39
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Fig. 3.1. Block diagram of a smooth symmetric reactive power
shunt-connected compensator

The conventional compensator is incapable of full reactive power compen-
sation; therefore the parallel-connected smooth reactive power compensator, built
of thyristor-controlled inductances (reactors) is introduced. In this application, the
reactive power is being overcompensated employing conventional compensator;
therefore, the utility grid load becomes capacitive. Introducing thyristor-con-
trolled reactor allows smooth cancelation of the capacitive load by providing the
inductive load to the utility grid. For the smooth inductive load variation, thyristor
switches are being employed, the load is controlled by variation of the thyristor
switches gating angle from ¢ = 90° to a = 180°.

3.2. Matlab/Simulink Simulation of Shunt-Connected
Reactive Power Compensator

Prior to experimental research the simulation of proposed system was carried out.
The main goal of simulation was to develop a proper control technique for the
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reactor in the low voltage utility grid and to determine accurate reactor parame-
ters. Reactive power compensated by the developed system was set to Q =10-
20 kVAr. For the three phase utility grid using Y connection, consumed reactive
power is calculated by equation:

Q =+3UIsing, (3.1)

where U is phase voltage magnitude, I — phase current, ¢ — phase angle of voltage
vector to current vector.

Consumption of active power should be excluded in developed system; there-
fore, it could be assumed that compensator consumes only reactive power. In such
case ¢ =~ 90°, sin@ = 1. Ohm's Law for alternating current circuits could be ap-
plied to Equation (3.1):

— U

XL

1 (3.2)

The new expression of (3.1) could be achieved:

2

3U

where X; = wlL stands for reactive impendance, L — reactor inductance, w = 2 f
—angular frequency of voltage fundamental waveform.
By applying X, expression, new equation could be achieved:
3U?
According to the task of the research consumed reactive power should be =
12 kVAr = 12 000 VAr, utility grid voltage frequency f = 50 Hz, therefore:

_ 3-2302
~ 2:3,14-50-12:103

= 0.042 H ~ 40 mH. (3.5)

Desired efficiency of developed system should be n = 0.95 i.e. active power
consumption of developed compensatorP < 0.95Q. Active and reactive power of
reactor depends on active and reactive impedance components. Matlab/Simulink
thyristor controlled reactor model and simulation results are presented in Fig. 3.2.

Matlab/Simulink model presented in Fig. 3.2, (a) consists of: modelling time
constant Ty = 2 - 107 s, voltage source AC (U = 230V, f = 50 Hz), phase cur-
rent and voltage measuring devices, measurement unit for active and reactive
power consumption (P = 194 W, Q = 4.07 kVAr), reactor (R =050, L=
40 mH) and osciloscope.
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Fig. 3.2. Matlab/Simulink model and waveforms of voltage and current of the thyristor
controlled reactor: a) model of thyristor controlled reactor; b) waveforms of voltage and
current of thyristor controlled reactor

Active power P to reactive power Q consumption ratio achieved in the pro-

. . P 194.1
cess of modeling is 0=

2005 = 0.047 < 0.05, whitch corresponds to system re-

quirements. In Fig. 3.2 (b) it could be observed that the phase of current is delayed
to phase of voltage by ~90°, therefore the load is completely of the reactive type,
sing =~ 1.

Thyristor controlled reactor reactance is controlled by variation of firing an-
gle a in 90 — 180° (Khonde & Palandurkar, 2014; Mahapatra et al., 2014). The
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Matlab/Simulink single-phase shunt connected reactive power compensator was
developed (Fig. 3.3), simulation results are presented in Fig. 3.4.

[Voltage]

4“#-
Voltage Measurement2 Measurement
< [Current]

) H"—l Measurement1
Current Measurement

Current Measu rem enlS

N
. [L_Current] RC Branch R Load
@ MeasurementZ
From6 . €L < E L I I
Variable =
Time Delay Thi @X Th2 @Z + =
o £
(O—u 4y [Delay] [Th_ControlT>
Clock fen
O MATLAB Function G0t From ] * iL_Voltage]
| — —
L Voltage Measurementﬁeotoz
[Voltage] v P Reactor P
Measurement3 Displays Discrete Fromi
Curent 1 e ] A
Measurement4 Power Display6 1
powergui -

Gotod
From2

From4 Scope2

Fig. 3.3. Matlab/Simulink model of single-phase shunt-connected reactive power
compensator

Matlab/Simulink model presented in Fig. 3.3 consists of: a modelling time
constant Ty = 2 - 107 s, voltage source AC (U = 230V, f = 50 Hz), phase cur-
rent and voltage measuring devices, a measurement unit for the active and reactive
power consumption (P = 194 W, Q = 4.07 kVAr), reactor (R =050, L=
40 mH) and a zero crossing detector, a variable delay circuit for firing angle con-
trol, a mathematical delay module, thyristors and an oscilloscope. It could be ob-
served in Fig. 3.4 (a) that by variation of voltage to current phase angle a from
180° to 90°, the reactive power consumption is being continuously increased

upon a nominal value Q; = = =~ 4 kVAr is being reached.

There are two main hlgh power switch topologies, which could be employed
for reactor connection to the utility grid. There could be used thyristor switches as
in Fig. 3.3, hence MOSFET switches could be used as well. Matlab/Simulink
model for MOSFET switch single-phase reactive power compensator topology is
presented in Fig. 3.5.
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Fig. 3.4. Waveforms of thyristor controlled reactor: a) voltage (in black) and control sig-

nal (in red); b) current; c) reactive power
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Fig. 3.5. Matlab/Simulink model of MOSFET switch topology of single-phase
shunt-connected reactive power compensator

Matlab/Simulink model presented in Fig. 3.5 consists of: modelling time con-
stant T, = 2 - 107> s, voltage source AC (U = 230V, f = 50 Hz), phase current
and voltage measuring devices, measurement unit for active and reactive power
consumption (P = 194 W, Q = 4.07 kVAr), reactor (R = 0.5Q, L =40 mH)
and control signal generation circuit, MOSFET switch and oscilloscope. Simula-
tion results of MOSFET switches topology is presented in Fig. 3.6. It could be
observed in Fig. 3.6 a) that for this implementation it necessary to control not only
switch opening, but also closing timing.

It can be noticed in Fig. 3.6 b) that voltage overshoots appear at cut of in case
it is executed on exactly at zero crossing time of current. In consideration of con-
trol technique complicity and voltage, overshoots appearing due to timing main-
taining problems the thyristor switch topology was chosen for further shunt con-
nected reactive-power compensator development.
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Fig. 3.6. Waveforms MOSFET controlled reactor: a) voltage (in black) and control
signal (in red and blue); b) MOSFET voltage overshoots when switch turn off timing
does not correspond to current zero crossing point

For three phase applications, inductance could be connected in Y or A. For
evaluation purposes Matlab/Simulink model of A connected tree-phase reactive
power compensator is presented in Fig. 3.7. Waveform and spectrum of A con-
nected tree-phase reactive power compensator is presented current is presented in
Fig. 3.8.

