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Abstract

This work proposes an efficient integration method of solar energy with industrial
nonlinear loads, accounting for dynamic variations in solar power and load harmonic
profiles. The involved dynamics necessitate that the solar interface front-end inverters be
equipped to simultaneously handle both harmonic distortions and active power injection
characteristics. In this work, an instantaneous load and source characteristic mapping
is proposed for the solar-interfaced front-end inverter operated as a shunt active power
filter cum active power injector in order to accommodate the dynamic variations of the
source and load. As per requirement, to separate the load-demanded and switching
harmonics, a new load network time constant-based passive filter design diverging from
traditional passive filter design methods is demonstrated. Further, a comprehensive
explanation of the current controller modeling methodology is elaborated, considering
the essential bandwidth required for proficiently managing load-demanded harmonics in
both grid injection and drawing modes of operation. Later, in grid injection mode, the
influence of grid and system impedance interactions on the power quality is analyzed
for weak grid scenarios to derive the requisite bandwidth conditions to ensure resilient
power transfer. Subsequently, the experimental validation of the solar interfaced shunt
active power filter (SISAPF) with active power injection capability is carried out in
both grid power drawing and injection modes, demonstrating the effectiveness of the
enhanced bandwidth in handling load-demanded harmonics and solar power dynamic
variations. Under random solar and nonlinear load variations, this work demonstrates
an adaptive controller bandwidth realization for a PV-interfaced front-end inverter (PIFI)
delivering the power to the EV charging station. For an instantaneous adaptive bandwidth
realization, a novel approach to model source intermittency and load nonlinearity in terms
of angular frequencies is presented. In particular, the load nonlinearities are modeled in a
synchronous reference frame, and it identified that the captured nonlinearity in the reactive
component is sufficient to model the load dynamic variations. With the dynamic source
and load modeling, a method of rolling gain adjustment for the controller is demonstrated
for adaptive accommodation of source and load characteristics. Thus, with the adaptive
controller rolling gain adjustment, the PIFI can handle multiple functionalities of harmonic
compensation, maximum power point tracking, and simultaneous active power injection.
The harmonic correction eliminates the need for a power factor correction circuit in the
charging station. The simultaneous active power injection with adaptive bandwidth
realization supports efficient solar integration with the load/grid network across all
source/load power variations. The efficacy of the proposed sources and load dynamic
modeling in realizing the adaptive controller gain for achieving multi-functionalities are
demonstrated experimentally on the lab prototype. Apart from this, a new series
solar inverter configuration is proposed to share the power in terms of voltage, unlike
parallel inverter configurations. Elevated DC potential and circulating current due to
common-mode voltage (CMV) would degrade the solar inverter’s life in a single-stage

parallel inverter. The proposed topology eases the stress on the DC bus and protects the
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solar inverter from the issues associated with elevated DC potential (Potential-induced
degradation effect, switch operating voltage stress, etc.). Therefore, this work proposes a
solar-based series inverter configuration to demonstrate the superior power quality shaping
with the active power injection capability in grid-interfaced nonlinear load applications.
The proposed configuration realizes the AC network in series. It ensures the reduced AC
filter size and DC voltage compared to the conventional inverter topologies. The series
inverter configuration mimics the double switching frequency across the load, making
the system’s overall bandwidth higher than the conventional inverter. The improved
bandwidth ensures reduced attenuation towards lower-order load-demanded harmonics.
In addition, as the filter size plays a role in harmonic processing capability, in this
work, an optimum filter size is derived by analyzing the nonlinear load current rise time
signatures at different load resistances and filter inductances. With the appropriate filter
sizing, the dynamic solar power and harmonic injection are accomplished by developing
a dedicated closed-loop control mechanism for series inverters. The developed control
methodology instantaneously derives combined references to individual inverters through
instantaneous AC load harmonic segregation and DC solar power computation. With the
derived control mechanism, the superiority of the proposed series inverter over a parallel
isolated inverter in terms of enhanced harmonic compensation and dynamic solar power
injection is demonstrated through experimental results.

Keywords: Active filters, Bandwidth, Characteristic impedance, Circulating current,
Closed loop controller modeling, Common DC Bus, Common mode voltage, Controller
gains, Current THD, dynamic control, EV charging infrastructure, Grid connected
solar inverter, Grid impedance, Harmonic compensation, load time constant, non-linear
loads, Parallel inverters, Passive filters, passive filter design, Power Quality, Pulse width
modulation, Reactive power compensation, series inverters, shunt active filter, solar

inverter, system bandwidth, switching Frequency, Three-phase inverter, Weak grid.
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Chapter 1

Introduction

1.1 Overview

Recent advances in power electronics have transformed the landscape of electrical
engineering, introducing solid-state controllers with widespread applications across
industrial, commercial, and residential sectors. Although these semiconductor-based
devices offer notable advantages in efficiency and control, exhibit nonlinear operational
characteristics. Consequently, they introduce waveform distortions in voltage and current
at the point of common coupling (PCC) for industrial loads. With the integration of
thousands of these devices into modern power systems, they have emerged as primary
sources of pollution and distortion, compromising power quality. This degradation is
evidenced by waveform distortions and other voltage-related issues. Regulatory measures
have been implemented to address these challenges to mitigate the adverse effects on power

quality and ensure a consistent and reliable electricity supply.

Several methods are employed to address power quality issues and adhere to standards.
Passive filters are commonly deployed to curtail harmonic current flow in distribution
systems. However, their effectiveness is limited to specific harmonics and may induce
resonance within the power network. Power capacitors are utilized to enhance the power
factor by supplying reactive vars. Yet, conventional power factor correction approaches
and harmonic passive filters struggle to adapt to varying load conditions, rendering
them impractical at the distribution level where specific load conditions or system states
prevail. Consequently, power electronic solutions have garnered attention due to power
system dynamics and the stochastic nature of harmonics over short durations. Custom
power electronic devices are engineered to rectify distortions at the distribution level,
encompassing issues like voltage sags, surges, transients, reactive power, and harmonics.
Examples include Dynamic Voltage Regulators (DVRs), Static Synchronous Compensators
(STATCOMSs), and Active Power Filters (APFs), offering tailored solutions for distribution
systems [1],[2].

This chapter provides adequate background on power quality problems, standards, also
the integration of renewable energy sources into active filters, and available methods for

control.
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1.2 Power Quality

The term "power quality” encompasses the voltage, current, and frequency variation within
an electrical system. It refers to any deviation from the ideal sinusoidal waveform at
the rated frequency, with amplitudes corresponding to the rated rms values for all three
phases. Power quality issues can manifest in voltage, current, and frequency deviations,
potentially leading to the failure or misoperation of customer equipment. The IEEE
dictionary, referencing IEEE Std 1100, defines power quality as ”the concept of powering
and grounding sensitive equipment in a manner that is suitable for the operation of the
equipment” [3].

From the perspective of electric power customers, the primary concern regarding power
quality lies in achieving an ideal voltage waveform. Therefore, customer interest in power
quality is predominantly centered on voltage quality. Conversely, utility companies have
a broader focus, considering both voltage and current quality as crucial aspects. This
classification underscores the importance of understanding definitions for both voltage

and current quality [4].

1.2.1 Voltage Quality

Voltage quality pertains to the standard of the electricity supplied by utility providers
to consumers. It primarily deals with deviations of the voltage waveform from the ideal

sinusoidal waveform.

1.2.2 Current Quality

Current quality is a complementary concept to voltage quality, focusing on deviations of
the current waveform from the ideal sinusoidal waveform. In addition to aligning with
the demanded current waveform outlined by utility providers, the current sinusoidal wave
ideally synchronizes with the supplied voltage to minimize transmitted apparent power.
This synchronization optimizes power system ratings and reduces harmonic content in the
waveform. Given the close relationship between voltage and current, deviations from ideal
conditions in either parameter often result in corresponding deviations in the other, with

a high probability.

1.3 Causes of Power Quality Problems

Causes of power quality deterioration are classified into two main categories, i.e., natural

and man-made.
1. Natural causes

o Fault or lighting stroke on power system lines

e Equipment failure
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2. Man made causes

o Transformer excitation, capacitor or feeder switching

o Switching of Power electronics load such as UPS, ASD, Micro-controllers,

Solid-state switching devices
e Use of arc furnaces, induction-heating systems

e Sudden or frequent switching of large loads

1.3.1 Power Quality Problems

A wide range of disturbances has been documented, spanning from sub-cycle duration
to long-term steady-state problems in electrical systems. These disturbances include
short interruptions, voltage sags, voltage swells, voltage, and current transients,
harmonics/waveform distortions, voltage fluctuations, voltage flicker, voltage and current
unbalance, phase angle jumps, over-voltage, under-voltage, and power frequency
variations[5],[6]. =~ Among these disturbances, waveform distortion, voltage flicker,
and voltage imbalance at the distribution system are deemed particularly serious.
Consequently, a growing focus is on regulating voltage imbalance[7] and compensating

for harmonics in distribution systems [8],[9].

Waveform Distortion

Waveform distortion refers to the periodic deviation of voltage or current from the ideal
sinusoidal waveform. It encompasses five main types of distortions: DC offset, harmonics,

interharmonics, notching, and noise.

1. DC offset: DC offset occurs when DC voltage or current is present in an AC power
system. This phenomenon can arise from various sources, including geomagnetic
disturbances or the ground return operating mode in monopolar HVDC links. If
uncontrolled, DC offset can lead to adverse effects such as magnetic saturation,
increased heating, and reduced transformer lifespan. Therefore, effective measures
to mitigate DC offset are essential to maintain the integrity and reliability of the

power system.

2. Harmonics: Harmonics refers to additional frequencies present alongside the
normal sinusoidal voltage and current waveforms. Typically, these frequencies are
integer multiples of the fundamental frequency. When the frequencies of these
voltages or currents are not integer multiples of the fundamental, they are termed
interharmonics. The primary harmonic and interharmonic distortion sources are
non-linear loads, such as power electronic converters and controllers. As harmonic
currents flow through the system impedance, they cause a voltage drop for each
harmonic, resulting in voltage harmonics appearing at the load and leading to power
quality issues. The Total Harmonic Distortion (THD) is the most common measure

of distortion, applicable to both current and voltage waveforms, and is given by:
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Sns Xi
THD = ———F—— 1.1
S (1)
where X}, is the rms value of the harmonic(h) component of X(current or voltage).

The main disadvantages of harmonic distortion arel[8]:

o Extra losses and heating in rotating machine and capacitors
e Over voltages due to resonance
o Interference with ripple control systems used in demand side management

o Telephonic interference caused by noise on telephone lines

3. Notching: Notching is a periodic disturbance in the voltage waveform introduced
by power converters during the commutation of current from one phasor to another.
This phenomenon can lead to multiple zero voltage crossings, which may cause
digital clocks to run fast, as their design relies on the number of crossings per cycle.
Notching is considered a steady-state phenomenon and can be analyzed using the

Fourier series, which provides a harmonic spectrum of the affected voltage waveform.

Voltage Unbalence

Voltage imbalance in three-phase systems refers to differences in the magnitudes of
phase voltages or phase-to-phase voltages. This imbalance is assessed using symmetrical
components, which provide an index known as the voltage utilization factor to describe
the system’s unbalance.

Unbalanced voltages pose significant risks to induction machines, decreasing machine
efficiency and potentially leading to motor failure. Additionally, power electronics
converters are negatively impacted by voltage unbalance. In the case of diode rectifiers,
unbalanced voltages influence the input current harmonics, resulting in the appearance of
uncharacteristic triplen harmonics like the 3rd and 9th harmonics. Furthermore, voltage
imbalance may induce excessive currents in specific phases, triggering overload protection
circuits in adjustable speed drives. These increased currents can lead to overheating diodes

and reduce DC link capacitors’ lifespan [7].

1.4 Harmonics as a power quality problem

Electric power systems are deemed to provide excellent quality when they deliver sinusoidal
voltage and current waveforms at a single, consistent frequency. However, harmonic
distortion challenges this ideal. Harmonics in power quality denote the presence of
distorted periodic voltage and current waveforms, which can be mathematically described

through Fourier analysis as a summation of an infinite series of frequencies. This series
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includes the fundamental frequency and its multiples, known as higher-order harmonics.
u(t) = Z vV 2sin(n.wt + 0, (1.2)
n=1
[e.e]
i(t) = Z inV2sin(n.wt + 0; ) (1.3)
n=1

Unlike other power quality issues, harmonic distortion is a steady-state phenomenon
that persists continuously. This constant presence means that the stresses induced,
although not immediately evident, can eventually lead to accumulative effects that are

often straightforward to explain. Potential problems attributed to harmonics include [10]:
o Malfunction of sensitive equipment
e Random tripping of circuit breakers
o Flickering lights
e Very high neutral currents
e Overheated phase conductors, panels, and transformers
¢ Reduced Power factor
e Reduced system capacity

o Excitation of resonance phenomena resulting in significant overvoltages and/or

overcurrents
o Electromagnetic Interference(EMI) problems with sensitive electronic equipment
e Incorrect reading meters

The injection of harmonics into the network presents significant challenges, including
heightened losses in the transmission and distribution systems, oversized equipment in the
AC system caused by higher current draw relative to real power demand, and diminished

efficiency due to increased losses and inadequate voltage regulation.

