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ABSTRACT

KEYWORDS: Distribution Static Compensator (DSTATCOM); distribution sys-
tem; energy management; harmonics; LCL-filter; power qual-
ity; reactive power; solar photo-voltaic; switching losses; voltage

source converter; voltage stress.

In present day, major power consumption loads on distribution system have been reac-
tive in nature, such as fans, pumps, motor drives and power electronic converters. The
excessive reactive power consumption results of low power factor and poor voltage reg-
ulation and which reduces the active power flow capability in the distribution system.
Moreover, the proliferation of power electronic devices in the distribution system wors-
ens the operating conditions and leads to power quality problems. The major power
quality issues in the three-phase distribution system are current harmonics, voltage har-
monics, reactive power consumption, load unbalancing and excessive neutral current.
Harmonic regulation guidelines such as IEEE 519-1992 and IEC 61000 are applied to
limit the current and voltage harmonic levels. To satisfy these guidelines, the harmonics
must be mitigated by using harmonic filters. Passive and active filters are used either
together to form hybrid filters or on an individual basis to mitigate harmonics. In re-
cent years, with the advent of sophisticated electrical and electronic equipment, Power
Quality (PQ) has become an issue of concern and extensive research is being done to

improve power quality.

A promising group of solutions that deals with power quality problems in the distribu-
tion system are Custom Power Devices (CPDs). The family of CPDs includes Dis-
tribution Static Compensator (DSTATCOM), Dynamic Voltage Restorer (DVR) and
Unified Power Quality Conditioner (UPQC) which are used for compensating power
quality problems. Among these members, DSTATCOM is a shunt connected device,
which mitigates current related power quality problems. In this thesis, an attempt has
been made to develop a split-capacitor DSTATCOM for power quality improvement in

three-phase four-wire (3P4W) distribution system.
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It is well known that high performance and cost-effective converter are a prerequisite
for the realization of DSTATCOM. These converters can be broadly categorized into
two classes, namely, Voltage Source Converter (VSC) and Current Source Converter
(CSC). The discussion about the performance of the VSC and CSC as a power circuit
of DSTATCOM is beyond the scope of this thesis. In the present work, VSC has been
considered as a power circuit for DSTATCOM as it has higher market penetration and

more noticeable development over the last decades, in comparison to CSC topologies.

In the present work, DSTATCOM has been used to mitigate harmonics, reactive power
compensation and balancing of three-phase source currents. A new methodology is
proposed to improve the performance of DSTATCOM with more appropriate design
of dc-link voltage. For that, a reference dc-link voltage is derived based on the load
operating point. With this approach, the switch voltage stress and switching losses are
reduced when compared to conventional fixed dc-link voltage method. The switching
losses in the proposed method are calculated and are compared with conventional fixed
dc-link voltage method. The proposed variable dc-link voltage method is validated by

simulation and experimental studies.

An attempt has been made to reduce the required value of interfacing inductance in
DSTATCOM applications, since it makes the system bulky and expensive. For that
an LCL-filter based DSTATCOM is implemented based on switching dynamics, which
improves DSTATCOM performance. In addition to current control, the application of
LCL-DSTATCOM has been extended to voltage control intended for voltage regulation

at PCC. The proposed method is validated by simulation and experimental studies.

The method which is available in the literature to reduce the rating of VSC is a LC-filter
based DSTATCOM topology. In which, an ac-capacitor is connected in series with the
interfacing inductor. The series ac-capacitor supports the inverter voltage such that the
dc-link voltage requirement is reduced. The amount of dc-link voltage required depends
on series ac-capacitor voltage, which indeed depends on the current flowing through the
capacitor. In existing methods, the dc-link voltage is fixed even through ac-capacitor
voltage is varied, which leads to more voltage drop across interfacing inductor, results
in degrading the performance of DSTATCOM. A new methodology is proposed, in
which the dc-link voltage requirement corresponding to ac-capacitor voltage support is

calculated and it has been maintained, such that the performance is improved.
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An attempt has been made to integrate Solar Photo-voltaic (SPV) to grid by DSTAT-
COM. In general, the SPV is integrated with grid through a DC-DC converter and
VSC, which is named as two-stage conversion. In view of efficiency of system, the
single-stage conversion becomes more popular and in which Maximum Power Point
Tracking (MPPT) of SPV and real power injection are achieved with VSC alone. But,
if single-stage conversion system consists of Battery Energy Storage (BES) on dc-side
of VSC, then to achieve simultaneous operation of MPPT and real power injection,
a co-ordination control is required. In the proposed single-stage grid connected SPV
and BES system a co-ordinate control is implemented along with energy management.
In this method, the algorithm coordinates VSC and BES system based on the State of
Charge (SoC) of the battery and available SPV power so that MPPT and power injec-
tion are achieved simultaneously. The proposed method not only injects real power, but
also compensates reactive power and mitigate harmonics. Further, an active rectifica-
tion operation during non-SPV hours is achieved. The multi-functional features of the
proposed method are explained using simulation studies and are also validated through

experimental studies.
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CHAPTER 1

INTRODUCTION

This chapter introduces the research work. It starts with a brief background to foremost
power quality problems in distribution system. Then, the solutions to the power quality
problems have been discussed, through which DSTATCOM is selected as a compen-
sator in distribution system. Next, motivations, objectives, and organization of thesis

are explained.

1.1 General Overview

In alternating current (AC) power system, the term Power Quality (PQ) is used to esti-
mate and maintain the quality of power at the level of generation, transmission, distri-
bution, and utilization. The quality of power is quantified in terms of voltage, current
and frequency deviation of the supply system. Typically, voltage related power quality
problems at the point of common coupling (PCC) consist of voltage sag, swell, harmon-
ics, surge, fluctuations, notches, voltage unbalance, glitches, spikes, flickers, outages,
and so on, while current related PQ problems are poor power factor, current unbalance,
an excessive neutral current due to unbalance, and harmonic currents generated by non-
linear loads. Some of the reasons for power quality problems in AC power system are

summarized below.

e Operation of non-linear loads such as adjustable speed drives (ASDs), uninter-
rupted power supplies (UPSs), switched mode power supplies, arc furnaces, high

efficiency lighting.

e Natural reasons include flashover, lightning phenomena, fault conditions, and

failure of electrical equipment (e.g. electrical cables and transformers).

e Unequal distribution of all single-phase loads among the three-phases of distribu-

tion system.



e Energization of large capacitor banks and transformers.

e Frequent switching or start and stop of large loads such as electric motors and

oscillating loads.

Due to power quality issues, the following problems occur in AC distribution power

system:

e Increased losses in the distribution system

e Excessive current due to resonance

e Negative sequence currents in generators and motors

e Failure of capacitor banks

e Opverheating of cables and transformers

e Interference with communication systems

e Relay and breaker malfunctions due to signal interference, false metering, inter-

ferences with the motor controllers and digital controllers

e Dielectric breakdown, noise and vibrations.

The severity of PQ problems is much more at the utilization level, therefore the study
of PQ becomes an important area in electrical engineering, especially in distribution
system. These power quality problems become more serious with the use of solid-state
devices, which cannot be dispensed due to the benefits of size reduction, ease of control,
and other reduced maintenance requirements in modern electric equipment. However,
the adverse effects of power quality issues in terms of cost is very high in distribu-
tion system [I]—[B]. Therefore, it has created a great challenge to both manufacturers
and the electric utilities. The manufacturers must develop electric equipment, which
must be immune to or override the power quality disturbances and the utilities must
supply good quality power to consumers for satisfactory operation of their equipment.
For completeness, the current related power quality problems, such as reactive power

burden, current harmonics and excessive neutral current are briefly discussed below.



1.1.1 High reactive power demand

In distribution system, some loads demand high reactive power for successful operation.
When enough reactive power is not available in the system, it is not possible to transfer
the real power demanded by the loads through feeder lines [4]. Some of the loads,

which demand high reactive power in distribution system are:

e Phase-controlled rectifiers
e Motors
e Transformers, tap-changing transformers

e Choke inductors of loads

Due to high reactive power demand, the following problems are associated in the dis-

tribution system.

e Losses will be more in the distribution system
e Low efficiency owing to more losses

e Low power factor and poor voltage regulation

1.1.2 Effect of current harmonics

Harmonics are basically the additional frequency components present in the fundamen-
tal voltage or current and which are integral multiples of the fundamental frequency.
Harmonics are produced by operating non-linear loads in the distribution system. Some
sources of harmonics are rectifiers, cycloconverters, ac voltage controllers, adjustable
speed drives, soft starters, electronic ballast for discharge lamps, switched-mode power
supplies and HVDC transmission. The harmonic distortions change the sinusoidal na-
ture of the ac current, and results in disruption in the ac distribution power system. It
causes interference with communication system, damages capacitors, and causes mal-
function of other electrical and electronic equipments connected to the same system [5],
[6]. The maximum acceptable values of harmonic contamination are specified in Insti-
tute of Electrical and Electronics Engineers (IEEE) standard in terms of total harmonic

distortion (THD) and Total Demand Distortion (TDD).



1.1.3 Effect of excess neutral current

In many residential and office buildings, power is supplied from a three-phase four-
wire (3P4W) distribution system [[Z]. The unequal distribution of single-phase loads
among three-phases create unbalance in the system and results of excessive neutral cur-
rent flow. The equipment, which produce neutral currents are switched-mode power
supplies, such as PCs, printers, photocopiers, and any triplets generator [K]. Neutral
current seriously affects the neutral conductor temperature and overloading of distribu-
tion feeders and transformers. Some temporary solutions for handling excess neutral
current are, 1) over sizing the neutral conductor, 2) derating of distribution feeders and

transformers and 3) providing separate neutral conductor.

Due to the above discussed power quality problems, there are distortions and devia-
tions in the various electrical quantities, such as voltage, current and power factor. To
limit the level of deviation and distortion, several standards have been developed, rec-
ommended, and enforced depending upon the evolution of technology to maintain and

quantify the level of power quality.

1.2 Power Quality Standards

Power quality problems affect customers in many ways, such as equipment failure,
economic penalty due to power loss, interruption in the process, malfunction of equip-
ment and loss of production. In view of these facts, various terms and definitions are
used to quantify the power quality problems in terms of different performance indices.
Moreover, various organizations at national and international levels have been working
closely with engineers, equipment manufactures, and research organizations to come
up with standards governing guide lines, recommended practices, and harmonic lim-
its [6]. The primary objective of the standards is to provide a common ground for all the
parties involved to work together to ensure compatibility between the end-user equip-
ments and the supply system. The most commonly used harmonic standards are IEEE-
519-1992 [9], International Electrotechnical Commission standard IEC-61000 [10] and
European standard EN-50160. IEEE-519-1992 standard limits the amount of current
harmonics injected by a user at the Point of Common Coupling (PCC) [9]. For exam-

ple, the IEEE-519-1992 standard recommends a limit of 5% Total Harmonic Distortion
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(THD) in the current at the PCC in a weak system.

1.3 Solution for Power Quality Problems

Electricity consumers are affected in many ways due to low quality power. This causes
damage to the equipment or appliances connected to the system, loss of production and
sometimes may also be detrimental to human health. Therefore, it is very important
to maintain good power quality in the distribution system. Researchers all over the
world have worked for decades and provided solutions for power quality problems. In
earlier, passive filters are used as solution for PQ problems in distribution system. But,
in general, the operating load in distribution system changes frequently, during which
passive elements do not respond correctly. In recent years, due to easy control and
reduced cost of semiconductor devices, power electronic converters are an affordable

solution for power quality problems.

1.3.1 Passive power filters

Passive power filters consist of inductors, capacitors, and resistors, and they are classi-
fied into passive tuned filters and high pass filters. The power quality problems can be
resolved to some extent by using passive power filters [[I]. Depending on the type of
connection with load, passive power filters are categorized as shunt and series passive
filters. In case of shunt passive filter, the filter is connected in parallel with the load,
which is traditionally used to bypass current harmonics in distribution systems [I7].
Shunt passive filters provide low impedance path to divert current harmonics to ground
such that, it is not allowed into the distribution system. The disadvantages of using pas-
sive filter are that they are tuned for a particular harmonic elimination, bulky in size and
have resonance problem [12], [T3]. There are different types of shunt passive filters are
available [4], but the most commonly used passive tuned filters are: single-tuned and
double tuned, while high pass filters are: first order, second order and third order filter.

The tuned filters and high pass filters are shown in Fig. [T and Fig. [, respectively.

In earlier, passive filters have been used in power system, because of the following

advantages [172]:
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Fig. 1.2 Passive high pass filters: (a) first order (b) second order and (c) third order
1. Simple to implement and almost maintenance free.
2. High efficiency due to absence of switching and conduction losses.

3. Supporting voltage on critical buses and reactive power compensation.

However, passive filters have many disadvantages, which are mentioned below [I4]:
1. The size of the passive filter is bulky and it is also expensive.
2. Passive filters do not support dynamic condition in the power system.

3. The resonance between system and passive filter components may damage the

equipment because of amplification of current or voltage at resonance condition.

The disadvantages with the passive filters as compensator has encouraged the develop-

ment of power electronic devices based compensator, which is commonly referred to as

Active Power Filters (APF) [I[d]]—[T7].



1.3.2 Active power filters

The active power filters are classified into series active power filters and shunt active
power filters with respect to the circuit configuration [T4]-[T6]. Out of these two con-
figurations, shunt active power filter is used for current related power quality problems
and its circuit is shown in Fig. 3. Still, the Active Power Filter (APF) technology
has been under research for providing solutions for power quality problems, such as
reactive power compensation, mitigation of harmonics, and neutral current minimiza-
tion [I4]-[T7]. In starting stages, the APFs are fabricated by using Bipolar Junction
Transistor (BJTs), thyristors, power MOSFETs, Gate Turn-off thyristors (GTOs) and
Static Induction Thyristors (SITs). Later, with introduction of Insulated Gate Bipolar
Transistors (IGBTs), the APF technology got a real boom for many applications. An
important factor for promoting APF technology is the advent of solid state devices of

fast self-commutating nature.
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Fig. 1.3 Shunt active power filter in three-phase three-wire distribution system

1.3.3 Hybrid power filters

The combination of passive and active power filters is termed as hybrid power filters.
Out of several possible combinations, a typical combination of shunt passive filter and

shunt active filter topology is shown in Fig. 4. Hybrid power filters improve the



compensation characteristics of passive filters, and allow the use of relatively low rat-
ing active power filters in high-power applications at a relatively low cost. Moreover,
compensation characteristics of already installed passive filters can be significantly im-
proved by installing an active power filter at its terminals, giving more flexibility to the

compensation scheme [13], [IT&]-[20].
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Fig. 1.4 Hybrid power filter with combination of shunt passive and shunt active power
filters

The above discussed conventional power quality mitigation equipments (passive filters,
active power filters and hybrid power filters) do not provide an adequate solution for
an increasing number of applications in distribution system. This fact has attracted the
attention of electrical engineers to develop dynamic and adjustable solutions to power
quality problems. One modern and very promising group that deals with load current
and supply voltage imperfections is Custom Power Devices (CPDs) [2T], which are

discussed in the next chapter.

1.4 Motivation

Custom power devices solve most of the power quality problems in distribution system
because of their versatile functions, and also cost effective. Among CPDs, DSTATCOM

is connected in shunt with load to solve current related PQ issues in distribution system



[22]-[28]. DSTATCOM consists of a voltage source converter (VSC) supported by dc-
link capacitor voltage and interfacing inductor. Based on literature review on different

DSTATCOM topologies, the following observations are made.

1. Inexisting DSTATCOMs, the required dc-link voltage magnitude is selected from
a rated load condition and maintained for all load operating conditions. Due
to this, the switching devices of voltage source converter are subjected to more
voltage stress under reduced load condition. A continuous high voltage stress
across switching devices reduces the life span of switches. The switching losses
in voltage source converter depends on dc-link voltage, which appears across
switch and current passing through switch. As the dc-link voltage is high during
reduced load condition, the switching losses are high in conventional fixed dc-link

voltage methods.

2. In a general circuit of DSTATCOMs, the VSC is connected to PCC through the
interfacing unit, which consists of high value of inductance (L-filter), which is
expensive and bulky. The DSTATCOM with LCL-filter as an interfacing unit con-
sists of low value of inductance, but it requires a proper design, which is a crucial
and sensitive task in power quality applications. Because, the DSTATCOM is
ideally designed to operate within the possible wide frequency bandwidth of the

load.

3. The rating of VSC in DSTATCOM depends on dc-link voltage and filter cur-
rent injected by compensator. In case of more reactive power compensation, the
required rating of VSC is high, which increases the system cost. Therefore, a
proper selection of hybrid DSTATCOM topology is necessary to reduce the rat-
ing of VSC, and which in turn reduces the required dc-link voltage. As the dc-link

voltage is reduced, the device voltage stress and switching losses are reduced.

4. DSTATCOM can be used for multi-functional applications, such as solar PV
power injection to grid, power quality improvement and active rectification op-
eration. In solar PV applications with DSTATCOM, the reliable and efficient

operation is considerable in low power applications. To improve the efficiency,
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conversion stages need to be reduced and for energy management, battery energy
storage system is required. In reduced conversion stages method (single-stage),
the MPPT operation and power injection to grid along with battery charging or

discharging are not achieved simultaneously.

From the above discussions, there is an adequate scope for further research in the area

of development of DSTATCOM in the distribution system.

The proposed research work focuses on the enhancement of DSTATCOM performance
for power quality improvement in the distribution system. It aims to reduce the switch-
ing losses and switching voltage stress in along with the reactive power compensa-
tion and harmonics mitigation. Also, it aims to reduce the interfacing inductance
without compromising DSTATCOM performance. The multi-functional capability of
DSTATCOM for real power injection to grid is implemented for the energy manage-

ment scheme.

1.5 Objectives

This research is focused on improvisation of DSTATCOM performance in terms of re-
duction of switching losses and voltage stress across switching devices. To achieve
this an adaptive dc-link voltage regulation method is proposed. An LCL-filter based
DSTATCOM is implemented to improve the performance with the system operated in
current and voltage control modes. The work is extended to hybrid DSTATCOM to
reduce VSC rating and thereby performance is improved. In addition to power quality
improvement by DSTATCOM, the real power injection into grid from solar PV sys-
tem and active rectification operation are implemented based on energy management

scheme. In this regard, the main objectives of the present work are as follows:

1. To minimize voltage stress across switching devices (IGBT switches) and switch-
ing losses without compromising compensation capabilities, an adaptive DC-link
voltage regulation method is proposed. For that, an adaptive dc-link voltage refer-
ence calculation method is implemented based on the constraints. The proposed

adaptive method is validated by simulation and experimental studies.
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2. To minimize the interfacing inductance value of DSTATCOM, an LC L-filter based
DSTATCOM is proposed, and the filter parameters are designed based on the
switching dynamics. The proposed design of LCL-filter parameters gives bet-
ter performance when compared to existing methods. This work is extended to
operate LC L-filter based DSTATCOM in Current Control Mode (CCM) and Volt-
age Control Mode (VCM). In CCM operation, the current related power quality
issues are minimized, and voltage disturbances such as sag and swell effect are
minimized by operating in VCM. Further, simulation and experimental studies

have been carried out to investigate the performance of the algorithm.

3. A Hybrid DSTATCOM having combination of LCL-filter with series ac-capacitor
is proposed to reduce the voltage stress across switches and switching losses. To
enhance the performance of the proposed hybrid DSTATCOM, an adaptive dc-
link voltage control method is implemented. The effectiveness of the proposed

hybrid DSTATCOM is verified with simulation and experimental results.

4. A Solar Photo-Voltaic DSTATCOM (SPV-DSTATCOM) with battery storage sys-
tem is proposed for real power injection along with power quality improvement
features. The efficiency and reliability of the SPV-DSTATCOM are increased by
single-stage conversion system with energy management scheme. The single-
stage conversion system is achieved by the proposed coordinated control algo-
rithm. In this algorithm, the MPPT operation and real power injection to grid
along with battery charging or discharging are achieved simultaneously. To show
the efficacy of the proposed system, simulation and experimental studies are per-

formed.

1.6 Organization of Thesis
In this Chapter, the power quality issues in the distribution system are introduced. A

brief introduction has been given to improve power quality by traditional passive filters.

This is followed by a description on shunt connected active power filters and hybrid
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power filters to mitigate the current related power quality problems. Motivations and

objectives of the thesis are also presented.

Chapter 2, provides introduction of custom power devices and detailed literature sur-
vey of DSTATCOM topologies in distribution system for power quality improvement.
This is followed by reference current generation technique and design of DSTATCOM

parameters.

In Chapter 3, a new method to select the reference dc-link voltage is proposed so that
the control of DSTATCOM is achieved with improved performance. The switching loss
calculation in conventional and proposed method is discussed. Further, simulation and
experimental results are provided to verify the steady-state and dynamic performance

of the DSTATCOM with different load conditions.

In Chapter 4, the design of LCL-filter based DSTATCOM for power quality improve-
ment in 3P4W distribution system is discussed. Further, an algorithm to operate DSTAT-
COM in voltage control mode and current control mode is implemented. Also, detailed

simulation and experimental studies for different load conditions are presented.

Chapter 5 presents the hybrid DSTATCOM for power quality improvement with re-
duced rating of VSC. Also, variable DC-link voltage is implemented and detailed sim-

ulation and experimental studies for different load conditions are presented.

Chapter 6 is dedicated to solar PV-DSTATCOM for real power injection and power
quality improvement. The reliability of the SPV-DSTATCOM is increased by imple-
menting single-stage solar PV-DSTATCOM with battery storage system. The proposed
co-ordinated control for single-stage SPV-DSTATCOM achieves MPPT and real power
injection to the grid along with charging or discharging of battery, simultaneously. An
energy management scheme during PV and non-PV hours is explained. The proposed

method has been validated by simulation and experimental studies.

Finally, Chapter 7 is summarized the main conclusions of the research work and the

possible scope for further research in this area.
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CHAPTER 2

LITERATURE ON DSTATCOM TOPOLOGIES

Custom Power Devices (CPDs) solve most of the power quality problems in the distri-
bution system and the existing compensating devices can be replaced by CPDs because
of their versatile functionalities [2T]. The compensating types of CPDs include the
Dynamic Voltage Restorer (DVR) [29], DSTATCOM [30] and Unified Power Qual-
ity Conditioner (UPQC) [31]. Out of the CPDs, DSTATCOM is a shunt connected
device and it gives better solution for compensation of current related power quality
problems. DSTATCOM is a very popular and successful device in the distribution sys-
tem because of its acceptable cost, flexibility of control and fast in response [23]-[28],
[30]. The reactive power compensation, current harmonic mitigation and neutral cur-
rent minimization in 3P4W system are achieved by DSTATCOM. The research work
exploits DSTATCOM for power quality improvement in 3P4W distribution system. For
completeness and better understanding of the thesis, different DSTATCOM topologies,
control algorithms, and design parameters of DSTATCOM are briefly discussed in this

chapter.

2.1 Configuration of DSTATCOM Topologies

DSTATCOM mainly consists of two distinct blocks, one is the converter circuit (also
called power circuit), and the other one is DSTATCOM controller. The converter is
responsible for synthesizing the compensating currents. DSTATCOM controller is re-
sponsible for signal processing in order to determine the compensating currents. The
DSTATCOM topologies can be broadly classified based on its power circuit and the

type of the distribution system.

2.1.1 Converter based DSTATCOM topologies

The power circuit of DSTATCOM can be made either with Voltage Source Converter
(VSC) or Current Source Converter (CSC). The VSC approach shown in Fig. l(a)



uses a dc-capacitor (C,.) with a regulated dc-link voltage (V,.), while the CSC, dis-

played in Fig. 27II(b) uses a reactor (L;.) supplied with regulated dc current (/,.) [T4].

Sl Sg Ss _I Sl _I SS_I SS
-I(} -Il;} -IE}S T
Ve
?:Cdc dc de
7 "@S AL s, 40 S K S,
S, [S, [,
(a) (b)
Fig. 2.1 (a) Voltage source converter and (b) current source converter

2.1.2 Distribution supply based DSTATCOM topologies

Based on the distribution supply and/or load system, DSTATCOMs are classified as
single-phase system, three-phase three-wire (3P3W) system and three-phase four-wire

(3P4W) system.

Single-phase DSTATCOMs

The single-phase (two-wire) DSTATCOMs are used for the compensation of reactive
power and harmonics generated by the operation of non-linear loads, such as domestic
appliances, connected to single-phase supply system. In single-phase system, H-bridge
and split-capacitor DSTATCOMs are present. The H-bridge consists of two switching
legs supported by one dc-link capacitor (or one dc source) as shown in Fig. 2. The
split-capacitor DSTATCOM consists of one switching leg supported by two dc sources

(or two capacitors) as shown in Fig. 3.

Three-phase three-wire DSTATCOMs

In three-phase three-wire (3P3W) distribution systems, the neutral wire is absent and

these systems are used to supply high-power loads such as arc furnaces, adjustable
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Fig. 2.2 Single-phase H-bridge DSTATCOM topology
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Fig. 2.3 Single-phase split-capacitor DSTATCOM topology

speed drives, tractions and other industrial applications [37]. To compensation reac-
tive power and harmonics in these systems, a 3P3W DSTATCOM is used. The 3P3W
DSTATCOMs consist of three-legs supported by one dc-link capacitor. Fig. 4, shows
the connection of DSTATCOM in 3P3W distribution system.

Three-phase, four-wire DSTATCOMs

The DSTATCOMs in 3P4W systems are specially designed for compensating neutral
current along with compensation of reactive power and harmonic mitigation. The avail-

able topologies in 3P4W systems are:

e Three single-phase H-bridge DSTATCOM topology
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Fig. 2.4 Three-leg DSTATCOM in three-phase three-wire distribution system

o 3P4W four-leg DSTATCOM topology

e Three-leg split-capacitor DSTATCOM topology.