It can be observed in Fig. 3.8 that current of A connected reactive power
compensator can be successfully controlled by variation of firing angle. Never
less for A connection reactive power is compensated at two phases simultane-
ously, what makes asymmetric compensation impossible. For asymmetric com-
pensation Matlab/Simulink model of Y connected three-phase reactive power
compensator with neutral was developed (Fig. 3.10). Waveform and spectrum of
Y connected tree-phase reactive power compensator with neutral is presented cur-
rent is presented in Fig. 3.9.
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Fig. 3.8. Waveform and spectrum of delta connected reactive power compensator
current at firing angles: a) 100°; b) 168°
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Fig. 3.9. Waveform and spectrum of Y connected reactive power compensator current at

firing angles: a) 100°; b) 168°

It can be observed in Fig. 3.9 that current of Y connected reactive power
compensator can be successfully controlled by variation of firing angle. Y con-
nection with neutral assumes reactive power to each phase independently there-
fore it was chosen for further asymmetric reactive power compensator.
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Power factor of real application utility grid load is usually PF > 0.8, as ma-
jority of consumed power is active. Waveform and spectrum of Y and A connected
reactive power compensator current for real application utility grid is presented in
Fig. 3.11.
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Fig. 3.11. Waveforms and spectrum of reactor current: a) when Y connected is empyed,;
b) when A connected reactor is employed
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It should be stressed that THD of shunt-connected reactive power compen-
sator depends on compensated reactive power: the more reactive power is com-
pensated the less is THD. This is due to variation of thyristor firing angle, at « =
90° thyristor is stays open for a full period effecting in undisturbed compensator
current.

3.3. Implementation of the Symmetric
Shunt-Connected Reactive Power Compensator

Block diagram of developed smooth reactive power compensator is presented in
Fig. 3.1, which consists of conventional reactive power compensator, build from
capacitor banks, electromechanical relays for capacitor bank commutation to the
utility grid and developed reactor for smooth compensation capabilities.

The single cored three phase air gaped reactor was designed in order to
achieve sufficient reactive power compensation, low consumption of active power
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and avoiding core saturation. The cores with air gaps are usually used for the re-
actors to avoid their saturation. The theory dedicated to the design of magnetic

materials with the air gap, including the cores of reactors, can be found in (Arab-
Tehrani et al., 2010; Dolan et al., 2012; Dolan & Lehn, 2007; Finotti & Gaio,
2014; Fouda et al., 1993; Kosai et al., 2013; Lotfi & Faridi, 2012; Luo et al.,
2009; Topaloglu, 2016; Wass et al., 2006). Three phase single core El shaped

reactor was designed for total reactive power Q = 4.8 kVAr that corresponds to

RMS of phase current I =7 A for low voltage utility grid phase voltage
|[U[|=230 V. The impedance of the reactor has to be |Z| = % ~ 32 Q. The induc-
tive resistance of the coil is much higher than active, therefore, Z~ X, and the
approximate inductance of the coil can be obtained using equation L = % ~

100 mH, were w is angular frequency of grid voltage. In order to avoid core sat-
uration, the air gaped core has to be used. To obtain the desired inductance of the
reactor, the approximate design parameters of the reactor coil were chosen using
the equation:

NZ-§

L= po I (3.5)
where p, is free space permeability, y; is relative magnetic permeability of iron
core, N is number of turns, S is winding area and | is length of coil.

The parameters of single cored three phase air gaped reactor are presented in
Table 3.1.

Table 3.1. Parameters of a single cored three-phase air gaped reactor

Parameter Value
Relative magnetic permeability of iron core y; 100
Number of turns of coil N 510
Winding area S, cm? 17.6
Length of coil I, cm 10.8
Wire cross-section, mm? 1.8
Inductance of coil at core air gap length d = 0, mH 530
Inductance of coil at d = 6 mm, mH 100
Inductance of coil at d = 10 mm, mH 37
Inductance of coil without core, mH 5.3

Structure and view of designed single core air gaped reactor are presented in
Fig. 3.12.
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The reactive power consumed by the reactor is determined by the duration
the reactor is connected to the grid. This duration can be controlled by variation
of the thyristor firing moment in relation to the grid voltage zero value crossing
moment. Usually this moment is named as thyristor firing angle o and is expressed
in angular degrees. The waveforms of utility grid voltage, reactor current and thy-
ristor firing pulses are given in Fig. 3.13. The obtained results show that the reac-
tive power consumed by the reactor changes in all phases by the same law. The
dispersion of the reactive power between individual phases, which is about 17%,
is caused by the dispersion of parameters of reactor coils. The obtained results
allow us to conclude that TCR compensator based on a single cored three phase
reactor is suitable for the smooth symmetric compensation of reactive power in
all three phases with the appropriate error, determined by the dispersion of param-
eters of reactor coils.

a) b)

Fig. 3.12. Structure and view of a single cored three-phase air gaped reactor: a) structure
of reactor; b) view of reactor

The investigation results prove that TCR technique can be implemented in
low voltage utility grid for symmetric compensation of reactive power with the
appropriate error and that the reactive power consumed by the reactor can be con-
trolled smoothly by control of thyristor firing angle. Additionally, it can be stated
that commutation of the reactor does not introduce any high frequency disturb-
ances of the reactor current and grid voltage (Fig. 3.13). However, for the smooth
control of the reactive power consumed by the reactor, it is necessary to pass the
current only for a certain part of the period. As a result, the reactor current shape
is distorted, resulting in low-frequency harmonics.
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Fig. 3.13. The waveforms of utility grid phase voltage (violet), reactor current (cyan) on
thyristor firing angle (a): a) 95°; b) 110°; c) 140°; d) 160°. Voltage zero crossing is
displayed in yellow, thyristor control signal in green

Spectrum analysis was carried out employing FFT toolbox by importing os-
cilloscope data into Matlab/Simulink. The spectrums are obtained experimentally,
therefore, harmonic 0 can appear because of measurement error or because the
current curve is slightly asymmetric with respect to the time axis, i.e. some DC
bias may exist. The asymmetry can be introduced by nonlinearity of our facility
network, which can be caused by other devices powered from the same network.
The spectrums of reactor current at various thyristor firing angles are presented in
Fig. 3.14 and the total harmonic distortion (THD) — in Table 3.2. When a reactor
consumes a large amount of reactive energy, which requires the current to flow
through the reactor for practically the whole period, the current shape is distorted
little (Fig. 3.14a). However, for the reduction of the consumed reactive energy it
is necessary that the current would flow through the reactor only for part of the
period, so the current shape distortion increases (Figs 3.14c, 3.14d). On the other
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hand, as the current through the reactor decreases, its effect on the overall distor-
tion of the grid current also decreases.
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Fig. 3.14. The spectrums of reactor current at various thyristor firing angles: a) — 95°;
b) — 110°; c) — 140°; d) — 160°. The frequency of fundamental harmonic is 50Hz.

Table 3.2. Total harmonic distortion of single cored three-phase air gaped reactor
current

Thyristor firing angle (x) Total harmonic distortion (THD), %
950 5.2
1100 19.2
1400 36.1
1600 58.3

The next experiment was carried for testing of system capability of reactive
power compensation. For this purpose delta connected capacitors of C = 40 pF
were introduced. Experimental results are presented in Fig. 3.15.
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Fig. 3.15. Waveforms of thyristor controlled reactor: utility grid voltage (magenta),
current (cyan), at different gating angles a: a) 160° (Q = —2,2 kVAr); b) 160°

(Q = —1,5kVAr); c) 130° (Q = 1,1 kvar); d) 100° (Q = 1,3 kVAr);

e) 90°(Q = 1,5 kVAr); f) 140° (Q =~ 0). Zero crossing pulse signal is presented in

yellow, thyristor control signal in green.
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Experimental results prove that there is possibility of reactive power com-
pensation employing thyristor-controlled reactor. It is seen in the waveforms in
Fig. 3.15 that at the gating angle of 140° reactive power is compensated; therefore,
load current is the lowest.