1.5 Causes of Harmonics

Advancements in power electronic devices have significantly simplified human life and
reduced workload. These devices are predominantly employed as load-side equipment to
modify power and voltage levels, drawing power from either the grid or renewable sources.
Their prevalence has recently surged with the widespread adoption of semiconductor
devices. Traditionally, harmonic generation in electric power systems was attributed
to saturated iron in transformers, induction machines, electric arc furnaces, welding

equipment, etc.,[11],[12],[13]. However, with the evolution of semiconductor technology,
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power electronic devices have emerged as additional sources of harmonics. Consequently,

the modern classification of harmonic sources is as follows:
e saturable devices
e Arcing devices
e Power electronic devices

Saturable devices encompass transformers and rotating machines such as AC motors
and generators. Under typical operating conditions, modern transformers and rotating
machines do not introduce significant distortion into the network. However, their harmonic
contribution can become considerable during transient disturbances or when operating
beyond their normal range. Within power utility equipment, harmonics primarily
originate from transformer core saturation during energization. Additionally, the growing
implementation of Flexible AC Transmission Systems (FACTS) is expected to further
contribute to harmonic distortion in utility equipment.

Arcing devices include ARC furnaces, arc welders, and discharge-type lighting fixtures such
as fluorescent, sodium vapor, and mercury vapor lamps equipped with magnetic ballasts.
Nonetheless, the impedance of the ballast or furnace leads functions as a buffer, resulting
in only moderate supply voltage distortion. The presence of both arc ignition delays and
the highly nonlinear voltage-current characteristics of the arc introduces harmonics of the
fundamental frequency.

Power electronic devices employed for power conversion in industries are the primary
contributors to harmonics in the grid. These devices include large power converters
in metal industries and high-voltage DC transmission, medium-sized converters in
manufacturing industries for motor control and railway applications, and low-power
rectifiers in single-phase supplies such as television sets and battery chargers. AC-DC
power conversion has predominantly relied on diode or phase-controlled rectifiers in
industrial settings. These rectifiers operate as nonlinear loads on power systems,
drawing input currents rich in harmonics and exhibiting poor supply power factor.
Consequently, they create power quality issues for the power distribution network
and other nearby electrical systems [11],[14],[15]. AC/DC power converters find
extensive application in various fields, including power supplies, DC motor drives,
adjustable-speed AC drives, HVDC transmission, switch-mode power supplies (SMPS),
utility interface with non-conventional energy sources, welding technology, power supplies
for telecommunications systems, aerospace, and more.

Battery chargers are widely used in the domestic sector to charge various devices such
as mobile phones, computers, TV receivers, and electric vehicle (EV) chargers. However,
these battery chargers often generate high levels of zero-sequence triplen harmonic content.
This harmonic content can overload the neutral circuit, posing challenges for the electrical
system. The current harmonics produced by nonlinear loads propagate throughout the

power network. As these harmonic currents traverse the system impedance, they induce
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a voltage drop for each harmonic. Consequently, voltage harmonics manifest at the load

bus, giving rise to power quality issues.

1.5.1 Harmonic distortion indices

Harmonic distortion levels are characterized by the complete harmonic spectrum, which
includes the magnitude and phase angle of each harmonic component. In assessing the
level of distortion, various indices are considered. In addition to individual voltage and
current harmonics (V,, and I,,), Total Harmonic Distortion (THD) is widely regarded as
a comprehensive measure. THD quantifies the portion of higher-order harmonics relative

to the fundamental, concisely representing the overall distortion level.

Yot Va®

THDy = F=72 (1.4)
Somto In?

THDI:——fﬁi—f (1.5)

It is important to emphasize that measurements of both the fundamental component
and higher-order harmonics should be conducted simultaneously according to the THD
definition. This aspect is crucial for quantifying current levels in the distribution system
or voltage levels at the PCC, where the utility can supply power to other customers.
Typically, distortion is expressed as a percentage of the load value rather than the

fundamental value. This metric is known as Total Demand Distortion (TDD) and is

Ve Vo
TDDy = V=" =2 " (1.6)

VL,

Yoy In?
TDD; = # (1.7)
L

calculated as follows:

Another significant distortion index is the individual harmonic distortion factor (HF) for
specific harmonics h. HF is defined as the ratio of the RMS harmonic to the fundamental
RMS value of the waveform, expressed as HF = “% x 100%.

1.5.2 Standards of power quality

The establishment of power quality standards is crucial for power quality analysis,
providing guidelines for testing, measuring, and evaluating power quality. Both the
IEEE and IEC standards extensively cover power quality and its associated issues, offering
potential solutions. Table 1.1 presents a selection of power quality standards along with
their suggested guidelines.

Various standards are established to regulate harmonics resulting from nonlinear loads.
The IEEE standard was initially introduced in 1991, offering preliminary guidelines for
system harmonics limitations, which were subsequently revised in 1992. IEEE 519-1992
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Table 1.1: Power quality standards

S.No

Type of PQ
standard

Description of standard

Guidelines

IEEE  Std.
141-1993[16]

Planning of electric
power distribution for
industrial plants

This IEEE standard addresses various
aspects concerning electric power in
industrial distribution systems. It
provides comprehensive guidelines
for electrical design, covering topics
such as voltage limits, grounding,
harmonics, protection, and short
circuit calculations. The standard aims
to ensure the safety of life, reliability,
maintenance, and preservation of
property in industrial settings.

IEEE  Std.
142-2007[17]

Related to Industrial
and Commercial Power
Systems Grounding.

This standard addresses the operation
of sensitive electrical devices in
both grounded and ungrounded
conditions, particularly concerning
static  electricity = and  lightning
protection. It covers various grounding
issues, including neutral grounding,
delta corner grounding, and mid-tap
grounding, and provides potential
counter solutions for commercial and
industrial power systems. Discussions
the type of grounding,
location, and selection of equipment
for grounding the neutral circuit, as
well as the interconnection between
equipment and ground rods.

include

IEEE  Std.
519-2014[18]

Significance of
Harmonic Control
in Electrical Power
Systems

This IEEE standard delves into the
impact of different power electronic
converters and both linear and
nonlinear loads on voltage and current
waveform distortion, addressing the
perspectives of both customers and
system designers. It also establishes
targets for power quality at the
point of common coupling (PCC),
defining PCC as the source and load
intersection point. This standard aims
to establish steady-state limitations
on harmonics, considering worst-case
conditions.

IEC 61000
; 3 i,
2:2018[19]

Electro
Compatibility
- harmonic
emissions limits

Magnetic
(EMC )
current

This standard addresses the limitations
of harmonic current injection from
equipment with a rating of less than 16
A per phase in low-voltage distribution
systems.
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5 IEEE Std. | Issues related to | This IEEE standard focuses on the
1250-2018[20] | Voltage Quality in | impact of voltage quality issues,

Power Systems

such as surges, distortion, and
faults, on the operation of sensitive
equipment including computers,
power electronic converters, and
electronic  household appliances.
It steady-state  voltage
limits, flicker, factors contributing
to the degradation of power
system performance, and potential
solutions to enhance voltage quality.
Additionally, the standard examines
the effects of momentary voltage
disturbances on sensitive end-user
equipment and discusses waveform
distortion limits in detail.

covers

6 IEEE  Std.
1159-2009[21]

Monitoring of Electric
Power Quality

This IEEE standard provides
essential guidelines for monitoring
power quality (PQ), including
discussions on conducted

electromagnetic interference in both
single-phase and three-phase AC
power systems. It covers methods
for quantifying PQ disturbances and
offers insights into the applications
and interpretation of data obtained
from PQ monitoring devices within
power systems.

7 IEEE  Std.
1668-2017[22]

Voltage Sag and
Short Interruption
Ride-Through Testing
for End-Use Electrical
Equipment Rated Less
than 1000 V

This IEEE standard addresses issues
related to voltage sag and voltage
ride-through performance, focusing
on suitable testing methods for
low-voltage power systems (less than
1 kV). It provides a detailed analysis
of the probability of equipment
malfunction or shutdown due to
various types of voltage sags lasting
less than 1 minute. Additionally,
the standard discusses minimum
voltage sag immunity guidelines
based on available data, aiming
to mitigate power quality issues
concerning sensitive electrical and
electronic equipment. It establishes
procedural steps for testing methods
and performance criteria to assess
the influence of voltage sags in
proximity to the end user’s electrical
environment.
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IEEE  Std.
493-2007[23]

Design  of  Reliable
Industrial and
Commercial Power
Systems

This standard outlines the planning
and design criteria for commercial
and industrial distribution systems,
emphasizing fundamental reliability
analysis. It encompasses various
aspects such as  probability
methods, reliability evaluation,
economic assessment, etc., to
ensure continuous power supply,
analyze voltage sags, and address
emergency and standby power
systems, among other related
topics.

IEEE  Std.
1564-2014[24]

Guide for Voltage Sag
Indices

This IEEE standard outlines the
development of necessary voltage
sag indices along with the method
of calculation. Applicable to both
transmission and distribution levels,
the standard quantifies the severity
of various types of voltage sags on
the entire system and at specific
locations within the power system.

10

IEEE  Std.
1547-2018]25]

Interconnection and
Interoperability of
DERs with Associated
Electric Power Systems
Interfaces

This IEEE standard addresses
various aspects concerning the
interconnection and interoperability

of Distributed Generations
(DGs) with the existing utility
grid. It covers safety, security,

and maintenance requirements,
including  the  evaluation  of
performance, operation, and
testing for the interconnection
of different types of DGs to the
power system. Additionally,
the standard provides detailed
discussions on testing procedures
for 60 Hz power systems, regardless
of location or production. It
outlines general requirements such
as power quality, adaptability to
abnormal conditions, islanding, and
specifications for testing, design,
installation, and commissioning for
all types of DGs. Consequently, this
standard enhances the flexibility
of interconnecting various DG
technologies  into  the  utility
grid during interconnection and
throughout the Distributed Energy
Resource’s (DER) service life.
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11 IEEE Std. | Analysis of Fluctuating | This standard addresses the
1453-2015 Installations on Power | impact of variable loads on voltage
[26], and IEC | Systems fluctuations and background flicker,

61000-4-15[27]

detailing the measurement method

for flicker using a flicker meter.
It establishes flicker by
considering both short-term and
long-term indices and outlines the
process for evaluating each load’s
contribution to flicker, as well as
assessing flicker against emission
limits.

limits

delineates recommended practices and requirements for harmonic control in electrical
power systems, providing guidelines for determining acceptable limits. The IEC 61000
IEEE 519:2014 outlines harmonic

standards, specifying limits on voltage and current harmonic distortion for low voltage,

series comprises internationally accepted standards.

primary and secondary distribution, sub-transmission, and high voltage transmission
systems. The table below presents recommendations for harmonic voltage distortion limits

across different system voltage levels.

Table 1.2: IEEE-519 Voltage Distortion limits

Bus voltage V at PCC | Individual harmonic | Total harmonic
distortion (%) distortion THD(%)

V <1KV 5.0 8.0

1 KV <V <69 KV 3.0 5.0

69 KV <V <161 KV 1.5 2.5

161 KV <V 1.0 1.5

The harmonic limits for current depend on the ratio of Short Circuit Current(SCC) at the
PCC to the average load current of maximum demand over one year, as illustrated in the
table below:

Table 1.3: IEEE-519 Current Distortions limits for General Distribution Systems (120V
through 69 KV)

) 3<h<11 |11 <h < |17T<h< |23 <h<«< |3 <h<|TDD
17 23 35 50
<20¢ 4.0 2.0 1.5 0.6 0.3 5.0
20 <50 | 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 | 10.0 4.5 4.0 1.5 0.7 12.0
100 < | 12.0 5.5 5.0 2.0 1.0 15.0
1000
> 1000 15.0 7.0 6.0 2.5 1.4 20.0
Even harmonics are limited to 25% of the odd harmonics limits above
I,,= maximum short-circuit current at the PCC.
I1,= maximum demanded load current at the PCC.
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1.6 Harmonic compensation Methods

Nonlinear loads generate harmonic currents that can propagate through electrical systems
and ultimately return to the source. These harmonic currents can induce detrimental
effects on the power system, as elaborated in section 1.4. Concurrently, the reactive power
demand of nonlinear loads increases losses in transmission and distribution lines, resulting
in the underutilization of source capacity. This decrease in system efficiency stems from
the higher current drawn for a given real power demand, thereby leading to overrated
equipment within the AC system. Consequently, suitable methods are necessary to
compensate for nonlinear loads’ harmonic and reactive power requirements, aligning with
harmonics standards outlined by various international regulations. Several methods exist
for compensating harmonics and reactive power, with conventional approaches beginning

with harmonic filters, which are further classified into passive and active filters.

1.6.1 Passive compensation method

Passive filters utilize passive components like resistors, inductors, and capacitors,
configured in a combination tuned to the frequency of the harmonic to be filtered. They
can be categorized as tuned filters or high-pass filters. Typically connected in parallel
with nonlinear loads such as diode/thyristor rectifiers and AC electric furnaces, passive
harmonic filters effectively filter harmonic currents from the line [28]. Shunt passive filters
also enhance power factor by compensating reactive power, besides harmonic compensation
[29]-[30]. However, while this feature offers advantages in many scenarios, it may not be
universally beneficial. The circuit configuration of a per-phase passive filter is illustrated
in Fig. 1.1. Installing such filters near nonlinear loads establishes low impedance paths for
specific harmonic frequencies, effectively absorbing dominant harmonic currents emitted
by the load. As the filter’s impedance is lower than the source’s, harmonic frequency
currents circulate between the load and the filter, diverting the desired harmonic current
away from the source and other loads in the power system. Additional tuned filters may be
deployed parallel to filter out other harmonic frequencies if necessary. The effectiveness of
each single-tuned filter’s low-impedance path is influenced by the filter inductor’s quality
factor (Q), which dictates the sharpness of tuning. While a second-order high-pass filter
offers robust filtering performance across a broad frequency range, it typically incurs

greater fundamental frequency loss than a single-tuned filter.