The three single-phase H-bridge DSTATCOM topology is shown in Fig. I35, and it
consists of three single-phase H-bridges with a common dc-link voltage. [22]. These
single-phase H-bridge inverters are connected to a 3P4W system by three single-phase
isolation transformers. Considering the structural advantage of this topology, the con-
trol can be done either through a three-phase unit or three separate single-phase units.

But, the main disadvantage of this topology is the increased number of switching de-

vices.
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Fig. 2.5 Three single-phase H-bridge DSTATCOM topology in 3P4W distribution
system
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Three-phase, four-wire four-leg DSTATCOM topology is shown in Fig. Z6. It consists
of four-legs, in which three-legs are connected to three phases of supply through the
series inductance while the fourth leg is connected to a neutral line with an optional
inductor [23]. The three-legs and neutral-leg are supported by a dc-link voltage for
compensation. This topology is most suitable for compensation of high neutral currents.
In this topology, the switches in neutral leg require an extra switching control algorithm,

which will be burden on the controller.

E@—/\}V\,—m’%ﬁ’\ Iy Vpa aPCC b
@_’\N\"m ; V 3 phase
Vsco AN LSS I tpe sy hie | four-wire
s L _ load
Fea i T (i
Sl S3 SS S7
WFAEAGEALE L,
T
.c BT
== 2113\

ﬁ%{]}{]}{& i
s, 5 [, T,

Fig. 2.6 Four-leg DSTATCOM topology in 3P4W distribution system

The schematic diagram of three-leg split-capacitor DSTATCOM topology in distribu-
tion system is shown in Fig. 2. It consists of three-legs, supported by the two dc-link
capacitors [24]. The split-capacitors allow load neutral current to flow through one of
the dc-link capacitors C,q, C4» and return. Because of that, the three-phase source

currents become balanced.

In case of dc off-set present in the system or more unbalance operation condition, the
voltages across two dc-link capacitors are not equal. Due to which, the compensation
performance is affected. To balance the dc-link capacitor voltages, balanced circuit for
split-capacitor DSTATCOM topology is proposed [25], which is shown in Fig. [R.
The voltage balancing circuit consists of two extra switches S; and S, supported by
inductor (L) connected in series with resistor (R;). The inductor is charged by taking
energy from the capacitor having more energy out of two capacitors, and discharged to

the capacitor which has lower energy.
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Fig. 2.8 Three-leg split-capacitor DSTATCOM topology with voltage-balancing cir-
cuit in 3P4W distribution system

The comparison between different three-phase DSTATCOM topologies are briefly given
in Table 21I. In H-bridge topology, the maximum voltage that appears across each H-
bridge is the line-to-neutral voltage, but in other topologies line-to-line voltage will
appear. This results in a reduction of dc-link voltage by a factor of V3 and thus the re-
quired dc-link voltage for proper operation of DSTATCOM also reduces by a maximum
factor of V3. This, in turn, reduces the switch rating of VSC. The H-bridge and four-
leg DSTATCOM topologies require more number of switching devices, which leads to
increase in cost. The split-capacitor DSTATCOM topology suffers from dc-link capac-
itors voltage unbalancing due to the dc-offset present in the loads. However, there are

several techniques proposed in literature to overcome the capacitor voltage unbalancing
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problem [?5]. The switching losses and voltage stress across switches will be more in

three-leg split-capacitor DSTATCOM, because of high dc-link voltage requirement.

Table. 2.1 Comparison between three-phase DSTATCOM topologies

Topolo H-bridge 3-leg Four-leg 3-leg
fegtur egsy DSTATCOM DSTATCOM  DSTATCOM split-capacitor
[22] [B2] [B3] DSTATCOM [B4]
Number of switches 12 6 8 6
No.of DC capacitors 1 1 1 2
Network suitability 3P3W, 3P4W 3P3W 3P3W, 3P4W 3P3W, 3P4W
Voltage stress
across each 2V = Vot = Vot 2 (Vowli-t
switch
Switching loss Comparatively low Low Moderate High
Unbalanc.e Yes No Yes Yes
compensation
Total cost Highest Low High Medium

where (V),,,)- is peak of line to line PCC voltage.

2.1.3 Design of Split-Capacitor DSTATCOM parameters

The important parameters of DSTATCOM are dc-link voltage, value of dc-link capac-
itors, value of interfacing inductor, switching frequency, hysteresis band and rating of
VSC. A systematic procedure on the design of these parameters of a three-phase split-

capacitor DSTATCOM topology is presented in the following sub-sections.

DC-link voltage selection

The dc-link voltage plays a very important role in designing the DSTATCOM parame-
ters. In literature, the reference dc-link voltage of DSTATCOM is selected as two times

the peak of PCC voltage [34], [35]. That is given as,

2 2V,

Vie
d \/gmu

2.1

where, V. is dc-link voltage, V;, is line-to-line voltage at PCC and m, is amplitude

modulation index.
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In [PR], a detailed simulation study is carried out by varying dc-link voltage and in-
terfacing inductor and arrive an empirical relationship between the dc link voltage and
tracking performance of the compensator. If the dc-link voltage is not sufficient, then
the compensator currents cannot be tracked by DSTATCOM. Whereas, if the dc-link
voltage is higher than required, the compensator currents exceeds the upper and lower
limits of the reference currents, thereby increasing THDs of the source currents. The
author in [28], observed from the simulation studies that when the selected dc-link volt-
age 1s approximately 1.6 times the peak of PCC voltage, the percentage THD in the
compensated source current is minimum. Therefore, in [?8], the dc-link voltage is con-

sidered as,
_1.6V2vy,

Vie
d .

2.2)

DC-link capacitor (C,.)

The dc-link capacitor is designed based on Unit Capacitor Constant (UCC), which is

similar to that of unit inertia constant in synchronous rotary condenser [B6].

1 2

1CLV
UCC = ”Td (2.3)

where, Q is assumed as maximum reactive power demanded by load (i.e., poor power

factor condition), Cy, is dc-link capacitor and V. is dc-link voltage.

On the other side with consideration of ability to regulate voltage under load transients,
the dc-link capacitors are designed based on the following procedure. Let us assume
that the compensator is connected to a system of rating x kVA. The energy of the system
in Joules per second is given by x kJ/s. Assume that, the VSC compensator deals with
half (i.e., x/2) and twice (i.e., 2x) kVA handling capacity under transient conditions for
n cycles with time period (7") of the system voltage. Then the change in energy (AE) to

be dealt with the dc-link capacitor is given as,

AE = (2x - g)nT (2.4)

Now this change in energy should be supported by the dc-link capacitor. Let us al-

low the dc-link capacitor to change its total dc-link voltage from 1.4 to 1.8 during the
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transient conditions [37]. Then, the following relation is obtained.

%Cﬂﬂﬁ%f—ﬂAWﬁkﬂb%%MT (2.5)

where, V,, is peak of PCC voltage. Finally, the calculated dc-link capacitor value from

(3) with respect to transient conditions is,

2(2x — HnT
©(1.8V,)* — (1.4V,)?

(2.6)

Cdc

Interfacing inductor (L)

The interfacing inductor is designed from the switching dynamics of controller which
is explained below [2X]. Fig. 9, shows the switching dynamics of the hysteresis con-

troller. In which, the dotted-line represents reference filter current (i,.r), and solid-line

(i'fref N hxt‘l)

Fig. 2.9 Switching dynamics of hysteresis controller for L-filter design

represents actual filter current (iz,.,) varying between hysteresis band (+ /). The analy-
sis is carried out by considering time instants 7, #; and 7]’ having reference filter currents
of ifrep, Urrer and Ufrefs respectively. From Fig. 29, the rate of change of actual filter

current during the rising and falling slopes are given as:

difact (i}ref - ifref) +2h

dton Ton
difact _ (l},ref - l}ref) —2h

dtory lofy

(2.7)

During the conduction of upper switches of VSC, the upper dc-link capacitor voltage
is supported. Similarly, the lower dc-link capacitor voltage support during conduction

of lower switches of VSC. Applying Kirchhoff Voltage Law (KVL) from VSC to PCC,
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gives the following equations:

. dlfacl .
myVy — V,sinwt = Lf + Rflfact
dz,,
. (2.8)
. dlfacl .
—-m,Vy — V,sinwt = Lf + Rflfact

loff

where, Ry is internal resistance of inductor L, and its value is very low so the drop

Rifae 1s neglected. After simplification of (277) and (R,

2hLy
ton = . X (29)
mgVae = Vi SINWt = igqRy
2hL;
lopf = — - (2.10)
. MgV + Vi SINt + i 4Ry
From the above equations, the switching frequency (f,) is derived as,
1
fvw =
Ton + toff 211
1 V2 s ( . )
= ——(myVye — ——sin“ 0
4L, (maVa Vg )

where, 0 = wt and w=2xf. It is observed from (I that, the switching frequency
becomes maximum when 6 value is zero. Therefore, the inductance value for maximum

switching frequency is given as,

mg Vdc

L= —— 2.12
L ARy mas (212)

where, fi, mqx 1S maximum switching frequency. The interfacing inductance is used to
reduce the high-frequency components in the filter current injected by DSTATCOM and
to provide the necessary tracking requirement of filter current. The selected interfacing
inductor must be capable of compensating the current change at conduction time inter-
val in one switching period. If the inductance is not sufficiently large, then the error
between reference and actual currents is maximum and this will affect compensation
performance for a finite interval of each cycle. If the inductance is too large to track
the reference signal, the drop across inductor will increase, and which demands high
dc-link voltage for satisfactory operation. The selection of the inductor depends on the

dc-link voltage, switching frequency, and hysteresis band of controller.
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Switching frequency

The switching frequency of the VSC is given by equation (Z-IT). It is seen that the
switching frequency is a function of various system parameters. Practically, the max-
imum switching frequency of the VSC depends on the type of power switches used.
To achieve higher switching frequency in the range of 100 kHz, MOSFET switches
should be used, but their voltage and current rating are smaller compared to IGBT
switches. However, a high value of current cannot be switched at high frequency as it
leads to electromagnetic interference problems and considerable switching losses. The
IGBT switches are generally preferred due to their higher power handling capacity,
fast switching and low gating power. Typically, the switching frequency of the IGBT
switches is around 20 kHz [B8]. But it is recommended to operate at 10 kHz range, and

which is considered in this thesis for design of DSTATCOM parameters.

Hysteresis band

The selection of hysteresis band in current control technique is very important. To track
the reference currents properly by actual current, a suitable value of hysteresis band (/)
has to be selected. The relation between hysteresis band and other VSC parameters is
given in (Z17). An important observation can be drawn from (ZZT72) and that is selec-
tion of & value. For example, if a low value of hysteresis band is chosen, the switching
frequency requirement of VSC becomes high. Similarly, when interface inductance is
quite large, for a given bandwidth of VSC, a small hysteresis band is required to main-
tain the product Ly fi,, n.x constant. If the switching frequency is very high, switching
losses will go up. Therefore, for better performance the value of % is considered in

between 5% to 15% of rated filter current [28].

Rating of VSC

The rating of VSC depends on power rating of switches used. The voltage supported by
each switch is equal to the maximum dc bus voltage (V. ). And the current supported

by each switch is equal to the maximum current flowing through the switch, that is

l.f’m :il_is (213)
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Where, i¢,, is the maximum filter current injected by VSC, i is source current and i; is

the load current. Then, the rating of VSC is,

Vdc,m 1 f.m

V2 V2

VSCrating = V3 (2.14)
g

Once the circuit parameters are chosen, the switching frequency of the controller will
be selected based on a compromise between the required filtering performance and the

allowable power dissipation in the filter.

The operation of the designed split-capacitor DSTATCOM, depends on control tech-

nique implemented for reference current generation, which are discussed below.

2.2 Control Techniques for DSTATCOM Operation

In literature, numerous papers are available to describe the reference current genera-
tion techniques used for reactive power compensation and harmonics mitigation [30],
[39]-[49]. The classification of the reference current generation methods can be done
depending on the mathematical analysis involved [3Y9]. In general, the reference gener-
ation methods are classified into frequency-domain and time-domain. The frequency-
domain methods mainly use Fourier analysis for calculating the reference currents gen-
eration [39]. The commonly used frequency-domain methods are discrete Fourier trans-
form (DFT) [40], recursive discrete Fourier transform (RDFT) [41] and fast Fourier
transform (FFT) [42]. The drawbacks with frequency-domain based harmonic detec-
tion methods are proper design of the anti-aliasing filter, large memory requirements to
store the achieved samples, careful synchronization between sampling time and funda-
mental frequency of the inverter, large computation burden on controller, and imprecise

results in transient conditions [39].

But on the other hand, time-domain methods offer increased speed, ease of implemen-
tation, and fewer calculations compared to the frequency-domain methods [39]. There
are numerous time-domain approaches reported in the literature, and some of them are,
instantaneous abc theory [43], unit template theory [44], Instantaneous Reactive Power
(IRP) or p-g theory [30], Synchronous Reference Frame (SRF) or i4-i, theory [50], In-

stantaneous Symmetrical Component (ISC) theory [45], Icos¢ control technique [46],
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and a scheme based on neural network techniques [47]. These control schemes are
widely used in DSTATCOM applications and they are explained in this chapter. How-
ever, in this thesis, ISC theory is used because of its ease of implementation, excellent

transient response and ability to work for different source conditions [48].

2.2.1 Instantaneous abc Theory

Instantaneous abc Theory consists of a minimized instantaneous active current compo-

nent of load current. For that, two minimization techniques are discussed in literature:

1. Active and non-active currents minimization method.

2. Generalized fryze currents minimization method.

In active and non-active minimization method, non-active current component is deter-
mined by applying minimization method. Let the original load current be i;, which

consists of active and non-active portions, that is,
=1, +1i, (2.15)

where, i, and i, are active and non-active current components of load current, respec-
tively. This method involves minimizing load current under the constraint that, the
three-phase non-active current components do not contribute instantaneous active cur-

rent. Thus, finding the minimization of,
-E(iqaa iqba iqc) = (ila - ipa)2 + (ilb - ipb)2 + (ilc - ipc)z (216)

constrained by g(iya, igh, ige) = VaigatViigr+Veige= 0 is necessary. Where, L is considered
as function of iy, iy and i, currents. iy, iy and i are three-phase load currents; i,,,
ipp and iy, are three-phase active current components of load currents; iy, iy, and i, are
three-phase non-active current components of load currents; vy,, vy and vy are three-

phase source voltages.

By applying Lagrange Multiplier method, the following relation is obtained from above
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equation. S
20 0 vullig 2iy,
0 2 0 v sb iqb 2ilb

= (2.17)
0 0 2 vellig 21,
Via Vb Vse O] A 0
where, the A is Lagrange multiplier, and it value is given as,
_ 2(Vsalia + Vplip + Viclic) _ 2P3¢
A= 2 2 2 T2 2 2 (2.13)
[ S S Vi, + vy Vi

where, Ps, is instantaneous active power in three-phase system. The following relations

are obtained from (2-17)

Qg + Viad = 2ty
2iqb + vod = 20 (219)
2iqc + Ve d = 20,

By substituting A in (Z19), iy, iy and i, are given as,

. . VsaP3¢

o =l = 5 (2.20)
Vi, t Vv Vi

. : Ve P3g

o =y = (2.21)
Vig TV, Ve

. . VscP3¢

lyge = lie — = 2 (222)
Vg T Vi + Vi

From (ZZ13) and (Z22), the instantaneous active currents are,

i 1

pa sa

' 2P

ipb Vb (2.23)

T2 22 L2
vsa + vsb + vsc

Ipe Vse

In the above equation, for balanced and sinusoidal system, Ps, and v3, + v%, + v, are
constant. It gives a linear relation between i, and vy, where k= a, b and c. This
method will not give an appropriate solution to a distorted supply system [43]. This can

be rectified by generalized fryze currents minimization method.

Fryze currents minimization method is the extension of the active and non-active mini-

mization method, in which the linearity between voltage and current is maintained even
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under distorted and/or unbalanced source voltages. The linearity relation in this method
is given as,

ik = GV (2.24)

where, G, is equivalent conductivity. The value of G, is calculated from the concept of

aggregate voltage [5T1].

P3y

G, = > (2.25)
Z Vsk
where, ﬁ3¢ is average active power and ), V2 is sum of the squared rms values of volt-
ages. Therefore, the value of equivalent conductivity (G,) in (Z224)) is an average value,

therefore it ensures linearity between voltage and current.

These minimization methods given in abc theory are inappropriate to deal with zero
sequence components. Some extra efforts have to be made with the above described
minimization methods in order to deal properly with zero sequence components. The
compensation algorithm establishes through minimization methods are relatively sim-
ple to implement, but they are inapplicable to three-phase four-wire system, and also

cannot guarantee constant active power from the source [43].

2.2.2 Instantaneous Reactive Power (IRP) Theory

The instantaneous reactive power theory was proposed by Akagi H., Kanazawa Y., and
Nabae A [BU], [43]. This theory is also called as p — g theory. The main aim of this the-
ory is to derive compensating currents corresponding to instantaneous reactive power,
such that the reactive power can be compensated. As this theory is based on a set of
instantaneous reactive power defined in time domain, it is valid not only in steady state
conditions but also in transient conditions.

Let, the system voltages are,

Veg = \/EVm sin wt

Vb

V2V, sin(wt — 2?”) (2.26)

4
Ve = \/sz sin(wt — ?ﬂ)
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and, the respective load currents are,

i = V21, sin(wt — 6)

2
i = V2I, sin(wrt — ?” —0) 2.27)

ilc

4
V21, sin(wf — ?’T —9)

where, V,, and [,, peak values of voltage and current, respectively. The p — g theory
starts with the transformation of three-phase voltage and currents into ¢f0 stationary
reference frame. This transformation is well known as Clarke transformation. The

instantaneous three-phase voltages (vy,, vy, Vi) into the instantaneous voltages on the

af0-axes are,

1 1
Vo 5 1 -3 -3 Vsa
Vg =§ 0 %3 —‘/7§ Vb (2.28)
) I R | P

i I =3 =3 ||iu

2
iﬁ :§ 0 %5 —%5 ilb (229)
) I A T I L%

One advantage of applying @80 transformation is the separation of zero-sequence com-
ponents from the abc-phase components. The o and 8 axes do not have contribution to

the zero-sequence component.

The components v, and iy can be neglected in @B0-frame when zero-sequence compo-

nent is absent in the system. Elimination of v, in (Z228) leads to,

vsa
ve| _2[1 =3 =3
_2 - (2.30)
Vi _3
| 3o 2 % )
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and elimination of iy in (Z229) leads to,

(2.31)

The instantaneous real and reactive powers in @0 reference frame from instantaneous

voltages (v,, vg) and instantaneous currents (i,, ig) are,

D = Volo +vgig, and g = —vgi, + V,ig (2.32)

The representation of the above equation in matrix form is,

p Va V||l

— (2.33)
q —Vvg Vollig

These instantaneous real and reactive powers have average and oscillatory components.

Therefore, the real and reactive powers in (Z32) are represented as,

(2.34)

BN
Il

ENY|
+

AS]

p=p+p,

where, p and g are average values of real and reactive powers, respectively. p and g are

oscillatory components in real and reactive powers, respectively.

The currents in @B-frame from (Z33) are,

Iy 1 Vo V
- AP (2.35)
Vo T V5 v —Vllq

ig

Once the real and reactive powers are separated into their average and oscillating parts,
the undesired components of the real and reactive powers can be selected for compen-

sation with DSTATCOM, which is explained below.

Reference currents generation

The undesired current components corresponding to powers, p and g of the load along

with harmonics and reactive power must be compensated. As a result, the three-phase
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source currents become sinusoidal and balanced. The separation of p from p can be
done by using a second order low-pass filter [43]. Then, from (Z33), the compensating

currents in @B-frame are given as,

i;a _ 1 Vo Vlg —]3

" 2 412

Bgl Vet Ve |y —vel||—q
The reason for including negative signs in the compensating powers is to emphasize
the fact that DSTATCOM should draw a compensating current that produces the ex-
act negative of the undesirable powers drawn by the non-linear or reactive load. The

representation of reference currents in abc-frame from afB-frame are,

i;ia 1 0 -

o _ 1 \/§ fa

i =1-2 T || (2.36)
i 1 \a|lts

fc 2 2

Reference currents generation in case of dc-link voltage control

In practice, the DSTATCOM has switching losses associated with the switching op-
eration. If this losses is supplied by the dc-link capacitors, then their voltages would
progressively reduce, and thereby the performance of the DSTATCOM effected ad-
versely. In order to maintain the dc-link voltage at a constant value, a small amount of
average real power (P,,,;) must be drawn continuously from the power system to supply
switching and ohmic losses present in the voltage source converter. This can be done
by adding a dc-link voltage regulator in the control strategy and which is shown in Fig.

210.

dc,ref P I Ploss
controller

Fig. 2.10 DC-link voltage regulation loop in IRP theory

In dc-link voltage regulator, reference dc-link voltage (V. ,.r) and the actual dc-link

voltage (V,.) are compared and the error is processed through a PI controller. The output
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of the PI controller gives the real power component to be drawn by the DSTATCOM to
compensate for power losses in the voltage source converter thereby maintaining the dc-
link voltage at their reference value. In this case, the reference compensating currents

in @f-frame are given as,

i;kcw _ 1 Vo Vg _ﬁ + Pioss
w | 2 2
fg| Vet Vslvg —v, —-q

these reference currents in abc-frame are,

I 1 0 |1
l*
i;b = _% %g i ¢ (2.37)
p 13|l
fe 2 2

The block diagram of complete control algorithm with IRP theory is shown in Fig.
ZTT. Once, after reference filter currents are generated, these values are compared to
actual filter currents and the error is given to hysteresis controller for switching pulse

generation to IGBTs.

Ve > dc-link Voltage | Ploss

V. Regulator
v i,
2= Clarke | Ve N i fa
Vep—> Transfor |y Calculation %]
Vv mation £ Instantane- of Inverse i
s¢—> Clarke | 't |Hysteresis
i . ous Power reference > >
la —»] I . - | .~ | Transfor Controller
i Clarke a | Calculation q —q currents in I mation | i* To Gate
Yib —»{ Transfor i/; ap-frame L, I R IGBTs
I _,| mation > i’ T T T

o Vi Tic

Fig. 2.11 Control algorithm for DSTATCOM with IRP theory

The compensation algorithm based on p — ¢ theory is very flexible to select undesirable
powers to be compensated. The @B0-transformation in p — g theory, can allow three-
phase loads to provide constant instantaneous active power even if supply voltages are
unbalanced and/or distorted. However, it is more complex than the instantaneous abc-

theory [43].

31



2.2.3 Synchronous Reference Frame (SRF) Theory

This theory is also called d — g axes theory, because d-axis and g-axis current com-
ponents are derived from the measured phase voltages and load currents. Let the load
currents in three-phase system be i, i, and i, then the representation of these currents

in dq0-frame are,

iy cos@ cos(@—120) cos(6 + 120) ||ij

2
iy| =3 —sinf —sin(@ — 120) —sin(@ + 120)||ip (2.38)
io 1/2 1/2 1/2 e

where, the angle 6 is calculated from three-phase phase voltages by using Phase Locked
Loop (PLL). The d-axis current and g-axis current component consist of average and

oscillatory components. Therefore, i; and i, are represented as,

iq =g+ g, ig =i, +1, (2.39)
The instantaneous currents in abc-components are,

il cos —sind 1]|is
i| = |cos(@—120) —sin(d—120) 1]|i, (2.40)
i cos(@+ 120) —sin(@+ 120) 1(|0

Once the d-axis and g-axis currents are separated into their average and oscillating
parts, then the undesired current components can be selected for compensation with

DSTATCOM, which is explained below.

Reference currents generation

The reference current generation for compensating harmonic and reactive current com-
ponents contained in the load current is explained here. The three-phase source currents
are expected as sinusoidal, balanced and in-phase with phase voltages after compensa-
tion. This can be achieved by making d-axis current as oscillatory free and g-axis cur-
rent as zero. The oscillatory d-axis current (i) is separated from i;, by using a second

order low-pass filter. Then, from (Z3R), the reference three-phase source currents for
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compensation in abc-frame are,

Iy cos 0 —sinf 1]ig
', | = [cos(@ —120) —sin(@—120) 1{|0 (2.41)
Iy cos(@+ 120) —sin(8+ 120) 1(|0

The angle 6 is same as calculated before from three-phase PLL. The reference compen-

sating currents are then obtained from,

iy = i — i (2.42)
ity = i — % (2.43)
i= i — i, (2.44)

Reference currents generation in case of dc-link voltage control

The source has to deliver dc-component of current in addition to average active current
component (?d) of the load current for meeting the losses (ij,) in the VSC of DSTAT-
COM. The control diagram of dc-link voltage regulation loop in SRF theory is shown
in Fig. 712.

dc,ref Pl Iloss
>

controller

Fig. 2.12 DC-link voltage regulation loop in SRF theory

The reference three-phase source currents during dc-link voltage control are,

iy, cos b —siné T,

it | = [cos(d —120) —sin(d—120) 1 0 (2.45)
iy cos(@+ 120) —sin(@ + 120) 1 0

The block diagram of complete control algorithm for DSTATCOM with synchronous
reference frame theory is shown in Fig. IZT3. After reference filter currents are gener-

ated, these values compared to actual filter currents and the error is given to hysteresis
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controller for switching pulses generation to IGBTs.
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Fig. 2.13 Control algorithm for DSTATCOM with SRF theory

2.2.4 Instantaneous Symmetrical Component (ISC) Theory

The reference filter currents generation by using instantaneous symmetrical component

theory is explained below [24]. The positive sequence currents and voltages are,

ish 1 a a*ll|iy Vi 1 a a||va
. ! 2 ! 2

| = 3 1 a alligy Ve | = 3 1 a allvey
i50 1 1 1| V0 1 1 1[|vg

where a = ¢/'?"" and where a*> = ¢/, i,,, i,_ and iy are positive, negative and zero
sequence currents, respectively. vy, v, and vy are positive, negative and zero sequence

voltages, respectively.