3.4. Development of the Asymmetric
Shunt-Connected Reactive Power Compensator

3.4.1. Test Bench of the Asymmetric Shunt-Connected
Reactive Power Compensator

The block diagram of the experimental test bench for the investigation of the de-
veloped TCR compensator for smooth asymmetric compensation of reactive
power for a low-voltage utility grid is presented in Fig. 3.16. It consists of a three-
phase power supply ([U| = 230V, f = 50 Hz); commutation switches SW1-
SW3; zero crossing circuits for each phase; thyristor switches T1-T3 for each
phase; control block. The test bench was designed for the experimental investiga-
tion of the TCR compensator operation with the three-phase single-cored reactor
and with separate reactors for every phase. Therefore, the single-cored three-phase
Y-connected reactor (L1) with the middle point connected to neutral, three-phase
Y-connected separate phase reactors (L2—L4) with the middle point connected to
neutral and switches SW2 and SW3 for commutation of reactors were included
into the structure of the reactive power compensator. The power quality analyzer
and oscilloscope were used for the measurement of the reactive and active power
and waveforms of utility-grid voltage and current. The investigation was per-
formed in low-voltage lines of the utility for symmetric and asymmetric phase
load reactive power compensation. The A connection of coils as well as Y-con-
nection with an unconnected midpoint were not used because they are not suitable
for asymmetric compensation of the reactive power.

The experimental investigation results of proposed TCR compensator for
smooth asymmetric compensation of reactive power in low voltage utility grid are
presented in this section. Two different topologies of compensator are being in-
vestigated: topology based on a single cored three phase reactor and topology with
separate reactors for the every phase. The main goal of investigations is to prove
the possibility of smooth asymmetric compensation of consumed reactive power
in 3 phase low voltage utility grid using TCR. The experimental test bench of the
TCR compensator with single cored three phase reactor is presented in Fig. 3.17.
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Fig. 3.17. Experimental test bench of the TCR compensator with single cored
three-phase reactor

3.4.2. Investigation of the Compensator based on a Single
Cored Three-Phase Reactor

For this investigation reactor developed in Section 3.2 was employed. The ob-
tained reactive power dependences on the firing angle of thyristors when firing
angles in all three phases are changed simultaneously (case of symmetric com-
pensation) is presented in Fig. 3.18. Next experiment was conducted to determine
whether it is possible to control the consumed reactive power in every phase in-
dependently using single cored three phase air gaped reactor. This is important
because only the possibility of independent consuming of reactive power in each
phase allows us to implement asymmetric compensation. The experiment was per-
formed for the case when the firing angles of two phases were fixed: firing angle
of one phase was fixed at 165° (corresponds to minimal reactive power), while
the firing angle of another phase — at 99° (corresponds to maximal reactive
power). The firing angle of the remaining phase was varied. The obtained depend-
ences are presented in Fig. 3.19. It is seen that variation of firing angle of one
phase changes not just the reactive power of controlled phase but influence the
reactive power of phases with the fixed firing angles.

The nature of reactive power dependences for the phases with the fixed firing
angle depends on the phase sequence. For the one sequence the reactive power is
influenced only in one of the phases with a fixed angle (Figs 3.19a, 3.19b, 3.19c¢).
For another sequence the reactive power of both phases with the fixed firing an-
gles are affected (Figs 3.19d, 3.19¢, 3.19f).
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Fig. 3.18. Dependences of reactive power consumed by single cored three-phase reactor
on firing angle of thyristors

During the next experiment, the firing angles of two phases were varied and
the angle of the remaining phase was fixed. The investigation was performed for
the case when fixed firing angle was set to @ = 165°. Dependences of reactive
power consumed by the single cored three phase reactor on firing angles of two
phases are presented in Fig. 3.20. It is seen that reactive power dependences of the
phases with the variable firing angle strongly differ in spite that the firing angles
of the thyristors are varied simultaneously. This happens due to one phase being
influenced by another through the common core of the reactor.

Summarizing the obtained experimental investigation results, it can be con-
cluded that it is impossible to control the reactive power in every phase inde-
pendently using the compensator based on a single cored three phase reactor. This
happens because phases influence each other truth the common core of the reactor,
therefore separate reactors must be used for each phase for the asymmetric com-
pensation of reactive power in low voltage utility grid.
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Fig. 3.19. Dependences of reactive power consumed by the single cored three phase
reactor on firing angle when the firing angle of one phase is variable and the angles of
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variable; e) firing angle of phase 2 is variable; f) firing angle of phase 3 is variable
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Fig. 3.20. Dependences of reactive power consumed by the single cored three-phase re-
actor on firing angle when the firing angles of two phases are variable and the angle of
the remaining phase is fixed: a) firing angles of phase 2 and phase 3 are variable;

b) firing angles of phase 1 and phase 3 are variable
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3.4.3. Investigation of the Separate Reactors for the Every
Phase based Compensator

Structure and view of the designed air gaped reactor for single phase is presented
in Fig. 3.21. Every single-phase reactor is capable to consume 4.2 kVAr of reac-
tive power, that corresponds to phase current RMS I = 18.5 A for low voltage

utility grid phase voltage |U| = 230 V. Total reactive power of all three reactors

is 12.6 kVAr. The impedance of the reactor has to be |Z| = Wl 12.5 0, induct-

1]
ance L = % ~ 40 mH. The required 40 mH inductance value was achieved by

adjusting the reactor air gap.
31 2

b)

Fig. 3.21. Design and view of a single phase air gaped reactor: a) design of the reactor;
b) view of the reactor
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The parameters of single phase air gaped reactor are presented in Table 3.3.

Table 3.3 Parameters of single phase air gaped reactor

Parameter Value
Relative magnetic permeability of iron core y; 100
Number of turns of coil N 160
Winding area S, cm? 715
Length of coil I, cm 9.0
Wire cross-section, mm? 3.1
Inductance of coil at core air gap length d = 0, mH 256
Inductance of coil at d = 5 mm, mH 40
Inductance of coil at d = 10 mm, mH 18
Inductance of coil without core, mH 2.6

The TCR compensator based on three single-phase air gaped reactors was
investigated experimentally. Firstly, the reactive power dependences on the firing
angle of thyristors when firing angles in all three phases are changed simultane-
ously (case of smooth symmetric compensation) were obtained (Fig. 3.22). It is
seen that the reactive power consumed by the single phase reactors changes in all
phases by the same law. The dispersion of the reactive power between individual
phases was about 3%. Next experiment was performed in the same way as in the
case of TCR based on a single cored three phase air gaped reactor, i.e. the firing
angles of two phases were fixed: firing angle of one phase was fixed at 165°, while
the firing angle of another phase — at 99°. The firing angle of the remaining phase
was varied. The obtained dependences of reactive power consumption of every
phase on firing angle are presented in Fig. 3.23. It is seen that reactive power
consumption of the phase with the variable firing angle has no impact on reactive
power consumption of the remaining two phases with the fixed firing angles.
Therefore, the conclusion can be drawn out: the employment of three single-phase
reactors allows us to control the reactive power in every phase independently and
the compensator with three single-phase reactors is suitable for the smooth asym-
metric compensation of reactive power in low voltage utility grid.