When applying a passive filter, meticulous attention is necessary. The series passive
filter is integrated into the system in series with the load. The parallel inductance and
capacitance are precisely tuned to establish high impedance at specific frequencies, thereby
obstructing the flow of harmonic currents of the tuned frequency exclusively. The benefits

and drawbacks of a passive filter can be briefly outlined as follows [31],[29],[28]:
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Figure 1.1: a) Single-tuned filter b) double-tuned filter c) second-order high-pass filter d)
Third-order high-pass filter e) Third-tuned passive filter.

Advantages of Passive filter

o Effectively designed passive filters can be deployed in large Mvar ratings, offering

nearly maintenance-free operation.
e They are more cost-effective to deploy compared to synchronous condensers.

e They can achieve a rapid response time of one cycle or less, crucial for swiftly

correcting flickering voltage dips caused by arc furnace loads.

e In contrast to synchronous condensers, power capacitors do not contribute to the

generation of short-circuit currents.

e A single installation can fulfill multiple functions, including reactive power

compensation and power factor enhancement, thereby reducing TDD to acceptable

levels.

e When choice is available between active and passive filters, the passive filters are

more economical.

Limitations of Passive filter

o Passive filters are ill-suited for dynamic load system conditions, as they are fixed once
installed. Adjusting the tuned frequency or size of the filter is not easily achievable.
Moreover, the passive elements within the filter are precision components with close

tolerances[31].

e Changes in system operating conditions may lead to some detuning, although filter
designs should account for operation under varying loads and the utility’s source

impedance.
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e System impedance significantly influences filter design. For the filter to be effective,
its impedance must be lower than the system impedance, posing challenges in design,

particularly for stiff systems.

e The outage of parallel branches can modify the resonant frequency, potentially

leading to excessive stress on filter components and heightened harmonic distortion.

« Parallel resonance between the system and filter in single-tuned and double-tuned
filters can amplify current at both characteristic and non-characteristic harmonics.
Designers face constraints in selecting tuned frequencies and ensuring sufficient

bandwidth between shifted frequencies and even and odd harmonics.

e Aging, deterioration, and temperature variations may lead to increased tolerances
in the designed filters, potentially causing detuning. However, these effects can be

accounted for during the design stage.
e special protective and monitoring devices are required.

e Design adjustments may necessitate enlarging the filters to manage Total Demand
Distortion (TDD). However, this could lead to overvoltages when the banks are

switched in and undervoltage when they are switched out.

e Detuning may occur when consumers connected to the same utility service integrate

power capacitors or filters into their distribution systems.

1.6.2 Active compensation method

In contemporary contexts, harmonics and reactive power compensation have evolved into a
new area of research. Given the limitations of passive filters and the escalating pollution of
power systems, researchers have focused on the analysis, design, and advancement of active
power filters (APF). These filters offer a dynamic and adaptable solution for harmonics
elimination and reactive power compensation in three-phase, three-wire, and four-wire
electrical distribution systems. Additionally, APFs can address power quality issues
by selecting compensating power components. APFs, also known as Active Power Line
Condensers (APLCs), Instantaneous Reactive Power Compensators (IRPCs), and Active
Power Quality Conditioners (APQCs)[32], serve multiple functions beyond harmonics and
reactive power compensation. They are adept at eliminating voltage harmonics, regulating
terminal voltage to mitigate voltage flicker, and enhancing voltage balance in three-phase
systems. Moreover, they excel in load balancing and neutral current compensation in
three-phase, four-wire electrical distribution setups [33],[34],[35],[36],[37],[38]. With proper
control algorithms, APFs have effectively addressed various power quality issues from
consumer and utility-generated harmonics. Equipped with pulse width modulated (PWM)
converters and capacitors or inductors on their DC side, APFs offer versatile solutions for

active power injection and harmonic compensation.
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Figure 1.3: Configuration of Series active filter

The declining costs of power electronics components, significant advancements in capacity
and switching speed, and the implementation of sophisticated control algorithms facilitated
by fast digital signal processors (DSPs) have spurred new avenues of exploration in active
filters. Furthermore, enhancements in sensor technology have played a pivotal role in
augmenting the performance of APFs. Active filtering offers distinct advantages in both
steady-state and dynamic load conditions. APFs effectively mitigate voltage and current
harmonics and other power quality issues through meticulous control of PWM converter

switches, ensuring a clean and stable supply system.

Various topologies have been developed so far based on compensation requirements,
converter type, number of phases, etc. The APFs are broadly categorized as shunt, series,
or a combination of shunt and series (Hybrid) based on circuit configurations [39], [40], [28],
[41]. The appropriate topology can be selected based on the compensation requirement.
In this thesis, investigations are confined to improving the power quality by compensating

the nonlinear loads’ current harmonics and reactive power requirements by shunt active

power filter (SAPF).



16 Chapter 1. Introduction

Non-Linear load

—

&
3}
4=

¢§

=

Grid ﬁL
I; f

VSI VSI

Figure 1.4: Configuration of hybrid active filter(Unified power quality
compensator(UPQC))

1.7 Literature review

1.7.1 Power quality issues and harmonic and reactive power

compensation methods with advanced control methods.

With the growing awareness of the implications of global warming, countries worldwide are
actively pursuing strategic measures to curtail their greenhouse gas emissions[42]. A highly
effective strategy involves integrating renewable energy sources like solar power into their
energy grids [43], [44], [45], [46], [47]. However, the integration process faces significant
technical challenges, including the intermittent nature of solar energy and fluctuations
in industrial loads like drives and electric arcs. Additionally, it’s essential to recognize
that industrial loads can introduce disruptions into the power grid, such as injecting
harmonics and oscillations, leading to issues like power quality and voltage instability [48],
[49]. To overcome these challenges, it is crucial to develop power converters capable of
efficiently injecting power into the grid, effectively managing disturbances, and ensuring
compliance with IEEE standards[18] to maintain a specific level of grid quality Total
Harmonic Distortion (%THD). Hence, past researchers [50], [51], [39], [35], [52], [53] have
introduced passive and active power filters to regulate current harmonics and maintain
them within acceptable limits. This approach significantly elevates the overall power
supply quality. In the domain of passive filters, [50], [51], [39] have discussed the usage of
traditional LC and LCL filters to address harmonic currents. These passive filters have a
straightforward design and are cost-effective but bulky, heavy, and usually calibrated to
address specific predominant harmonics[39]. Furthermore, their compensatory capacity is
fixed and heavily dependent on the impedance of the connected electrical network, which
may result in undesirable resonance problems[50]. On the other hand, within the active
filter domain, shunt active filters (SAFs) are a well-established solution that has been
extensively studied for mitigating predominant harmonics [39], [35], [52],[53],[54], [38].

However, designing SAFs necessitates a thorough evaluation of factors, including source
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availability, converter topology, control methods, and output filters, to tackle harmonic
issues efficiently [55]. These active filters are directly linked to the load or at the Point of
Common Coupling (PCC). The design principles for SAFs focus on attaining a sinusoidal
current pattern in the power grid by extracting information about load current harmonics
to synthesize a reference signal for the controller [53]. These harmonics can be extracted
in SAFs through various methods, including stationary reference frame techniques [56],
[57], synchronous reference frame methods [58], [59], [60], or Fourier transform methods
[61]. The effectiveness of SAF design through these extraction methods is optimized
when the controller possesses sufficient bandwidth[62]. Inadequate controller bandwidth
in SAFs can result in the undesirable introduction of notches in the injected grid current,
further compromising the overall power quality of the grid, as highlighted in [63], [64].
Consequently, various controller models with diverse harmonic compensation capabilities
have been investigated, as evidenced in references [65], [66], [67], [68], [69], [70], [71], [72],
(73], [74], [75], [76], [77],[78].

However, existing control methods have overlooked the impact of the load’s passive
impedance and current gradients when formulating the passive filter and determining
the controller’s bandwidth [62] & [79]. Previous researchers have designed the passive
filter with consideration for the current ripple in the output of the SAF, ensuring
the provision of necessary load harmonics while simultaneously mitigating switching
harmonics, as indicated in references [80], [81], [82]. To ensure the development of an
accurate controller, it is imperative to take into account the load’s passive impedance
and the fluctuations in load current. In [63], the passive filter is specifically designed
to efficiently eliminate switching harmonics while ensuring no impedance is added to
the load-demanded harmonics. The given literature introduces a design approach that
notably boosts the overall system bandwidth in comparison to conventional ripple-based
filter designs. This thoughtful consideration allows for the choice of minimum inductor
values, equipping the active filter to reduce harmonics and enhance the quality of the
grid current. In addition to precise controller modeling, the controller’s bandwidth is also
influenced by the converter filter design of the SAF [80]. To enhance controller accuracy
and broaden bandwidth, researchers also explored a range of nonlinear controller models
with harmonic compensation capabilities [69], [70], [77], [79], [83], & [84]. However, the
cross-coupling between active and reactive power with nonlinear wave shapes requires a
comprehensive analysis to derive a suitable nonlinear tracking mechanism under varying
loading conditions and active power injection. In addition, in a nonlinear controller, digital
delays demand high bandwidth in digital circuitry, leading to persistent noise vulnerability.
For precise controller development, it’s essential to account for load and source impedance
and instantaneous current variations [79]&[85]. This consideration enables the selection
of minimal inductor values and optimal controller bandwidth, reducing harmonics and

effectively enhancing grid current quality.

Thus far, the literature has predominantly focused on supplying load harmonics using

SAF, with limited attention given to the simultaneous injection of active power alongside
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harmonics supply[62]. As energy demands continue to rise, the need for solar interface
active filters in nonlinear load infrastructures is growing[69]. These filters are expected to
support active power injection into the grid while managing load-demanded harmonics.
However, a notable challenge arises during active power injection due to the interaction
between passive filter inductance and grid inductance. This interaction diminishes the
short circuit ratio, leading to a weaker grid scenario [86]. This underscores the importance
of designing the right passive filter and achieving the corresponding controller bandwidth
to improve power quality in weak grid conditions. In [87], [88], [89], stability issues
pertaining to weak grids are tackled by employing a synchronous reference frame-based
model to depict the interactions between the grid and system impedance. The analysis
reveals that modifying the bandwidth of the phase lock loop (PLL) notably impacts the
system’s capability to reject power harmonics[90]. However, it comes at the expense of
compromising the dynamic response. Therefore, modifying the PLL bandwidth is not
feasible as it restricts some load-demanded harmonics, leading to poor power quality,
which contradicts the primary objective of SAF, which is to provide the harmonics
demanded by the load[91]. Subsequent researchers have suggested virtual feed-forward
loop compensation techniques to adjust the control loop parameters based on network
impedance [90]. Nevertheless, these feed-forward loops introduce positive feedback,
necessitating additional precautions to maintain system stability[86]. Later, researchers
recommended the use of lead-lag compensators and notch filters specifically designed to
mitigate power harmonics, ultimately enabling the delivery of high-quality power in weak
grid scenarios. These techniques aim to enhance the quality of power supplied to weak
grids but have restricted applicability since they primarily address frequency variations at
the PCC. Furthermore, these methods frequently require additional sensors and complex
algorithms. A recent study outlined in [86] demonstrated that properly tuning the gain
of the PI controller could effectively reduce existing harmonics in weak grid scenarios.
This reduction was achieved through precise modeling of the weak grid scenario, taking
into account the interactions between system and network impedance [86]. However, it’s
important to note that these studies are solely focused on active power injection into the

grid and do not address the supply of harmonics demanded by nonlinear loads.

1.7.2 Elevated DC bus voltage and circulating current issues of parallel

and single inverter topologies.

In previous studies, researchers used single inverter topologies to handle the power
harmonics of nonlinear load and active solar power injection characteristics. These
studies found that the active filter circuits have limited capabilities in compensating for
lower-order harmonics due to filtering and switching frequency limitations. Therefore, the
modular inverter focuses on filter sizing and a dedicated control mechanism in multilevel,
series, and parallel inverter configurations to reduce attenuation on lower-order harmonics
and improve bandwidth compared to conventional topologies. Researchers have proposed

control methods based on extracted harmonic information to address the neutral current
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control [92]& [93], as well as reactive and harmonic power compensation [57],[94]&[95].
These methods are implemented on single-stage three-phase inverters in [58] & [73],
multilevel inverters [92] & [53], [96], [97], [98]. In the multilevel inverter segment, flying
capacitor SAPF[92], neutral point-clamped SAPFs [52] & [53], and cascaded H-bridge
SAPFs [96], [97], [98] are proposed due to their superior output voltage quality and
reduced power losses. However, the higher DC bus voltage rating of multilevel inverters
can compromise circuit reliability, and the presence of multiple switches necessitates
asynchronous switching, making control algorithms more complex. The parallel inverter
configurations have been investigated for higher-power applications[99], [100], [101].
However, they are vulnerable to circulating currents and inherent DC-link voltage
oscillations, requiring additional hardware circuitry or complex control mechanisms. The
above literature mainly focuses on compensating harmonics through the capacitor by
drawing active power from the grid in existing SAPFs. However, PV generators can
eliminate the active power dependency on the grid. Surplus PV power can be injected

into the grid using appropriate DC to AC converters.