The first objective in either three-phase three-wire or four-wire unbalanced and non-
linear load system, is to provide balanced supply currents such that its zero sequence
component becomes zero. That means, the sum of the three-phase source currents is
Zero.

Isg+igp+ie=0 (2.46)

The second objective is, for a predefined power factor, the relation between instanta-
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neous positive sequence voltage (v, ) and current (i) is given as,

Ve = Ligy + 0, 2.47)
1 1
gl(vsa +avg + a2vsc) = gl(im + aig, + azisc) + 6, (248)

where, 6, is power factor angle. After solving and rearranging the terms in (2-48)

{(VSb - Vsc) +ﬁ (Vsb + Ve — 2Vm)} isa + {(Vsc - vsa) +ﬁ (VSC + Vgq — 2vsb)} ixb
(2.49)

+{(vsa - vsb) +ﬁ (Vsa +Vep — zvsc)} e = 0
where, § = tan‘l(f/—%). Equation (2Z249) is modified as,
{(Vsb - Vsc) +ﬁA} isa + {(Vsc - Vsa) +ﬁB} isb + {(Vsa - Vsb) +IBC} isc =0 (250)

where, A = vy + Voo — 2V4q, B =V + vy — 2vg and C = vy, + vy, — 2V,

The third objective of compensation is that the load required active power (Py,,,) is only
supplied by three-phase supply, which means that the load required reactive power is to

be supplied by the compensator (DSTATCOM). Then,
Vsaisa + Vsbisb + vscisc = Plavg (251)

Equations (Z46), (Z49) and (Z3T) are represented in matrix form,

1 1 1 Isa 0
(Vsb - Vsc) +IBA (Vsc - Vsa) +ﬂB (Vsu - Vsh) +ﬂC isb = 0
Vsa Vsb Vse isc Plavg
The above matrix is in the form of, [X][i] = [P]. Then, [i] = [X]"'[P].
isa | (Vsa - VSO) + ﬁ(Vsb - Vsc)
isb = (vsb - VSO) +ﬁ(vsc - Vsa) [Plav ]
. (Zf%b»" Ve T 3V§O) ’
Lse (vsc - sz) + ,B(vm - vsb)
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— (vsa - VSO) +ﬁ(vsb - Vsc)

lSll Pav 2.52
Zjcabe Vi = 3V favs (252)
sb — Vs0) + sc — Vsa
jy = L VO e~ V) p (2.53)
Ljcabe Vi = 3V
sc — Vs0) T sa — Vs
P= (Vse = V50) + B(Vsa — Vi) Pins (2.54)

2 2
zj:a,b,c vsj - 3VSO

where, vy = %(vm + vy + V). Applying Kirchhoff’s Current Law (KCL) at Point of

Common Coupling (PCC), the reference filter currents (i ) are given as follows.

* R
far tpp Lye

g = la = Isas  Lpp =0 — by Bpe = e = Ise (2.55)

For unity power factor, the value of 6, =0, then S8 value becomes zero. After substituting

Isas Lsh, Ise and B = 0 in (Z33), the reference filter currents are,

. . Vsa = Vs0

lig = la — (%)Plavg

e . Vsb — Vs0

Ly = lip = (%)Pluvg (2.56)
. v Vs0

i = le ( e )Plavg

2 2 2 2 2 2 :
5~ 3vyp) or (vi, + v, + vy —3vj). The power loss term, Pjyy in

where, A = (Zj—ipc v
the compensator (DSTATCOM) is supplied by three-phase supply so that P, term is

added to Py,,, and equation (Z36) becomes,

i;a = ljg — (@)(Plavg + Ploss)
i;k"b = ilb - (VSI)%VSO)(Plavg + Ploss) (257)
i, = e — (V;L V50 )(Plavg + Ploss)

The block diagram of control algorithm of ISC theory is shown in Fig. ZT4. The mov-
ing average filter is used for getting average active power from instantaneous value.
After getting the reference filter currents from ISC theory, the error is calculated be-
tween reference filter currents and actual filter currents injected at PCC. The error is
given to hysteresis controller, having inherent hysteresis band to generate the switching
signal. If the error is positive, top switch (S or S3 or S5) of the leg is ON. If the error

is negative, bottom switch (S4 or S¢ or §,) of the leg is ON.
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Fig. 2.14 Control algorithm for DSTATCOM with ISC theory

The cost comparison of different DSTATCOM topologies for a rating of 1200 V, 50 A
is given in Table 272. It is observed that the three-leg DSTATCOM is low cost com-
pared to other topologies, but it is not suitable for 3P4W distribution system. Among
other topologies, the three-leg split-capacitor DSTATCOM is comparatively low cost
and is suitable for 3P4W distribution system for neutral current compensation. But, the
switching losses and the device voltage stress are more in this topology, as discussed in
Table D71l Therefore, this thesis has sought to look for work to minimize these disad-

vantages in split-capacitor DSTATCOM and effective utilization of it.

Table. 2.2 Cost comparison of different DSTATCOM topologies for a rating of 1200
V, 50 A

H-bridge 3-leg Four-leg 3-leg
Device name DSTATCOM DSTATCOM DSTATCOM split-capacitor
[22] [B2] [B3] DSTATCOM [B4]
Switches cost (3*%85.48)$ (3*59.11)$ (4*59.11)$ (3*59.11)$
DC capacitors cost 14.12°$ 14.12°$ 14.12$ (2*14.12) $
Heat sink cost (2%70.47)% 70.47% 70.47% 70.47%
Skyper board (6%148.65)$ (3*148.65)$ (4*148.65)$ (3*148.65)%
Cooling fan 40.52% 40.52% 40.52% 40.52%
Snubber capacitor (6%10.75)$ (3*10.75)$ (4*%10.75)% (3*10.75)$
Total cost 1408.4$ 780.6$ 999.2% 794.78%

Reference: https://www.semikron.com.
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2.3 Summary

Different DSTATCOM topologies in distribution system for power quality improvement
are presented in this chapter. The comparison between these topologies in terms of pa-
rameters, device voltage stress, switching losses and cost are tabulated. The design of
DSTATCOM parameters: dc-link voltage, dc-link capacitors, interfacing inductance,
switching frequency, hysteresis band and rating of VSC are derived. The relationships
between these quantities are given and explained in this chapter. Different reference
current generation techniques for DSTATCOM operation are discussed. From the dis-
cussion, instantaneous symmetrical component theory is selected, and the equations in

this method are used in further chapters for the reference current generation.
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CHAPTER 3

POWER QUALITY IMPROVEMENT USING
SPLIT-CAPACITOR DSTATCOM WITH DYNAMIC
DC-LINK VOLTAGE REGULATION

In the previous chapter, different DSTATCOM topologies and the control algorithms
were discussed along with reference current generation techniques and design of DSTAT-
COM parameters. In these topologies, the dc-link voltage is kept constant (i.e., rated
value) and this value has been selected based on the rated reactive load condition [24],
[277]. Because of that, the switching device voltage stress and switching losses are
more during reduced load conditions. Under light load or reduced load conditions,
the compensator works perfectly even though the dc-link voltage is reduced from its
rated value. Therefore, in this chapter, a variable dc-link voltage method is proposed
for dynamic dc-link voltage regulation of DSTATCOM. The proposed algorithm main-
tains more appropriate value of dc-link voltage corresponding to reactive load condition
without compromising the performance of DSTATCOM. Therefore, the voltage stress
across the switching devices is reduced during reduced reactive load conditions, which
in turn reduces the switching loss and increases inverter reliability. The effectiveness of
the proposed method is validated through simulation and experimental studies, which
were carried out on the three-leg split-capacitor DSTATCOM. To appraise the proposed

method, the conventional method has also been explained.

3.1 Conventional Control Algorithm of Split-Capacitor
DSTATCOM

The three-leg split-capacitor DSTATCOM topology in distribution system is shown in
Fig. B In this topology, the three-phase source voltages and source currents are
represented as v, vy and v, and iy, iy and i, respectively. DSTATCOM consists of

VSC, dc-link capacitors (Cyc1, Cy42) and interfacing inductor (Ly), which is connected



at Point of Common Coupling (PCC). During the operation of DSTATCOM, the filter
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Fig. 3.1 Three-leg split-capacitor DSTATCOM in three-phase distribution system for
power quality improvement

currents ig,, i, and iy are injected into the system such that source currents become
sinusoidal, balanced and in-phase with respective to source voltages. The filter currents
injected by DSTATCOM depend on control algorithm, which is explained with the help
of single-line diagram of the split-capacitor DSTATCOM as shown in Fig. B2.

Initially, the reference filter currents are calculated from Instantaneous Symmetrical
Component (ISC) theory, which requires PCC voltages (vpa, Vps, Vpe), load currents
(Z1as i» i1c), and average real power (Py,,) drawn by the load [45]. Here, ISC theory
is considered for a three-phase four-wire system supplying star-connected load. Then,

the reference filter currents are given as,

Voa — Vpo
" . pa — Vp
lyg = bta — (Z ) 3,2 )(Plavg + Plogs)
j=abe Vpj = Vo
Vpb = Vpo
ok . p 14
Lep = Up — (Plavg + Ploss) (31)
Xjcabe Vi =3V
Vioe — Vpo
. . pc P
lj‘c =l — (2 2 3,2 )(Plavg + Plogs)
j=ab.c Vpj 0

where, v,y = %(vpa + Vpp + vpc), is zero sequence voltage, and P, indicates the losses
in VSC. If Py, is not supplied from the source during compensation, the dc-link volt-
age will be reduced continuously because of dc-link capacitor discharging. This will
deteriorate the performance of the DSTATCOM. To overcome this, the dc-link voltage

(Vi) 18 maintained constant with respect to a fixed reference dc-link voltage (V) by

40



Linear and
non-linear
loads

v I

pcc

Hysteresis 1 1
-k

band

e | f Instantaneous
|_f —D_ n symmetrical
component

theory (ISCT)
Vi || ]
VSC | -IIB} +

Ve P Poss

\_| i controller
Vy

Fig.3.2 Single-line diagram of split-capacitor DSTATCOM with fixed dc-link voltage
(conventional method)

means of Proportional Integral (PI) controller, in which the power loss is supplied from
the grid. The output of the PI controller is considered as real power component (P,;),
which is included in the control algorithm, as shown in Fig. B7. In order to track the
reference filter current, hysteresis current control technique is implemented. The input
for hysteresis controller is current error (e), which is the difference between the ref-
erence filter current (i;i.) and actual filter current (if). Depending on the current error
(e), the hysteresis controller generates switching pulses, which are applied to Insulated
Gate Bipolar Transistor (IGBT) switches of VSC. According to switching pulses, the

DSTATCOM injects filter currents into the system to achieve perfect compensation.

In conventional method, the dc-link voltage is maintained constant throughout compen-
sation, therefore this method can be called as fixed dc-link voltage regulation [24], [277].
In [277], the fixed dc-link voltage is selected as twice the peak of PCC voltage for four-
leg DSTATCOM operation. In case of split-capacitor DSTATCOM topology, the upper
and lower dc-link voltages are maintained at 1.6 times the peak of PCC voltage indi-
vidually [24]. The fixed dc-link voltage method increases the device voltage stress and
switching losses under reduced load conditions. Therefore, to overcome these prob-
lems, a variable dc-link voltage method is proposed, which is explained in the next

section.
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3.2 Proposed Control Algorithm of Split-Capacitor DSTAT-
COM

3.2.1 Reference dc-link voltage calculation

In the proposed method, the dc-link voltage is varied dynamically based on load but the
maximum dc-link voltage is limited to twice the peak of PCC voltage. This is because,
DSTATCOM injects maximum reactive power at V4. = 2V, which is explained from
the power flow between VSC and PCC. The single-line diagram of power flow circuit
of a three-phase system with DSTATCOM is shown in Fig. B3. Here, P, and Q; are
real and reactive powers supplied by the source; P; and Q, are real and reactive powers

drawn by the load; P and Qy are real and reactive powers injected by DSTATCOM,

respectively.
R +1Q, R+iQ
_— _

I /VPCCLO" I,
supply g !
system | ]

P + jQ, X, £90°
v, L6° :
a
VSC d
—
Vdcl Vdcz

Fig. 3.3 Single-line diagram of power flow circuit of three-phase system

From Fig. B3, the current (rms) injected by DSTATCOM is,

Vil = Ve LO°

Iy = 3.2
! X, £90° 52)
and the power injected by DSTATCOM to PCC is,
P+ jQr= Vyely (3.3)

By substituting (B2) in (B3) and rearranging the real and imaginary parts, the obtained
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real (Py) and reactive (Qf) powers are given below.

Vpcc Vinv
Xy

Py = sin @ (34)

2
V ccvinv 14 cc
b cosf — —

Xy Xy

QOr = (3.5)

where, 6 is the angle between fundamental output voltage of VSC and PCC voltage. In
general, the dc-link voltage design is carried out based on the reactive power injection
(Qy) by DSTATCOM into the system. In power quality applications, the DSTATCOM
will not inject any real power into the system; therefore by ignoring the term P in (B4),
the calculated 6 value is zero. By substituting 6 = 0° in (B3), the obtained reactive

power (Qy) is,
Vpcc Vinv V]%cc

Qr = X; _Xf (3.6)

In VSC, the ac-side voltage (V;,,) and dc-side voltage are related by amplitude mod-
ulation index (m,). That is, V;,, is m, times the dc-side voltage (V,.) of VSC. By
substituting, V;,, = m,V;,. in (B6), O is expressed as,

Vpcc (ma Vdc) V[%cc

QO = X, X (3.7

It is observed from above equation, that the reactive power (Qy) is positive when
myVge > Vpyee, which means DSTATCOM injects reactive power to PCC. Depending on
the amount of reactive power injected by DSTATCOM, the magnitude of PCC voltage
(Vpee) will vary. Therefore, by computing dQ/dV .. = 0, the condition for maximum

reactive power injected by DSTATCOM is obtained, which is,

Viee = (5)Va (3.8)

In (BX), when m, value is considered as unity, the dc-link voltage of VSC is equal to
twice the peak of PCC (i.e., V4. = 2V),.). Thus, the maximum dc-link voltage is limited
to twice the peak of PCC voltage in the proposed method. The maximum reactive power

(Qfmax) compensated by DSTATCOM is obtained by substituting maximum dc-link
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voltage, (V4. = 2V,.) in (B7]) and is given as:

2
pce

—— = Vieel fmax 3.9
Xf pect f, ( )

Qf,max -

Voo . .
where, 1,4 = );/ , 1s maximum filter current corresponding to Q¢ uax-

In general, the reactive power required by load is not always Q... During the re-
duced reactive load conditions, the required reactive power injection by DSTATCOM is
achieved with reduced value of dc-link voltage. The reactive power injected by DSTAT-
COM depends on dc-link voltage, which can be observed from (BZ). This compels
the reduction of the dc-link voltage whenever the reactive load is less than the Q.
which reduces the voltage stress across the switching devices and switching losses. For
that, an algorithm is proposed to calculate the reference dc-link voltage corresponding
to reactive load, so that dc-link voltage is forced to maintain this voltage. The procedure

for reference dc-link voltage calculation is explained below.

In the case of reduced load condition, the required reactive power injected by DSTAT-
COM and dc-link voltage are considered as Q7 and V; , respectively. From (B.2), Q7 is

expressed as,
Vpcc(ma V;C - Vpcc)

Xy

Q) = = VeI (3.10)

Where, I is the reference filter current corresponding to Q5 Using (B9) and (B10), I

is expressed in-terms of /,,,, and is given below.

I = (maV:;c - Vpcc)

- max 3.11
rE Ty (3.11)

After rearranging the above equation, the reference dc-link voltage is expressed as,

Ve (1; ' If,m)

Vi o= (3.12)

my I f.max

3.2.2 Dynamic dc-link voltage regulation method

The single-line diagram of DSTATCOM connected in distribution system with the pro-
posed method is shown in Fig. B4. Here, the dc-link voltage is varied dynamically

when compared to conventional method shown in Fig. B2, In the proposed method,
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Fig. 3.4 Single-line diagram of split-capacitor DSTATCOM with dynamic dc-link
voltage regulation (proposed method)

the calculated reference dc-link voltage (V) from (BI2) depends on reference filter
current. In general, due to frequent changes in load, there will be a change in refer-
ence filter currents. Because of that, the proposed method requires a frequent change
of reference dc-link voltage, this will affect the performance of DSTATCOM. In order
to eliminate this problem, the final dc-link voltage is selected from look-up table in
step variations. These step variations are between the minimum and maximum dc-link
voltages. If the calculated reference dc-link voltage falls between the specified step
variation, then the higher value is selected as final dc-link voltage reference. For better
understanding, the dynamic dc-link voltage reference generation is explained with the

help of flow-chart which is shown in Fig. B3.

First, initialize Ve max and If,,q, corresponding to the rated reactive load. Among three
reference filter currents generated from ISCT, the maximum reference filter current is
selected to calculate the reference dc-link voltage. If the difference between the maxi-
mum filter current /;,,,, and the reference filter current (I;) is less than voltage tolerance
value (g,), then the maximum dc-link voltage (i.e., Ve max = 2V)ec) is considered as ref-

erence dc-link voltage. Otherwise, the more suitable V; is computed from (B12) and

45



Calculated ||

reference filter .
currents from ISCT Initialize
|ﬁ(i :a,b,C) Vdc.maxllf,max

Y

*x ko
(Ifallfbllfc)

I; = max

*

Vi =2V

pce

Look-up table

- Ranges of dc | Final dc voltage
V 1.+ 1 voltages references
V * _ ' pee f f,max
dc m | Vier ~Vacz Vico
a f max
Vaes ~Vaca Viea
l Vacs ~Vace Vics

. Vi, —V vV

Look-up table for selection /V o7 dcs dcs

of final dc-link Voltage Vaco ~Vaero Vaeto
reference ' ! '

Vaex ~ Ve max Ve max

*

4 Vdc
C Stop D

Fig. 3.5 Flow-chart for the selection of reference dc-link voltage

the final value is selected from the look-up table. The advantage of the proposed method
is evaluated based on the IGBT switching losses, and the calculation of switching losses

is explained below.

3.3 Switching Loss Calculation

The switching (IGBT) loss is calculated from switching frequency (f;,) and energy
dissipation (Ej,) of the switch, i.e., P, = E, f,,. The energy dissipation of switch is
dependent on the current through switch (/;), voltage across switch (V) during OFF-
state and junction temperature (7';). The energy dissipation under working condition

with respect to nominal test condition is calculated from [57], [53] and is given as,

ki ky

1Y v,

E, = Esw,n(_f] [ d ) (1 + TCSW(Tj - Tj,n)) (313)
If,n Vdc,n

where, Iy,, Vicn, T;, and energy dissipation Ej, , are reference values at nominal test
condition; based on the data sheet of IGBT switch (SKM 75GB123D), k; is the current
dependency (for IGBT = 1, diode =~ 0.5), k, is the voltage dependency (for IGBT =~ 1.2
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or 1.4, diode ~ 0.6), TCj, is the temperature coefficient of switching losses (for IGBT
=~ (.003, diode ~ 0.005).

The switching losses are calculated from (E34)) to show the effectiveness of the pro-
posed method and comparison with the conventional method is given in the next sec-

tion.

3.4 Simulation Studies

In order to verify the proposed dynamic dc-link voltage regulation, simulation is carried
out in MATLAB simulink software. The parameters used for simulation studies are

given in Table Bl

Table. 3.1 Simulation parameters of the system with DSTATCOM for dynamic dc-
link voltage regulation method

Symbol System parameters Values
Vs Supply voltage 440V, 50 Hz
Ly Interfacing inductance 12 mH
Cic1, Caca dc-link capacitances 1600 uF
ky, ki PI controller gains 10, 0.01
h Hysteresis band +0.1 A
Ve Rated dc-link voltage 1200 V
Load Unbalanced linear load a-ph: 20 Q,32 mH
(star connected load) b-ph:16 Q,42 mH
c-ph: 10 Q, 60 mH
Three-phase diode bridge 36 2, 128 mH
(RL load)

Non-stiff source parameters:
R;, L;: 0.8 Q and 3.5 mH, Ripple filter: 28 Q and 5 uF.

The simulation results for both conventional and proposed dynamic dc-link voltage
methods are presented here. In simulation results, the variables are named as : PCC
voltages (v,); source currents (i,); load currents (i;); filter currents (if); source side
neutral current (iy,); total dc-link voltage (V,.); voltage across switch (V,); inverter

ac-side line voltage (V;,,).
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3.4.1 Simulation results under stiff voltage source

The simulation results with conventional split-capacitor DSTATCOM in 3P4W distri-
bution system supplying unbalanced star-connected linear load and three-phase diode
bridge load are shown in Fig. B@. In order to study the performance of DSTATCOM,
the following events are considered to occur in the system for simulation.

1) Atr = 0.04 s, an unbalanced star-connected linear load is connected without DSTAT-
COM.

2) Att =0.12 s, DSTATCOM is connected to PCC.

3) Att = 0.3 s, load is increased by connecting three-phase diode bridge with RL-load.
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Fig. 3.6 Performance of DSTATCOM with fixed dc-link voltage regulation (conven-
tional method)

It is observed from Fig. B-f that during the period between t = 0.04 s to t = 0.12 s,
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the load and source currents are same, and the unbalance load current flow through
neutral conductor. At ¢t = 0.12 s, DSTATCOM is connected at PCC and compensa-
tion started, therefore the three-phase source currents become balanced, sinusoidal and
in-phase with corresponding PCC voltages. As the three-phase source currents are bal-
anced, the source side neutral current becomes zero. The dc-link capacitors are charged
to fixed reference dc-link voltage (i.e., 1200 V) by PI controller loop. At ¢ = 0.3 s, the
load is increased by connecting three-phase diode bridge load; during this load condi-
tion also the dc-link voltage is maintained to 1200 V. It is observed from the waveforms
that the voltage across the switch (V;,) and the magnitude of voltage across inverter
ac-side line voltage (V;,,) are maintained fixed for both the load conditions, because
of fixed dc-link voltage regulation. From the above simulation studies, it is concluded
that, in conventional fixed dc-link voltage method, the voltage across switch is constant
(i.e., equal to 1200V) irrespective of the load variation. It leads to high voltage stress
across the switching devices during reduced or light loaded conditions. This problem is
addressed in the proposed method and to show the effectiveness of proposed dynamic
dc-link voltage regulation method, the same simulation events (i.e., in conventional

method) are considered.

The simulation waveforms with the proposed dynamic dc-link voltage regulation are
shown in Fig. B7. It is observed from Fig. B72, that during the DSTATCOM operation,
the source currents become sinusoidal, balanced and in-phase with PCC voltages. If
the load is increased by connecting a three-phase diode bridge load at t = 0.3 s, the
compensation is not affected. The required dc-link voltages for both the load conditions

are calculated from the proposed method and are given in Table B2.

Table. 3.2 Calculated reference dc-link voltages corresponding to the loads

Type of . .
connected load Load current (A) Filter current (A) Conventional Proposed (V)
I Iy Le I, L, I, V) #Cal  *Final
Unbalall:;edd linear ;5 10 16 22 34 104 1200V 868V 880V
Unbalanced plus 245 268 31 87 116 18 1200 V 961V 980V
diode bridge loads

#Cal: calculated value from (B2), *Final: selected from the look-up table.

In case of unbalanced star-connected linear load, the required dc-link voltage is com-

puted from (B-12) as 868 V. However, the final dc-link voltage is selected from the
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Fig. 3.7 Performance of DSTATCOM with dynamic dc-link voltage regulation (pro-
posed method)

look-up table, which is equal to 880 V. At # = 0.3 s, the load is increased by connect-
ing a three-phase diode bridge, then the dc-link voltage is computed from the proposed
algorithm is 961 V. But, the final dc-link voltage is selected from look-up table, which
is equal to 980 V. The same voltage magnitude will appear across the switching device,
which is labeled as V,,. This shows that the dc-link voltages (i.e., 880 V and 980 V)
in the proposed method are low when compared to dc-link voltage of 1200 V in fixed

dc-link voltage regulation (conventional method).

The variation of switching energy dissipation with respect to variation of dc-link voltage
and filter current, is shown in Fig. B8. It is observed that in the proposed method for
the filter current of 18 A and dc-link voltage of 980 V, the switching energy dissipation

is 6.27 mJ, which is less when compared to 9.09 mJ in conventional method for the
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same load condition. The energy dissipation and switching loss are related by switching
frequency, thatis Py, = f,E,. Therefore, the corresponding switching loss (P, ) in the

proposed method is 31.35 W, which is less when compared to 45.48 W in conventional

method.
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Fig. 3.8 Variation of energy dissipation of switch with respect to dc-link voltage and
filter current

3.4.2 Simulation results under non-stiff voltage source

The considered non-stiff source parameters for simulation are given in Table B1l. For the
considered non-stiff source, the simulation results in conventional and proposed method
are shown in Fig. B9(a) and Fig. BY(b), respectively. It is observed from Fig. BY(a)
that, before DSTATCOM connection, PCC voltages are distorted and non-sinusoidal.
After DSTATCOM is ON at t = 0.06 s, the PCC voltages and source currents become
sinusoidal and in-phase with the corresponding PCC voltages. Initially, the dc-link
capacitors are charged to 85% of rated dc-link voltage to improve starting performance.
After DSTATCOM is ON, the total dc-link voltage is maintained at 1200 V with fixed

dc-link voltage regulation loop.