It should be mentioned that investigation also covered the TCR compensator
with A connection of single-phase reactor coils as well as Y connection with un-
connected midpoint, however, the investigation results showed that these topolo-
gies of TCR compensator are not suitable for asymmetric load compensation.
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Fig. 3.23. Dependences of reactive power consumed by each single phase air gaped
reactor on firing angle when the firing angles of two phases are fixed and the angle of
the remaining phase is variable: a) firing angles of phase 2 and phase 3 are fixed at
a = 99° and at a = 164°; b) firing angles of phase 2 and phase 3 are fixed at @ = 164°
and at @ = 99°

3.4.4. Efficiency of Reactors

The dependences of reactive and active power of single cored three phase and
separate phase air gaped rectors were measured by applying symmetric load
(Fig. 3.24). The efficiency of reactors was calculated as a ratio of reactive power
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to total power. Dependencies of reactors efficiency on firing angle are given in
Fig. 3.25.
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Fig. 3.24. Dependences of consumed reactive and active power on firing angle:
a) consumed by the single cored three phase reactor; b) consumed by three single phase
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Fig. 3.25. Dependencies of reactors efficiency on firing angle

It could be observed (Fig. 3.25) that the efficiency of reactors varies from
0.955 to 0.975 when power consumed by the reactors changes from maximal to
minimal value. It is seen that efficiency decreases with increasing of reactive
power (with decreasing of thyristor firing angle). This appears due to the fact that



66 3. ASYMMETRIC SHUNT-CONNECTED REACTIVE POWER COMPENSATOR

as the reactive power increases, the reactor current increases and as a conse-
guence, the active reactor losses increases as well.

3.5. Conclusions of Chapter 3

1. TCR compensators, which typically are used in the high and medium volt-
age utility grid, can be implemented in the low voltage utility grid em-
ploying air gapped reactors using Y connection with connected to neutral
midpoint.

2. Variation of the thyristor firing angle of one phase of a single cored three
phase reactor changes not just the reactive power of controlled phase but
influences the reactive power of phases with the fixed firing angles, there-
fore a compensator with a single cored reactor is not suitable for the asym-
metric compensation of the reactive power.

3. Employment of three single phase air gaped reactors allows us to control
the reactive power in every phase independently, because of this, the de-
veloped TCR compensator based on three single phase reactors is suitable
for the smooth and asymmetric compensation of the reactive power in the
low voltage utility grid.

4. TCR compensator topologies with A connection of coils of single-phase
reactors as well as Y connection with unconnected midpoint are not suit-
able for asymmetric compensation of the reactive power in the low volt-
age utility grid.

5. The developed single cored three-phase reactor and the single-phase reac-
tors are characterized by 0.955-0.975 efficiency. Therefore, developed
single cored reactor and single-phase reactors for each phase are suitable
for efficient reactive power compensation.



General Conclusions

1. The cascaded inverter-based compensator realized using two in series
connected inverters, one of which operates at 50 Hz grid frequency and an-
other one — at 8 kHz frequency using pulse width modulation technique, al-
lows to develop the compensator using the combination of thyristor-based
and MOSFET transistor-based inverters

2. Conventional and cascaded inverter-based reactive power compensa-
tors with the individual inverters for the every phase with neutral connection
are capable to provide asymmetric compensation of reactive power in the low
voltage utility grid.

3. Thyristor controlled reactor based shunt-connected reactive power
compensators, which typically are used in high and medium voltage utility
grid, can be implemented in the low voltage utility grid for the smooth and
asymmetric compensation, employing single-phase air gapped reactors using
Y connection with connected to neutral midpoint.

4. Variation of thyristor firing angle of one phase 90° to 180° of single
cored three phase reactor changes not just the reactive power of controlled
phase but influence the reactive power of phases with the fixed firing angles.
This fact shows that it is impossible to control the reactive power in every
phase independently using thyristor controlled reactor compensator based on

67
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a single cored three phase air gaped reactor, i.e. a compensator with such a
reactor is not suitable for the asymmetric compensation of reactive power.

5. Employment of developed three single phase air gaped reactors allows
us to control the reactive power up to 4 KVAr in every phase independently
with 0.955-0.975 efficiency, i. e. developed thyristor controlled reactor com-
pensator is suitable for the smooth and asymmetric compensation of reactive
power in low voltage utility grid.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Elektros tinkluose tickiama ir vartojama dviejy tipy elektros energija: aktyvioji ir reakty-
vioji. Naudingg darbg atlieka tik vartojama aktyvioji energija. Reaktyvioji energija pul-
suoja tarp elektros energijos saltinio ir reaktyviosios apkrovos ir sukelia nereikalingus
energijos nuostolius. Reaktyvioji galia yra saglygojama tinklo apkrovy, kurios naudoja arba
generuoja ne tik aktyviaja, bet ir reaktyviaja galia. Reaktyviaja galia gali sukurti ir har-
moniniai tinklo srovés iSkraipymai, kuriuos sukelia netiesinés apkrovos. Reaktyvioji galia
padidina srove elektros tinklo perdavimo linijose, kabeliuose, transformatoriuose ir jun-
arba vartojama reaktyvioji energija, elektros tinklas turi bati suprojektuotas didesnei ga-
liai, atsizvelgiant ne tik j aktyviaja, bet ir j reaktyviaja galig. Vartotojai taip pat turi sumo-
keéti elektros tinklams uz reaktyviaja energija.

Mazos, energija | elektros tinklg tiekiancios fotoelektrinés ir véjo jégainés, kuriy
skai¢ius nuolat auga, taip pat gali generuoti reaktyviaja galig Zemos jtampos tinkle.

Apibendrinant, galima suformuluoti Sias, disertacijoje sprendziamas, reaktyviosios
galios kompensavimo Zzemos jtampos tinkluose problemas: reaktyviosios galios tolydaus
kompensavimo problema; reaktyviosios galios asimetrinio kompensavimo problema.

Siekiant i§spresti problema, buvo iskeltos ir patikrintos $ios hipotezés: reaktyviosios
galios kompensatoriai su atskirais klasikiniais ir atskirais kaskadiniais inverteriais kiek-

79



80 SUMMARY IN LITHUANIAN

vienai fazei gali kompensuoti reaktyviaja galig Zemos jtampos tinkle asimetriskai; Reak-
tyviosios galios kompensatorius su vienfaziais reaktoriais, su oro tarpu, yra tinkamas to-
lydziam asimetriniam reaktyviosios galios kompensavimui Zemos jtampos tinkle.

Darbo aktualumas

Elektros energijos kokybé yra strategiskai svarbi, nes ji lemia energijos tickimo pati-
kimuma, efektyvuma ir sauguma. Elektros energijos gamyba, perdavimas ir naudojimas
yra sudétingas procesas, kurio vienas i§ neigiamy reiskiniy, bloginanciy elektros energijos
kokybe, yra reaktyvioji galia. Ji yra nei§vengiama elektros tinkluose ir yra salygojama
apkrovy, kurios naudoja arba generuoja ne tik aktyviaja, bet ir reaktyviajg galig. Siekiant
pagerinti elektros energijos kokybe, labai svarbu kompensuoti reaktyviajg galia, todél re-
aktyviosios galios kompensavimo priemonés yra Vvis labiau naudojamos ir nuolat tobuli-
namos. D¢l §ios priezasties moksliniai tyrimai, skirti pazangiems reaktyviosios galios
kompensatoriams, leidziantiems efektyviai kompensuoti reaktyviaja galig Zemos jtampos
tinkluose, yra aktualgs ir turi praktine verte.

Disertacijoje pateikty rezultaty aktualuma jrodo ir tai, kad $iuos tyrimus inicijavo ir
finansavo aukstyjy technologijy jmoné, kurianti ir gaminanti reaktyviosios galios kom-
pensatorius.

Tyrimo objektas

Disertacijos tyrimy objektas yra tolydas asimetriniai reaktyviosios galios kompensatoriai
zemos jtampos elektros tinklui su inverteriu ir su Suntu.