In this direction, researchers have studied grid power injection characteristics of
single-stage three-phase inverters [82] & [102], parallel inverters [103], [104],[105], and
multilevel inverters [106], [107], [108]. Currently, modular inverters dominate the solar
interface inverter portfolio, mostly parallel configurations. The modular single-stage
parallel inverter is well known for sharing power in terms of current. In a parallel
configuration, the DC bus voltage requirement to synthesize the desired AC voltage
demanded to connect with the utility grid is high, typically 1000 V [109]. Along with
elevated DC bus voltages, the parallel inverters also suffer from the need to operate the
DC bus in floating conditions due to CMV in the inverter circuit. In parallel inverter
topology, all modular inverters are assumed to have identical characteristic impedances
and operate with the same switching instances to connect all inverter modules to the
same DC bus. However, it is improbable that the modular inverters operating in parallel
configuration have an identical characteristic impedance resulting in circulating current
[110] & [111] within the inverter modules due to CMV. The past study shows that the
DC bus’s potentials affect the performance of the DC capacitors and the semiconductor
switches. Researchers have proposed various methods to inject active power into the
grid to reduce the DC link voltage requirements and the series inverter configurations
demonstrated in work [47] & [112]. This topology can be further explored to deal with

simultaneous harmonic support with harmonic suppression in a PV environment.

Apart from inverter topologies, it is necessary to concentrate on the passive filter design
as it decides the system’s dynamic response and the harmonics attenuation factor. In
an ideal scenario, the filter should offer zero attenuation to load-demanded harmonics
and infinite impedance to the switching frequency. However, in practice, keeping the
switching frequency far from the load-demanded harmonics at minimum filter inductance
is recommended to achieve minimal attenuation to the load harmonics. As in the

conventional inverter, the limitations in elevating switching frequencies are due to higher
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power loss, and device ratings demand a higher filter inductance for suppressing the
switching harmonics[63] & [113]. The higher inductance is detrimental to power quality
due to lower-order harmonic suppression. On the other hand, the LCL filters in SAPF
configurations carry a high risk of oscillation with the load network due to internal
resonance [114] & [115]. Thus, it is suggested to have an "L” filter with the minimum
inductance value. In this context, the series inverter configuration can double the switching
frequency across the load without increasing the actual switching of the inverter. Thus,
it minimizes filter size and thereby improves the system bandwidth. In this work, the
above-discussed problems are resolved by completing Chapter 2, Chapter 3, and Chapter
4.

1.8 Motivation

In pursuit of energy, requirements have been increasing steeply since 2011 with the
increasing population. To meet the energy demand, the generation of power is increased.
From Fig. 1.5, it is clearly visible that the primary energy consumption is closely followed
by Coal, Oil, Natural gas, etc.[116], But, With the growing awareness of the implications
of global warming, countries worldwide are actively pursuing strategic measures to curtail
their greenhouse gas emissions[42]. A highly effective strategy involves integrating
renewable energy sources, such as solar power, into their energy grids[44],[45],[46],[47].
From Fig. 1.6, it is clear that the renewable share in the electricity production of different
countries worldwide. The renewable power share of India is only 20% of total power
generation[117]. But, to meet the demand in India, renewable power generation increased
from 2011 to 2020, as shown in Fig. 1.7

From Fig.1.7a and Fig.1.7b, it is evident that the nation is moving toward renewable
energy generation, and preferably solar, due to its abundance and cleanness. On the other
hand, the Government of India has launched many initiatives to promote clean energy

generation, as listed in sub-section 1.8.1.

1.8.1 Government Initiatives to Promote Clean Energy Generation

To increase energy generation from renewable sources to meet the demand, India has
unveiled its 2030 target. During COP26, India unveiled ambitious targets to decarbonize
its energy sector by 50% and attain 500 GW of energy from renewable sources. To facilitate
clean energy and promote the adoption of electric vehicles in the transportation sector, the
Government of India has rolled out several schemes designed to incentivize and support
these initiatives. The government schemes to promote the clean energy generation are
listed below:

e Solar park Scheme: Intends to construct several solar parks, each with a capacity
of nearly 500 MW.

¢ Rooftop Solar Scheme: Aims to harness solar power by installing solar panels on
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Figure 1.5: Energy consumption by sources

the roofs of houses.

e« SRISTI Scheme: Sustainable Rooftop Implementation of Solar Transfiguration of

India (SRISTT) scheme to promote or advance the rooftop solar projects in India.

e International Solar Alliance: It is a collaborative platform for increased

deployment of solar energy technologies.

o Kisan Urja Suraksha evam Utthaan Mahabhiyam (PM-KUSUM):
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Figure 1.6: Renewable electricity production share in different countries.

Launched by the Ministry of New and Renewable Energy (MNRE) to support the
installation of off-grid solar pumps in rural areas and reduce dependence on the grid

in grid-connected areas.

« UDAN: Airport runway lighting system, solar integrated technologies for railways,
battery charging station

« DDUGJY: Rural electrification, Microgrid solutions
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Figure 1.7: Cumulative installed capacity of grid interactive renewable power by type (in
MW) (X-axis: Renewable sources; Y-axis: Energy generation in MW)

o FAME: Faster adoption and manufacturing of electric vehicles.

Moreover, as the population increases, so does the utilization of industries and smart
technologies for enhanced convenience. Consequently, advancements in power electronic
devices play a crucial role in simplifying human life and alleviating workloads. These
devices are predominantly employed as load-side equipment to modulate power and voltage
levels, drawing power from either the grid or renewable sources. However, the integration
process encounters notable technical hurdles, including the intermittent nature of solar
energy and fluctuations in industrial loads such as drives and electric arcs. It is imperative
to acknowledge that industrial loads can introduce disturbances into the power grid, such
as injecting harmonics and oscillations, thereby giving rise to issues such as power quality
degradation and voltage instability. Consequently, an effective integration approach for
solar energy with industrial nonlinear loads must account for dynamic variations in solar

power and load harmonic profiles. Recent studies have revealed that active filter circuits
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have limited capabilities in compensating for lower-order harmonics due to constraints
related to filtering and switching frequencies. This gap presents challenges for filter
sizing and necessitates a dedicated control mechanism in SAPF configurations to minimize
attenuation on lower-order harmonics and enhance bandwidth.

Therefore, the government schemes to accelerate the integration of renewable energy
with the grid by utilizing advanced grid-connected inverters and Active filter technologies
to reduce the power quality problems in the grid. It enables the seamless transfer of
renewable energy to the grid for powering nonlinear loads such as industries and electric
vehicle charging systems. Therefore, these nonlinear problems, such as harmonics and
reactive power requirements, can be compensated by using solar-interfaced grid-connected

inverters, as discussed in the following chapters of the thesis.

1.9 Organization of Thesis

1. Chapter 1: includes an overview of the power quality, cause of power quality,
and power quality problems. It also emphasizes the different harmonic sources
and harmonic standards to maintain the power quality. Also possible solutions to
power quality problems are also discussed from passive filters and active filters. This
chapter gives a literature review of the recent technologies of active filters to eliminate
the disadvantages of passive filters and discusses advanced control topologies for
nonlinear control and series inverter topologies for the reduction of filter size, elevated
DC bus potential, and circulating current within the inverter modules. Later, the
motivation and objectives of the thesis are furnished, along with the organization of
the thesis.

2. Chapter 2: deals with the involved dynamics necessitate that the solar interface
front-end inverters be equipped to handle both harmonic distortions and active
power injection characteristics simultaneously. In this chapter, an instantaneous
load and source characteristic mapping is proposed for the solar-interfaced front-end
inverter operated as a shunt active power filter cum active power injector in order
to accommodate the dynamic variations of the source and load. As per requirement,
to separate the load-demanded and switching harmonics, a new load network time
constant-based passive filter design diverging from traditional passive filter design
methods is demonstrated. Further, a comprehensive explanation of the current
controller modeling methodology is elaborated, considering the essential bandwidth
required for proficiently managing load-demanded harmonics in both grid injection
and drawing modes of operation. Later, in grid injection mode, the influence of
grid and system impedance interactions on the power quality is analyzed for weak
grid scenarios to derive the requisite bandwidth conditions to ensure resilient power

transfer.

3. Chapter 3: discusses and demonstrates an adaptive controller bandwidth
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realization for a PV-interfaced front-end inverter (PIFI) delivering power to the EV
charging station under random solar and nonlinear load variations. therefore, For
an instantaneous adaptive bandwidth realization, a novel approach to model source
intermittency and load nonlinearity in terms of angular frequencies is presented.
With the dynamic source and load modeling, a method of rolling gain adjustment
for the controller is demonstrated for adaptive accommodation of source and load
characteristics. Thus, with the adaptive controller rolling gain adjustment, the PIFI
can handle multiple functionalities of harmonic compensation, maximum power point

tracking, and simultaneous active power injection.

4. Chapter 4: This chapter discusses a solar-based series inverter configuration to
demonstrate the superior power quality shaping with the active power injection
capability in grid-interfaced nonlinear load applications. The proposed configuration
realizes the AC network in series. It ensures the reduced AC filter size and DC voltage
compared to the conventional inverter topologies. The series inverter configuration
mimics the double switching frequency across the load, making the system’s overall
bandwidth higher than the conventional inverter. The improved bandwidth ensures
reduced attenuation towards lower-order load-demanded harmonics. Later in this
chapter, the optimum filter size is derived by analyzing the nonlinear load current
rise time signatures at different load resistances and filter inductances. With
the appropriate filter sizing, the dynamic solar power and harmonic injection are
accomplished by developing a dedicated closed-loop control mechanism for series

inverters.

5. Chapter 5: presents the conclusion and future scope of the research work.
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Chapter 2

Design and Implementation of
Load Network Time Constant
Computation Based Solar Active

Power Filters Cum Injector for
Industrial Loads/Grids

2.1 The Solar interfaced shunt active power filter

The schematic featured in Fig. 2.1 illustrates the Solar interfaced Shunt Active Power
Filter (SiSAPF), a system thoughtfully designed to serve a dual purpose. It effectively
addresses the harmonics demanded by the load while seamlessly integrating solar power
into the AC network. The proposed system comprises a three-phase inverter integrated
with solar panels, establishing a connection with the AC power network. This three-phase
inverter is strategically positioned at the Point of Common Coupling (PCC), where it
links the grid and nonlinear loads, as depicted in Fig. 2.1. A passive inductor, denoted as
Ly, is connected to the inverter’s output terminals. The primary function of this passive
inductor is to mitigate switching harmonics while facilitating the passage of harmonics
required by the load. The importance of filter inductance design lies in establishing an
effective bandgap between these harmonics. This design aspect plays a crucial role in
achieving the desired power quality in the grid. Therefore, in the upcoming sections, this
paper delves into the meticulous process of designing an efficient passive filter using load
network time constant computation, comparing it with conventional ripple-based filter

design methods.

2.2 The proposed load network time constant computation
based passive inductance design method

The design of passive inductance (Ly) ensures the optimal performance of SiSAPF in

delivering load harmonics while attenuating the switching frequency component. The

following section thoroughly elucidates a comprehensive method for determining the

minimum and maximum inductance values.

27
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Figure 2.1: The solar interfaced shunt active power filter schematic with control diagram.

2.2.1 Minimum filter inductance design

To establish the minimum inductance value necessary for efficient harmonics management
and the suppression of the switching frequency component, configure the three-phase
inverter to solely supply active power to the load, which is represented by resistance
R (where R = ‘I/—j) This configuration is illustrated in the single-line diagram as shown
in Fig. 2.2, facilitating the calculation of the required back electromotive force (emf) at
the switching frequency across the passive inductance and resistance. The voltage across
resistor R, due to the switching frequency current, must match the emf produced by the

inductor (egy), as depicted in Fig. 2.2. This relationship is expressed as:
Cfow = IRifsw = 27rfswaminifsw (21)

The information regarding the calculated back emf is pivotal in eliminating the current
component generated by the switching frequency. Consequently, the minimum filter

inductance can be determined using Equation. 4.7.