It is observed from the proposed results shown in Fig. B9(b), that the compensation
performance in case of PCC voltage and source current are the same as that of conven-

tional method. During the transient period, that is DSTATCOM is ON at ¢ = 0.06 s,
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Fig. 3.9 Simulation results with non-stiff voltage source (a) fixed dc-link voltage
method and (b) dynamic dc-link voltage method

the magnitude of source and filter currents are high and it takes more time to settle in
conventional method when compared to the proposed method because of higher dc-link
voltage. Initially, the dc-link capacitor is charged to 65% of rated dc-link voltage. When
DSTATCOM is ON at ¢t = 0.06 s, the dc-link voltage is maintained at 860 V, which is
derived from the proposed adaptive dc-link voltage regulation method. Therefore, the
voltage stress appearing across switch is 860 V in proposed method, which is less when

compared to 1200 V in conventional method.
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3.5 Experimental Studies

The performance of the proposed dynamic dc-link voltage regulation method is also
verified with experimental studies. dSPACE DS-1202 is used to implement the control
algorithm of DSTATCOM. The experimental parameters are given in Table B3. The
experimental setup consists of three-leg split-capacitor voltage source converter with
IGBTs as switching devices. The required feedback signals such as PCC voltages,
load currents, filter currents and dc-link voltages are measured using Hall-effect voltage
and current transducers. dSPACE DS-1202 acquires current and voltage signals from
transducers and processes to generate reference filter currents, reference dc-link voltage
and thereby switching signals to IGBTs. The switching command signals are taken out
from the master I/O pins of dSPACE and are given to converter switches with proper
isolation.

Table. 3.3 Experimental parameters for dynamic dc-link voltage regulation method

Symbol System parameters Values
Vs Supply voltage 110 V (L-L)

Ly Interfacing inductance 26 mH
Cic1,Car dc-link capacitances 3600 uF each

ky, ki PI controller gains 20, 0.04

h Hysteresis band +02A
Load-1 3-phase diode bridge load 22 Q, 48 mH

Load-2 Unbalanced linear load a-ph: 18 Q, 18 mH

b-ph: 14 Q,32 mH
c-ph: 14 Q, 25 mH
Vie Rated dc-link voltage 145 V each

3.5.1 Steady state performance of the proposed dynamic dc-link

voltage regulation method

The steady state performance for harmonic mitigation, reactive power compensation
and three-phase source currents balancing is tested in the presence of three-phase non-
linear diode bridge with RL-load and unbalanced load. Before compensation, the three-
phase source currents with only non-linear diode bridge load are shown in Fig. B-T0(a).
It is observed that, the source currents are non-sinusoidal and distorted because of non-

linear nature of load. After compensation, the three-phase source currents become sinu-
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Fig. 3.10 Experimental waveforms of three-phase source currents (iy,, i, i5.) for non-
linear diode bridge load condition (a) before compensation and (b) after compensation
(scale: current 1 A/div)

soidal and balanced and are shown in Fig. B-TU(b). For the same power rating condition,
the simulation results from before and after compensation are shown in Fig. BTT(a) and
Fig. BTIi(b), respectively. It is observed that the simulation and experimental results

are almost equal for the same power rating condition.
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0.3 . _ 033 Time(s) 034

033 Time(s) 034

Fig. 3.11 Simulation waveforms of three-phase source currents (i, iy, isc) for non-
linear diode bridge load condition (a) before compensation and (b) after compensation
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During the above operation, the phase-a source current, dc-link voltages (V.1, V4e2) and
phase-a load current are shown in Fig. BT2. The individual dc-link voltage required for
this load condition is 105 V, calculated from the proposed method and maintained by a
PI controller. For this power rating condition, the simulation results are shown in Fig.
B-13. It is observed from Fig. and Fig. that the experimental and simulation

results are almost equal for the same power rating condition.
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Fig. 3.12 Experimental waveforms of phase-a source current (iy,), dc-link voltages
(V4e1, Vaer) and phase-a load current (iy,) for non-linear load condition (scale: current 4
A/div, voltage 50 V/div)
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Fig. 3.13 Simulation waveforms of phase-a source current (i), dc-link voltages
(Vae15 Vaez) and phase-a load current (ij,) for non-linear load condition

Similarly, for unbalanced non-linear load condition, the three-phase source currents
and source side neutral current before compensation are shown in Fig. BTd(a). It is
observed that, the three-phase source currents are non-sinusoidal, distorted and unbal-
anced, therefore neutral current is present. After compensation, the source currents
are shown in Fig. BT4(b). It is observed that the source currents become sinusoidal,

balanced and thereby the neutral current at source side becomes zero.

During the unbalanced non-linear load condition, phase-a source current, dc-link volt-

ages (V4e1, Vaez) and phase-a load current are shown in Fig. BI3. The individual dc-link
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compensation and (b) after compensation (scale: current 2 A/div)

voltage required for this load condition is 140 V, calculated from the proposed method

and maintained by a PI controller.
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Fig. 3.15 Phase-a source current (iy,), dc-link voltages (V, .1, V42) and phase-a load
current (i;,) for unbalanced non-linear load condition (scale: current 4 A/div, voltage 50

V/div)

The harmonic spectra of three-phase source currents before compensation are shown in
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Fig. B16. Before compensation, the THDs of three-phase source currents are 20.2%,
20.6% and 20.1%, respectively. After compensation, the harmonic spectra of three-
phase source currents are shown in Fig. BT It is observed that, the source currents
THDs are reduced to 3.6%, 4.1% and 3.8%, respectively. These THD values are well

within the IEEE-519 recommended standard value (i.e., less than 5%).
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Fig. 3.16 Before compensation the harmonic spectra of three-phase source currents
for non-linear diode bridge load condition
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Fig. 3.17 After compensation the harmonic spectra of three-phase source currents for
non-linear diode bridge load condition

The phasor diagram of PCC voltages and source currents for non-linear diode bridge
load before compensation are shown in Fig. BTH. It is observed that the three-phase
source currents lag behind the respective phase voltages by 15°, 15° (255-240) and
16° (136-120), and corresponding fundamental source current magnitudes are 1.9 A,
1.8 A and 1.9 A. The phasor diagram of PCC voltages and source currents after com-
pensation are shown in Fig. B19. It is observed that the source currents are in-phase
with respective PCC voltages, and the corresponding fundamental source current mag-
nitudes are 1.8 A, 1.8 A and 1.8 A. This shows that unity power factor is achieved on

the source side and three-phase source currents are balanced.
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Fig. 3.18 Before compensation the phasor diagram of three-phase PCC voltages and

source currents for non-linear diode bridge load condition
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Fig. 3.19 After compensation the phasor diagram of three-phase PCC voltages and

source currents for non-linear diode bridge load condition

3.5.2 Transient performance of the proposed dynamic dc-link volt-

age regulation method

The proposed dynamic dc-link voltage regulation for DSTATCOM has been tested un-
der transient load condition for harmonic mitigation, reactive power compensation and
source currents balancing. In this case, the load is increased by connecting an additional
three-phase unbalanced linear load to the previous non-linear diode bridge load. In both
the load conditions, the PCC voltage, source current, load current and filter current of
individual phases are shown in Fig. B20. It is observed that the source currents are

sinusoidal and in-phase with respective PCC voltages even for transient load variation.

Before compensation, three-phase source currents and source side neutral current dur-
ing transient load variation are shown in Fig. BZIl(a). It is observed that the source
currents are non-sinusoidal, distorted, unbalanced while neutral current is flowing for
load-2 condition. After compensation, the source currents become sinusoidal and bal-
anced, and thereby neutral current becomes zero shown in Fig. BZ2II(b). For the same
power rating, the simulation results for before and after compensation are shown in Fig.

B2 (a) and Fig. B2ZA(b), respectively.

58



Tek Frevu B.00kHz Noise Filter
T T T T Y T T T T

Ija ) : : g : : : : : :
'fa-w“W L4 "\;/ '\f\f\f\f\wﬂ
[5 luuun‘:a [ IR ][2unms ]L S- 1snv SS?SDSI:H:[ 9Feb 2018
(@)
Tek Prevu : : : : : : B.EIIJIRHz Hoise II-'iIter
isb ___________________________________________________
e,/ RV AV AVAYRAYAYRYRY.
ifb@ﬂ"\mﬂ‘w """ N\/N\/ﬂ\\
g luu%\:f 400y |[2u|Jms ] ]L S= 1sw 484088!:H2[ 9Feb 2018
(b)

Tek pretu G.00kHz Maise Filter
T T T T Y T T T T

e
E 1004 |
& 100Y 4,00 J[2uums ]L S= 1suv 35?4??kH:I SFeh 2018

(©

Fig. 3.20 PCC voltages (Vpa, Vpb, Vpe), source currents (i, is,is), load currents
(i1a> ip, 1) and filter currents (is,, ifp, if.) for transient load variation with the proposed
method (a) phase-a (b) phase-b and (c) phase-c (scale: voltage 100 V/div, current 4
A/div)

During the above operation of transient load variation from load-1 to load-2, the phase-
a source current, dc-link voltages (V.1, V42) and phase-a load current are shown in
Fig. B773. The individual dc-link voltages required for load-1 and load-2 conditions are
105 V and 140 V, respectively. These dc-link voltages are calculated from the proposed
method and are maintained by PI controller. These dc-link voltage magnitudes appear

across the switches. In case of conventional split-capacitor DSTATCOM, the total dc-

59



m - lsn L DN NS

R A ' A .
200y 00y e i i i i i
& 200y 200¢  J100ms @& o0y 85,7037 Hel 3 Feb_2018)
(@)
Tek Pretu G.0OkHz_Noise Filter
T T T T 4 T T T T
_Isa ISC P - f
[EH = 4.

(b)

Fig. 3.21 Experimental waveforms of three-phase source currents (iy, i, is) and
source side neutral current (i,,) for load-1 and load-2 (a) before compensation and (b)
after compensation (scale: current 2 A/div)
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Fig. 3.22 Simulation waveforms of three-phase source currents (i, i, is.) and source

side neutral current (iy,) for load-1 and load-2 (a) before compensation and (b) after
compensation
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link voltage is maintained at 160 V (i.e., 1.6 times peak of PCC voltage across each
dc-link capacitor) independent on the load condition. Because of that, in the proposed
method, the voltage stress across switches is reduced to 105 V and 140 V for the same
load conditions. It leads to reduction of switching losses. For the same power rating
condition, the simulation results during load variation are shown in Fig. BZ4. It is
observed from Fig. and Fig. B723 that the simulation and experimental results are

almost equal for the same power rating condition.
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Fig. 3.23 Experimental waveforms of phase-a source current (iy,), dc-link voltages
(V4e1, Vaez) and phase-a load current (iy,) for transient load variation (scale: current 4
A/div, voltage 50 V/div)

10F |
ofd

I
-10+
16 140V

140
120- Vye1,Vaco 105 V / I
1007 .

10

I
la

Or |

-10 | |
0.1 0.3 05 0.7 Time(s)0.9

Fig. 3.24 Simulation waveforms of phase-a source current (i), dc-link voltages
(Vi4e1, Vaer) and phase-a load current (iy,) for transient load variation

3.5.3 Balancing of dc-link voltages

In split-capacitor DSTATCOM topology, the two dc-link voltages deviate from equal
value due to off-set present in the circuit operation or measurement parameters or un-

equal switching of devices in the same leg. The need for balancing capacitors and
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its effect on compensation is explained here, with the inclusion of off-set present in
measured load current. The phase-a source current, dc-link voltages (V.1, Vi) and
phase-a load current during unbalanced load condition are shown in Fig. B25. It is
observed from the zoomed part of the source current in Fig. B73(a), that the compensa-
tion performance is affected during negative cycle because lower dc-link voltage (V)
is reduced and is lower than required dc-link voltage. Fig. B23(b) shows the results
before and after dc-link voltage balancing circuit is enabled. After voltage balancing,
the lower dc-link voltage (V) is increased, upper dc-link voltage (V) is reduced to

the required value and both reach the same voltage value.

The experimentally obtained % THD of three-phase source currents for load-1 and load-
2 conditions, before compensation and after compensation, in conventional and the
proposed methods are shown in Table B-4. It is observed that after compensation the
9%THDs in the proposed method are lower when compared to conventional method, and

in both the cases %THDs are less than 5% (IEEE-519 standard).
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Fig. 3.25 Phase-a source current (iy,), dc-link voltages (V.1, V42) and phase-a load
current (i;,) during unbalanced non-linear load condition (a) before voltage balancing
and (b) after voltage balancing
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Table. 3.4 THDs of source currents in conventional and proposed methods

Type of load  Before compensation (% THD) After compensation (% THD)

Conventional Proposed
“Load-1 iy 20.2 4.6 3.6
isp1 20.6 4.5 4.1
Isel 20.1 4.4 3.8
#Load-2 iy 10.1 3.9 3.1
isp2 10.9 4.2 3.2
ise2 14.0 3.8 3.6

"Load-1: three-phase non-linear diode bridge load, *L.oad-2: unbalanced non-linear load.

3.6 Advantages and disadvantages of existing and pro-

posed methods

In the proposed method, the dc-link voltage is varied, such that the switching voltage
stress and losses are reduced when compared to existing methods. The advantages
and disadvantages of existing methods in literature and the proposed method for power

quality improvement are given in Table B3.

3.7 Summary

This chapter presents an algorithm of dynamic dc-link voltage regulation for DSTAT-
COM to compensate unbalanced and non-linear loads in 3P4W distribution system.
The performance of the proposed dynamic dc-link voltage method has been investi-
gated through simulation and experimental studies. It is observed that the proposed
method compensates the reactive power, source current harmonics and neutral current
with dynamic dc-link voltage variations. A significant amount of reduction in switch-
ing losses with the proposed method is observed when compared to the conventional
method. The voltage stress across the switching devices also reduced, which in turn

extends the life-span of the switching devices.
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Table. 3.5 Advantages and disadvantages of existing and proposed methods for power

quality improvement

Topologies

Advantage

Disadvantage

Singh B [7]

Mishra M K
(54]

Lam CS [57]

Wei T [BR]

Proposed
method

e Better compensation at full
load.

e Better compensation perfor-
mance.

e dc-link voltage is reduced to
1.6 times peak of PCC volt-
age.

e Reactive power compen-
sation with optimum dc-link
voltage.
e Switching losses are re-
duced.

e Reduced dc-link voltage.
e Switching losses are re-
duced.

e Low cost.
e DSTATCOM rating is low.

e Dynamic dc-link voltage
regulation.

e Switching losses are mini-
mized.

e Easy to implement the con-
trol algorithm.

e Higher dc-link voltage (i.e., two
times peak of PCC voltage).
e Switching losses are more.

e Switching losses are more during
reduced or light load condition.

e Limited to reactive power and
fifth harmonic compensation.

e It requires three extra ac capaci-
tors.

e Resonance problem.

e More number of switches re-
quired.
e Complex control and cost high.

e More number of switches.

e Higher rating of Thyristor
Switched Capacitors (TSC) re-
quired.

e Compensation fails in the
presence of dc off-set in load
current.

e During full load condition, the
switching losses are high when
compared to hybrid reduced dc-
link voltage topologies [56]—[58].
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CHAPTER 4

POWER QUALITY IMPROVEMENT USING
LCL-FILTER BASED DSTATCOM

In the previous chapter, power quality improvement by DSTATCOM with dynamic dc-
link voltage regulation method is implemented. In which, the VSC of DSTATCOM
is connected at PCC through an interfacing unit consists of high value of inductance
(i.e., L-filter). Due to high value of inductance, the size of filter is bulky and it is also

expensive.

In this chapter, the design of LCL-filter DSTATCOM based on the switching dynamics
of controller is implemented for smooth reference tracking. The total interfacing in-
ductance value required in LCL-DSTATCOM is low when compared to L-filter based
DSTATCOM. The lower value of interfacing inductance reduces the voltage drop and
thus the required dc-link voltage is also reduced. Further, a control algorithm to operate
LCL-DSTATCOM in both Current Control Mode (CCM) and Voltage Control Mode
(VCM) is proposed.

4.1 Introduction

The conventional L-filter based DSTATCOM requires high value of interfacing induc-
tance to attenuate switching frequency components generated by Voltage Source Con-
verter (VSC). As the inductance value is high, the voltage drop across it is also high;
therefore the required dc-link voltage for satisfactory compensation is more. In [59],
DSTATCOM with series LC-filter is presented, in which the voltage across the series
capacitor supports the inverter ac side voltage, and then the required dc-link voltage
is decreased. The impedance offered by capacitor of LC-filter for switching frequency
components is almost zero. Therefore, the interfacing inductance required to attenu-
ate switching frequency components is the same in both L-filter and LC-filter based

DSTATCOMs.



The expensive and bulky L-filter is replaced by higher order LCL-filter with low in-
ductance value for better current tracking. The design of LCL-filter parameters for
different applications are presented in literature. In [60], an analytical design procedure
of LCL-filter in active rectifier applications is proposed for the elimination of switching
frequency. Later, many authors proposed LCL-filter design in grid connected applica-

tions [61]-[65]. However, only a few authors have discussed the LC L-filter for Shunt

Active Power Filter (SAPF) applications, and these are summarized in Table BTl

Table. 4.1 Literature review on LCL-filter based DSTATCOM topologies
Author | Application/ Purpose Observation
Topology
Yi High per- | 1) SAPF provides better filtering without using | 1) Active damping is con-
Tang, formance large passive components. 2) This method has | sidered. 2) PCC volt-
et al. | shunt  active | high slew rate for accurate harmonic compen- | ages are considered as si-
[B6] power filter | sation without entering over modulation mode | nusoidal and balanced. 3)
(Three-phase during transient. 3) Harmonic currents com- | Grid and converter side in-
three-wire pensated up to 25" order. ductances are equal.
topology)
Qian Shunt  active | 1) Proposed an optimized design method of | 1) Active damping is con-
Liu, power filter | LCL-filter parameters based on graphical ap- | sidered. 2) This method
et al. | (Single-phase | proach. 2) Harmonic currents compensated up | eliminates repeated trial
[67] topology) to 49" order. 3) Attenuation co-efficient is in- | and error method in the de-
troduced to decouple the mutual relation be- | sign process.
tween the filter parameters and the SAPF per-
formance indices.
Nagesh | DSTATCOM 1) Compensation of unbalanced nonlinear | 1) Passive damping is con-
Ged- with PI and | load. 2) Harmonic currents compensated up | sidered. 2) The converter
dada, HC regulators | to 19" order. 3) Allowable ripple current by | side inductance is double
et al. | (Three-phase converter side inductor and grid side inductor | the value of grid side in-
[BX] four-wire are 25% and 5% of rated filter current, respec- | ductance.
split-capacitor | tively.
topology)
Mihaela | Shunt  active | 1) A new design method for LC L-filter param- | 1) Passive damping is con-
Popescu, | power fil- | eter is proposed. 2) Power loss in damping re- | sidered. 2) Magnitude Per-
et al |ter in active | sistor is also considered for design criteria. 3) | formance Indicator (MPI)
(Y] DC-traction Harmonic currents compensated up to 51 or- | and power losses indicator
substation der. are considered to analyze
(Three-phase the filter performance.
three-wire
topology)

The resonance problem associated with LCL-filter can be minimized by active damp-
ing [66], [67], [[Z0], [[ZT] or passive damping [60], [61], [6&], [69], [Z2] methods and they
are addressed in literature. An experimental comparative study between LC L-filter and

L-filter based SAPFs is presented in [[73]. This study lacks the conceptual explanation

66



of LCL-filter design criteria. A repetitive control scheme coupled to a one-beat-delay
current controller is proposed for LCL-filter based SAPF [[74]. Even though this con-
troller exhibits fine dynamic and steady state performance, the design of LC L-filter and
resonance damping are not specifically addressed. Proper design and configuration of
the LCL-filter parameters for DSTATCOM applications is a crucial and sensitive task.
This is because, the DSTATCOM is ideally designed to operate within the possible wide
frequency bandwidth of the load.

The modes of operation for the designed LCL-DSTATCOM are discussed here. DSTAT-
COM operating in CCM for reactive power compensation and current harmonics miti-
gation is discussed in [[73]—[Z8]. In CCM operation, reference filter currents (direct con-
trol) or reference source currents (indirect control) are generated to control source cur-
rents. In [[79], [RU], DSTATCOM is operated in VCM for voltage profile improvement,
where DSTATCOM regulates load voltage to the reference voltage value by supplying
appropriate fundamental reactive current to the source. In the above algorithms [[75]—
[80], either current control or voltage control is achieved, but not both. In [RT], both
CCM and VCM modes of operation by DSTATCOM are presented. In this method,
both CCM and VCM of operations are achieved by generating reference filter currents
and reference PCC voltages, respectively. In the proposed method, both current and

voltage control are achieved by generating reference PCC voltages only.

4.2 LCL-filter based DSTATCOM Topology in Distribu-

tion System

The schematic diagram of the LCL-filter based split-capacitor DSTATCOM in distribu-
tion system is shown in Fig. B71.. The source is represented by v, vy, and vy with feeder
resistance and inductance as R, and Ly, respectively. v, i, iy and iy are the voltage at
PCC, source current, load current and filter current, respectively, where k = a,b and ¢
phases. C, and C,, are dc-link capacitors of VSC, which support energy exchange.
Ly; and Ly, are inverter side and grid side interfacing inductors, having internal resis-

tances Ry; and Ry,, respectively. C, is capacitor of LCL-filter and r, is damping resistor.
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Three-phase diode
bridge load

: Unbalanced
P, l linear load
: C

Fig. 4.1 Schematic diagram of LCL-filter based DSTATCOM connection in three-
phase four-wire (3P4W) distribution system for power quality improvement

Design of LC L-filter parameters:

The LCL-filter parameters are designed based on the switching dynamics of controller,
and the harmonic order to be compensated by DSTATCOM, which is explained here. Fig.
shows the switching dynamics of the hysteresis controller, and in which the dotted
line represents reference filter current (i) while the solid line represents actual filter
current (iz,.;) varying between hysteresis band (+ /). The analysis is carried out by con-
sidering time instants #;, ¢, and t;" with corresponding reference filter currents of is,.r,

and i’/

trep TESPECtively.

Fre

(i'fref \|‘t hvt‘l)

Yon toff

(ifref - h,tl) (i"fref - hvt.:lj

Fig. 4.2 Switching dynamics of controller for LCL-filter design

From Fig. B2, the rate of change of actual filter current during rising and falling slopes
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of the current are,
difact (i}'ref - ifref) +2h

d t()n t{)n

. ) . 4.1)
dlfact _ (lfref - lfref) —2h

dtoff t()ff

During the conduction of upper switches of VSC, the upper dc-link capacitor voltage
is supported. Similarly, the lower dc-link capacitor voltage supports during conduction
of lower switches of VSC. Applying Kirchoff Voltage Law (KVL) from VSC to PCC

gives the following equations:

diyi dif
m,Vy — V,sinwt = Lﬁdl‘ Lfgd + Rf,lf, + nglfg
gy di 4.2)
—m,Vie — Vp sin wt = Lfl' : Lfg £ + Rf,'l'f,' + ngl'fg
dtoss dtoss

where, m, is amplitude modulation index. The total internal resistance (Rs; + Ry,) of
inductors Ly; and Ly, is considered as Ry. The current (i.,) flowing through capacitor
(Cy) is small in magnitude, so that for simplicity of calculation i, is neglected. Then,
currents iy; and iz, are equal and it is considered as is,.,. With the above considerations,

(E2) becomes,

myaVy. — Vysinwt = (Lfl + Lfg) + Rflfact

d on
f (4.3)
-m,Vy — V,sinwt = (Lfl + Lfg) + Rflfact

loff

After simplification of (B) and (B3), the turn-on and turn-off periods of switch are

obtained as,
2h(Ls + L
fon = Wy + Lyg) (4.4)
MV — Vip SINWE — i4e,R

Zh(Lf,' + Lfg)

torr = - - 4.5
11 MgV + Vi SInt + ipq Ry 4.5
From (B-4)) and (E3), the calculated switching frequency (f;,,) is,
1
for=
on T laff
(4.6)

! ( V Vin sin® 9)
= ————\MgVac —
4h(Lyi + Ly,) Ve
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where, 8 = wt. The observations from (£-8) are,

1. The switching frequency (f;,,) is maximum when V,, sin 6 is zero.

2. fsw 1s minimum when V), sin § is maximum.

In general, interfacing inductances are designed for maximum switching frequency,
therefore from (E-@),
manc

swmax — 717 7~ 4.7
f ’ 4h(Lfl + Lfg) ( )

mg Vdc

Lyi+ Ly = o

(4.8)

The rated dc-link voltage in the proposed LCL-DSTATCOM is considered as 550 V
(for 400 V supply voltage), amplitude modulation index (m,) is unity, hysteresis band
(h) 1s assumed to be 5% of rated filter current and fj,, 4y 1S assumed as 10 kHz. After

substituting these values in (E¥), the sum of inductances, Ly; + Ly, value is 13.75 mH.

From Fig. B, the dynamic equations of LCL-DSTATCOM are given in (89), and its

block diagram is shown in Fig. &73.

. Vino(8) = ver(s) . Ver(s) — Vpcc(s)
ifi(8) = ————, ip(8) = ———
Rf,‘ + SLf,‘ ng + SLfg (4 9)
. io(s) . . . '
Ver($) = raie(s) + , dg(s) = lfi(s) - lfg(s)
sC,
Vcr VDCC
Viny +1 1 I icr [+ i é_)—' 1 Ifg:
Rji + 5L sC, | v, Ry, + 5Ly
.\
Fig. 4.3 Block diagram representation of LCL-filter based system
The transfer function iz, (s)/vin(s) of the system from Fig. is given as,
i I+ sryC,
fe 2T (4.10)

Viny B B()S3 + B]S2 + Bys + B3,
where, By = LfiLfgCr, B, = RfiCrLfg + LfiCerg + Lfl-rdCr + I’dCrLfg, B, = RfingCr +
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RygrqCr + 1r4CRfiCy + Ly + LgyBy = Ry + Ry,. To simplify the analysis, internal re-
sistances Ry and Ry, are neglected. This is a valid assumption because the resistance
values are very small and their influence on the stability of the system is limited. If
damping resistance (r,) is not provided, the transfer function (E10) becomes:

Ifg _ 1
Viny B LfiLfgCrS3 + (Lfl' + Lfg)s.