Darbo tikslas

Darbo tikslas — sukurti reaktyviosios galios kompensatorius tolydziam asimetriniam reak-
tyviosios galios kompensavimui Zemos jtampos elektros tinkluose.

Darbo uzdaviniai

Darbo tikslui pasiekti buvo sprendziami §ie uZzdaviniai:

1. Patobulinti ir pritaikyti kaskadinj inverterj tolydziam reaktyviosios galios kom-
pensavimui zemos jtampos tinkle.

2. Sukurti kompensatorius su atskirais, klasikiniu ir kaskadiniu, inverteriais kiek-
vienai fazei asimetriniam reaktyviosios galios kompensavimui zemos jtampos
tinkle.

3. Sukurti kompensatoriy su Suntu, kuriame naudojamas tiristoriumi valdomas re-
aktorius, tolydziam asimetriniam reaktyviosios galios kompensavimui Zemos
jtampos tinkle.
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Tyrimy metodika

Darbe taikomi analitiniai metodai, modeliavimas ir eksperimentiniai tyrimai. Reaktyvio-
sios galios kompensatoriy modeliavimas atliktas Matlab/Simulink programa. Eksperimen-
tiniai tyrimai atlikti naudojant sukurta kompensatoriaus su $untu tolydZziam asimetriniam
reaktyviosios galios kompensavimui Zemos jtampos tinkle maketa. Kompensatoriaus val-
dymo algoritmai jgyvendinti jterptinéje sistemoje, sukuriant programas FB ir IL progra-
mavimo kalbomis.

Darbo mokslinis naujumas

1. Pasiilyta nauja tolydZziojo asimetrinio reaktyviosios galios kompensatoriaus Ze-
mos jtampos tinklui schema su kaskadiniu inverteriu.

2. Pasillyta nauja tolydziojo asimetrinio kompensatoriaus, sudaryto i$ atskiry kla-
sikiniy inverteriy arba atskiry kaskadiniy inverteriy kiekvienai Zemos jtampos
tinklo fazei, schema.

3. Sukurtas naujas kompensatorius su Suntu, kuriame naudojamas tiristoriu valdo-
mas reaktorius, skirtas tolydZziam, asimetriniam reaktyviosios galios kompen-
savimui Zemos jtampos tinkle.

Darbo rezultaty praktiné reikSmé

Tyrimo rezultatai, pasiekti doktorantiiros procese, buvo pritaikyti jgyvendinant projekta
,Bepakopio reaktyviosios galios kompensatoriaus sukiirimas® Nr. 3400-S510, (2018-
2019) m., kurj vykdé Valstybinio moksliniy tyrimy instituto Fiziniy ir technologijos
moksly centro Elektroniniy sistemy laboratorija. Projektas buvo programos JO5-LVPA-K,
»Intelektas® — Bendrieji mokslo ir pramonés projektai, finansuojamos Lietuvos verslo pa-
ramos agenttros (LVPA), dalis. Projekto partneris buvo UAB ,,Elgama sistemos*.

Ginamieji teiginiai
1. Kaskadinio inverterio pritaikymas, naudojant du nuosekliai sujungtus inverte-
rius, 1§ kuriy vienas veikia tinklo dazniu, 0 kitas — auk$tesniu dazniu, naudojant

ITM metoda, leidZia sukurti kompensatoriy i$ tiristoriy ir MOSFET tranzistoriy
inverteriy derinio.

2. Kompensatoriai su atskirais, klasikiniu ir kaskadiniu, inverteriu kiekvienai fazei
su neutrale, uZtikrina asimetrinj reaktyviosios galios kompensavimg Zemos
itampos elektros tinkle.

3. Kompensatoriai su Suntu, kuriuose naudojamas tiristoriumi valdomas reak-
torius, kurie paprastai naudojami aukstos ir vidutinés jtampos elektros tinkluose,
gali biiti taikomi Zemos jtampos tinkle tolydziam asimetriniam kompensavimui,
naudojant vienfazius reaktorius su oro tarpu, jungiant juos Zvaigzde su neutrale.
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Darbo rezultaty aprobavimas

Disertacijos tema yra atspausdinti 4 moksliniai straipsniai: 3 recenzuojamuose mokslo
zurnaluose ir 1 konferencijy darbuose.
Disertacijoje atlikty tyrimy rezultatai buvo pristatyti 5 mokslinése konferencijose:

— FizTech2015 doktoranty konferencija. Vilnius, 2015;
— FizTech2016 doktoranty konferencija. Vilnius, 2016;

— 20 Lietuvos jaunyjy mokslininky konferencija ,,Mokslas — Lietuvos ateitis*, Vil-
nius, 2017;

— 21 tarptautiné konferencija ,,Electronics 2017, Palanga, 2017;

— 22 Lietuvos jaunyjy mokslininky konferencija ,,Mokslas — Lietuvos ateitis*, Vil-
nius, 2019.

Disertacijos struktira

Disertacijg sudaro jvadas, trys skyriai ir bendrosios i§vados. Darbo pabaigoje pateiktas
literatiiros Saltiniy ir autoriaus publikacijy disertacijos tema sarasas.

Darbo apimtis yra 93 puslapiai, nejskaitant priedy, tekste panaudota 10 numeruoty
formuliy, 52 paveikslai ir 3 lentelés. Rasant disertacija buvo panaudoti 82 literatiiros $al-
tiniai.

1. Reaktyviosios galios kompensatoriy ir jy veikimo principy
apzvalga

Siame skyriuje apZvelgiami reaktyviosios galios kompensatoriy tipai ir jy savybés. Pir-
moje skyriaus dalyje analizuojami reaktyviosios galios kompensavimo biidai ir skirtingos
reaktyviosios galios kompensatoriy su inverteriais schemos. Antroje apzvalgos dalyje ap-
raSomi reaktyviosios galios kompensatoriai su Suntu. Pateikiamos pirmojo skyriaus i§va-
dos ir suformuluojamos disertacijos uzduotys.

Reaktyviaja galig tickia arba vartoja elektros tinkly apkrovos, kurias sudaro ne tik
aktyvioji, bet ir reaktyvioji dedamosios. Reaktyvioji galia veikia kaip papildoma tinklo
apkrova, kuri neatlieka naudingo darbo, todél jg reikia kompensuoti. Reaktyviaja galia
sukuria induktyviosios ir talpinés apkrovos, taip pat netiesinés apkrovos. Reaktyviaja galia
taip pat gali generuoti prie elektros tinklo prijungtos fotoelektrinés ir véjo jégainés, kuriy
skai¢ius nuolat auga. Reaktyvioji galia atsiranda, kai tarp jégainés tiekiamos j tinklg srovés
ir tinklo jtampos yra fazés poslinkis. Reaktyvioji galia matuojama reaktyviaisiais Volt-
Amperais (VAR).

Didelé¢ dalis elektros tinkly apkrovy yra induktyviojo pobuidzio, pavyzdziui, elektros
varikliai, transformatoriai, indukcinio §ildymo priemonés. Todél jprastoje reaktyviosios
galios kompensavimo sistemoje zemos jtampos elektros tinkle taikomos kondensatoriy
baterijos, padalintos j pakopas, prijungtas prie elektros tinklo lygiagreciai. Pagrindinis
kompensatoriy, pagristy kondensatoriy baterijomis, triikumas yra tai, kad kondensatoriy
banko sukuriama reaktyvioji galia kei¢iama diskretiskai, t. y. néra galimybés visiskai su-



SUMMARY IN LITHUANIAN 83

kompensuoti reaktyviosios galios. Taip pat Sie kompensatoriai gali kompensuoti tik simet-
rines induktyviasias apkrovas, taciau reaktyviosios tinklo apkrovos daznai yra asimetringés,
t. y. kiekvienoje fazéje skirtingos.
Tolydziam reaktyviosios galios kompensavimui taikomi dviejy tipy kompensatoriai:
1. Reaktyviosios galios kompensatoriai su inverteriu.