R
Ly = 2.2
R=2x%7x* fou* Ly, . (2.3)

As shown in Fig. 2.2, the inductor produces varying back-emf across a range of
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Figure 2.2: The SiSAPF’s network single line diagram with the realization of filter
inductance as a decomposed harmonic back-EMFs.

frequencies, spanning from the fundamental frequency to the switching frequency. To
effectively accommodate the harmonics required by the load, it’s crucial that Ly ., does
not contribute any back emf to these harmonics. The amplitude of the back emf imparted

to each harmonic depends on the filter inductance and can be expressed as follows:

EMF;,quctor = €1 +e€5 +e7r4+e11+ ... + €fsw (2.4)
=i1.%1 + i5.%Br + i7. K7 + i11. %11+ ....... + ifow-R

The value of (%21, %5, %7.....R) is obtained using Equ.(2.3).
%1 = 2.7Tf1Lfmm; %5 = 2.7Tf5Lfmm... (25)

In this context, the impedance’s %1, %5, %7, and so on are frequency-dependent, varying
in magnitude relative to multiples of the fundamental frequency. This change is visually
represented in the top trace of Fig. 2.3, using yellow and green colors to differentiate
between two distinct switching frequencies, namely, fs,1 and fsue. As the inverter’s
operational switching frequency transitions from fg,1 to fsw2, the computed impedance
values, in accordance with Equation(2.5), diminish. This leads to reduced impedances,
depicted in green, for individual current harmonics, indicated in violet, as observed
in the top trace of Fig. 2.3. Moreover, the corresponding back emf for individual
current harmonics at these two unique operational switching frequencies, fs,1 and fsu2, is
visualized in the bottom trace of Fig. 2.3. Evidently, the provided back emf consistently
registers a slightly lower value, approximately 0.1 to 0.3 per unit (PU), compared to
the back emf at the switching frequency. This observation underlines the significance

of maintaining minimal back emf for the harmonics required by the load, ensuring that
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Figure 2.3: The variation of the current harmonics along with the offered resistance and
corresponding back emf offered by the filter inductor (Ly) at two frequencies fg,1 and
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the designed minimum passive filter inductance is capable of delivering these harmonics
without attenuation. Simultaneously, the calculated inductance value defines the time
constant of the SISAPF system as follows:

fmin

Tsys = R (26)

2.2.2 Maximum filter inductance design

To establish the maximum inductance value, it’s crucial to evaluate the required bandwidth
by taking into account the load network time constant. This time constant is dependent on
factors such as the load network’s per-phase equivalent resistance (Ryy) and inductance
(LnL), as visually represented in Fig. 2.4. The load network time constant (7,) is defined

as follows

Lyt
T = —— 2.7
. (2.7)

Where the method for obtaining the Ry value is detailed in the appendix.
The connection between the load network time constant and the rate of load current rise

is defined by Equ.(2.8).
1 1

2 = — =
mIBW = = 5 igr.

This relationship shows that the per-phase load current rise time is approximately 2.197

(2.8)

times the load network time constant (7,,). Additionally, it is evident from Fig. 2.4 that a
reduction in filter inductance results in a shorter rise time for the load current while the
load power remains constant. The understanding of a shorter rise time plays a pivotal role

in the design of a SiISAPF passive filter, aimed at achieving a broader bandwidth than
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Figure 2.4: The non-linear load current profile with change in network inductance Ly, .

the load network. This objective is attained through a systematic design approach for
the passive filter, with a particular emphasis on the load network time constant (7,) and
the SiSAPF system time constant (7y,) as essential parameters. To effectively manage
the complete spectrum of load-demanded harmonics without any reduction, it is crucial
to guarantee that the SiISAPF system time constant (7y,s) remains shorter than the load
network time constant (7,,). Consequently, the maximum values for the filter inductance
can be determined based on the network time constant, and these values are as follows:

=7.R (2.9)

ﬂwaz

The filter specifications, determined through Equation(2.9) for different load processing
powers, are compared with traditional ripple-based filter design methods [63], as depicted
in Fig. 2.5. It becomes evident that the innovative filter design effectively accommodates
the load-demanded harmonics, ensuring a flawless sinusoidal grid current, unlike the
conventional filter design methods. Conventional filter design methods take into account

the inverter switching frequency and the magnitude of current ripple when designing
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passive filters for SAFs as depicted in Equation(2.10).

Vdc
Li=———-—7— M -1
d GFSTUAIPPmaz cthod
L= Vae Method — 2
I 96 AL,
Vdc
Li=—% M -
F=3 FoulL, ethod — 3
o Mq Vdc _
Ly= —12stAIppmaz Method — 4 (2.10)
01r Method-1 T
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Figure 2.5: comparison of filter design methods at different powers.

It is worth noting that the conventional approach results in larger filter inductance sizes,
as shown in Fig. 2.5, and fails to provide adequate bandwidth for the load-demanded
harmonics. This leads to the introduction of unwanted notches in the grid current and,
consequently, a degradation in the overall power quality of the grid, as displayed in Fig.
2.6. This is because these methods often overlook the impact of load passive impedance
and variations in load current gradients when determining the passive filter inductance
value.

Finally, taking into account the essential bandwidth and switching frequency attenuation

criteria, the permissible range of filter inductance can be determined based on:

<Lf<7,R 2.11
zﬂfsw == K ( )
Following the modeling of filter inductance, it is essential to employ closed-loop modeling to
enhance further the performance of the proposed SiSAPF system in delivering active power
while managing load-demanded harmonics. This modeling approach aids in determining

the appropriate controller gains for achieving the desired dynamic response and optimizing
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Figure 2.6: comparison of grid currents for the load currents at different filter design
methods.

the overall system bandwidth. Further insights on closed-loop modeling are provided in

the following section.

2.3 The SiSAPF’s closed-loop controller modeling

This section focuses on the closed-loop controller modeling based on the synchronous
reference frame (SRF). The objective is to attain the desired dynamic responses while
managing load-demanded harmonics. In the SRF approach, the three-phase grid voltages
are sensed at the Point of Common Coupling (PCC) to derive the synchronous voltage

references (vgq & vgq)-

2
Vgd = g(vgaCOS(wt) + vgpcos(wt — 1207)

+ vgecos(wt + 1207)); (2.12)

—2
Vgq = ?(vgasin(wt) + vgpsin(wt — 120°)

+ vgesin(wt 4+ 1207)); (2.13)

Here, wt represents the grid voltage angle obtained through a phase-locked loop (PLL).
Subsequently, the three-phase nonlinear load currents (14, Ijp, and I;.) are converted into a

synchronous reference frame by employing the acquired grid voltage angle (wt), as outlined

below:
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2
I, = g(Ilacos(wt) + Ipcos(wt — 120°)
+ Ijccos(wt + 120°));
-2
I, = ?(Ilasin(wt) + Ipsin(wt — 120°)
+ Ijesin(wt 4+ 120°)); (2.14)
In this context, Ij,, I;p and Ij. represent the three-phase nonlinear load currents sensed
before the diode bridge rectifier, as depicted in Fig. 2.1, and are subsequently converted to
the synchronous reference frame as Ijq and I;;,. The load harmonics component information

is then extracted by subtracting the fundamental component from the real component of

the nonlinear load current, as outlined in Equation(2.15)

Lian _
Lign

Subsequently, the reference for the current controller can be determined by combining the

(2.15)
I,

Iig — Avg(fld)]

extracted load harmonics component with the photovoltaic active power component, as

Idref _
Tgrey

Where I} represents the active power reference generated by the Maximum Power Point

shown below:
Lign + 1 ZE

(2.16)
Ilqh

Iy

\“ WY

| Loadcur P=TOKW,Ly; =1mH | T2 | Loadcur P=10KW,Ly; =5mH Ty

Figure 2.7: The variation of three phase nonlinear load currents and corresponding real
and reactive component (Igref and Ig..r) profiles in SRF at different filter inductance and
network power.

Tracking (MPPT) controller, as shown in Fig. 2.1. Moreover, Fig. 2.7 illustrates the
typical variations of Ijq and Ij,. It’s noteworthy that the rise time of Ij; precisely aligns
with the load current rise time (7,), indicating that the load network’s time constant (7,)
information is inherently embedded in I,..f. Consequently, I,,.; data alone is sufficient for

determining the network time constant required to design the SiISAPF inductance and the
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associated closed-loop controller gains. Furthermore, the derived active power reference
(Igrer) integrates the available photovoltaic active power with the load harmonics demand,
allowing the SiSAPF network to operate in two modes based on available solar active

power.

p, e (P Grid
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Figure 2.8: The single line diagram of the power network demonstrates the power
interaction between SiSAPF, grid, and nonlinear load.

1. Mode-1 (Grid drawing power mode): When the available solar active power (PS) is
less than or equal to the load demanded active power (Pr), i.e. (Ps <= Pr), the

active power drawn from the grid can be calculated as Pyq=Pp-Ps.

2. Mode-2 (Grid Injection power mode): Ps > P;, =, the active power injected to
the grid can be calculated as Py; =Ps-Pp;

The controller gain modeling for mode-1 and mode-2 is described in the subsequent

subsection by monitoring the power and its associated time constant.

2.3.1 Mode-1 operation

During this mode of operation, the equivalent resistance (R;) corresponding to the

available solar energy processed by SiSAPF can be identified as:

Vgd

R. =
S Ifd

(2.17)
Here, vyq represents the grid voltage, and Iy4 is the grid-injected current in the d-domain.
By utilizing the identified resistance (Rs) and system inductance (Ly), the system’s

transfer function can be obtained by identifying the rate of change in reference current as
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follows:
dldref 2 Vga Rs . Vgb Rs .
= (2L = t £ __=
i ( LI ifa)cos(wit) + (Lf I ifb)
R
cos(wt — 120) + (% - L—sz’fc)cos(wt +120)) + wlgrey
! !
quref _2 Uga Rs . . ’Ugb RS .
= 22t Ty sin(t) + (22— i)
dt 3L, Ll Ly Ly’
R
sin(wt — 120) + (29; - L—fz fo)sin(wt +120)) — wlyres (2.18)

Here, if,, ifp, and iy, represent the SiSAPF three-phase currents, while v4,, vgy, and
vge denote grid voltages, as illustrated in Figure 1. Substituting (2.12) and (2.13) into
Equation (2.18) yields:

d]d f Vad R
dge — Lif — f;ldref + W~Iq7"ef (219)

Agref _ vgq R

= — —Jrer —w. Ay, 2.20
dt Lf quef W.ddref ( )

The derived (2.19) and (2.20) can be expressed in the form of state space model as & =
Ax + Bu and y = Cz 4+ Du:

dlge “R v,
;iitf . Tfs w Idref Lidf 0 mq 991
Ay | = | _ =R | |p T g e (2:21)
dt Ly gref Ly Myq
Lya| _ |1 Of | Lares (2.22)
Iy, 0 1 Iq'ref_

Where,Vyq = mg * Vg and Vg = myg * Vg, .
Furthermore, the transfer function can be derived from the state-space equation in the
following form:[Y (s) = (C(SI — A)~'B + D)

Gu Gi2

Ifd
Iy, Ga1 Gao

The derived G171 and (GG represents the d— loop and ¢— loop plant transfer functions as

md] (2.23)

shown in Fig.2.9.

Idrej(s)/ Iqrej(s)

mgVye

G-PI

A

Ifd(s)/ L)

Figure 2.9: The signal flow diagram consolidated the plant model and controller.
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The plant transfer function is described as

(SLf + Rs)

s2L% + 2L Rss + RS + (wLy)?
N—_——

~0

Gi1 =Gy = (2.24)

Here, wL ¢ represents the cross-coupling term. As this coupling term is compensated in the
feed-forward loop, as shown in Figure 2.1, the plant’s transfer function can be simplified

as:

1

Gi1 =Gy = 7(8%0 T

(2.25)
As demonstrated in Equation (2.25), the value of Ly determines the open-loop response
of the plant. The Bode plot of the plant, with Ly calculated using both the conventional
ripple-based method and the proposed time constant-based method, is shown in Fig. 2.10.
From the Bode plot and root locus plot in Fig. 2.10, it is evident that the inductance
computed using the method described in this work provides a wider bandwidth compared

to the ripple-based filter design method.

Later, in order to analyze the system’s dynamic response effectively, it is essential to
determine the closed-loop transfer function. Initially, the open-loop transfer function of
the plant is established by combining the transfer functions of the PI controller and the

plant, as shown below:

K
GP] = KP + ?IQ Gopen = GPI * Gplant (226)
Kp K; 1
Gopen = —. — ) (——— 2.27
ven = (T (s KP)(5+§§) (2.27)

Furthermore, the closed-loop transfer function can be expressed as follows:

G
Gclosed = 1 +(gen (228)
open

Using the closed-loop transfer function, the controller gains can be determined as follows:

L R L
Kp = ff;KI = i-KP;Ts ==L

= 2.29
Ts Lf KP ( )

As per Equation (2.29), it is evident that the value of Kp at a given Ly determines the
system’s dynamic response. The step response of the closed-loop system at different Kp
values is depicted in Fig. 2.11. It is clear from Fig. 2.11 that an increase in Kp leads to
an improved dynamic response as the system time constant (75) decreases. Therefore,
selecting a suitable Kp value that satisfies 7, < 7, is essential to smoothly process
the load-demanded harmonics along with active power injection into the power network.
However, increasing gain values cause the controller’s zeros to shift towards the right-hand

side of the complex plane, as shown in Fig. 2.12. Fig. 2.12 makes it evident that the
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Figure 2.10: The Bode diagram and Root locus of SiISAPF’s open-loop transfer function
with the variation of the filter inductance.

controller zeros are moving towards an unstable region. Hence, choosing controller gains
within acceptable limits is crucial to ensure stable system operation. The effect of the
controller gains on grid current in terms of % THD for processing the inverter power into

the grid and load is discussed in the following section.