(4.11)

Applying unity feedback control for (211]) gives overall closed loop system, and char-

acteristic equation of closed loop system is,

LiLsCrs® + (Lpi+ Lyg)s+1=0 (4.12)

The s* term is missing in the closed-loop characteristic equation (E12), which indi-
cates the unstable nature of the system according to Routh Hurwitz stability criterion.

Therefore, damping is necessary to stabilize the system.

The resonance frequency expression from (1T is,

1 |Lpi+ Ly

I =\ LiLC,

(4.13)

In (BT13), the resonance frequency is selected based on the harmonic order to be com-
pensated by LCL-DSTATCOM. Here, the highest order harmonic to be compensated by
DSTATCOM is selected as 49" order for 50 Hz supply system with 10 % variation. As
a trade-off between the above requirements, the value of C, is chosen as 8 uF. Therefore,

the product of L;L;, value from (B13) is given as,

(4.14)

By substituting the values (Ly; + L,), w? and C, in (E14), Ly;Ly, value is 0.829%x107°.

The difference between two inductances in terms of sum and product of inductors is,

Lyi=Lyg = J(Lpi+ Lyl ~ 4LpLy, 4.15)

From (Ly; + Ls,) and (Ls; — L¢,) values, the individual value of Ls; and L, are obtained
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as 13.63 mH, 0.12 mH, respectively. For the designed inductance values, the LCL-filter

frequency response is analyzed by varying C, and r,.

The frequency response for different values of C, is shown in Fig. E-4(a). It is observed
that the resonance frequency increases with decreasing C, value, which results in allow-
ing switching frequency components to grid. Therefore, the selected C, value (i.e., 8
uF) is most suitable for compensation. The frequency response of L-filter, and LCL-
filter with different passive damping values are shown in Fig. &4(b). The LCL-filter
introduces a resonant peak if damping resistor is absent, which causes instability of the
system. The resonant peak can be damped by using passive damping resistor r, in series
with capacitor (C,) as shown in Fig. B1. It is observed that when increasing r; value,
the resonance peak reduces, which makes the system stable. Above the resonance fre-
quency (i.e., 49*%50 = 2450 Hz), the attenuation of switching frequency harmonics is

high in LC L-filter when compared to L-filter.

The comparison between L-filter and LCL-filter in terms of inductance value, attenu-
ation of switching frequency components and resonance peak occurrence for different
damping resistances is given in Table 2. It is clear from Fig. B.4(b) and Table
that for r;, = 6 €, there is no resonance peak and the attenuation is more after resonance
frequency. Therefore, a damping resistance (r;) value of 6 € is chosen in the proposed

method.

Table. 4.2 Comparison between L-filter and LC L-filter

Parameter L-filter LCL-filter
Total interfacing 26 mH 14 mH
inductance value

Resonance peak occurrence

for C, = 8 uF No resonance | 2463 Hz
C,=4uF peak 3485 Hz
C,=1uF 6972 Hz

Harmonic attenuation
after resonance frequency

forr, =0Q -18 db, -60 db
ra=6Q and -46 db
rg=12Q independent -32.db
rg =18 Q on ry -28 db
rg=24Q -26 db
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Fig. 4.4 Frequency response of LCL-filter (a) for different C, values without damping
(i.e., r; = 0 Q) and (b) for different r, values when C, = 8 uF

4.3 Operation of LCL-DSTATCOM in Current and Volt-

age Control Modes

The operation of LCL-DSTATCOM in CCM and VCM with the proposed control al-
gorithm is explained here. The relation among source voltage (V), PCC voltage (V)

and load current (/;) without connecting DSTATCOM is given as,
V26 = Ve 20

IZ— = 416
e 7.20 (4.16)

Without DSTATCOM, the source current is the same as load current; therefore (E18)
can also be written as,
V20 = Vypee 20
I/~ = ——— 4.17)
Z,/60
where, a is angle between PCC voltage and source current. After simplification of

(BT7), the below equation is obtained.

(Voee + 1,Z; c08(0 — @))* + (I,Zs sin(@ — @))* = V2
(4.18)
Voo # (LZ) + 2Vl Zycos(0 — @) = V;
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where, Z; is source impedance and is equal to \/Im . To measure source impedance,
different schemes are present in literature [K?], [K3]. During compensation with DSTAT-
COM, only real component of the load current flows between source and PCC point,
and the source current is in-phase with PCC voltage. Therefore, in (BIR), @ becomes
zero. The above equation (B.IR) is second order quadratic equation in V.. Therefore,

the solution for (EI8) is given as,

Viee = \|V2 = (1 Z:sin0)? — L.Z, cos (4.19)

It is observed from (BE19) that, the PCC voltage (load voltage) magnitude can be de-
creased by increasing the source current (i.e., /; value), and the maximum reduction
occurs at the allowed rated source current. Depending on the value of PCC voltage

(Vpee) calculated from (B19), the mode of operation of DSTATCOM is selected. The

*

reference PCC voltages (v},

) generation in CCM and VCM modes of operation is ex-

plained below.

4.3.1 Reference voltage generation for CCM mode

The estimated source currents i, iy, and i,. are calculated from Instantaneous Symmet-

rical Component (ISC) theory and they are given as follows [24].

_ Vpa = Vpo
- W)
Zj:a,b,c ij 3Vp0

Vpb = Vpo

. 14 P
lep = Z D) _3 D) Plavg (420)

J=a.b,c ij VpO

Vpc — vpo

= 2 2.2
Zj:a,b,c Vp] 3vp0

lSLl

where, v,o = %(vpa + Vb + vpc) is zero-sequence voltage, and Py, is real power injected
by source to load. These estimated source currents are sinusoidal, balanced and in-
phase with respect to PCC voltages. Therefore, the magnitude of source current (/,,)

and unit templates are given as,

2
I, = \/ g(iga P2+ i%c) 4.21)



sin wt, = lI— sin(wt, — 120) = 22 sin(wt, + 120) = ’I— (4.22)

S
m Im m

The reference PCC voltages in CCM mode are:

*

Vioa = Vpee sin wt;
Vop = Viee sin(wr; — 120) (4.23)

Vee = Ve sin(wiy + 120)

where, voltage magnitude of V. is calculated from (ET9).

4.3.2 Reference voltage generation for VCM mode

The v}, reference voltage selection is explained below to operate DSTATCOM in VCM
mode. If, the PCC voltage calculated from (EI9) is out of the load operating limits
(1.e.,09 V. < Voo < 1.1 V,y), then the DSTATCOM is operated in VCM mode. Here,
V. 18 peak of rated PCC voltage. In this case, the three-phase PCC voltage references

are given as,

Voa = Viar sin(wt = 6)

Ve = Vi sin(wr = 120 - ) (4.24)

Vye = Vi sin(wt + 120 - 6)

where, 6 is load angle, which is obtained from the dc-link voltage control loop. The
overall control algorithm of the proposed method is shown in Fig. BES. A Second
Order Generalized Integrator (SOGI) is implemented for fundamental peak voltage (V,,,)
detection from source voltage. From the peak and instantaneous source voltages, the
unit templates are derived. The performance of SOGI is satisfactory even though the

source voltages experience distortions.

After initialization of system parameters, the magnitude of PCC voltage is calculated
from (B19). If V. magnitude is between 0.9 V,,, and 1.1 V,,, then DSTATCOM is
operated in CCM mode and the reference voltages during this period are obtained from
(BE23). If V,.. magnitude is less than 0.9 V,,,, or greater than 1.1 V,,,, then DSTATCOM
is operated in VCM and the references during this period are obtained from (2224)). The

calculated PCC voltage references (i.e.,v};) are compared with actual PCC voltages
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Fig. 4.5 Control algorithm for CCM and VCM modes of operation

(vpr). The error between v/, and v is passed through hysteresis controller to generate
the switching pulses for VSC. In CCM mode of operation, the real power required by
load is supplied from ac source, which implies the load current harmonics and reac-
tive power are compensated by DSTATCOM. During DSTATCOM operation, due to
losses in VSC and interfacing inductor, the dc-link capacitor takes some real power
from source which is considered as current component, /;. This component is obtained

from the dc-link voltage control loop.

4.3.3 Control of dc-link voltage

In conventional method of CCM operation, the reference filter currents are calculated
to achieve current control [?4]. In this approach, the dc-link capacitor voltage is main-
tained constant by PI controller and the output is taken as P;,,. In the proposed method,

the current control is achieved by generating PCC voltage references (v’ ..). Here, the

pce

dc-link voltage is maintained constant by PI controller and the output is taken as real

component current drawn from source, /.

I, = ervdc + K; fevdcdt (4.25)

where, K, and K; are proportional and integral gains, respectively, and e, is the voltage

difference between reference dc-link voltage and measured dc-link voltage. The current,
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1, 1s added to the peak of fundamental load current (/,,), which gives total current drawn
from the source, (I;). Therefore, to achieve current control, I, real current is allowed

between source and PCC voltage.

Once the operation mode of DSTATCOM is transferred to VCM, the dc-link voltage
is regulated by generating a suitable value of 6. The dc-link voltage is compared with
reference voltage, and the error is passed through a PI controller. The output of the PI

controller is considered as ¢ and is given as,

5= Kpene + Ki f eyacdt (4.26)

4.4 Advantages of the Proposed Method Over Conven-
tional Method

The proposed method has the following advantages while compared to conventional

methods.

4.4.1 Reduction in dc-link voltage of VSC

Case 1: (Comparison between L-DSTATCOM and LCL-DSTATCOM)

In L-filter based DSTATCOM, the following Kirchoff Voltage Law (KVL) equation is
obtained.

mqVae1 = Vpcc + Ifol 4.27)

where, V. 1s required dc-link voltage for proper compensation. In conventional split-
capacitor DSTATCOM topology, the dc-link voltage is considered to be 1.6 times the
peak of PCC voltage [45]. Therefore, (8221) becomes as,

1.6V,, = Vy + I;Xpy (4.28)

where, Xy is reactance of interfacing inductor in L-DSTATCOM. In case of LCL-filter
DSTATCOM, the following equation is obtained.

mVao = Vi + 11 Xp2 (4.29)
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where, Xy, is total interfacing inductance of LCL-filter, and V., is the dc-link voltage
required in LCL-filter. From (228) and (B29), the percentage reduction of dc-link

voltage in the proposed method is given by,

) X
reduction, x = 0.625(1 - X—) (4.30)
f1

It is observed from (B30) that the reduction of dc-link voltage depends on the reactance
of the interfacing inductor.
Case 2: (Comparison between existing and proposed LCL-DSTATCOMs)

In the existing method [68], the dc-link voltage is fixed and is selected based on the

rated filter current (/). Therefore, dc-link voltage is given by,

Vet = Vi + If,ratXfl = 1.6V, =V, + If,ratXfl (431)

In the proposed method, the dc-link voltage is varied based on the load condition

(i.e., working filter current, /;,,), and is equal to,
Vch = ‘/m + If,waZ (432)

From (B31) and (E32), the percentage reduction of dc-link voltage in the proposed

method is,
Vdcl - Vch _
Vdcl

1 + 0.6y

1-y } (4.33)

where, y = (%)(%) It is observed from (B33) that the percentage reduction of dc-
link voltage will be more in the proposed method, if the working filter current is lower

than rated filter current.

4.4.2 Reduction in energy dissipation (Ej,,)

The energy dissipation of the switch depends on the voltage that appears across the
switch (i.e., Vg.), current flowing through the switch (i.e., Iy) and junction tempera-

ture (T;). The energy dissipation under working condition with respect to nominal test
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condition is given as follows: [57]

ki ky,

LY v,

Eg, = Esw,n(_f] [ d ] (1 + TC(Tj - Tjn)) (434)
If,n Vdc,n

where, I¢,, Vien, Tjn and Ey, , are the reference values at nominal test condition ob-
tained from the data sheet of Insulated Gate Bipolar Transistor (IGBT) switch (SKM
75GB123D). k; is the current dependency (for IGBT = 1, diode =~ 0.5), k, is the voltage
dependency (for IGBT =~ 1.2 or 1.4, diode =~ 0.6), T is the temperature coefficient (for
IGBT =~ 0.003, diode = 0.005).

Let V.. and V. , are the dc-link voltages required in the conventional [6] and the pro-
posed methods, respectively. The corresponding energy dissipations for the same filter
current are calculated from (834), and they are expressed as Ey, . and E, ,, respec-
tively. Then, the percentage reduction in energy dissipation of switch in the proposed

method is given by,

Vdc,P

k
Yoreduction = 1 — ( ) , where (Vg < Vi)

de,c

4.4.3 Reduction in resistive losses
The resistive losses in the feeder resistance and interfacing resistor are given by:
PL;=30R, Pp;=30R; (4.35)

where, P s and P;; are losses in feeder resistance and interfacing resistance, respec-
tively. As, the dc-link voltage is reduced in the proposed method, the charging current
1, drawn from the source is also reduced. Therefore, from (E33) the losses are also

reduced.
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4.4.4 Damping losses calculation

The passive damping loss (P,) is expressed as follows [69],

(wswagCr)z 2

P, =3r,., =3r ’
¢ = (0 = WLy C)? + w2, 2C2 7

(4.36)

where, wy, is switching frequency in rad/sec. In conventional method [68], the values
Wy, T4, Ly and C, are 10 kHz, 22 Q, 3 mH and 2 uF, respectively. By substituting these

values in (B36), the damping loss is expressed as P, = 70.91?.1..

In the proposed method, the values wy,, 74, Ly, and C, are 10 kHz, 6 Q, 0.12 mH
and 8uF, respectively. After substituting these values in (B36), the damping loss is
expressed as P, = 15.321%. For the same filter current, the percentage reduction of
power loss in the proposed method when compared to conventional method [b&] is
given as,

P
%reduction = 1 — -2 = 78%
dl

Finally, the comparisons between the proposed LCL-DSTATCOM and existing LCL-
DSTATCOMSs (or LCL-shunt active power filter) are discussed here. In [b6], [67],
active damping method is implemented to minimize the resonance problem in LCL-
filter. For that, extra current sensors are required, which will increase the complexity
of the controller. In [68], passive damping method is discussed, in which, damping loss
is present because of the dissipating damping resistor (r;). Though losses exist, the
following advantages are obtained with passive damping: 1) There is no need of addi-
tional current sensors, 2) It is a simple and straightforward method, and 3) There is no
need to change the control algorithm (i.e., same algorithm for both L-DSTATCOM and
LCL-DSTATCOM). Therefore, passive damping is considered in the proposed method.
In case of non-stiff source, ripple filter is required at PCC to minimize the switching
frequency components in PCC voltages. But, in the proposed method, the resonance
circuit of LCL-filter minimizes the switching frequency components in the PCC volt-

age.

The performance of LCL-DSTATCOM with the designed parameters and the proposed

control algorithm is validated by simulation and experimental studies.
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4.5 Simulation Studies

The proposed control scheme is implemented for 3P4W split-capacitor LCL-DSTATCOM

using MATLAB simulink. The simulation parameters are given in Table &73.

Table. 4.3 Simulation parameters for LCL-DSTATCOM

Symbol System parameters Values
Vs Supply voltage 230V
Z Source impedance 1Q,0.1 mH
Ly; Converter side Inductance 13.63 mH
Ly, Grid side Inductance 0.12 mH
Cuc1,Cuen dc-link capacitances 2400 uF each
C, Resonance capacitor 8 uF
T4 Damping resistor 6 Q
Viets Vaer Rated dc-link voltages 550 V each

4.5.1 Current control mode

In order to check the performance of the proposed method in current control mode, two
loads are considered; Load-1 is unbalanced linear load of phase-a: 26 2, 20 mH, phase-
b: 34 Q, 40 mH; phase-c: 60 Q, 60 mH in parallel with three-phase diode bridge RL
load of 170 Q, 65 mH. Load-2 consists of unbalanced linear load of phase-a: 26 €, 20
mH, phase-b: 34 Q, 40 mH, phase-c: 60 2, 60 mH in parallel with three-phase diode
bridge RL load of 20 Q, 150 mH.

The simulation results for the proposed algorithm in CCM mode of operation are shown
in Fig. B8. Fig. E8(a) shows reference PCC voltage (v},..) and actual PCC voltage
(Vpee)- It is observed from the zoomed part of Fig. B6(a) that the actual PCC voltage
follows the reference PCC voltage within half cycle during load variation. It shows the
fastness of control algorithm for dynamic conditions. The source current (i;) becomes
sinusoidal as shown in Fig. B-@(b), even though the load current (i;) has distortions as
shown in Fig. B6(c). The dc-link voltage (V,.) is varied according to load condition
and maintained constant in steady state as shown in Fig. B-6(d). It is observed that the
dc-link voltage settles at 0.023 s during load variation. During load-1 and load-2, the

dc-link voltages are maintained to 710 V and 900 V, respectively, whereas in fixed dc-

link voltage method, 1100 V is maintained for supply voltage of 230 V. Due to variable
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Fig. 4.6 Results in CCM mode of operation (a) PCC voltages (v;;cc and v,..) (b) source
current (i) (c) load current (i;) and (d) dc-link voltage (V)

dc-link voltage approach, the percentage reduction of energy dissipation in switches is
mentioned in Table. BE4. In the proposed method, the percentage reduction of energy
dissipation in switches are 31.8 % and 13.5 % for load-1 and load-2 conditions when

compared to fixed dc-link voltage method.

Table. 4.4 Calculation of percentage reduction of energy dissipation (Esw)

DC-link voltage (V) Energy dissipation (mJ) % reduction in Ej,

Method Load-1  Load2  Load-1  Load2  Load-1 Load-2
Fixed dc-link
voltage LCL- 1100 1100 27 43 0 0
DSTATCOM

Proposed 710 900 18.4 372 318 135
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4.5.2 Voltage control mode

In order to study the performance of LCL-DSTATCOM operation in voltage control
mode, non-linear load drawing high current is considered. The non-linear load param-
eters are three-phase diode bridge with RL-load of 10 Q, 32 mH. The results during
voltage control mode are shown in Fig. B7. It consists of three-phase source voltages

(vs), PCC voltages (v,..), load currents (i;) and source currents (i5). Fig. B7(a), shows
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Fig.4.7 Results in VCM mode of operation: (a) source voltages (v,) and PCC voltages
(Vpee)s (b) vertically zoomed figure of (a), (¢) load currents and (d) source currents

the three-phase source voltages (v,) and three-phase PCC voltages (v,..). The vertically

zoomed figure of Fig. B7A(a) is shown in Fig. BE7A(b). It is observed from Fig. B7A(b)
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that, up to r=0.3 s the peak magnitude of three-phase PCC voltages (v,..) 1s less than the
three-phase source voltages (vy), because of feeder impedance drop. During this period,
that is from r=0.25 s to rt=0.3 s the DSTATCOM is still operated in CCM only. But after
time 1=0.3 s, the DSTATCOM is operated in the voltage control mode, therefore the
PCC voltage magnitude is improved. It can be observed from 7=0.3 s to t=0.35 s that
the peak magnitude of three-phase PCC voltages (v,..) almost equal to the three-phase
source voltages (v,). This is due to the real and reactive power injection from DSTAT-
COM to PCC. During above operating conditions, the three-phase load currents (i;) and

three-phase source currents (iy) are shown in Fig. B7A(c) and Fig. BE7A(d), respectively.

The comparisons of the proposed control method with conventional control methods
are mentioned in Table. B3. The sensing parameters required in the proposed method
are low when compared to conventional interactive current and voltage control method
[8T]. Because, in the proposed method, CCM and VCM operations are achieved by
generating only PCC voltage reference. Therefore, the computational burden on the
control algorithm is reduced. The switching losses are lower in the proposed method
when compared to conventional methods [[77], [8U], [81], because of adaptive dc-link

voltage regulation.

Table. 4.5 Comparison of the proposed control method with conventional control
methods

I .
Current Voltage nteractive Proposed
current and
Parameter control control voltage control
] R0 ,
method [[77] method [K(] control [£1] method
Sensing Vpees i Vs, Vpee Vs, Vpee Vs, Vpee
parameters ir, Vae i, Ve i ifs Ve i1 Ve
References I Ve Iy Viee Ve
PLL required Optional Yes Yes No
Complexity Less Less More Moderate
Switching loss High - High Low
Sample time 20 us 20 us 40 us 30 us
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4.6 Experimental Studies

The performance of the proposed CCM and VCM modes of operation is verified with
experimental studies for a reduced voltage of 60 V by considering load-1 (non-linear
load) and load-2 (unbalanced load). The control algorithm is implemented by dSPACE
MicroLabBox DS-1202. The main experimental components to implement the experi-

ment setup and the corresponding specifications are given in Table &-@.

Table. 4.6 Components required and their specifications for experimental implemen-
tation

Circuit Component Specification type
Sensing devices Voltage transducer LEM LV 25-P
Current transducer LEM LA 55-P
Controller dSPACE MicroLabBox DS 1202, FPGA
based controller
Sampling time (7’;) 30 us
VSC circuit IGBT with anti-parallel SKM 75GB123D
diode
dc-link capacitors Electrolytic 1200 V
4400 uF
+15 V dc power supply  Diode bridge IN4007,
Capacitors Electrolytic 2000 uF
Regulator (ICs) LM7815, LM7915
Driver circuit IC’s Opto-isolator 3120
Waveforms capturing Mixed Signal Osci- Tektronix-2014B,
device lloscopes (MSO) 100 MHz, 1 GS/s
THD measurement Power quality analyzer =~ FLUKE-435 series II

4.6.1 Current control mode

The performance of DSTATCOM in CCM mode is validated in steady state and tran-
sient load conditions. Also, the LCL-DSTATCOM performance with adaptive dc-link

voltage method is discussed.
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Steady state performance:

The experimental results with non-stiff source before compensation are shown in Fig.
BR. Itis observed that the PCC voltage is distorted because of nonlinear current flowing
through feeder impedance. After compensation, the experimental waveforms are shown
in Fig. B9. It consists of source voltage (v,,), PCC voltage (v,,), source current (i)
and load current (ij,) of phase-a. It is observed from Fig. E9 that, the source current be-
comes sinusoidal and in-phase with voltage even though load current is non-sinusoidal
and distorted. The DSTATCOM is operated in current control mode as the PCC voltage
magnitude is between limits 0.9 V,,, < V.. < 1.1 V,,. It is also observed that PCC

voltage becomes sinusoidal and harmonic free.
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Fig. 4.8 Before compensation: source voltage (v,,), PCC voltage (v,,), source current
(i54) and load current (iy,) (scale: voltage 80 V/div, current 2 A/div)
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Fig. 4.9 After compensation: source voltage (v,,), PCC voltage (v,,), source current
(i5,) and load current (i;,) with the proposed LCL-DSTATCOM (scale: voltage 40 V/div,
current 2 A/div)

Transient performance

The transient performance is validated for a) before and after operation of DSTATCOM,

and b) during load variation. Before and after the operation of DSTATCOM, the results
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are shown in Fig. BET0. It consists of source voltage (vy,), PCC voltage (v,,), source
current (iy,) and load current (i) of phase-a. Before the operation of DSTATCOM,
the source current is same as load current (i.e., non-sinusoidal and distorted). After
DSTATCOM operation, the PCC voltage follows the reference PCC voltage such that
source current becomes sinusoidal and in-phase with voltage even though load current

1s distorted.
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Fig. 4.10 Before and after DSTATCOM operation: source voltage (v,,), PCC voltage
(vpa), source current (iy,) and load current (iy,) (scale: voltage 40 V/div, current 2 A/div)

The results during transient load variation are shown in Fig. BTI, which consist of
source voltage (vy,), PCC voltage (v,,), source current (i,,) and load current (iy,) for
load variation. It is observed that, even though the load current is changed, the source

current becomes sinusoidal and in-phase with PCC voltage.
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Fig. 4.11 Performance of the proposed LCL-DSTATCOM during transient load vari-
ation: source voltage (v,,), PCC voltage (v,,), source current (iy,) and load current (iy,)
(scale: voltage 80 V/div, current 2 A/div)

During the load variation, the dynamics of dc-link voltage for load-1 and load-2 are
shown in Fig. BET2. It consists of PCC voltage (v,,), source current (i), load current
(i1o) and dc-link voltage (V,.) during transient load variation. It is observed that when
the load is varied, the dc-link voltage is also varied according to control algorithm.