2. Reaktyviosios galios kompensatoriai su Suntu, kuriuose naudojamas tiristoriumi

valdomas reaktorius.

Reaktyviosios galios kompensatoriai, sukurti naudojant inverterj yra vadinami stati-
niais kompensatoriais (angl. STATCOM). Jy veikimo principas yra paremtas inverteriu,
kuris veikia kaip jtampos Saltinis. Inverteriu, naudojant impulsy trukmés moduliavimo
(ITM) metoda, sukuriama kintamoji jtampa, sinchronizuota su tinklo jtampa (PQC-
STATCON, 2011; Yan, 2015). Priklausomai nuo jtampos amplitudés, toks kompensato-
rius tolydziai kompensuoja induktyvigja arba talpuming reaktyviaja galia. Talpuminé re-
aktyvioji galia tiekiama, jei inverterio jtampos amplitudé yra didesné uz elektros tinklo
jtampos amplitude. Jei inverterio teikiama jtampos amplitudé yra mazesné nei elektros
tinklo jtampos amplitudé — vartojama induktyvioji reaktyvioji galia. Jei inverterio jtampos
amplitudé lygi elektros tinklo jtampos amplitudei reaktyvioji galiai néra tiekiam ar varto-
jama. Reaktyviosios galios kompensatoriaisu inverteriu gali greitai reaguoti j tinklo elekt-
ros tinklo poky¢ius ir visiSkai sukompensuoti reaktyviosiaja galiag. Pagrindinis trakumas
yra tas, kad reaktyviosios galios kompensatoriai su inverteriu negali kompensuoti asimet-
riniy reaktyviyjy apkrovy.

Reaktyviosios galios kompensatoriai su Suntu yra paremti kondensatoriy baterijos
naudojimu, kuri yra skirta diskre¢iam reaktyviosios galios parinkimui ir tiristoriu val-
domu reaktoriumi — tolydziam reaktyviosios galios priderinimui. Tiristoriu valdomu reak-
torimi vartojama reaktyvioji galia valdoma kei¢iant reaktoriaus prijungimo prie tinklo
kiekvieno jtampos pusperiodZio metu trukme. Reaktyviosios galios kompensatoriai su
Suntu yra pigesni, palyginti su kompensatoriais su inverteriais be to, jie gali kompensuoti
asimetrines apkrovas, ta¢iau tokie kompensatoriai yra sukurti tik auks$tos ir vidutinés j-
tampos elektros tinklams. (Dixon et al., 2005; Gayatri et al., 2018; D. I. Panfilov & El-
Gebaly, 2016; Sethi et al., 2014).

Energijos perdavimo schema tarp inverterio ir tinklo yra sudaryta i§ dviejy jtampos
Saltiniy, i§ kuriy vienas tiekia energija, kitas ja vartoja. [tampos $altiniai negali buti jun-
giami tiesiogiai, todél jungiami per induktyvuma. Supaprastinta perdavimo schema pa-
teikta S1.1 paveiksle.

L

[

S1.1 pav. Supaprastinta energijos perdavimo tarp dviejy jtampos $altiniy schema
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I tinkla tiekiamg energija galima valdyti dviem buidais: keiciant inverterio jtampos
amplitudg, arba keiiant jtampos fazés kampa tarp jtampy J. Aktyviosios galios (P) ir re-
aktyviosios galios (Q) vertés apskai¢iuojamos naudojant formule (Haykin & Van Veen,
2003; Rozanov et al., 2016):

V1V, sin & iV 5-V#
p = 12X51n ,Q= 12‘3‘;(S 2 (1.1)

Galima pastebéti, kad P ir Q yra tarpusavyje susjjusios. Ta¢iau tam tikromis aplin-
kybémis jos gali biiti atsietos. Darant prielaida, kad J yra labai mazas (abiejy jtampy fazés
praktiSkai sutampa), tuomet gauname:

sind = §, kaid —» O;
cosd =1, kaid - 0. (1.2)

Istadius gautas reik§mes j (1.1), gaunamos naujos P ir Q iSraiskos:

Ple—Vza, kai 6 » O;
X
_y2
Q~22 kai§ - 0. (1.3)

I$ (1.3) matyti, kad reaktyvioji galia priklauso nuo i§¢jimo jtampos amplitudés. Kai
v, > V,, reaktyviojigaliaQ < 0, jeiV; < V,, reaktyviojigalia Q > 0,t.y., priklausomai
nuo reaktyviosios galios kompensatoriaus inverterio jtampos amplitudés, kompensatorius
veikia kaip talpuminé, arba kaip induktyvioji apkrova. Akivaizdu, kad P = 0, kai § labai
mazas, todél inverteris gali kompensuoti reaktyviaja galia su mazais aktyviosios galios
nuostoliais.

Reaktyviosios galios kompensatoriai su Suntu uztikrina tolydy reaktyviosios galios
kompensavimg ir yra naudojami aukstos ir vidutinés jtampos elektros tinkle. Kompensa-
torius su Suntu sudaro $ie elementai: tiristoriumi jungiamas kondensatorius ir tiristoriu
valdoms reaktorius, kurie yra jungiami lygiagreéiai (S1.2 pav.).

S1.2 pav. Reaktyviosios galios kompensatorius su Suntu elektriné schema

Sis metodas suteikia galimybe vartoti reaktyviaja elektros tinklo galig tiristoriu val-
domu reaktoriumi, o jg tiekti tiristoriu jungiamu kondensatoriumi. Tiristoriu jjungiamas
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kondensatorius turéty buiti jungiamas tinklo jtampai kertant nuling verte — taip Sumaznama
komutavimo srové ir iSvengiama trikdziy. Tiristorius i$sijungia automatiskai, kai tiristo-
riaus srové nukrenta Zemiau atidarymo srovés vertés.

Tiristoriu valdomo reaktoriaus induktyvumas kei¢iamas tiristoriaus atidarymo laiko
momentg (atidarymo fazés kampa) (angl. firing angle).

I§ literattiros apzvalgos matyti, kad reaktyviosios galios kompensatoriai su Suntu, tik
simetriniam reaktyviosios galios kompensavimui ir yra praktiskai taikomi tik aukstos ir
vidutiné jtampos tinkluose. (Acha, 2002; Cerfian & Tlusty, 2015; Chang & Liao, 2017;
Dixon et al., 2005; Farkoush et al., 2016; Fuchs & Masoum, 2011; Hong Hu et al., 2015;
Igbinovia et al., 2015; Ilisiu & Dinu, 2019; Liberado et al., 2013; Liu et al., 2016; Mathur
& Varma, 2002; Padiyar, 2007; D. I. Panfilov et al., 2017a, 2017b; Dmitry I. Panfilov
et al., 2019; Rahmani et al., 2014; Tehrani et al., 2011; Tokiwa et al., 2017).

Remiantis disertacijoje atlikta reaktyviosios galios kompensatoriy ir jy veikimo prin-
cipy apzvalga, suformuluotas disertacijos tikslas ir sprendziami uZdaviniai.