2.3.2 The selection of controller gains based on load network time

constant

Further, in this subsection, the controller gains selection based on the determined load
network time constant for accomplishing the maximum possible closed-loop bandwidth
is demonstrated. Here, the boundary of controller gains and outlines selection criteria
based on the network time constant is elaborated. The controller system time constant
is strategically chosen relative to load power and network impedance, ensuring it remains
lower than the load network time constant (73 < 7,). Under these conditions, a

comparative analysis of the proposed and ripple-based filter designs is conducted across
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Figure 2.12: Root locus of SiSAPF’s open-loop transfer function with varying .

varying power levels, with %THD comparisons presented in Fig. 2.13. The validity of
this condition is confirmed in both grid drawing and injected modes, particularly under
stiff grid conditions. Fig. 2.13a illustrates the efficacy of harmonic compensation with the
proposed filter inductance compared to diverse ripple-based filter inductance methods in
grid drawing (left) and grid injected (right) modes. Additionally, Fig. 2.13b compares the
proposed method under different controller system time constants. This reveals that a time
constant lower than the network time constant yields superior harmonic compensation
and lower grid current %THD. However, in grid injection mode, depending upon the
injected power, the uncompensated grid inductance contributes to grid current oscillations,
diminishing the grid’s power quality. Strategies for enhancing grid power quality are

discussed in the subsequent sections.
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Figure 2.13: THD comparison of proposed and different filter inductances in grid drawing
and injection modes under proposed controller gain design methods.
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2.3.3 Mode-2 operation

In this mode, the available PV power (Pg) surpasses the load power (Pr). Therefore,
the excess power (Py; = Ps — Pp) is fed into the grid after meeting the load demand.
The injection into the grid is limited to the fundamental current, as the nonlinear load
absorbs the harmonic currents along with the fundamental load current. Concerning the

grid-injected power, the equivalent resistance can be calculated as follows:

Vgd

Ryi= 9
" Avg(Ipa — Lar)

(2.30)
When real power is injected into the grid, the line impedance (L,4) after the Point of
Common Coupling (PCC) can induce power oscillations due to interactions between
line (Ly) and filter (Ly) impedance, as illustrated in Fig. 2.14. These oscillations are
characterized by a coupling angle (7). Owing to the coupling angle (7), the actual currents
Tiaet = (Igcos(7y)) and Igeer = (Igsin(7y)) never perfectly align with the reference currents
(Igref) and (Lgref)), respectively . In this scenario, the power oscillations in the d-domain

and g-domain for generating the reference wave can be modeled as (2.32) and (2.33),

respectively.
Vinw = Vi + 3V (2.31)
Vi = Vapcoy + Larey — Igcos(v)) (Kp + %) (2.32)
Vi = (~Iysin() (K + ) (23

Therefore, it is essential to understand the dynamics of the SISAPF when injecting active
power into the grid. This subsection aims to mitigate power oscillations in a weak grid
scenario by compensating the natural deviation angle () induced by grid inductance
(Lg).To achieve this, the transfer function of the SISAPF in grid injection mode is modeled
as shown in Equation(2.34), taking into account the network impedance (L,) and the grid
power injected resistance(Rg;).
Rgi.e™ st
G(s) = Ci 5 (2.34)

2\( o2 Rgi-Ly.s Ry
(Lg-Ly+Lg)(s* + L' 412 + 1,512

Subsequently, the characteristic equation of the closed-loop system in grid injection mode

can be written as :

K; K.e st
A(s) =1 K —). 2.
(5) +(Kp+ s ) (52+k:.Lf.s+k:.Rgi) (2.35)
A(s) = k(K; + Kp.s)e ' + s(s® + k.Ly.s + k.Ry;) (2.36)
R .
* _ st _ gt
A (8) =e )\(8) Where k = m (237)

N(s) = k(K; + Kp.s) + s(s* + k.Ly.s + k.Rg;)e™ (2.38)
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Figure 2.14: The phasor diagram representing the PCC voltage oscillations in the weak
grid due to coupling angle v in grid power injection mode.

Later, the characteristic equation can be decomposed into real and reactive components :

N (Jw) = M (w) + jAi(w) (2.39)
(W) = kK + (w® — kRyw)sin(wt) — w?kL pcos(wt) (2.40)
Ai(w) = w(kKp + (kRy; — w*)cos(wt) — wkL ysin(wt)) (2.41)

By substituting w = /¢, Equations (2.40) and (2.41) can be rewritten as:

= P a a1y3cos
Ar(y) = kK + sm(y)(%3 - %7) _ Wtz(V)
= 2 ai1vysin
Xi(y) = %(ka + [cos(v)(ap — %2 )] — wtm) (2.42)

Here a,=kRg; and a;=kLy .
For any value of coupling angle (vy) varies from [-90°,90°], the A\*(s) is stable only when
[118]

(1) Condition-1: A.(y0) and A;(7y0) have only simple and real roots and these interlace[86]
(2) Condition—?:/\.i(’yo).)\T('yo) — )\i(’}/o).)\.r(’}/o) >0

When establishing the lower limit of Kp through condition-2 with the evident root at
v0=0, the condition-2 simplifies to:

kKp + ag

Xi(70)-Ar(30) = ( "

VkEK; >0 (2.43)
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Equation (2.43) establishes that K p must satisfy the condition Kp > =, given that both
k and K; are greater than 0.
Following that, the upper limit of Kp can be established by meeting the interlacing of

roots condition as outlined in condition-1, which is only fulfilled when A;(y9) = 0. As a

result, Equation (2.42) can be restructured to determine the potential roots of A.

=0 (2.44)
EKp + cos(v)(ag — w?) — aywsin(y) = 0 (2.45)

In a closed-loop controller, the parameter Kp functions as a virtual RC time constant,
effectively dampening the inherent oscillations of the plant. Therefore, it is essential to
initially determine the plant’s natural oscillations (w). This determination can be made

using Equation (2.45) under the conditions v = 0 and Kp = 0, as shown below:

Ry

VLo (Ly + Ly)

Alternatively, the natural oscillations can be deduced from the coupling trajectory depicted

(2.46)

in Fig. 2.14. This coupling trajectory, resulting from the cross-coupling terms in the d-axis

and g-axis directions, can be recognized as:

Ud

= w(Lg + Lf)

: Y — (L) (2.47)
1q td

The system inertial time constant corresponding to the natural oscillations can be derived

as:
Y0 2Ly (Ly+Ly) = R% =w? Ly (Ly+ Ly) (2.48)
g id
— Ryi PR — 1 _ 2(Ly.(Lg + Ly)) (2.49)
VLg(Lg+Ly) T w RyiLy
where, ( = Ly . Here, ( represents the damping ratio of the system, and it can

2y/Lg.(Lg+Ly)
be determined using Equation (2.34). Additionally, 7, denotes the time constant of the

derived second-order system. Furthermore, when we substitute values of w and ~ for less
than 90° into Equation (2.45), we obtain:

Ry Sin(y)

K, <Ly —————
g ! Lg(L9+Lf)

(2.50)
To ensure the injection of a perfectly sinusoidal current into the grid after satisfying load
demands for harmonics and active power, it’s crucial to satisfy the condition 7, > 7,,. To
meet this condition, it’s essential to establish a relationship between the determined value

of Kp and 7.
2 Lg(Lg+Lf)

Tg

Kp < sin(7y) (2.51)

From Equation(2.51),It is clear that the value of Kp is notably influenced by 7,4, and 7,



Chapter 2. Design and Implementation of Load Network Time Constant Computation

44 Based Solar Active Power Filters Cum Injector for Industrial Loads/Grids

is, in turn, dependent on 7,.Therefore, to achieve a perfectly sinusoidal current injection

into the grid, the right value for Kp is identified, ensuring that the system’s time constant

(14) is greater than the network’s time constant (7,). Furthermore the range of Kp value

in relation to 7, by employing Equations (2.43) and (2.51) as follows:

2\/L9(T+Lf)sm(7) (2.52)

Tg

—Rgi < Kp<

2.3.4 The selection of controller gains based on the mode of operation

This subsection emphasizes the critical role of the controller gain range in determining

the closed-loop system bandwidth. This dynamic range boundary depends on the

solar-injected power, illustrated in Fig. 2.15. In grid drawing mode, the controller gain
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Figure 2.15: a) Allowable controller range for the SiSAPF from minimum to maximum
controller gain with respect to when the system changes from grid drawing mode to grid
injection mode. b) The zoomed portion of the grid-injected mode region to ensure the

limit for the grid-injected power.
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variations are calculated within the shaded region, considering the permissible inductance
value range (minimum and maximum) outlined in Section 2.1. The pattern reveals that
the gain should decrease with an increase in power, as depicted in the top trace of Fig.
2.15. Additionally, computed controller gains must be higher than the proportional gain
corresponding to the network time constant. In grid injection mode, where the inverter
processing power exceeds the load demanded power, the proportional gain limit, computed
in Section 2.3.3, must be considered, as shown in the zoomed portion of Fig. 2.15. The
intersection area between the upper and lower inductance values determines the total
SiSAPF processing power, constrained by the grid-injected power limit. In this mode as
well, it is crucial to ensure that the resultant computed gain exceeds the gain corresponding
to the network time constant, as illustrated in the zoomed portion of Fig. 2.15. The
efficacy of the SiISAPF design and closed loop controller modeling in both grid drawing
and injected mode of operation is verified experimentally, and the obtained results are

discussed in the following section.

2.4 Results and Discussion

This analysis is confirmed by developing the SISAPF lab prototype, illustrated in Fig.
2.16. Design parameters for harmonic compensation and active power injection in the
SISAPF prototype are provided in Table-2.1. Furthermore, the experimental section
discusses the effect of controller gains on the computed inductance range during harmonic
compensation and active power injection in both grid drawing and injection modes, as

previously mentioned.

- ﬁ?nlﬁm: 1
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Verler:
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Figure 2.16: The SiSAPF hardware prototype developed in the lab.

In this work, a nonlinear load represented by an AC/DC rectifier is demonstrated using
a DC load resistance of Ry = (18.67(R) x 1.823)2. Initially, this load is powered by the
utility grid supply. The rise time of the load current is observed and compared in both
stationary (a-phase current) and synchronous reference frame (I;4 and Ij;), as depicted in

Fig.2.17, to calculate the network time constant (7).
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Table 2.1: Specifications of Filter Design.

PCC voltage = 121 V (L-L RMS), load output voltage = 163.74 V Load
Power (Pr,)=787.39 W, Load input Current (I1,)=3.75 A, Inverter Power(Ps)= 1500 W,
Inverter current (Iy)= 7.143 A, load equivalent resistance(R = Ryy) = 18.67.

General filter Proposed filter
filter design (Ly) Ly = ws}:% Ly = %
DC-link voltage (V) 300 V 300 V
modulation index (M,) 1 1
Switching Frequency (Fy,) | 5KHz 5KHz
current ripple (AlI,) 10% -
Filter inductance (Ly) 10.49 mH 0594 mH =
0.6mH
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Figure 2.17: The a-phase non linear load current ( X-limit: 2A/div, Y-limit: 10ms/div)
along with equivalent current correspond to real (ig) and reactive power (iy) (X-axis:
50mA /div, Y-axis: 10ms/div).
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From Fig. 2.17, it’s clear that the rise time of the nonlinear load diode current during
the off-to-on transition precisely matches that of the load current’s reactive component,
Ii4, which is 0.416ms (7). Using this derived rise time, the network time constant can
be computed as 575, resulting in 0.1896ms. Notably, this computed load network time
constant, based on the rise time at a load inductance of L, = 3.2mH and resistance of R =
18.675%2, aligns with the calculated network time constant (7,,). This confirms the accuracy
of the measurement-based network time constant computation and its independence from
specific parameters. With the specified load inductance and resistance, the grid current
% THD is measured at 22.6% (without compensation), as seen in Fig. 2.18. Using the
computed network time constant and network equivalent resistance, the filter inductance

for SiSAPF is determined to be 0.6mH.
Based on the network time constant, the computed passive filter design for SISAPF

harmonic compensation is compared with the conventional ripple-based filter and detailed
in Table-2.1. With the calculated filter parameters, the SISAPF was tested experimentally,
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Figure 2.18: The 3-phase inverter currents (top trace), load currents (Middle trace),
and grid currents (bottom trace) with no compensation from the SiSAF (Left) and
corresponding grid current harmonic spectrum (Right)

and the current waveforms of the SISAPF, load, and grid are shown in Fig. 2.19a. In
Fig. 2.19a, the conventional method exhibits visible notches in the grid current, reducing
grid current THD to 12.4%. In contrast, the proposed method effectively compensates for
these notches in the grid current, reducing the grid current THD to 4.4% as illustrated
in Fig. 2.19b. This improvement is attributed to the smaller filter inductance in
the proposed design, providing a wider bandwidth for accommodating load-demanded
harmonics compared to the ripple-based design with higher inductance. Additionally, the
computed system time constant is lower than the network time constant, allowing the
passive filter design to increase the filter value to align with the network time constant.
The effectiveness of the minimum and maximum boundaries specified in the proposed
filter inductance design methodology (Section-2.2) is validated for simultaneous harmonic
compensation and power injection in both grid drawing and injection modes, utilizing the

network parameters detailed in Table-2.2.

The influence of the computed passive filter inductance range on the grid current’s %THD
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Figure 2.19: The experimental comparison when SiSAPF operates in harmonic
compensation mode with Filter inductance Ly = 0.6mH computed through the proposed
method (left figure) and Ly = 10mH computed using ripple-based filter design (Right
figure).

is experimentally shown in Fig. 2.20. In the left figure of Fig. 2.20, the minimum filter
inductance maintains %THD at 4.4%, while the maximum filter inductance keeps it at
4.8%. However, when the filter inductance surpasses this range, notches appear in the
grid current, resulting in a higher %THD of 6.9%. This indicates that the SISAPF cannot
provide the necessary high-frequency components through the inverter circuit to meet load

demands.

To design the controller gains, the consideration of the system time constant(7s) is crucial,
and the system time constant should be less than the network time constant(r,). For
practical experimentation, the SiSAPF is validated with the various time constants, as
depicted in Fig. 2.21. The system constant is lesser than the network time constant
(1s = 0.05msec < 1), as shown in Fig. 2.21a, which effectively compensates the harmonics
and reduces the grid current %THD to 4.6%. Incase, at system time constant is equal to
network time constant (75 = 0.1713msec = 7,,)as shown in Fig. 2.21b, The bandwidth for
the load demanded harmonics is reduced, which starts degrading the grid current quality,

and increase the %THD to 5.1%. Conversely, at a higher time constant (7, = 0.2msec >
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Table 2.2: The Nonlinear load network parameters along with SISAPF system parameters
at different SiISAPF’s operating modes.