For a better understanding of the compensation performance in the proposed method,
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Fig. is zoomed during load-1 and load-2, and shown separately as Fig. and
Fig. BT4, respectively. It is observed that in both load conditions, the source current

becomes sinusoidal and in-phase with voltage.
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Fig. 4.12 Performance of the proposed LCL-DSTATCOM with variable dc-link volt-
age regulation during transient load variation: PCC voltage (v,,), source current (iy,),
load current (i;,) and dc-link voltage (V) (scale: PCC voltage 80 V/div, dc-link voltage
20 V/div, current 2 A/div)
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Fig. 4.13 Zoomed figure of BET2 during load-1 condition (scale: PCC voltage 80
V/div, dc-link voltage 20 V/div, current 2 A/div)
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Fig. 4.14 Zoomed figure of BET2 during load-2 condition (scale: PCC voltage 80
V/div, dc-link voltage 20 V/div, current 2 A/div)

The three-phase source currents before and after compensation for unbalanced load
condition (load-2) are shown in Fig. BETS. It is observed that before compensation,
the three-phase source currents are distorted and unbalanced, while after compensation

they becomes balanced and sinusoidal.
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Fig. 4.15 Three-phase source currents (i,,, i, isc) before and after compensation with
the proposed method (scale: current 4 A/div)

The three-phase source currents harmonics spectrum and the phasor diagram for load-1
(non-linear load) are shown in Fig. BETA. Before compensation, the source currents
have THDs of 21.8%, 22.1%, 21.8%, respectively as shown in Fig. BT6(a). After
compensation, the harmonic spectra of three-phase source currents are shown in Fig.
A Td(b). It is observed that, the source currents THDs are reduced to 3.3%, 3.1% and
3.2%, respectively. The source currents THD values are well within the IEEE-519

recommended standard value (i.e., less than 5%).
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Fig. 4.16 (a) and (b) Harmonic spectrum of three-phase source currents before and
after compensation for load-1 condition, (c) and (d) phasor diagrams of source voltages
and source currents before and after compensation for load-1 condition

The phasor diagram of PCC voltages and source currents for non-linear diode bridge
load before compensation are shown in Fig. BT6(c). It is observed that the three-phase

source currents lag behind the respective phase voltages by 15°, 14° (254-240) and
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16° (136-120), respectively, and corresponding fundamental source current magnitudes
are 2.2 A, 2.1 A and 2.3 A. The phasor diagram of PCC voltages and source currents
after compensation are shown in Fig. BT@(d). It is observed that the source currents
are in-phase with respective PCC voltages, and the corresponding fundamental source
current magnitudes are 2.1 A, 2.1 A and 2.1 A. This shows that unity power factor is

achieved on the source side and three-phase source currents are balanced.

4.6.2 Voltage control mode

In experiment to test the voltage control mode operation, voltage sag is created in source
voltage by connecting impedance in the circuit. Here, voltage sag of magnitude 20% of
rated voltage is created in source voltage. Fig. BET7 shows the phase-a source voltage
(vsa), PCC voltage (v,,), source current (iy,) and dc-link voltage (V). It is observed
from the waveform of v, that, during sag period the magnitude is reduced. However sag
is present in source voltage (v,,), the PCC voltage magnitude is not reduced, because of
voltage control mode operation. During this period, the phase-a source current (i) and
dc-link voltage (V) are also shown in Fig. BET7A. It is observed that the source current
magnitude increases because of the reactive power injected by DSTATCOM during sag
period. It is also observed that the dc-link voltage magnitude is maintained constant ex-
cept small oscillations by dc-link voltage regulation loop. Hence, the proposed scheme

is able to provide fast voltage regulation.
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Fig. 4.17 VCM mode of operation during 20% sag in supply voltage: source voltage
(vsa), PCC voltage (v,,), source current (iy,) and dc-link voltage (V) (scale: PCC
voltage and source voltage 80 V/div, dc-link voltage 20 V/div, current 2 A/div)
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4.7 Summary

The proposed control algorithm to operate LCL-DSTATCOM in CCM and VCM based
on the voltage references have been demonstrated through simulation and experimental
studies. This method shows an improvement over other methods in the performance
of DSTATCOM for power quality improvement. The proposed control algorithm has
the advantages of (1) reduction of sensing elements, (2) reduction of computational
burden on control algorithm, (3) reduction in switching losses when compared to tra-
ditional method, (4) assurance of unity power factor operation, harmonics mitigation
and neutral current compensation in CCM mode. Moreover, the results obtained from
the experimental setup further establish the viability and effectiveness of the proposed

LCL-DSTATCOM.
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CHAPTER 5

POWER QUALITY IMPROVEMENT BY HYBRID
DSTATCOM WITH ADAPTIVE CONTROL SCHEME

In this chapter, a shunt connected hybrid DSTATCOM for power quality improvement is
implemented. The hybrid DSTATCOM consists of LC L-filter in series with ac-capacitor
as an interfacing unit between VSC and PCC. To improve the performance of hybrid
DSTATCOM, an adaptive dc-link voltage control scheme is proposed. The proposed
method improves the steady state and transient performances, and also having low THD
of source current in steady state condition. Also, the control scheme reduces switching
losses in VSC and voltage stress across switches by maintaining more appropriate dc-

link voltage corresponding to load condition.

5.1 Introduction

A combination of passive and active filter, named as hybrid DSTATCOM is presented in
literature for PQ improvement with reduced rating of VSC. In [8Y9], an L-filter in series
with capacitor as interfacing unit between VSC and PCC is proposed. In this model,
the voltage across series ac-capacitor supports VSC, such that the dc-link voltage as
well as rating of VSC are reduced. In [84], a hybrid power filter is discussed, which
is capable of harmonic compensation under unbalanced operation. But, the range of
reactive power compensation is narrow because of fixed series capacitor and dc-link
voltage. A Thyristor controlled LC filter (TCLC) based hybrid active filter in [K5], [K@],
and Static Var Compensator (SVC) based hybrid active filter in [87], [K&] are proposed
for power quality improvement. These topologies are well supported for a wide range
of reactive power compensation, however the generation of pulses for both active filter
and TCLC or SVC switches makes the algorithm complex. Moreover, the losses due
to the switches in the TCLC or SVC, reduce the efficiency of the system. An adaptive
fuzzy hysteresis band current control for switching losses reduction in hybrid active

power filter is discussed [89]. In which the voltage stress across switches of VSC is



high under reduced load conditions, since the dc-link voltage is constant. In the above
discussed hybrid topologies, the dc-link voltage is maintained constant forcefully by
adopting dc-link voltage control loop. Different voltage control techniques to improvise

the performance of dc-link voltage are discussed in the literature.

Traditionally, fixed gains for Proportional Integral (PI) control technique has been adopted
for dc-link voltage regulation [2X], [59]. But, the dynamic performance of fixed gains
PI-controller is sluggish for load changes. A combination of the PI controller and the
feed-forward compensation method is discussed in [90]. This method gives excellent
improvement in the dynamic performance of the system. But, the oscillations in grid
current creates ripple in dc-link voltage, because of the coupling between controlled
dc-link voltage and grid current. In [91], [92], a fuzzy PI control method is proposed to
tune PI controller gains. A state feedback design based on zero set concept in [93] and
a linear optimal control based on the Linear Quadratic Regular (LQR) control in [94]
are proposed. The control techniques in [91]-[24], depend on the designer’s experience
to obtain optimal parameters. An adaptive PI controller to improve the dynamic per-
formance of dc-link voltage is discussed in [95]. In which, voltage and current control
gains are coupled to each other; therefore settling time required is more. In the above
discussed controlling methods, the dc-link voltage is kept constant, and this value is

selected based on the rated load demand condition.

In general, the system may not always be operated at rated load condition. Then, the
required dc-link voltage during reduced or light loaded condition is low when compared
to fixed dc-link voltage as in conventional method. Therefore, for maintaining fixed dc-
link voltage during reduced load condition increases the switching losses and makes
high voltage stress across switches. The switching losses and voltage stress during
reduced load conditions, can be minimized by implementing an adaptive dc-link voltage
control method, which is explained in the next section followed by hybrid DSTATCOM

design.

5.2 Structure of Hybrid DSTATCOM

The schematic diagram of the hybrid DSTATCOM in distribution system is shown in

Fig. B1. The source currents, load currents and filter currents injected by compensator
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are labeled as iy, iy and i, respectively (where: k=a, b and c phases). The grid side and
converter side interfacing inductors are labeled Ly, and L;, respectively, and these two
inductors are responsible for smoothing the filter currents. A resonant capacitor (C,)
is connected between interfacing inductors for switching frequency harmonics elimina-
tion. The damping resistor, r, is connected in series with C, to improve the stability of
the system. A series capacitor (Cy) is connected between LC L-filter and PCC to reduce
the required rating of VSC. V... (rms) and V,,, (rms) are the voltages at PCC and VSC
output, respectively. C,.; and C,., are upper and lower dc-link capacitors, respectively.

The design of hybrid DSTATCOM parameters Cy, Ly;, C, and Ly, are explained below.

Three-phase diode

bridge load
y_ PCC .
Fﬁ-:;l Ila\
s\, i e RI
Vpb“\ Ilb\
Vo, I 4
A A K
Cf== == =
ifg IIn
m
Unbalanced
linear load
LCL
filter

Fig.5.1 Hybrid DSTATCOM topology for power quality improvement in three-phase
four wire (3P4W) distribution system

5.2.1 Design of series capacitor (Cy)

The design of series ac capacitor, C depends on reactive power demand. The reactive

power supported by series capacitor is given below.
0, =3V wC; or 3V, I, (5.1)

where, w = 2nf, V., (rms) is voltage across series ac-capacitor, I., (rms) is current

flowing through ac-capacitor and f is the supply frequency. The ac-capacitor voltage
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varies with respect to the current flowing through it.

1
Ve = g | st (5.2)

As the load current is increased, the filter current flowing through series ac-capacitor
also increases, therefore from (B2) the ac-capacitor voltage is increased. The ac-
capacitor voltage is maximum at maximum allowed filter current. From (511) and (52),
the value of ac-capacitance is calculated for a given reactive power and allowable max-
imum filter current. In the proposed method, the over compensation problem is elimi-
nated by varying dc-link voltage. At higher frequencies, the impedance offered by the
series ac-capacitor (Cy) will be much lower. Therefore, C; can be neglected during the

design of remaining parameters (Lys;, C, and Ly,).

5.2.2 Design of parameters L;, C, and L,

The following relations are obtained from Fig. 1], by applying Kirchhoff Voltage Law
(KVL) from VSC to PCC assuming that current flowing through C, is very small in
magnitude (i.e., negligible).

digi dig,

on on

dig; dif

(5.3)

_mavdc + V(f - Vm Sin wt = le dl— ff fg dt ff
0 0

where, m, is amplitude modulation index considered as unity. With negligible current
flowing through C,, the currents is; and iy, become equal, and this value is considered

as iy. Then (B3) modified as,

di
MyVie + Vep = Vpsinwt = (Ly; + Lfg)dtf
ai, (5.4)
—-my,Vy + ch -V, sinwt = (Lfi + Lfg)
dtoff

The rate of change of filter current (dif/dt,, and di;/dt,s) during turn-on and turn-

off of switches is obtained from the hysteresis controller. During turning ON of upper
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switches of VSC, the rate of change of filter current is,

dif _ (i}ref - ifref) +2h

55
dtO}’l ton ( )
Similarly, during turning OFF lower switches of VSC,
di (i/lre -1 re ) —2h
£ prer T tres (5.6)

dtoyy loff

Here, ifyf, i, and i . are reference filter currents at different time instants. As the
time instants are very small, the change in currents, (i}re ;o ifrer) and (i}’re ;o i}re f) are
very small in magnitude. Therefore, for simplification (i}re ;e ifrer) and (i}fre ; i’fre f)
are neglected in further calculation. By substituting (83) and (5:6) in (53), the turn-on

time (7,,) and turn-off (#,/,) times are,

_ 2h(sz + Lfg)
~ mgVae + Ve — Vyysinwt

(5.7)

ton

2]’l(Lf,‘ + Lfg)

tyrr = - 5.8
i mgVae — Vep + Vy sinwt (5-8)

From (677) and (BR), the switching frequency (f,) is given as,

1
Lon + Tofy
3 m, Ve [1 _ (ch -V sin@)l]
4h(Lys; + Ly,) My Ve

fsw =
(5.9)

where, 6 = wt. The observations from equation (59) are:

1. The switching frequency (f;,,) is maximum when the difference between (V,; —
V.. sin ) is zero.

2. f 1s minimum when difference of (Vs — V,, sin 6) is maximum.

The interfacing inductances are designed at maximum switching frequency, therefore
from (59),
mg Vdc
Ly+ Ly = ——— (5.10)
T A fovmas
where, fi, mqx 1S maximum switching frequency. In the proposed method, the inductor

value is designed at rated dc-link voltage even-though the dc-link voltage varied. For
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example, the rated dc-link voltage in the proposed hybrid DSTATCOM is considered
as 300 V. Therefore, by substituting the values of rated dc-link voltage, 7 = 0.85 A
and f,max = 10 kHz in (810), the calculated Ly; + Ly, value is 8.82 mH. To find out

individual inductor values, the dynamics of the system are considered.

For the hybrid DSTATCOM shown in Fig. B, the following dynamics of current and

voltage equations are derived.

. Vinv(s) - vcr(s) . Vcr(s) + vcf(s) - vpcc(s)
iri(s) = — . iro(s) = L
i ) fe (5.11)
. Ler(S . . .
Vcr(s) = rdlcr(s) + 5 lcr(s) = lfi(s) - lfg(s)
sC,
From (B-T11), the transfer function is,(s)/vi,(s) is given as,
] 1 C,
lfg _ + Sry (512)

Viny B B()S3 + B]S2 + Bys

where, By = LyL¢,C,, By = LfiryC, + 1rqyCrLgg, By = Ly + Ly, If damping resistance,

ry = 0, then the transfer function (5212) becomes:

i 1
LA (5.13)
Viny LfiLfgCrS?’ + (Lfl + Lfg)S

The overall closed loop transfer function of (513) is obtained by applying unity feed-
back control. In the closed loop characteristic polynomial, s* term is missing, which
infers the system is unstable according to Routh Hurwitz stability criterion. Therefore,
damping is compulsory to stabilize the system. The resonance frequency expression

from (B213) is,
I [Lsit Ly

= — [ 5.14
2 Lf,'LfgCr ( )

Jr

In (514), the resonance frequency is selected based on higher order harmonic compen-
sated by DSTATCOM. In this work, the highest order harmonic to be compensated by
hybrid DSTATCOM is selected as 49" order for 50 Hz supply system with considera-
tion of 5% variation. As a trade-off between the above requirements, the value of C, is

chosen as 8 uF. Therefore, the product of L L, value from (514 becomes,

(5.15)
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By substituting the values (L;+Lg,), a)f and C, in (R19) gives Ly; Ly, value as 4.65% 107.

The difference between two inductances is given as,

Lfl' - Lfg = \/(Lf[ + Lfg)2 - 4Lf,'Lfg (516)

From (Ls; + Ly,) and (Ly; — Ly,) values, the individual value of Ly; and Ly, are obtained
as 8.25 mH, 0.56 mH, respectively. With the designed values, the hybrid DSTATCOM

with adaptive control scheme is implemented, which is explained below.

5.3 Proposed Adaptive Control Scheme for Hybrid DSTAT-
COM

The dc-link voltage magnitude of VSC plays a very important role in the compensation
performance. In conventional DSTATCOM, the dc-link voltage is maintained constant
at, (a) twice the peak of PCC voltage as in [96] or (b) 1.6 times peak of PCC voltage as
in [28], based on the rated load condition. Hybrid DSTATCOM topologies with reduced
dc-link voltage other than conventional methods are discussed by connecting a series
ac-capacitor in series with VSC [59]. However, for fixed ac-capacitor value, the choice
of dc-link voltage magnitude is fixed and is selected based on the rated load condition.
But, there is no specific dc-link voltage selection process based on load operating point.

The variable dc-link voltage selection based on load condition is discussed below.

5.3.1 Proposed variable dc-link voltage reference selection

In literature, very few authors have discussed the variable dc-link voltage control. The

following disadvantages are noticed with the existing method [56], [57].

1. The calculation of reactive power involve abc to af transformations and vice
versa, which increases the computational burden.

2. The transient response of the dc-link voltage variation is not discussed, which
will affect the compensation performance.

3. Over compensation of reactive power occurs during reduced load conditions, and
due to this the source current is distorted.

4. Steady state error is present because of fixed controller gains.
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5. An extra ripple filter is required in case of non-stiff voltage source for PCC volt-
age smoothing.

The above problems are addressed in the proposed adaptive control scheme. The dc-
link voltage reference is calculated from the simple algorithm based on the reference
filter currents, which is explained as follows. The reference dc-link voltage (V) in the
proposed method is given as,

LV*

V;ik inv (5 17)

c =

where, amplitude modulation index (im,) is considered as unity and V; is VSC ac side
voltage and which is calculated from,
V*

inv

= Vpee = Ve, + Xp, I (5.18)

The above equation is advisable only for reactive power compensation. But, in case
of both harmonic current mitigation and reactive power compensation, the reference

dc-link voltage is calculated from,

49

2
Vi o= J(Vm v, + XLflf) + > Kyl (5.19)
H=5
where, H indicates order of harmonics. X;, and X;,, are total reactances offered by
interfacing inductors corresponding to fundamental and harmonic frequencies, respec-
tively. I, and Iy are fundamental and harmonic component filter currents, respectively.
The limits for harmonic order are taken from 5" to 49", because the dominant harmonic
in load current is 5 and mitigating harmonics up to 49" order is considered. In case of

non-stiff source, harmonics present in the PCC voltage also, then (8T9) modified as,

49
V;;zv = JAZ + Z(VPCC,H + )(LfHIfH)2 (520)

H=5

where, A = (Ve = Vep+ X1, I5). Itis observed from the above equations, that the dc-link
voltage depends on /7, which will vary depending on load current. The reference dc-
link voltage calculated in the proposed method is less when compared to conventional
method for reduced load conditions [59], [84], [RS]. Therefore, the switching losses are

reduced and the losses are calculated from energy dissipation in switching device.
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5.3.2 Adaptive control scheme for dc-link voltage regulation

An adaptive dc-link voltage control method is implemented for better performance, in
which the PI gains are tuned based on error between reference dc-link voltage (V)
and actual dc-link voltage (V,.). The block diagram of the proposed adaptive dc-link
voltage controller is shown in Fig. B2. iy, is current flowing through VSC, i/ is average
value of dc-side current of VSC. The relation between i, and i/} is represented with gain
(G), which is obtained by equating ac-side and dc-side powers of VSC. The product of

average dc-current and dc-voltage is considered as power losses in VSC.

Ve ~NV i P
dc dc P d G ! ‘SC]_ X loss
l>| o v
dc dc

\ A 4

Fig. 5.2 Block diagram of the dc-link voltage controller

From Fig. 57, the transfer function of V,./V’,. is given as,

G Gk
VdC _ Cdc kps T Cd('

2, G
Vi s + cokps +

(5.21)

Ghy
Cac

In the proposed method, the reference dc-link voltage is varied in steps according to

load variations. Therefore, (82211) can be written as,

Gk;
Cac

G

Vie=Vacor  Ca kps +

(5.22)

Gk;
Cac

R L - 2 G
Vdc Vdc,(yr s+ Co kpS +

where, k, and k; are PI controller gains, Cy. is dc-link capacitance value, G = 3V,,/2V, .
Vico- and V. are actual and reference dc-link voltages at the starting of transient,
respectively. By comparing the denominator of (522) with the general second order

system, the following relations are obtained.

_ Zgwncdc k _ wyzlcdc

k
b G G

where, 0 < ¢ < 1 (5.23)
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The reference dc-link voltages involve step variation function. Therefore, (522) be-

comes,
I ks &)L
Vdc = Vdc’oi’ + — 5 G Gk (Vdc - Vdc,0+) (524)
S\ s+ C—kpS + C_l
dc dc

The solution for above equation in time domain is,

e—{a)nt

Vi) = Vgeor + (1 — 79 cos wyt + sin a)dt)

Vvi-¢42 (5.25)

*(VZC - VZC,OJF)

If t=0"= V() = Vacor
(5.26)
If t=c0=V,(0)= ‘/dc,O+ + (V;kic - VZL',0+)

The conditions of + = 0" and ¢ = oo indicates, the start of transient and steady state
periods, respectively. It is observed from steady state condition, that the actual dc-
link voltage follows the reference dc-link voltage but the time taken to reach steady
state depends on rise time and settling time, which is dependent on damping ratio ()
and natural frequency (w,). Also, it can be observed from (523) that k, and k; values
depend on ¢ and w,. To simplify the design of controller gains, the damping ratio ({)
value is selected as 0.707. The selection of w, for gains tuning is a trade-off between
the following points.

1. The increase of w, will result in better dynamic performance during transient
state operation and higher grid-side current THD during steady state operation.

2. The decrease of w, will result in lower dynamic performance during transient
state operation and lower grid-side current THD during steady state operation.

To overcome this trade-off, w, is selected from look up table, which consists of different
ranges of w, bands from wj iy, t0 Wy me based on error, AV, [U5]. Therefore, for the

selected value of w,, k, and k; gains are continuously updated from (523).

The analysis based on design parameters for different series ac-capacitor values and for
different filter currents are discussed here. The graph between required dc-link voltage
and filter current for different series ac-capacitor values is shown in Fig. B3. It is
observed that, the higher value of ac-capacitor supports more current compensation.

But, for the same filter current, the required dc-link voltage is high when compared to
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lower ac-capacitor required case. Therefore, the choice of series ac-capacitor depends

upon maximum filter current to be compensated by hybrid DSTATCOM.

350

300
S 250
@ 200"

S6uF  110uF, V1684F ' 224uF
-500 5 10 15 20 25 30 35 40 45 50
Filter current (A)

Fig. 5.3 Graph between dc-link voltage and filter current for different series ac-
capacitor values

The required dc-link voltage corresponding to filter current in fixed and adaptive dc-link
voltage methods for different topologies when C ;=56 uF and C;=336 uF are shown in
Fig. B4(a) and Fig. B4(b), respectively. The topologies considered for comparison
are 1) L-filter DSTATCOM (conventional), 2) LC-filter DSTATCOM (hybrid) and 3)
LCLC-filter DSTATCOM (proposed). It is observed from Fig. B4(a), that the required
dc-link voltage is high in fixed dc-link when compared to adaptive method in all topolo-
gies. But, when compared among the adaptive methods, the required dc-link voltage is
less in the proposed method. It is observed from Fig. 54(b), that for hybrid DSTAT-
COM, the required dc-link voltage in adaptive and fixed methods are almost equal,
therefore adaptive method is not suggestible in this case. The proposed method still
supports more filter current as well as requires less dc-link voltage compare to other

methods.

The graph between switching losses and filter current for different topologies is shown
in Fig. B3. For hybrid topologies, two different series ac-capacitor values are con-
sidered for analysis. In case of C; = 56 uF, the graph is shown in Fig. B3(a). It is
observed that the switching losses are high in conventional topology (i.e., L-filter based
DSTATCOM with fixed dc-link voltage) when compared to other topologies. Also, the
losses are almost same in hybrid (adaptive) and proposed (adaptive) methods. In case of
Cy = 336 uF, the graph is shown in Fig. 53(b) and the following conclusions are drawn
from these graphs. 1) The adaptive method for conventional topology is suggestible up
to 20 A. This is because the switching losses are more in adaptive method when com-

pared to fixed method. 2) The adaptive hybrid method is not suggestible as the losses
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Fig. 5.4 Graph between filter current and required dc-link voltage for different topolo-
gies (a) when C ;=56 uF and (b) when C;=336 uF

are almost same in both fixed and adaptive methods. 3) The proposed method is rec-
ommended for high currents because of lower switching losses as shown in Fig. B3(b).
The above analysis of the graphs were done by considering rms values of fundamental

filter current.

The proposed hybrid DSTATCOM performance with the designed parameters and adap-
tive control algorithm is validated with simulation and experimental studies in the next

section.

5.4 Simulation Studies

The three-phase four-wire (3P4W) split-capacitor hybrid DSTATCOM with the adap-
tive dc-link voltage scheme is simulated using MATLAB simulink. The simulation
parameters are given in Table Bl To check the performance of the proposed method,

two different loads are considered:
1) Load-1 is a three-phase diode bridge load of 50 2, 300 mH.

2) Load-2 is a combination of three-phase unbalanced linear load of phase-a: 34 Q, 150
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Fig. 5.5 Graph between filter current and switching losses in VSC (a) for C¢=56 uF
and (b) for Cy=336 uF

mH, phase-b: 81 Q, 126 mH, phase-c: 31 Q, 226 mH, and three-phase diode bridge
load of 250 Q, 300 mH.

The calculated reference dc-link voltages for load-1 and load-2 are shown in Table.
and Table. B3, respectively. In case of load-1, the three-phase load currents are same,
therefore only one phase calculation is sufficient. In case of load-2, the three-phase load
currents are unbalanced, therefore calculation of all phases is required. Out of three-
phase calculations, maximum value is selected to choose dc-link voltage. From the
calculated inverter voltages in each phase for fundamental and harmonics orders, the
resultant inverter rms voltage is calculated from (517). The resultant inverter voltages
for load-1 is 157.44 V and for load-2 is 238.73 V; the corresponding dc-link voltages
calculated from (517) are 160 V and 240 V, respectively.

The following events are considered to occur in the system for simulation studies.

1) During t=0 s to 0.06 s, compensator is not switched-ON (i.e., without compensation)
and dc-link capacitors are pre-charged to 130 V.

2) Att=0.06 s, compensator is in operation (with compensation) and load-1 is present.

3) Att = 0.22 s, unbalanced non-linear load is connected at PCC (i.e., load-2).
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Table. 5.1 Simulation parameters for hybrid DSTATCOM operation
Symbol System parameters Values
Vs Supply voltage 230V
Ly; Converter side inductance 8.25 mH
Ly, Grid side inductance 0.56 mH
Cy Series ac-capacitance 56 uF
C, Resonance capacitance 8 uF
Ty Damping resistance 6 Q
Cic1,Cuic dc-link capacitances 2400 uF each

Load-1: Three-phase diode bridge load of 50 Q, 300 mH.

Load-2: Unbalanced linear load of phase-a: 34 Q, 150 mH, phase-b: 81 Q,
126 mH, phase-c: 31 Q, 226 mH; plus three-phase diode bridge
load of 250 €, 300 mH.