2. Asimetriniai reaktyviosios galios kompensatoriai su
inverteriu

Siame skyriuje aprasomas reaktyviosios galios kompensatorius, sukurtas naudojant kas-
kadinj inverterj, kuriame panaudota tiristorinio ir tranzistorinio inverteriy kombinacija.
Taip pat pateikiami sitilomi kompensatoriai asimetriniam reaktyviosios galios kompensa-
vimui su atskirais kiekvienai fazei klasikiniu arba kaskadiniu inverteriais. Gauti rezultatai
paskelbti dviejuose publikacijose (Sapurov, Dervinis, et al., 2020; Sapurov et al., 2017).

Kaskadiniai inverteriai yra pla¢iai naudojami varikliy pavarose. Siame darbe kaska-
dinj inverterj sitiloma taikyti reaktyviosios galios kompensavimui. Kaskadinio inverterio
i§¢jimo jtampa formuojama naudojant du nuosekliai sujungtus inverterius (S2.1 pav.). Pir-
masis inverteris veikia tinklo jtampos dazniu, t. y. Zemu perjungimo dazniu, o antrsis -
auk$tu dazniu. Pirmojo inverterio suformuotos staciakampio impulso formos jtampos
spektras turi ne tik pirmajg bet ir aukStesnigsias harmonikas. Antrasis inverteris, veikiantis
aukstu dazniu, naudojant ITM metods, naudojant sudarytg inverterio rakty valdymo al-
goritmg, formuoja jtampa kurios spektre esan¢ios harmonikos eliminuoja aukstesnigsias
harmonikas i§ pirmojo inverterio formuojamos jtampos spektro. Tokiu btidu suformuo-
jama sinuso formos kompensatoriaus jtampa. Reikalinga aukstesniyjy dazniy harmoniniky
amplitudé yra Zymiai mazesné uz pagrindinés harmonikos amplitudg, todél antrasis inver-
teris gali biti maitinamas santykinai zema jtampa. Tuo tarpu pirmasis inveteris turi bati
maitinamas aukstesne jtampa, kuri atitinka elektros tinklo jtampos amplitude. Kadangi
pirmojo inverterio rakty komutavimo daznis yra zemas, tradiciskai inverteriuose naudoja-
mus IGBT tranzistoriy raktus galima pakeisti tiristoriniais raktais, kuriy atviro rakto varza
yra zymiai mazesné uz IGBT tranzistoriy. Antrajai pakopai gali buti naudojami Zemos
itampos auksto daznio MOSFET tranzistoriai, pasiZzymintys maZza atviro tranzistoriaus
varza ir mazais perjungimo nuostoliais. Tokiu biidu sukurtas kompensatorius pasizymi
mazesniais galios nuostoliais, lyginant su klasikiniu, realizuotu naudojant IGBT tranzis-
torius.

Kuriant kompensatoriy, buvo tiriamas pirmojo inverterio generuojamo staciakampio
jtampos impulso ir jo srovés spektras. Rezultatai pateikti S2.2 paveiksle.
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Tiriamasis kompensatorius su kaskadiniu inverteriu gali kompensuoti talping ir in-
duktyviajg reaktyviaja galig iki Q = 4 kVAr. Elektros tinklo jtampa ir srové bei srovés
spektras pateikiami S2.4 paveiksle. Matome, kad S2.4 pav. a) maitinimo srové yra talpu-
miné, o S2.4 pav. b) induktyvioji. Srovés netiesiniai iSkraipymai, kai reaktyviosios galios
kompensatorius veikia kaip talpuminé apkrova, yra didesni, palyginti su tuo atveju, kai jis
veikia kaip induktyvioji apkrova (atitinkamai 4,9 % ir 1,7 %).
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S2.3 pav. Inverterio i$éjimo jtampa srové ir jy spektrai taikant harmoniky eliminavima iki
22-osios harmonikos: a) srové; b) jtampa; c¢) jtampos spektras; d) srovés spektras
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a) kai kompensatorius veikia kaip induktyvioji apkrova b) kai kompensatorius veikia kaip
tapluminé apkrova
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S2.5 pav. Reaktyviosios galios ir netiesiniy iSkraipymy priklausomybés nuo inverterio is¢jimo
jtampos amplitudés su harmoniky eliminavimu iki 22-0sios harmonikos

Rysys tarp kompensatoriaus vartojamos ar tickiamos reaktyviosios galios ir netiesi-
niy iskraipymy yra pateikiamas S2.5 paveiksle. Kompensatoriaus vartojamos ar tiekiamos
reaktyviosios galios verté kinta kei¢iant kompensatoriaus i§¢jimo jtampos amplitude. Ga-
lima pastebéti, kad didziausia harmoniniy iSkraipymy verté yra pasickiama, kai kompen-
satoriaus tiekiama reaktyvioji galia yra minimali. I$kraipymai mazéja, kai padidéja abso-
liuti reaktyviosios galios verté.

Asimetriniai trijy faziy kompensatoriai su atskirais inverteriais kiekvienai fazei. Pa-
sitilytos dvi kompensatoriy schemos: kompensatoriai su atskirais klasikiniais inverteriais
kiekvienai fazei ir kompensatoriai su atskirais kaskadiniais inverteriais kiekvienai fazei.

Klasikinis inverteris yra placiai taikomas galios elektronikoje, taip pat ir reaktyvio-
sios galios kompensatoriuose (Neves et al., 2009; Rozanov et al., 2016). Nepaisant to,
asimetriniai reaktyviosios galios kompensatoriai su atskirais klasikiniais inverteriais kiek-
vienai fazei néra gaminami. Sitilomo asimetrinio reaktyviosios galios kompensatoriaus su
atskirais klasikiniais inverteriais kiekvienai fazei schema yra pateikiama S2.6 paveiksle.
Sis kompensatorius sudarytas i$ trijy nepriklausomy vienfaziy klasikiniy inverteriy, su-
jungty zvaigzde su neutrale.

Kitas sitilomas kompensatorius sudarytas i§ atskiry kiekvienai fazei kaskadiniy in-
verteriy. Kiekviena kaskadinio inverterio pakopa maitinama izoliuotu jtampos Saltiniu.
Toks inverteris tiekia septyniy lygiy i§éjimo jtampa. Norint sumazinti perjungimo nuos-
tolius, didzioji dalis galios sukuriama pirmajame inverteryje veikianc¢ioje Zemu dazniu, o
antrsis inverteris eliminuoja mazesnés galios harmonikas, veikdamas santykinai aukstu
dazniu. Asimetrinio reaktyviosios galios kompensatoriaus su atskirais kaskadiniais inver-
teriais kiekvienai fazei schema pateikta S2.7 paveiksle.
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Asimetriniai reaktyviosios galios kompensatoriai su atskirais inverteriais kiekvienai
fazei buvo istirti modeliuojant. Pradiniu momentu kompensatoriai yra i§jungti, elektros
tinkle néra reaktyviyjy apkrovy. Véliau kiekvienai fazei po vieng prijungiamos skirtingos
reaktyviosios apkrovos: —4,4 KVAr pirmajai fazei; 2,0 KVAr antrajai fazei; 3,0 KVAr tre-
Ciajai fazei. Kompensatorius sureguliuotas taip, kad reaktyviosios galios kompensavimas
kiekvienoje fazéje prasideéty praéjus 0,04 s po reaktyviosios apkrovos prijungimo. Perei-
namieji abiejy procesai abiejy tipy kompensatoriams pateikiami S2.8 paveiksle.
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S2.8 pav. Pereinamieji reaktyviosios galios procesai: a) kai taikomas kompensatorius su atskirais

inverteriais kiekvienai fazei

Paveiksle matyti, kad reaktyviosios galios kompensavimas bet kurioje fazéje neturi
jokios jtakos reaktyviosios galios kompensavimui kitose fazése. Pereinamojo proceso
trukmé, per kurj visiSkai sukompensuojama reaktyvioji galia, yra 0,12-0,22 s. Kadangi
kompensuojama kiekvienoje fazéje reaktyvioji galia skiriasi, galima daryti iSvada, kad abu
pasitilyti asimetriniai reaktyviosios galios kompensatoriai su atskirais inverteriais kiekvie-
nai fazei yra tinkami asimetriniam reaktyviosios galios kompensavimui.