Network Parameters Grid drawing mode grid injected mode
Ps < Pp, Ps > Pp,
grid side | 3.2mH | Inverter power | 790 w Inverter power | 1500 w
inductance(L ) (Ps) (Ps)
load 18.68Q2 | Equivalent 18.68Q2 Grid 712 w
resistance(Ry,) resistance (Rg) power(DP;)
time constant | 0.1713 | switching 5kHz Switching 5kHz
(Tn) msec frequency frequency
(fS'LU) (fS’U])
load Power | 790 W | minimum filter | 0.594mH | grid side | 3.2mH
(Pr) inductance inductance(Lg)
(L frin)
fundamental 50Hz Tmin = | 0.03183 | filter 0.594mH
Frequency(F},) Ly, .. |Ro msec & | inductance
&  Tmar = 0.1713 (Lfyin)
Ly, ../ Ro msec
Maximum 3.2mH filter 3.2mH
filter inductance
inductance(Ly,, |, ) (L)
Kp at Ly, | 3.46 Kp with Ly, | 3.46
(Kp for | (0.2)& (0.2)
controller 18.68
Q  Zpgse = (10>
18.6812) &
Kp withLy, ..
(Kp for
controller
Q  Zpgse =
18.68(2)

Tn), as shown in Fig. 2.21c, the controller bandwidth is not sufficient to compensate for
the grid current, resulting in an increase of grid current %THD to 8.4%. Considering
the different time constants for computing the controller gains for the effective harmonic
compensation, the system constant should vary between (7, to 7,). Furthermore, the

effect controller gains on harmonic compensation is discussed in the following paragraph.

The controller gains for SISAPF at the computed minimum and maximum filter inductance
are assessed, and the results are presented in Table-2.2. The practical effectiveness of these
evaluated gains is experimentally validated across various controller gain settings using the
computed passive filter for SISAPF, as demonstrated in Fig. 2.22. A controller gain lower
than the computed K, (0.1PU), as seen in Fig. 2.22a, causes notches in the grid current
due to insufficient controller bandwidth, causing an increase in % THD to 8.9%. At the
computed K, as shown in Fig. 2.22b, the controller provides sufficient bandwidth to
mitigate load-demanded harmonics, reducing grid current % THD to 4.5%. Conversely,
higher K, results in a grid current % THD of 9.1%, as seen in Fig. 2.22c. While higher



Chapter 2. Design and Implementation of Load Network Time Constant Computation

50 Based Solar Active Power Filters Cum Injector for Industrial Loads/Grids
L) Foix  Harmonics
Waveform View I—M§—t] - A THD 4. 4%FIF K 1.7
1t mpensation D3
InverterCmrrent N P SA/div PREETY P B R PET

Load Current SA/div I HD:4 4%
[ Tamnan " p—— e~ ~ .
L:/Ij C _/”:\_wjj\w_f‘:\_\‘:/_/"_]_ esenlll

Grid Current SA/div

. o X
\XJ\\\\X/ M\X// m. ... L e e e e L e L Ll el el el i R
THDDC 1 3 5 7 9 1m 13 15 17

10ms/div

16708723 03:40:48 250U 50Hz 38 WYE  EN5S0160

: A B C EUEHTS  STOP
-‘ U8 A BURS SR ALL |MIETER 9 START

Lf = Lfmm =0.6mH.
e Et Uiy Hep Harmonics

Vavermvew - A THD  4.8%Fl° K 1.5

Inverter Current SA/div Puni & 0:17:53 p <k
“ ) h W) " i g% \/l\ )
. — 0
Load Current SA/div o 0
Vel [, ~\ / ~ . .
% ~ ~ ﬁ:\'uﬂ% 4. sl

Grid Current SA/div

"ACWO(\.X/?\O(?\& T A S I TR T

 M0ms/div— 17408723 04:57:45 250U 50Hz 38 WYE  ENS0160

- A B C EVENTS  STOP
U8 A BUES SR ALL |HETER 3 START

(b) Lf = Lfma:v =3mH.

Fle &t Uity Hep Harmonics .
Waveorm Vi — A THD 6.9%FI° K 1.5
Inverter Current SAldiv ... 108 Pum¢- v PEC

SN e
Load Current 5Nqu THD: 6 . 9 %

P [ iaaa P~ I ianan MM
) )| ) | 1 / 1 ) Il
o' _«_j A e S S S B 4. sl
\ \ \ V
- WW WW w..a_z WJW Ao ]

Grid Current SA/iv -

3&/5 /\J N y’ ">\ )’/ w e e e E B ' R

17708723 04:43:21 250V 50Hz 38 WYE  EN50160
H B C EVEHTS STOP

‘ o ALL | HIETER 0 START

(C) Lf > Lfmaac =6mH.

Figure 2.20: The effect of different filter inductances on SiSAPF circuit and grid
current THD. The SiSAPF current (top trace X=10ms/div, Y=5A/div), nonlinear
load current(middle trace X=10ms/div, Y=5A/div), and grid current(bottom trace
X=10ms/div, Y=5A/div)and their corresponding grid current THD (right figures).

controller gains improve the system’s dynamic response, they lead to peak overshoots and
negatively impact current quality, considering the load network time constants. Further,
the computed controller gain and passive filter observe the dynamic change in the source
power.

The effectiveness of SISAPF in handling dynamic changes in source power is demonstrated

in Fig. 2.23. The system’s dynamic response is showcased as the source power varies from
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Figure 2.21: The effect of different system time constant over network time constant
for SiSAPF circuit on grid current THD. In the left figures, SiSAPF current (top
trace X=10ms/div, Y=5A/div), nonlinear load current(middle trace Y=5A/div), and
grid current(bottom trace Y=5A/div) for one designed filter inductance and their
corresponding grid current THD (right figures).

10W to 790W and then from 790W to 1500W. In the dynamic characteristics, both grid
drawing (Ps < Pr) and grid injection modes are displayed while maintaining the load
at 7T90W, as shown in the zoomed left and right traces of Fig. 2.23. In both cases, the
grid currents remain sinusoidal, affirming the efficacy of the SiSAPF filter design across

different power ranges. Additionally, the power injection limit concerning controller gains
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Figure 2.22: The effect of different system time constant over network time constant
for SiSAPF circuit on grid current THD. In the left figures, SiSAPF current (top
trace X=10ms/div, Y=5A/div), nonlinear load current(middle trace Y=5A/div), and
grid current(bottom trace Y=5A/div) for one designed filter inductance and their
corresponding grid current THD (right figures).

due to uncompensated grid inductance is demonstrated, as discussed in Section-2.3.3.

The grid inductance (Lg) is emulated in the grid line to create a weak grid with a short
circuit ratio (SCR) between 2 and 3. The experimental parameters in Table-2.3 for validate
the injected power quality at varying controller gains, as shown in Fig.2.15. Under the

emulated weak grid conditions, experiments are conducted with controller gains falling



Chapter 2. Design and Implementation of Load Network Time Constant Computation

Based Solar Active Power Filters Cum Injector for Industrial Loads/Grids 53
File Edit Utility Help Tektronix
! 3 ! 10A/div »

[ ; !
Inverter current I 3 ”\ RMRAR ARRANANA

i i, & ikl ‘
L s :

w — ‘MHMWM\\M LiLib um\u‘\ﬂ\u T MM A M““ HM‘HM“HM\‘\‘h ‘L\“\wh \‘\H h““H

|
I 5A/div 504
' 1 \“ W MW FHTTY ‘\‘ LA

70 A

Grld current :
s w e
‘ H\ \w i1 ‘\ NS \! \h \‘ \‘ h “‘

Grld drawmg mode I

Math 1
10 A/
(Ch1+Ch2) >

i 2s/div
Grid support mode "

1
s T«
Horizontal
2 s/div s
SR: 62.5kS/s 16 ps/pt
RL: 1.25 Mpts ¥ 50%

Grld IIIJ ectlng mode

Ch 6
SAIdiv

' 'Ch7

5 A/d
350 MHZ 350 MHZ

aaaaaaaaaaaaa

‘Trigger | "Acquisition
Add Add Add
New New New
Math Ref Bus

B A/d
1MQ
350 MHz

Inverter current i ‘r
> penet o .
; - ' S
! s I
ad curre; | SA/di Load current ! 5A/d1v
U_\L/ofdrulrrml o i . AV L ‘_." e [ y
A — - ! A L — — Ayl |y - it N - » 20
e D ) I S | [N N 1;1 -~ /, W - / et .,,../ e
(‘nd current o H | SA/iv .,
X /- ! 5A/div Grid current ‘
e T e = T omecsmmestmas et —,_..__..__
T\ N F = ~ : TN /*\\/
Grid drawing mode 10ms/div_ | Grid support mode 2 Grid support mode ! ( rid anL(.Im modc.
he - (Y] hs -‘v ™ = relrerlre = ) Che 7 h - T
AL ccc - RS e S , AT

Figure 2.23: The SiSAPF current(top trace X=2sec/div, Y=10A/div), three-phase
non-linear load current(middle trace Y=5A/div), and grid current(bottom trace
Y=5A/div). The zoomed portions correspond to the dynamic variation of SASAF power
from 10 W to 790 W(left figure X=10msec) and 790 W to 1400 W(right figure).

Table 2.3: Considered parameters for weak grid condition experimentation.

Grid voltage(V,) = 230 V, PCC voltage(Vpcc)= 140 V, DC-link voltage(Vy.)= 400 V,
load Power(Pr,)=1500 W, load current(/y)= 3.57 A, Inverter Power(Ps)= 3000 W,
Inverter current (/7)= 6.66 A, R = 39.2Q, network inductance(Lyr)=3.2mH, Time

constant(7,=0.0816msec).

Grid inductance (Lg) 14.5mH
internal resistance of inductance 3.5 Q
filter inductancel f,,q, 3.2 mH
Controller gain (KpQL ¢y, ) 1P.U
Controller gain (K pyeak) 0.2PU
Fundamental frequency(F;,) 50 Hz

both outside and inside the intersection area described in Fig. 2.15, and the results are
depicted in Fig. 2.24. When the gain is outside the designated area (Kj > Kpyeak), such
as at K, = 2 PU, oscillations occur due to impedance interactions, resulting in elevated
grid-injected current %THD (9.9%), as seen in the harmonic spectrum in Fig. 2.24a.
These oscillations can be suppressed with the appropriate selection of controller gain, as
computed in Table-2.3 (Kpyeqr = 0.2 P.U), as evidenced by the experimental results in
Fig. 2.24b. With the computed controller gain, grid current distortions are mitigated,
leading to an improved grid current THD of 4.9%. This discussion highlights the adverse
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impact of exceeding threshold controller values on grid power quality in accordance with
IEEE standards.
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Figure 2.24: The SiSAPF current(top trace X=10ms/div, Y=10A/div), three-phase
load current(middle trace Y=5A/div), and grid current(bottom trace Y=5A/div) and
corresponding grid injected current %THD with mimicked weak grid condition.

2.5 Conclusion

This work demonstrates a solar-interfaced shunt active filter for supplying active power
and mitigating nonlinear load harmonics from grid current. The nonlinear load current
harmonics are addressed using a synchronous reference frame, and the controller’s reactive
power component is observed to encompass the three-phase load current bandwidth. The
load network’s time constant is determined based on the rise time of the reactive power
component. This identified network time constant discusses and analyzes an effective filter
design. Compared to ripple-based filter designs, the proposed filter design offers a wider
bandwidth, significantly enhancing grid current quality by reducing %THD from 22.6%
to 4.4%. The closed-loop controller gains are computed using the determined network
time constant and filter design to shape the grid current into a pure sinusoidal pattern.
During grid power drawing operation, the filter inductance and proportional controller

gains are adjusted to match the required network time constant, ensuring that the grid
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current quality remains within IEEE standards. In the grid-injected operation mode,
interactions with the grid inductance due to injected power are modeled to understand the
effect of injected power quality. Consequently, appropriate controller gain tuning dampens

oscillations induced by system inductance, maintaining THD within IEEE standards in

grid-injected mode.
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Chapter 3

A  Front End Multi-Functional
Solar Converter with Adaptive
Controller Bandwidth Realization
Through Source and Load

Equivalent Impedance Estimation

3.1 The proposed oftboard PV interfaced charging circuit

with front end inverter

The schematic of Fig. 3.1 introduces the PIFI configuration, adeptly managing dynamic
source and load changes. This system adeptly manages harmonics required by the EV
charging circuit (Nonlinear load) and seamlessly integrates solar power into the AC
network. As depicted in Fig. 3.1, the PIFI is strategically positioned at a common
AC interface point (ACIP), facilitating connection to the utility grid and nonlinear load.
In this setup, inductance (Lg) precedes the diode bridge rectifier (DBR) as an AC filter
to minimize voltage ripple on the DC side[119]. A passive filter, denoted as (Ly), links to
the inverter’s output terminals. The primary goal of the passive filter is to inject active
power and load-demanded harmonics while attenuating switching frequency components.
Furthermore, the chosen inductance establishes the PIFI angular frequency at the injected
power. Consequently, the design of the filter inductance takes into account the inverter’s
operating switching frequency and the necessary level of attenuation, ensuring that the
inductor provides higher impedance to the switching current ripple by generating the back
EMF (esy)-

Csw = lsw-Wswlf (3.1)

Here, i, represents the switching harmonic current at the switching frequency wg,,. The
inductor’s impedance must be equivalent to the resistance corresponding to the active
power injected into the grid. Thus, the computation for the filter inductance is as follows:

32
— ph(peak) (32)

L
/ vawsw

o7
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Figure 3.1: The proposed PV interfaced front-end inverter-based offboard charger.