Table. 5.2 Reference dc-link voltage calculation for diode bridge load (Load-1)

H Xign In(ms)  Xpeyley Vern Vien
2.8 3.12 8.8 177.4 156.8
57141 1.32 18.6 15 3.6
7" 19.78 0.72 14.2 585 835
1" 31 0.24 7.4 1.2 6.2
13" 36.7 0.16 5.88 0.7 5.18
17" 48 0.13 6.2 0.4 5.8
19" 537 0.09 4.8 027 453

Table. 5.3 Reference dc-link voltage calculation for unbalanced load (Load-2)

I;p(rms) Vern Vinv.s max

H a b c a b c a b c Viwv.rr)

1| 34 1.6 3 | 1915 915 170 | 1435 238.6 159.8 | 238.6

5% 1 0.32 0.36 0.3 3.6 41 34 | 09 09 0.83 0.9

7" 1 0.19 0.23 02 | 1.54 187 1.62| 222 268 228 | 2.68

11" | 0.13 0.14 0.13 | 067 0.72 0.67 | 336 3.62 3.36 3.62

137 0.1 0.12 0.1 | 044 052 044 | 323 388 3.23 3.88

17" | 0.07 0.08 0.07 | 023 027 0.23]| 3.13 3.57 3.09 3.57

19" | 0.06 0.07 0.06 | 0.18 0.21 0.18 | 3.02 355 3.02 3.55
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The simulation waveforms without and with operation of the compensator are shown in
Fig. B6. The three-phase PCC voltages are balanced and sinusoidal as shown in Fig.
B@(a). The three-phase source currents and neutral current are shown in Fig. BG(b).
The compensator is not in operation up to ¢ = 0.06 s, therefore the source currents are
non-sinusoidal. After compensator is switched at t = 0.06 s, the compensation starts
and source currents become sinusoidal. During this process, the filter currents injected
by DSTATCOM are shown in Fig. B.6(c), and dc-link voltages are shown in Fig. B.6(d).
It is observed that, initially the dc-link capacitors are charged to 130 V. Once after the
compensator is switched-ON at ¢ = 0.06 s, the dc-link capacitors are charged to 160 V.
This voltage is sufficient for satisfactory compensation for a given load condition, and
which is calculated from the proposed algorithm.

o---»>DSTATCOM connected at t = 0.06 sec

N
o
: o

PCC voltages (V)
o

N
o
o

0 0.06 0.12 0.18 0.22
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S
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(d)
Fig. 5.6 Simulation results of the proposed method for hybrid DSTATCOM switching
at 1 =0.06 s: (a) PCC voltages (v,..), (b) source currents (iy), (c) filter currents (iy) and
(d) dc-link voltages (Vye1, V).

The simulation results of the proposed method during dynamic load variation are shown
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in Fig. B71. Fig. B7(a) shows three-phase PCC voltages, which are balanced and
sinusoidal. The three-phase source currents and source side neutral current are shown
in Fig. B7A(b). It is observed that source currents are balanced and sinusoidal before and
after load variation at r = 0.22 s, therefore the source side neutral current is also zero.
The load currents for both load conditions are shown in Fig. B7(c). The filter currents
injected by compensator for both load conditions are shown in Fig. 57(d). The voltage
across dc-link capacitors are maintained to reference dc-link voltages calculated from

the proposed algorithm and are shown in Fig. B7(e).
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Fig. 5.7 Simulation results of the proposed method during dynamic load variation at
t=0.22 s: (a) PCC voltages (v ), (b) source currents (i), (c) load currents (i), (d) filter
currents (i) and (e) dc-link voltages (Vae1, Vo).

The dc-link voltage dynamics with fixed PI controller and the proposed adaptive PI
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controller are shown in Fig. B8. The dc-link voltage magnitude is same in both the
methods up to r = 0.22 s, because of same gains considered for initial load (load-1). The
load is changed at t = 0.22 s, and the dc-link voltage is changed to 240 V, which is the
reference dc-link voltage calculated from the proposed algorithm. The dc-link voltage
settle faster in the adaptive PI controller compared to fixed PI controller method, which
indicates the improvisation of the transient response of dc-link voltage. The steady state

error is zero with adaptive PI control method, but with fixed PI method it is 10 V.
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Fig. 5.8 DC-link voltage dynamics with fixed and adaptive PI controllers
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Fig.5.9 (a) Phase-b PCC voltage (v,..), VSC voltage (v;,,), series ac-capacitor voltage
(vey) and total de-link voltage (Ve + Vyeo) and (b) zoomed figure of (a) from ¢ = 0.285
st0 0.298 s

The phase-b PCC voltage, VSC voltage, voltage across series ac-capacitor and total

dc-link voltage are shown in Fig. B9. The dc-link capacitors are pre-charged to 130
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V without switching the compensator up to # = 0.06 s. Therefore, the voltage across
series ac-capacitor is zero. Once after the compensator is switched-ON, the series ac-
capacitor voltage builds up and it is lower than PCC voltage. During load-2 condition
from ¢t = 0.22 s, the ac-capacitor voltage is reduced when compared to voltage during
load-1, because of less filter current flowing through the ac-capacitor present in phase-
b. This demands total dc-link voltage of 480 V (each dc-link voltage 240 V) for proper
compensation as shown in Fig. 89(a). The zoomed part of Fig. 59(a) from ¢ = 0.285s
totr = 0.298 s is shown in Fig.59(b). It is observed from Fig. B9(b) that, the switching
frequency (f;,) is minimum when the difference between ac-capacitor voltage and PCC
voltage is maximum and it is indicated as (D. The f, is maximum when ac-capacitor
voltage and PCC voltage are equal and it is indicated as @. These two are validated

points as mentioned in the design of compensator parameter.

The simulation waveforms of PCC voltages for conventional [56] and the proposed
methods with non-stiff voltage source are shown in Fig. B10(a) and (b), respectively.
In both the methods, the DSTATCOM is switched at t = 0.06 s. It is observed from
Fig. 6T0(a), that up to t = 0.06 s, the PCC voltages are distorted and non-sinusoidal.
In conventional method, after + = 0.06 s, the PCC voltages become sinusoidal but
have switching frequency component. These switching frequency components are min-
imized by connecting a ripple filter at PCC [96], [97]. It increases the cost and makes
the system bulky. But, in the proposed method, the switching frequency components are
not present in PCC voltages after DSTATCOM is connected at # = 0.06 s. Therefore,

an additional ripple filter is not required in the proposed method.

RO

C voltages (V)

ges (V) PC

PCC volta

Fig. 5.10 PCC voltages under non-stiff voltage source (a) conventional method and
(b) hybrid DSTATCOM with proposed method
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5.5 Experimental Studies

The performance of the proposed method is verified with experimental studies for re-
duced line to line voltage of 100 V. The photograph of the experimental setup is shown
in Fig. BT1. The experimental setup specifications are given in Table 54. The pro-
posed adaptive control scheme has been implemented in dSPACE. The adaptive control
scheme has been tested for reactive power compensation, source current balancing and
harmonic mitigation in the presence of three-phase unbalanced load and non-linear load

of three-phase diode bridge with RL-load.

Table. 5.4 Experimental parameters for hybrid DSTATCOM operation

Symbol System parameters Values

Vs Supply voltage 100 V (L-L)
Ly Converter side inductance 11.3 mH

Ly, Grid side inductance 1.16 mH

Cy Series ac-capacitance 40 uF

C, Resonance capacitance 4 uF
Cic1,Cuicr dc-link capacitances 2400 uF each

~ INTERFACING .
INDUCTOR

DIODE
= BRIDGE LOAD

oIt

THREE-PHASE
LOAD

Fig. 5.11 Experimental set-up photograph

The experimental waveforms of PCC voltage (v,,), source current (iy,), load current
(ir.) and filter current (if,) for load-1 and load-2 are shown in Fig. 512 and Fig. 613,
respectively. It is observed from Fig. 517 that, the load current lags the PCC voltage
but the source current is in-phase with PCC voltage because of the filter current injected
by the hybrid DSTATCOM. Even though the load current is non-sinusoidal as shown in
Fig. B13, the source current becomes sinusoidal and in-phase with PCC voltage. The

reason is that, the source current harmonics are mitigated by filter current injected by the
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hybrid DSTATCOM. This shows that, the proposed method is suitable for compensation

of reactive loads and non-sinusoidal loads.

Tek Frevy 29.0kHz? Noise Filter
T T Y T T T T

S0y [ i i i i i
& 100y a0my |A00ms @ 000y 1470421 7de2 |

Fig. 5.12 Compensation performance with hybrid DSTATCOM during load-1 (scale:
voltage 50 V/div, current 2 A/div)
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& 1000y a00my |10.0ms | o0y T45153kHe 170624 |

Fig. 5.13 Compensation performance with hybrid DSTATCOM during load-2 (scale:
voltage 50 V/div, current 2 A/div)

The dc-link voltage dynamics for load variation with the proposed method is shown in
Fig. BT4. It consists of PCC voltage (v,,), source current (iy,), load current (i;,) and
dc-link voltage (V). It is observed from Fig. 514, that the dc-link voltage magnitude
of VSC is different for load-1 and load-2, and are equal to 136 V and 92 V, respectively.
Due to this, the switching loss and voltage stress across switches of VSC are reduced.
To show the compensation performance with different dc-link voltage conditions, the
zoomed figures of Fig. 514 are shown in Fig. 513 and Fig. BT8, respectively. It is
observed from Fig. 513 and Fig. 518 that the source current is sinusoidal and in-phase

with PCC voltage.

The experimental waveforms of PCC voltage (v,,), series ac-capacitor voltage (V,s),
VSC ac side voltage (V;,,) and dc-link voltage (V,.) are shown in Fig. 517. The dc-link

voltage is varied when load is changed from load-1 to load-2. This is because, in the
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Fig. 5.14 Dynamics of PCC voltage (v,,), source current (i), load current (i;,) and
dc-link voltage (V) during compensation

Tek Prevu 29.0kHz Moise Filter
T T

Fig. 5.15 Zoomed figure of Fig. 514 during load-1

Tek Prevu 29.0kHz Moise Filter
T T T T

Fig. 5.16 Zoomed figure of Fig. 514 during load-2

proposed method, according to load variation, the dc-link voltage is varied as discussed
in Section B3. Accordingly, the voltage (V;,,) also varies and it is observed that the
inverter voltage reduced in load-2 compared to load-1 condition because of series ac-
capacitor voltage support. The zoom figures of Fig. BT7 during load-1 and load-2

conditions are shown in Fig. BT8 and Fig. 519, respectively.

The magnitude of three-phase PCC voltages, source currents and supply frequency for
load-1 without compensation are shown in Fig. B20(a). It is observed that the three-

phase source currents are unbalanced with magnitudes of 1.8 A, 1.5 A and 2.1 A. The
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Fig. 5.17 Dynamics of instantaneous PCC voltage (v,,), series ac-capacitor voltage
(vey), inverter output voltage (v;,,) and dc-link voltage (V,.) during compensation
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Fig. 5.18 Zoomed figure of Fig. 517 during load-1
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Fig. 5.19 Zoomed figure of Fig. 517 during load-2

corresponding phasor diagram is shown in Fig. B20(b). It is observed that the source
current phasors lags respective voltage phasors by -30°, -29°(120-159) and -34°(240-
315), respectively.

After compensation, the magnitude of three-phase PCC voltages, source currents and
supply frequency are shown in Fig. B2Zl(a). It is observed that the three-phase source
currents are balanced with magnitudes of 1 A, 1 A and 1A. The corresponding phasor
diagram is shown in Fig. &21(b). Fig. BE2TI(b) shows that, the source current phasors
almost in-phase with corresponding voltage phasors. This indicates that, after compen-

sation unity power factor is achieved on source side.
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Fig. 5.20 Before compensation: (a) Magnitude of three-phase PCC voltages (V,s),
source currents (A,,,;) and supply frequency (Hz) and (b) phasor diagram
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Fig. 5.21 After compensation: (a) Magnitude of three-phase PCC voltages (V,us),
source currents (A,,,;) and supply frequency (Hz) and (b) phasor diagram

Load-2 consists of three-phase diode bridge with RL-load having non-linear in nature.
For this load condition, the magnitude of three-phase PCC voltages, source currents and
supply frequency without compensation are shown in Fig. 522(a). The corresponding
harmonic spectrum and phasor diagram are shown in Fig. 67(b) and Fig. 57%(c),
respectively. It is observed from Fig. B2(b), that the THDs of three-phase source
currents before compensation are 16.0%, 16.1% and 16.4%. The source current phasors
lag respective voltage phasors by -26°, -25°(120-145) and -27°(240-267), and are shown
in Fig. B22(c).

After compensation, the load draws only real component current from supply and these
magnitudes are shown in Fig. 573(a). The corresponding harmonic spectrum and
phasor diagram are shown in Fig. B23(b) and Fig. 673(c), respectively. The THDs
of source currents are reduced to 3.4%, 3.3% and 3.6% and source current phasors lag
respective voltage phasors by -6°, -2°(120-122) and -4°(240-244). This indicates that,
after compensation unity power factor is achieved on source side and source currents

THDs are with in specified limit (below 5% according to IEEE-519 standards).
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Fig. 5.22 Before compensation: (a) Magnitude of three-phase PCC voltages (V,.,),
magnitude of source currents (A,,,) and supply frequency (Hz), (b) source current har-
monic spectrum and (c¢) phasor diagram
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Fig. 5.23 After compensation: (a) Magnitude of three-phase PCC voltages (V,.;),
magnitude of source currents (A,,,) and supply frequency (Hz), (b) source current har-
monic spectrum and (c¢) phasor diagram

5.6 Summary

In this chapter, an adaptive dc-link voltage control for hybrid DSTATCOM is proposed
to compensate the unbalanced and non-linear loads in 3P4W distribution system. The
performance of adaptive dc-link voltage control algorithm for reactive power compen-
sation, load current balancing and harmonic mitigation is demonstrated through simu-
lation and experimental studies. The proposed method maintains an appropriate dc-link
voltage corresponding to load condition. The proposed scheme adjusts the gains of con-
troller corresponding to load operating condition such that the steady state and transient
response of dc-link voltage are improved. Also, the dc-link voltage required in the pro-
posed method is low when compared to existing methods. Therefore, the voltage stress

across IGBT switches of VSC and switching losses are reduced.
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CHAPTER 6

ENERGY MANAGEMENT AND CONTROL OF
SINGLE-STAGE SOLAR PV-DSTATCOM WITH BES
SYSTEM

In previous chapters, L-filter based DSTATCOM, LCL-filter based DSTATCOM, and
hybrid DSTATCOM topologies were discussed for power quality improvement. In ad-
dition to power quality improvement, DSTATCOM is also capable of solar PV power
injection to grid. Therefore, in this chapter, Solar Photo-voltaic (SPV) is integrated
to grid through DSTATCOM for real power injection along with power quality im-
provement features. To improve efficiency and reliability of the system, a co-ordinated
control of single-stage grid connected SPV and BES system is proposed along with
energy management. In this method, the algorithm co-ordinates VSC and BES system
based on the State of Charge (SoC) of the battery such that MPPT and power injection
are achieved simultaneously. Further, an active rectification operation during non-SPV
hours is discussed for better utilization of VSC capacity. The multi-functional features
of the proposed method are explained using simulation studies and are also validated

through experimental studies.

6.1 Introduction

Solar Photo-voltaic (SPV) energy is one of the most important renewable energies, and
now-a-days it has been widely used in distributed generation systems [98]. The rapid
growth in development of SPV technologies and applications of SPVs in grid-connected
systems indicate that SPVs are an attractive option to produce environmental friendly
electricity for diversified purposes [99]. In grid connected SPV system, the maximum
available power is delivered to the grid by operating the SPV system at Maximum Power
Point (MPP) [T00]. The conventional Voltage Source Converter (VSC) along with the
interfacing inductor (called DSTATCOM) is the most commonly used interfacing unit

in grid-connected SPV system technology due to its simplicity and availability [TOT].



In three-phase systems, two-stage and single-stage grid connected SPV systems are
commonly used topologies. The two-stage system consists of two conversion stages as
shown in Fig. Bl(a): a DC-DC converter stage for MPP tracking and voltage boosting,
and a DC-AC inverter stage for interfacing the SPV system to the grid [T0?2], [TO3]. The
two-stage method suffers from reduced efficiency and higher cost; therefore it is not at-
tractive for efficient grid-connected system. On the other hand, a single-stage topology
(shown in Fig. B.JI(b)) has gained attention, especially in low voltage applications due
to its high efficiency when compared to two-stage conversion. Different single-stage
topologies have been proposed, and a comparison of the available conversion units are
presented in [T04], [TOY]. In a single-stage grid-connected system, the SPV system uti-
lizes a single conversion unit (dc-ac power inverter) to track MPP and interface the SPV
system to the grid. In such a topology, the maximum SPV power is delivered into the

grid with high efficiency, small size, and low cost.

5 DC-AC ; : DC-AC :
: - : i| Solar R ¢
' Sgl\zjr —> C(?rf\:/e?t(;r »| converter ¥ Grid [; 1 by »| converter —»| Grid |:
: (VSC) : : (VSC) '
(a) (b)
: Sol bC-DC DC-AC : /| solar »| DC-AC i :
' olar 1 convert converter Grid | | pv ~| converter Grid E
| PV er L (vsC) P >  (vsC) E
: Bi-directional ; E — :
H \ : Bi-directional !
! DC-DC &> SBtit:SrZ ' : | DC-DC PN Battery|
' »  converter ol f ' converter storage|
L eccccccccccceeanaaaorooococcccccccccccncnnneeed (] Y e e ccccccccene —— | — ]
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Fig. 6.1 Grid connected SPV systems: (a) two stage (b) single-stage (c) two-stage
with BES and (d) single-stage with BES

However, the efficiency of conversion stage is improved, the dynamic load variations
and intermittent energy production nature of SPV affect the performance of the grid
connected SPV system. To overcome this, energy storage system is added to the grid
connected SPV system [[T06], but it requires energy management schemes. In [107], a
two-stage grid connected SPV and battery system with optimum power flow manage-
ment is discussed for the system shown in Fig. B1l(c). In [TO&], an energy management
control was proposed for hybrid storage system for different operating modes. A two-
stage grid connected SPV system with hybrid energy storage system is discussed with

energy management scheme in [T09], [IT0]. However, these systems have hybrid en-
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ergy storage devices, where the power conversion is implemented based on two-stage.
The schematic diagram of a single-stage SPV with BES is shown in Fig. BI(d). A
Reconfigurable Solar Converter (RSC) for Photovoltaic (PV) and battery application
with single-stage conversion is implemented [TTT]. The MPP is achieved only during
charging of battery or injecting power to grid, but simultaneous charging battery and
injecting power to grid is not possible. Also, while charging the battery, the inverter is
disconnected from grid. Again for grid connection, synchronization control technique

has to be carried out which is burden on the controller.

The above problems are addressed in the proposed method, which is discussed in the

next section.

6.2 Proposed Single-Stage SPV-DSTATCOM with BES

System

The configuration of the proposed grid connected SPV with battery energy storage sys-
tem in three-phase four-wire distribution system is shown in Fig. B2. It consists of
SPV string, VSC, bi-directional DC-DC converter, battery, source and loads. The SPV
string consists of series and parallel combination of photo-voltaic modules to match
the required voltage and power ratings. VSC is mainly employed for real power in-
jection to grid with MPP tracking of SPV. The additional services provided by VSC in
the proposed method are reactive power compensation, balancing of grid currents, and
active rectification. In the proposed method, battery energy storage is connected to dc-
link of VSC through a bi-directional DC-DC converter to meet the requisite of power

management in the grid and load environment.

The overall control algorithm of the proposed method is shown in Fig. B3. It mainly
consists of reference current generation, power management algorithm, current control
and switching pulse generation for DC-DC converter and VSC. The sensor signals of
SPV voltage (v,,) and SPV current (i,,) are given to Perturb and Observe (P & O) al-
gorithm. The outputs of P & O algorithm are; estimated voltage (V. ,.r) and current
(1,np) corresponding to maximum power point, which are derived from voltage and cur-

rent perturb algorithm, respectively. To operate the SPV at MPP, the dc-link voltage
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Fig. 6.2 Grid connected SPV and BES system in a three-phase four-wire distribution
system

(Vac) of VSC is forcefully maintained at the reference voltage (V) by PI controller.
The output of PI controller is considered as power loss (Py,,), which is supplied by
grid. The co-ordinated control algorithm is implemented based on the SoC of battery
between Low (L) and High (H) conditions. The calculation of SoC of battery is shown
in Fig. [T12].
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Fig. 6.3 Overall control algorithm for switching pulses generation in the proposed
method

The average load real power (P) is calculated from the measured instantaneous load
currents (iz,) and PCC voltages (v,x). A Moving Average Filter (MAF) is implemented
to eliminate oscillation in average real power. Depending on the difference between
available SPV power (P,,) and load real power demand (P ), the modes of operation are

decided. In the proposed energy management, three different modes of operation; Sur-
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plus Power Mode (SPM), Deficit Power Mode (DPM), Balanced Power Mode (BPM)

are explained. After selecting the mode of operation, the reference currents (i, iy, and
iy.) on the grid side are generated. These reference currents are in phase opposition to
the grid voltage in case of power injection to the grid and in-phase with grid voltage in
case of power drawn from the grid. The reference current generation in each mode of

operation is explained below.

6.3 Reference Current Generation in Proposed method

Based on the power difference between the solar power and load real power, three modes
are identified in the system as follows: 1) Surplus Power Mode (SPM; P, > Pp); 2)
Balanced Power Mode (BPM; P, = P;); 3) Deficit Power Mode (DPM; P, < P;). In
each mode, the reference currents of VSC and DC-DC converter are calculated as fol-

lows.

6.3.1 SPM operation during SPV hours

In this mode, the battery is charged until it reaches higher limit of SoC. During this pe-
riod both DC-DC converter and VSC are co-ordinated with each other to track MPP and
power injection to grid. Once the battery SoC reaches the higher limit (i.e., SoC>H),
the battery is disconnected and excess power is injected into the grid. The DC-DC

converter and VSC reference currents are given below.

Step 1: If L<SoC< H, the battery is charging. During this time the reference currents
for VSC and DC-DC converter are,

i?a = iLu - l:a; l*B = PB/VB (61)

 _ Vpa 2 2 2
where, loq="a LPL + Ploss = ImpVac + Pl and A=v,, + Vop T Vier

Step 2: If SoC>H, the battery is disconnected and the reference current for VSC is,

v a
Gy = g — f[PL + Progs = LupVael 5 i =0 (6.2)
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6.3.2 BPM operation during SPV hours

In this mode, the total solar power is supplied to load through VSC. The reference

currents at the time of power supplied to the load are as follows:

Step 1: If SoC <L, the battery is disconnected and reference current for VSC is,
. . Vpa -
lig = a — X[PL + Ploss — Imdec] s lp= 0 (6.3)

Step 2: If L<SoC<H, the battery is discharging. The reference currents in case of

battery power is injecting to grid are,

, Vpa . P
ity = ia =~ UPL+ Pioss = LupVae = Pal s i = —. (6.4)
B

Instead of injecting to grid, if battery power is supplied to dc-loads, the losses in VSC

are absent. In this case, the reference current are,

Vo P
i?a =g — f[PL + Pioss — Impvdc] s Ilp= V_B (65)
B

6.3.3 DPM operation during SPV hours

In this mode, the deficit power is drawn from the battery by discharging if available,
otherwise it is drawn from the grid. The battery power has to include in the VSC
references to track MPP; otherwise it operates the SPV other than MPP. The references
for DC-DC converter and VSC are,

Step 1: If SoC<L, the battery is disconnected, and the reference currents for VSC is,

Vpa .
i, = iLa - %[PL + Pl()ss - Imdec] » lp= 0 (66)

ua

Step 2: If L<SoC<H, the battery is discharging. The reference currents are,

Va . P
i;'ka = iLu - f[PL + Ploss - Imdec - PB] s lp= V_B (67)
B

In BPM and DPM, the battery operated in discharging mode is preferred to that of

charging mode, due to better efficiency of operation. However, if the DC-DC converter
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is implemented with soft switching methods, and the grid has low transmission loss, the

battery charging mode is also preferred.

6.3.4 Reference current generation during non-SPV hours

During non-SPV hours, if the load reactive power (Q;) is equal to the VSC rating
(Sysc.r), DSTATCOM is operated as a compensator only and the reference currents are
given as,

Vpa
ifa =l — %[PL + Piogs ] 12 =0 (68)

Otherwise, DSTATCOM is operated in active rectification mode apart from compensa-
tion. Under this condition, the dc-loads draw power from the grid by rectification action
as per demand. But, the battery charging or discharging from or to the grid depends on
SoC and is discussed below.

Step 1: If SoC>H, the battery is disconnected. During this time, the dc-loads are sup-

plied from grid by rectification action of VSC and the reference currents are,
o . Vpa -
lia = ita = — =[P+ Ploss + Pacr]s ip =0 (6.9)

Step 2: If L<SoC<H, the battery is charged from grid by active rectification action of

VSC. In this case, the reference currents for VSC and DC-DC converter are given as,

Vpa P
i = irg — f[PL + Plogs + Ppl; iy = =2 (6.10)
Vp

¢ 3
ia’

The reference currents (i}, i, and ;) in each mode are compared with measured cur-
rents (i;,, i; and i;.), and errors (e,, e, and e.) are given to hysteresis controller. The
gate pulses generated by hysteresis controller are given to switches of VSC as S to S

and DC-DC converter as S and S'g shown in Fig. B7.