3. Asimetriniai reaktyviosios galios kompensatoriai su Suntu

Siame skyriuje pateikiami tolydZiyjy asimetriniy reaktyviosios galios kompensatoriy su
Suntu zemos jtampos tinklui, tyrimo rezultatai. Siilomas kompensatorius buvo tiriamas
eksperimentiskai, naudojant pagaminta tyrimy maketa. Gauti rezultatai paskelbti dvie-
juose publikacijose (Sapurov, Bielskis, et al., 2020; Sapurov, Bleizgys, et al., 2020).

Tyrimy maketo, skirto iStirti sukurtg asimetrinj reaktyviosios galios kompensatoriy
su Suntu struktiiriné schema pateikiama S3.1 paveiksle.

Tyrimy maketo schema sudaro trifazis maitinimo Saltinis (U] = 230V, f =
50 Hz); komutaciniai jungikliai SW1 — SW3; nulio aptikimo grandinés kiekvienai fazei;
tiristoriniai jungikliai T1 — T3 kiekvienai fazei; valdymo blokas. Maketas skirtas reakty-
viosios galios kompensatoriy su Suntu, naudojant trifazj reaktoriy su bendra Serdimi su oro
tarpu ir naudojant atskirus reaktorius su Serdimi su oro tarpu kiekvienai fazei, tyrimui.
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Buvo suprojektuoti ir pagaminti trifazis reaktorius su bendra Serdimi (L1) sujungtas
zvaigzde su neutrale ir trys atskiri vienfaziai reaktoriai su Serdimis su oro tarpu (L2 — L4),
sujungti zZvaigzde su neutrale. Tyrimy maketas pateikiamas S3.2 paveiksle.
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S3.1 pav. Asimetriniy reaktyviosios galios kompensatoriy su Suntu tyrimy maketo strukttriné
schema
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S3.2 pav. Asimetriniy reaktyviosios galios kompensatoriy su Suntu tyrimy maketas
Matuojant tinklo jtampa ir sroveg bei reaktyviaja ir aktyviaja galias buvo naudojamas

galios analizatorius ir oscilografas. Tyrimai atlikti Zemos jtampos tinkle su simetrinémis
ir asimetrinémis reaktyviosiomis faziy apkrovomis. Trikampiy jungti reaktoriai ir
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zvaigzde jungti reaktoriai be neutralés nebuvo tiriami, nes esant Siam jungimo btudui ne-
asimetrinis reaktyviosios galios kompensavimas nejmanomas.

Tyrimams suprojektuotas ir pagamintas vienfazis reaktorius, $erdimi su oro tarpu gali
kompensuoti Q = 4,2 kKVAr reaktyviaja galia, kurig zemosios jtampos tinkle |U| = 230 V
atitinka faziné srove, kurios efektiné verté yra I = 18,5 A. Bendra visy trijy reaktoriy
kompensuojama reaktyvioji galia yra Q = 12,6 kVAr. Reaktoriaus pilnutiné varza |Z| =
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S3.4 pav. Reaktoriaus su Suntu kompensuojamos reaktyviosios galios priklausomybé nuo tiristoriy
atidarymo kampo
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S3.5 pav. Sukurto kompensatoriaus su Suntu kompensuojamos reaktyviosios galios priklausomybé
nuo tiristoriaus atidarymo fazés kampo, kai dviejy faziy tiristoriy atidarymo kampai yra pastovis,
o vienos fazes tiristoriaus atidarymo kampas kei¢iamas

Kompensatorius su Suntu, kuriame naudojami trys atskiri reaktoriai kiekvienai fazei
buvo istirtas eksperimentiskai. Visy pirma buvo tiriama reaktyvioji priklausomybé nuo
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tiristoriy atidarymo fazés kampo, kai visy faziy tiristoriy atidarymo kampai vienodi (si-
metrinis reaktyviosios galios kompensavimas). Tyrimy rezultatai pateikiami S3.4 pa-
veiksle. Kitas eksperimentas buvo atliktas, kai vienos fazés tiristoriaus atidarymo kampas
keiciamas, o kity dviejy faziy tiristoriy atidarymo kampai fiksuoti ties 165 © ir 99 ° (S3.5
paveikslas). Matyti, kad vienos fazés kuriama reaktyvioji galia neturi jtakos kity faziy re-
aktyviajai galai. Todél galima teigti, kad: trijy vienfaziy reaktoriy panaudojimas leidzia
nepriklausomai valdyti kiekvienos fazés reaktyviaja galia, o kompensatorius su trimis
vienfaziais reaktoriais yra tinkamas tolydZziam asimetriniam reaktyviosios galios kompen-
savimui Zemos jtampos tinkle.

Bendrosios iSvados

1. Kaskadinis inverteris sudarytas i§ dviejy nuosekliai sujungty inverteriy, i§ kuriy
vienas veikia 50 Hz dazniu, o kitas — 8 kHz daZniu, taikant impulso trukmeés
moduliacijg, leidZia sukurti kompensatoriy naudojant tiristoriniy ir MOSFET
rakty derinj.

2. Atskiry inverteriy kiekvienai fazei kompensatoriai, jgyvendinti taikant klasikinj
ir kaskadinj inverterius su prijungta neutrale, leidzia reaktyviaja galig Zemos
jtampos elektros tinkle kompensuoti asimetriskai.

3.  Kompensatoriai su Suntu, kuriuose naudojamas tiristoriu valdomas reaktorius,
kurie paprastai naudojami aukstos ir vidutinés jtampos elektros tinkluose, gali
biiti jdiegti Zemos jtampos tinkle tolydziam asimetriniam kompensavimui, nau-
dojant vienfazius reaktorius su oro tarpu, jungiant juos Zvaigzde su neutrale.

4. Taikant kompensatoriuje su Suntu trifazj reaktoriy su bendra Serdimi, kei¢iant
vienos fazés tiristoriaus atidarymo kampa nuo 90° iki 180°, kinta ne tik kont-
roliuojamos fazés, bet ir kity faziy reaktyvioji galia. Tai jrodo, kad nejmanoma
valdyti reaktyviosios galios kiekvienoje fazéje atskirai, naudojant tiristoriumi
valdomag reaktoriy su bendra Serdimi, t. y., kompensatorius su tokiu reaktoriumi
néra tinkamas asimetriniam reaktyviosios galios kompensavimui.

5. Sukurtas reaktyviosios galios kompensatorius su trimis vienfaziais reaktoriais
leidzia valdyti reaktyviaja galig iki 4 KVAr su 0,955-0,975 naudingumo koefi-
cientu kiekvienoje fazéje nepriklausomai. Tai jrodo, kad trijy vienfaziy reak-
toriy pagrindu sukurtas kompensatorius yra tinkamas tolydziam asimetriniam
reaktyviosios galios kompensavimui Zemos jtampos tinkle.
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