For better understanding of the proposed energy management scheme, the SPV and
non-SPV hours modes of operations along with reference current in each mode are

specified in flow-chart shown in Fig. B4,

The comparison between existing and the proposed methods for energy conversion in
grid connected SPV is given in Table B1l. The advantages of the proposed method when

compared to existing single-stage method are 1) Better utilization of VSC capacity dur-
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Table. 6.1 Comparison between different grid connected solar PV systems with re-
spect to power conversion stages

Two- Single-  Two-stage Single- Proposed
stage stage with stage with single-stage
[T173] [IT4] BES [107] BES [[11]] with BES

Topology—
Parameter |

Uni-directional

dc-dc converter P, absent P, absent absent
(Cy) rating
Bi-directional
dc-dc converter absent absent P Py P
(C,) rating
VSC rating va+QL va""QL va+PB+QL va+PB+QL P17V+PB+QL
VSC utilization
(SPV hours) Po+Q1r Pn+0r P,+Ppt+0r P,+Ppt+0r P, +Pp+0;
VSC utilization
(HOH-SPV hours) QL QL QL QL QL+PdC
MPPT operating C VSC C, VSC co-ordinated control
point achieved by of C, and VSC
Resynchronization No No No Yes No
requirement
Active rectification not not not not Achieved
(during non-SPV)  present  present present present by VSC

P,,-SPV power, Pp-battery power, Q;-load reactive power, P4.-dc-load power.

ing non-SPV hours. 2) Non-requirement of resynchronization algorithm because of
simultaneous achievement of MPP tracking and power conversion by co-ordinated con-
trol of VSC and BES system. 3) Achievement of active rectification with the proposed

algorithm to feed power to dc-loads.

6.4 Simulation Studies

Detailed simulation studies of single-stage SPV-DSTATCOM and BES are carried out
using MATLAB/Simulink software with the proposed energy management scheme.
The simulation parameters are given in Table B2, The performances of the proposed

method under various operating modes are presented in this section.
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Table. 6.2 Simulation parameters for single-stage SPV with BES system

Symbol System parameters Values
Vs Supply voltage 230 V
Z Source impedance 0.2 Q,0.1 mH
Ly Interfacing inductance 32 mH
Cic1,Cicr DC-link capacitances 1100 uF each
h Hysteresis band +02A
Vacet, Vaer Rated dc-link voltages 550 V each

Battery converter parameters: L,= 5 mH, C,= 100 uF

PI controller parameters: k,=60, k;= 0.1

Solar PV parameters: MPP voltage is 17.4 V, MPP current is 6.2 A.

Number of panels in series are 64, MPP power is 6904 W.

Load-1: Three-phase balanced load : 28 Q, 60 mH

Load-2: Combination of load-1 and unbalanced linear load of phase-a:
16 Q, 40 mH; phase-b: 36 Q, 40 mH; phase-c: 22 Q, 40 mH

DC-load: 3400 W on dc-side of VSC

6.4.1 Performance during SPV hours with variable load

The dynamics of real power flow corresponding to the modes of operation in the pro-
posed method is shown in Fig. BS. Up to the period 7=1 s, only VSC is operated,
because of which SPV power (P,,) is equal to converter injecting power (P,.). During
this period, the load power (P;) is less than P,,, and thus excess power is injected into
the grid, which is represented as P,. From =1 s to =5 s, both VSC and DC-DC con-
verters are operated and the mode of operation is selected based on available powers,
P, and P;. In each mode, the power management is decided depending on SoC of the
battery and explained below. Two modes of operation are identified from Fig. B3, and

these are: 1) SPM from ¢=1 s to t=3 s, 2) DPM from =3 s to =5 s.

SPM (P,, > P,):

During the period =1 s to =2 s, SPV power is more than load power and the SoC of
battery is L<SoC<H, and part of the surplus power is utilized for charging the battery.
As the battery is charging, the power injected through VSC (i.e., P,.) is reduced, which
also reduces the power injection to grid, that is P,. At t=2 s, the SoC of battery is

SoC>Hj; this condition forces the controller to make battery current to zero (i.e., nothing
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but Pz=0). As the battery is charged fully, excess power is injected to grid only, which

is observed from =2 s to #=3 s (increase of P, in the negative direction), shown in Fig.

B

DPM (P,, < P.):

The load is increased at =3 s, which makes the load power more than SPV power and
SoC of battery is L<SoC<H. During this condition both P,, and Py (battery discharg-
ing) are supplied to load through VSC, taken as P,,. It is observed that the load power
is remaining more than the sum of battery and SPV powers; therefore the required re-
maining power for the load is drawn from the grid, and is shown as positive power P,
from =3 s to t=4 s. At t=4 s, the SoC of the battery is SoC<L, this condition stops the

discharging of battery and the controller forces Pp to zero.

The dynamics of battery for the above operations from =0 s to =5 s is shown in Fig.

BA. It consists of SoC curve of battery, battery current (ig) and battery voltage (vp).

-— VSC VSC+DC-DC converter >
12><1000‘ ‘<—L<SO‘C<H—>‘<— SOC%>H—>‘<—L<S(‘)C<H->‘<— SoC‘< L—
10 | —  SPM — DPM ———
8 Poy ' l B
= 6 vac ‘ ' 7
5 4 I:)L |
g P
opb—— P l I
2+ , ; \ i , = 4
-4‘ \ | \ \ \ \ \ Tlm(-% (s)

05 1 15 2 25 3 35 4 45 5

Fig. 6.5 Dynamics of real powers flow during SPV hours (P,,: SPV power, P,,.: VSC
injecting power, P;: load real power, Pg: battery power, P,: grid power)

During the time period =0 s to =5 s, the dynamics of DC-link voltages is shown in
Fig. B7A. It is observed from Fig. B, that the dc-link voltages are maintained constant
at 550 V except for a small variation at t=3 s, because of the dynamic load variation.
But, the control algorithm makes the dc-link voltages balanced with ripple voltage of 2

V peak to peak.

The combination of instantaneous grid voltage-load current and grid voltage-grid cur-
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Fig. 6.6 Dynamics of battery during SPV hours (a) SoC curve (b) battery current (ip)
and (c) battery voltage (vg)

rent are shown in Fig. B8, Fig. b8(a) shows phase-a grid voltage (v,,) and load current
(ir,) for load variation at =3 s. In both the load conditions, the load current lags the grid
voltage, which is observed from the zoomed figure from 7=2.92 s to t=3.08 s. During
SPV power injection and reactive power compensation by DSTATCOM, phase-a grid
voltage (v,,) and grid current (iy,) are shown in Fig. B8(b). The following points are
observed from Fig. BB(c): 1) At =1 s, battery is in charging state, so that the current
injection to grid is reduced, which is observed from the zoomed figure from 7=0.92 s to
1=1.08 s. 2) At t=2 s, the battery is fully charged, therefore the grid current increases
again. 3) From 7=3 s onwards, the load draws real power from the grid to meet the load
real power requirement. Therefore, the grid current is in-phase with voltage as shown
in zoomed figure from 7=2.92 s to r=3.08 s. 4) At 1=4 s, the battery SoC reaches lower
value (i.e., SoC<L), and the power drawn from the grid increases. Therefore, the grid
current increases and it is in-phase with grid voltage as shown in the zoomed figure

from t=4.44 s to t=4.52 s.
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Fig. 6.8 (a) Grid voltage (v,,) and load current (ir,) (b) grid voltage (v,,) and grid

current (i)

6.4.2 Performance during non-SPV hours with variable load

In case of non-SPV hours, the dynamics of real power flow in the system with the

proposed method is shown in Fig. B9(a). It is observed from Fig. B9(a) that initially

ac-load is connected to the system and some time later, from =3 s to t=4 s, an additional

dc-load is connected. The modes of operation in this case are explained below with

respect to Fig. B.9(a).
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Mode-1: Reactive power compensation only during r=(0-1) s and #=(2-3) s; During this
period, DSTATCOM acts as compensator and the load required real power is supplied
by grid, therefore P, = P,. The battery is not in operation and VSC is not injecting any

real power, therefore Pz = 0 and P,,. = 0.

8 T 1 1 T

6l Pg DC-load i
r connected
’;-\4 PL °y
4
o Battery P ( i
(5] charging-. J P
= 0 * deL
? P
o ok L VSC i
-4 i i i i i i L
0.5 1 15 2 25 3 3.5Time (s) 4
(@)
550 g Vdrl ’Vdr2 ':
( * 551 v .
530 | 550 | v 550'—\/—— 7
- 549 .
| 54950 . i, 548 . .
510 0.96 11 2.96 3.1
0 0.5 1 15 2 25 3 3.5Time (s)4

(b)

Fig. 6.9 (a) Dynamic of real powers flow during non-SPV hours (P,..: dc load power,
P,s: VSC injecting power, P;: ac load power, Pp: battery power, P,: grid power) and
(b) dc-link voltages

Mode-2: Active rectification along with compensation mode during =(1-2) s and t=(3-
4) s; At t=1 s, the battery starts charging and it takes real power of P from grid by
rectification action. During this period, from t=1 s to t=2s, P, = P, + Pg and P, =
—Pp. At t=3 s, an additional dc-load is connected to DC-bus as shown in Fig. B7.
The dc-load draws power from the grid through active rectification action of VSC and

during this period from t=3 s to t=4 s, P, = P + Py, and Py =-Pycp.

The dynamics of dc-link voltages during non-SPV hours is shown in Fig. B9(b). At
t=1 s, a dip in the dc-link voltage is observed because battery load is connected at this
instant. Again one more dip is observed at /=3 s, because of an additional dc-load
connection at this instant. Except these dips at =1 s and =3 s, the dc-link voltages are
maintained constant with the proposed method during non-SPV hours. The dynamics
of battery during non-SPV hours with respect to Fig. B69(a) is shown in Fig. BI0.

It consists of SoC curve, battery current (i) and battery voltage (vg). The quantified
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Fig.6.10 Dynamics of battery during non-SPV hours (a) SoC curve (b) battery current
(ip) and (c) battery voltage (vp)

values of real and reactive power flow in the system are given in Table B3 with respect
to power curves shown in Fig. B3 and Fig. 69 during SPV hours and non-SPV hours,

respectively.

6.5 Experimental Studies

The performance of the proposed method is verified for a reduced line-line voltage of
60 V. The experimental parameters are given in Table b4. Here, two loads are con-
sidered to examine the power flow dynamics with SPV power injection and battery
charging or discharging conditions. The control algorithm is implemented by dSPACE

MicroLabBox DS-1202. The following modes of operations are performed.

The experimental waveforms on grid side without real power injection from SPV and
without compensation are shown in Fig. BTT. It consists of phase-a grid voltage (v,,),
load current (i), three-phase average load reactive power (Q;) and average load real

power (Pr) drawn from grid.

130



TPGHIGF G =" T =" T-OPOIN # ‘1-9POIN

ot 19 €79¢C 79C 118¢ 8186 969¢ L89C 969¢C (1eA)™**O
9T v9T €¥9C ¥¥9C 89LS ILLS 69T 819C 619 (1eA)10
I- T v1- 0C- T Ly~ St~ 8¢- - (18A)°0
00%¢€ 0 0 0 0 0 0 0 0 (MTPd
0 0 0 0181 1% 0T8I1- 14 8181 1% (Md
4%% o 0S81- ha 0689 0TL8 0069 060S 0069 (M)™*d
LT6E 0£6€ 876¢ 0€6¢ LET6 %16 LE6E SE6¢ LEG6E (M)d
09¢L vL6E 08LS vL6E 8¥CC STy 856C- SST1- 856C- (M)’°d
T 1omod
S (7€) s (€0 s (1) s (1-0) s (Sp) S (7€) s (€0 s (1) S0 qung
#CIN JN #CIN J N I910AU0D DA-DA+ISA OSA

(M 0 ="'d) smoy AdS-uoN

(M 0169 ="*g) smoy AJS

((®)pg "1 pue g "S1{ 0] 9OUIIAJAI YIIM) QWAYDS Judwaseuew A31oud pasodoid ayy ur mopg 1omod

€9 PIqEL

131



Table. 6.4 Experimental parameters for single-stage SPV-DSTATCOM with BES sys-
tem

Symbol System parameters Values

Vs Supply voltage 60 V (L-L)
Vaie Rated dc-link voltage 156 V

Ly Interfacing inductance 12 mH
Cuc1,Cun DC-link capacitances 2400 uF each

Solar PV parameters: MPP voltage is 17.4 V, MPP current is 3.2 A.

Number of panels in series are 9, MPP power is 501 W.

Load-1: Three-phase inductive-resistive load of 12 Q and 8 mH.

Load-2: Combination of three-phase diode bridge load of 15 Q, 50 mH and load-1.

Tek prevuy BO0kHZ? Moise Filter  —

<

T TRRTS FUUUS DUUSE SUUNE DU SO

& 20.0mY T R SR SR I B B
& 100mY 200mY  |[10.0ms |® -160my  7SS1EskHIazs2 |

Fig. 6.11 Experimental waveforms on grid side without real power injection from
SPV and without compensation (v,, 20 V/div, i;, 4 A/div, Q; 100 var/div and P; 200
W/div)

6.5.1 Performance during SPV hours

Two modes of operations are considered in experimental validation of the proposed

method. These modes of operation are explained below.

SPM operation:

The dynamics of average real power variations in the system for load-1 is shown in Fig.
BT2. It consists of SPV injecting power (P,), grid power (P,), battery power (Pp),

load average power (P) and VSC injecting power (P,.).

e During #; period: P,,=0 W, P,=262 W (supplied by grid), Pp=0 W, P;=262 W
and P,,,=0 W.

e During #, period: P,,=500 W, P,=—238 W (delivered to grid), Pz=0 W, P; =262
W and P,,.=500 W.
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Fig. 6.12 Dynamics of real powers in the system during SPM operation (P,,, P,, Py,
P, 500 W/div, Pg 200 W/div)

e During 13 period: P,,=500 W, P,=—135 W (delivered to grid), P;=100 W (charg-
ing), P;=262 W & P,,.=400 W.

e During #4 period: P,,=500 W, P,=—235 W (delivered to grid), Pg=0 W, P; =262
W & P,,.=500 W.

During the transition from ¢, period to #, of Fig. B12, the grid voltage (v,,), load current
(irq), grid current (i,,) and grid side real power (P,) are shown in Fig. b13(a). Before
SPV power injection, load required reactive power is supplied by DSTATCOM, and real
power is drawn from grid, therefore grid current (i,,) is in-phase with grid voltage (vy,),
which is observed from Fig. BI3(b). After SPV starts injecting power, the excess real
power other than that required by the load is fed to the grid and this mode is named as
surplus power mode. During this mode, the grid current (iy,) is out of-phase with grid

voltage (vy,) and grid power (P,) is negative, an evident from Fig. B.13(c).

The three-phase grid voltage and grid current phasors before and after compensation
without SPV injecting power for load-1 are shown in Fig. BT4d(a) and Fig. BT4(b),
respectively. It is observed that, before compensation, the grid currents lag the corre-
sponding grid voltages by —24°, —23°(-143+120) and —22°(-262+240), respectively
as shown in Fig. BT4d(a). After compensation, the grid currents are almost in-phase
with the corresponding grid voltages as shown in Fig. BT4(b). Fig. B13(a) shows the
phasor diagram during SPV injection power. In this case, SPV power is more than load
power, therefore the excess power is injected to the grid, and the current phasors are out
of phase with grid voltages. As the battery is charging from SPV power, the power in-

jection into the grid is reduced. During this period, the phasor diagram is shown in Fig.
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Fig. 6.13 SPM operation (a) dynamics of system before and after solar power injec-
tion, (b)&(c) are zoomed figures of (a) before and after SPV injection, respectively (v,
20 V/div, igq, izg 4 A/div and P, 500 W/div)

BI35(b). It is observed that the current injecting into the grid is reduced when compared

to current magnitudes in Fig. BT3(a), because of the charging of battery.
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Fig. 6.14 Three-phase grid voltages and grid currents phasors without SPV injecting
power for load-1 (a) before compensation and (b) after compensation
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Fig. 6.15 Three-phase grid voltages and grid currents phasors with SPV power injec-
tion during SPM operation (a) without charging or discharging of battery and (b) with
charging battery during the time period of #; shown in Fig.

DPM operation:

The dynamics of average real power variations in the system for load-2 is shown in Fig.
b.T8A. It consists of SPV injecting power (P,,), grid power (P,), battery power (P), load
average power (Pr) and VSC injecting power (P,,.). It is observed that SPV injecting
power is lower than load required power, and as a result it is operated in deficit power
mode.

e During ¢, period: P,,=0 W, P,=—362 W (supplied by grid), Pz=0 W, P; =362 W
and P,,,=0 W.

e During #, period: P,,=200 W, P,=—162 W (supplied by grid), Pz=0 W, P; =362
W and P,,,=200 W.

e During #; period: P,,=200 W, P,=—62 W (supplied by grid),Pz=100 W (dis-
charging), P;=362 W, P,;,.=300 W.

e During #4 period: P,,=200 W, P,=—162 W (supplied by grid), Pz=0 W, P;=362
W & P, =200 W.

During the transition from ¢, period to , of Fig. B.T8, the grid voltage (v,,), load current
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Fig. 6.16 Dynamic of real powers in the system during DPM operation (P,,, P,, Pg,
P; 200 W/div, P, 500 W/div)

(ira), grid current (i,,) and grid side real power (P,) are shown in Fig. b.17(a). Before
SPV power injection, load reactive power is supplied by DSTATCOM, and real power
is drawn from grid; therefore grid current (i,,) is in-phase with grid voltage (v,,), which
is observed from Fig. BT(b). After SPV starts real power injection, grid current (i,,)
is still in-phase with grid voltage (v,,) as shown in Fig. BTA(c). This is because the

injecting power of SPV is not sufficient to meet real power demand by load.

The three-phase grid voltage and grid current phasors before and after compensation
without SPV power injection for load-2 are shown in Fig. BI8(a) and Fig. BIR(b),
respectively. It is observed that, before compensation, the grid currents lag the corre-
sponding grid voltages by —39°, —40°(-160+120) and —39°(—279+240), respectively,
as shown in Fig. BT8(a). After compensation, the grid currents are almost in-phase with
the corresponding grid voltages as shown in Fig. BT8(b). Fig. BT9(a) shows the phasor
diagram during SPV injection power in DPM. In this case, the deficit power is drawn
from grid such that the source current phasors are in-phase with grid voltage phasors.
As the battery is discharging, the power drawn from the grid is reduced. The phasor
daigram during this period is shown in Fig. BT9(b). It is observed that the currents
drawn from grid are reduced to 0.9 A, 0.8 A, 1 A when compared to currents of 1.7 A,

1.6 A, 1.9 A in Fig. BT9(a), because of discharging of battery.
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Fig. 6.17 DPM operation (a) dynamics of system before and after solar power injec-
tion, (b)&(c) are zoomed figures of (a) before and after SPV power injection, respec-
tively (vg, 20 V/div, iy, iz, 4 A/div and P, 500 W/div)

6.5.2 Performance during non-SPV hours

The dynamics of the system during non-SPV hours is shown in Fig. B20. It consists of

load average power (Pp), grid current (i,,), grid power (P,) and VSC power (P,.).
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Fig. 6.18 Three-phase grid voltage and grid current phasors without SPV injecting
power for load-2 (a) before compensation and (b) after compensation
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Fig. 6.19 Three-phase grid voltages and grid currents phasors with SPV power injec-
tion during DPM operation (a) without charging or discharging of battery and (b) with
discharging battery during periods of #; shown in Fig. 1A

e During t; period: DSTATCOM is not connected, therefore grid current is same
as load current (non-sinusoidal). The real powers during this period are: P;=235
W, P,==235W, P,;;=0 W.

e During #, period: DSTATCOM is connected, therefore grid current becomes sinu-
soidal because of reactive power compensation and harmonic mitigation. During
this period the real powers are: P;=235 W, P,=—235 W, P, ,=0 W.

e During #; period: dc-load is connected on dc-link side of VSC. As this load also
draws power from grid by rectification action, such that the grid current increases.
The real powers during this period are: P;=235 W, P,=-385 W, P,,.=150 W.

During non-SPV hours, the three-phase grid voltage and grid current phasors without
and with compensation, and during active rectification operations are shown in Fig.
B(a), Fig. BZ2T(b) and Fig. BXIl(c), respectively. It is observed from Fig. B2Tl(a)
that, before compensation the grid currents lags the corresponding grid voltages by
-31°, =32°(-152+120) and —29°(—269+240), respectively. After compensation, the
grid currents are almost in-phase with the corresponding grid voltages as shown in Fig.
BI(b). During rectification action, dc-load draws real power from grid, and the three-

phase grid current magnitudes increase to 3.7 A, 3.7 A, 3.9 A as shown in Fig. BZ2Tl(c)
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Fig. 6.20 Dynamics of real power in the system during non-SPV hours (P, P, Py
200 W/div, i, 4 A/div)
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Fig. 6.21 Three-phase grid voltages and grid currents phasors (a) without compen-
sation (b) with compensation and (c) with compensation plus rectification (i.e., during
periods of 7, t, and #; shown in Fig. B20, respectively)

when compared to magnitudes of grid currents (2.5 A, 2.4 A, 2.6 A) as shown in Fig.
BZTI(b).

The grid voltage (vy,), grid current (i), load current (iz,) and DSTATCOM current
(ijz) during the transition from compensation mode to active rectification mode (both
compensation plus rectification) are shown in Fig. B2, When rectification action
starts, the grid current increases and this also reflects on the DSTATCOM current as it

is supplying power to dc-load through VSC.
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Fig. 6.22 Before and after rectification action during non-SPV hours (v,, 50 V/div,
iga, iLaa iia 4 A/le)

6.6 Summary

In this chapter, a single-stage SPV-DSTATCOM with co-ordinated control algorithm is
proposed for MPP tracking and real power injection to grid along with charging or dis-
charging operation of battery. It has multi-functional features, like real power injection,
reactive power compensation and active rectification with VSC and DC-DC converter.
The performance of the proposed method with energy management scheme is demon-
strated by operating it in three different modes of operation (SPM, DPM and BPM).
The advantages from the proposed method are: 1) During SPV hours, in addition to
compensation of reactive power, real power injection to grid by operating SPV at MPP
is possible along with charging or discharging of battery. 2) During non-SPV hours,
rectification action is discussed for better utilization of VSC capacity. 3) Reliability of
system increases with batter energy storage system. 4) The efficiency of the system is

improved with single-stage conversion.
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CHAPTER 7

CONCLUSIONS AND FUTURE SCOPE OF
RESEARCH

7.1 Conclusions

The main objectives of the research work in this thesis is mitigation of current har-
monics, reactive power compensation and neutral current compensation in three-phase
four-wire distribution system. These are achieved by connecting DSTATCOM in shunt
with the load. After comparing various DSTATCOM configurations, the three-phase
four-wire split-capacitor shunt DSTATOCM configuration is selected for compensation
in this research. The design and operation of DSTATCOM for compensation of re-
active power and harmonics mitigation have been explained. The instantaneousness
symmetrical component theory based hysteresis controller has been implemented for
controlling DSTATCOM. An adaptive dc-link voltage method has been proposed for
harmonics mitigation and reactive power compensation. The proposed method is com-
pared with the existing method, and the main difference is as follows. In the existing
method, the dc-link voltage is maintained constant for any load condition, which leads
to high device voltage stress and switching losses. In the proposed method, mitiga-
tion of harmonics and reactive power compensation for different load conditions are
achieved with adaptive dc-link voltage regulation method. To achieve this, an objec-
tive function for reference dc-link voltage in terms of filter current has been formulated.
Extensive simulation results are presented to investigate the performance of 3P4W split-
capacitor DSTATCOM in both steady-state and transient conditions under stiff and non-
stiff source voltages. After compensation with DSTATCOM, the percentage THDs of
source currents are reduced below 5% and the power factor on the source side is found

to be unity not only in steady-state condition but also in transient condition.

An LCL-filter based DSTATCOM operating in current control mode and voltage con-
trol mode is implemented. In current control mode, the compensation of reactive power,

current harmonic mitigation and neutral current minimization are achieved. The voltage



disturbances at PCC voltage are compensated by operating DSTATCOM in voltage con-
trol mode. The specific LCL-filter design approach presented in this work requires low
value of interfacing inductance when compared to inductance in L-filter DSTATCOM,
and therefore the cost and size of the DSTATCOM are reduced. The effectiveness of
the proposed method is validated based on simulation and experimental studies. The
application of DSTATCOM has been extended to grid connected SPV systems for si-
multaneous real power injection to grid and power quality improvement. To accomplish
this, a single-stage SPV-DSTATCOM in 3P4W distribution system with battery storage
system has been proposed. The complete arrangements considered in this topology
comprise a 3P4W DSTATCOM and DC-DC bi-directional converter. This single-stage
approach significantly improves the performance of the overall system leading to better
utilization of VSC rating during PV and non-PV hours. The significant contribution of

this work is outlined below:

e The switching losses and voltage stress across switching devices of VSC are re-

duced with the proposed adaptive dc-link voltage regulation method.

e The required interfacing inductance value is reduced in LCL-filter based DSTAT-
COM, so that the filter size and cost are reduced when compared to conventional
L-filter based DSTATCOM. Further, the operation of LCL-DSTATCOM in Cur-
rent Control Mode (CCM) and Voltage Control Mode (VCM) are achieved with

the proposed algorithm.

e The required kVA rating of the VSC is reduced by implementing the hybrid
DSTATCOM. Further, an adaptive dc-link voltage regulation of hybrid DSTAT-

COM improves the performance of compensator.

¢ In addition to power quality improvement by DSTATCOM, real power injection
to grid from solar PV supported by battery storage is proposed. The real power
injection by operating solar PV at MPP and battery charging or discharging are
achieved simultaneously with the proposed co-ordinated control algorithm. An
efficient utilization of rating of VSC is achieved with the proposed energy man-

agement scheme.
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7.2 Future Scope of Research

e Implementation of multi-level inverter based DSTATCOM topologies for high

power application is a potential area of research.

e Design of the controller of the DSTATCOM using advanced control techniques

such as model predictive control is an active area of research.

e Implementation of power management scheme between dc-bus and ac-bus sys-

tems with co-ordinated control algorithm in the distribution system.

e Another interesting topic could be the research on hybrid energy storage system
based energy management scheme for SPV-DSTATCOM. This research could in-
clude the selection of inverter topology, MPPT tracking techniques, compensation
characteristics and cost of the system, and would indeed contribute significantly

to the study in this area.
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