Here, V), represents the phase voltage of the grid, and P, stands for the PV instantaneous

power injected into the grid. According
based on solar power, demonstrates a non

as illustrated in Fig.3.2.

to equation (3.2), the computed inductance,

linear profile at various switching frequencies,

For a given inductance, the PIFI time constant and the
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Figure 3.2: The Nonlinear profile of the P

IFT filter inductance requirement with varying

active power injection and switching frequency.

corresponding angular frequency can be defined as:

Ly

Tsys = R
ac

ac

o (3.3)

= wsys =
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Here, R,. represents the equivalent resistance corresponding to the PV-injected power.
The signal flow diagram for estimating the system angular frequency at a given filter

inductance and PV power is illustrated in Fig. 3.3. The variations in estimated angular

MPPT Algorithm with current ~ Estimation of system angular
reference generation block frequency Wsys

Vdref
MPPT +
A PI

C

(MPPT)
Ig

e Vie

Figure 3.3: The estimation of system angular frequency (wsys) at different solar irradiance
computed using maximum power tracking algorithm.

frequency with varying solar powers at different filter inductances are depicted in Fig.
3.4. The figure highlights the fluctuation in solar power influencing the system’s angular
frequency at a given filter inductance, thus shaping the system’s control dynamics. As
depicted in Fig. 3.4, lower power (equivalent to higher resistance) necessitates a higher
filter inductance, compromising the PIFI response speed. Conversely, lower inductance
raises concerns about current distortion at lower power levels. Considering these trade-offs,
it is recommended to select the inductance value by carefully observing the system’s

angular frequency at the desired solar power injection, as illustrated in Fig. 3.4. Further,

0 & =~ Ogys1 @L=0.344mH ,

al TS

Ogys2 @Lg=2mH N~ -
L T

O L .Skwitching angular frequency(mg,

41 msys3 @Lf1=6.89mH

1 1
200 300 400 500 600 700 800 9001000 2000 3000

Power (W)

Figure 3.4: The PIFI angular frequency (wgys = Iz‘}“ realization with injected powers at
different filter inductance.

the angular frequency variations with the load network parameters are analyzed in the
subsequent section to outstretch the PIFI capability of processing simultaneous load

harmonics and source active power.
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3.2 Estimation of nonlinear load angular frequency

dynamics

The charging stations fed from the diode bridge rectifiers draw the nonlinear current from
the AC network as shown in Fig.3.5.

o AWAVAVAWAWAY)
g | Y
g;) p-axis Tt
SO\ AR T T e Lg |
T
Uh xi8

-1 Tidref | &%

1 G—zxis

Iy L

>

Load current (P.U)

1
iy

Tt 1

time(sec)

(a) (b) (© (d

Figure 3.5: Separation of active and reactive components from the nonlinear load current
(a) Three-phase grid voltages (top), and corresponding nonlinear load currents (bottom)
(b) The space plot formation of the load current in stationary reference frame a-f plane (c)
And corresponding reflection on «a-axis (top trace) S-axis (bottom) (d) The load current
realization in the synchronous reference frame with the grid voltage angle § on d-axis (top)
and g-axis (bottom).

To separate the resistive and inductive components of the load current for estimating
the load network time constant, the three-phase grid voltage and the load currents are

decomposed into d-axis and g-axis using a synchronous angle (6) as:

2
Vyd = g(Vgacos(wt) + Vgpcos(wt — 120°)+
Vgecos(wt 4+ 1207)) = mg Vae;

-2
Vgq = ?(Vgasm(wt) + Vgpsin(wt — 120°)+

Vgesin(wt +120°)) = 0; (3.4)

2
g = g(ilacos(wt) + ipcos(wt — 120°) + ijecos(wt + 120°)) (3.5)
iy = %(ilasin(wt) + igsin(wt — 120°) 4 djesin(wt + 1200)) (3.6)

The synchronous angle (6) is derived from the grid voltages. In this context, the voltage vgq
serves as a reference point for generating the real and reactive load current components,

denoted as 7;4 and i, respectively. The diode bridge rectifier establishes a nonlinear
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circuit with the line inductance Ly, as illustrated in Fig. 3.1. The characteristics of
this nonlinear circuit govern the load current pattern extracted from the ACIP. The
ACIP’s three-phase grid voltage and nonlinear load current patterns are shown in the
top and bottom traces of Fig.3.5(a), respectively. Network parameters, including loading
conditions and per-phase input inductance, influence the magnitude and rise time of the
current. The AC three-phase load current rise time, depicted in the bottom trace of Fig.
3.5, outlines the maximum bandwidth required for the PIFI to synthesize proper harmonic
compensation. This work identifies that only two phases are conducted simultaneously
under all loading conditions and form the hexagon pattern in space, as illustrated in Fig.
3.5 (b). The corresponding two-phase stationary reference frame (o — ) components
and synchronous reference frame components (d — ¢) are shown in Fig.3.5(c) and (d),
respectively. In Fig. 3.5(c) and 3.5(d), it is evident that the transitional rise time is
captured in the g-component (i;4) within the synchronous reference frame. Therefore, 4,
defines the maximum angular frequency requirement of the load. Moreover, the slope of the
current transition is determined by the values of the network inductance and resistance
corresponding to the load power. This study establishes the relationship between the

network time constant and the rise time as follows:

Lnpi
Tol = M(Lo:aud network time constant); w,; = — (3.7)
Rnl/ph Tnl
2.1 .
£ = gl = ENLo g7 2197 035 (3.8)
nl Wnl fbwrnaw

The relation between the rise time and load network time constant defined in (3.8) is

validated at different inductances and load power as shown in Fig.3.6. From Fig.3.6,
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Figure 3.6: The 4;, variations (encapsulated load current) with change in load power(left
trace) and network inductance(Right trace).

it is confirmed that the load network time constant (é—gl) is sufficient to realize the load
bandwidth. Therefore to predict the instantaneous load angular frequency, the R,; and L,

are estimated instantaneously using the synchronous grid voltage (vgq) and load currents
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(i1q and 754) as follows:

2V44%4
Rup,,, = mrg i 3.9
nl/ph S(i?inl +i3n1) ( )
Vgdl
L — _ 9%%Gm 3.10
NL/ph 3(Z?lnl —"_Z.g,nl) ( )

The signal diagram of the instantaneous R,,; and L, along with the nonlinear load angular

frequency realization from SRF voltages and currents, is shown in Fig.3.7. From Fig.3.7,

(Ved x1gni)
- 3((Idnl)2+(1qnl)2)

* R, 2 (Vgdx1ani)
= 3((Idnl)2+(1qnl)2)

Figure 3.7: The adaptive estimation of R,; and L, for a dynamic non linear load frequency
(wn1) generation.
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it is to be noted that the R,; and L, are derived in an average sense by computing the
average of instantaneous load currents (4,4, and i), i.e., igy; and igy,; for robust parametric

estimation.

3.2.1 The requirement of canceling the source power angular frequency

for realizing the nonlinear load demanded bandwidth

To handle the demanded load angular frequency through an inverter, the PIFI needs to
achieve a higher bandwidth than the load angular frequency. Consequently, even without
a controller, ensuring the condition stated in (3.11) is essential for effectively processing

nonlinear load harmonics.

>

Rac
Wsys > Wp —>

il L L
B Ly Ly

— > 3.11

L¢P, = L¢Py ( )
It indicates that the plane of nonlinear load angular frequencies, characterized by various
combinations of L, and R,;, can only be realized with the system angular frequencies
greater than the w,; as shown in Fig.3.8. This implies that, under equal filter inductance
and network inductance, the processing power of the PIFI must be lower than the

demanded power of the load, as specified in (3.11) and illustrated in Fig. 3.8, especially

in the absence of a controller. However, with the uncertain load and source power
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Figure 3.8: The recommended region of non linear load angular frequency (wy,;) map
without cancellation PIFI angular frequency (wsys) influence.

characteristics, it isn’t easy to ensure the aforementioned condition (3.11). This limitation
constrains the PIFI’s ability to effectively track the nonlinear load harmonics. However,
with appropriate PI controller closed-loop root cancellations, it is possible to steer the
complete closed-loop response as per the required load angular frequency (bandwidth).
To illustrate the impact of system poles on the closed-loop response, Fig. 3.9 displays the
trajectory of wgys with random controller root placement. Additionally, Fig. 3.10 shows
the concurred root placement with varied filter inductances and resistances, equivalent

to grid-injected power.  From Fig. 3.9 and Fig. 3.10, it’s clear that as inductance
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Figure 3.9: The PIFIs angular frequency trajectory with the arbitrary placement of
controller root (left) and root placement precisely at the system angular frequency (right)
with varying filter inductance values.

increases and resistance decreases (indicating higher grid-injected power), more power
oscillations are observed. Nevertheless, the controller can adjust these oscillations through

adaptive pole cancellation. By leveraging the concept of adaptive pole cancellation, the
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Figure 3.10: The PIFIs angular frequency trajectory with the arbitrary placement of
controller root (left) and root placement precisely at the system angular frequency (right)
at various injected solar power.

PIFT controller is designed to shape the closed-loop response by the demanded load angular

frequency, as detailed in the following section.

3.2.2 The proposed PIFTI’s closed-loop controller design with rolling gain

adjustment mechanism

To accomplish the desired dynamic response to process the load demanded harmonics with
the identified filter inductance, the synchronous reference frame (SRF) based dynamic
controller gain adjustment is demonstrated in this section. The proposed PIFI controller
must act to synthesize the load-demanded harmonics along with the simultaneous solar
power injection. Therefore, the reference to the controller is derived using the measured

information of instantaneous solar power and the instantaneous currents processing by the

load as: MPPT
Taves | [Lan + 1 c(l )
= (user) (3.12)
Igres Ion + 1q
Here Iy, = (ljq — Avg(l;q)) that keep Ig..s persistent with the load current ripple
information in d-axis. IC(lMPPT) represents the real current reference extracted using the

maximum power point tracking algorithm. Similarly, the I and Lguser) represent the g-
component of nonlinear load current and user-defined reactive component, respectively.
With the defined Ig,.r and Iy.cr, the PIFI’s closed-loop transfer function can be derived
by observing the rate of change in current reference quantities as:
dId Vad R
d;ef - Lif — ﬁfdref +w.dyref (3.13)
qure f Vgq Rac

=99 _ ey e —w e 14
7 L qufwdf (3.14)
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The (3.13) and (3.14) can be written classic state space representation (& = Az + Bu and
y = Cx + Du) as:

dl Te _Rac V(:
% s w Idref n Ldf 0 my (3 15)
dI(ITef - —w —Ragc I O @ m ’

dt Ly qref Ly q

Iya| _ |1 O |Lares (3.16)
I, 0 1| | Iyres '

From the state space equation, the transfer function can be derived in the form of Y'(s) =
(C(ST — A)"'B + D) as:
Itq

The derived G171 and Gag represents the d— loop and ¢— loop plant transfer functions as

G111 G2
Ga1 Gao

mq

Vie (3.17)

Myq

shown in Fig.3.11. The plant (PIFI) transfer function can be described as

1, )L,

ilfd(S)/Ifq (s)
Gl >

Ifd(S)/Ifq (5)

Figure 3.11: The signal flow diagram consolidated plant model along with the controller.

(SLf + Rac) (Vdc)

§2L3 + 2L Raes + R2, + (wLy)?
0

G11 =Gy = (3.18)

By neglecting the wLy, the closed-loop d-axis and g-axis closed-loop transfer function can

be defined as :
(Kps+ Kp)/Ly

Gu =
2, (RactKp) | K;
82 4 (Rl 4 I

(3.19)

To derive the desired closed bandwidth, the roots of the characteristic equation are defined

as:
R K
w1+ wo = M (3.20)
Ly
w1.Wo = K[/Lf (321)

By equating wi to weys (= %}C) through adaptive estimation based on the available solar
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power (I4.f) described in Fig.3.3, the controller gains can be written as:
Kp=wiLy; Ki = waRye (3.22)

By substituting (3.22) in (3.19), the closed-loop transfer function is reduced to

w2

G, =
T s W

(3.23)

The (3.23) indicates that with adaptive estimation and cancellation of wg,s through
controller roots (wq) realizes the closed loop bandwidth equal to we as shown in Fig.3.12.

The PIFI adaptively synthesizes the nonlinear load bandwidth by making ws equal to
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Figure 3.12: The dynamic system pole cancellation technique for an adaptive rolling
system bandwidth adjustment in synchronous with the nonlinear load variations.

wp through a load angular frequency estimation. As it is shown in Fig.3.12, one of the
closed-loop controller roots (wi) adaptively tracks the wgys. It ensures the closed loop
response follows the nonlinear load angular frequency (w,;) by automatically adjusting
the controller gains Kp and K. The signal flow diagram of the controller gain (Kp and
K7) realization by adaptive estimation of wgys and wy,; and corresponding gating pulse

realization for the three-phase inverter is shown in Fig.3.13.

3.2.3 The proposed rolling controller gain adjustment in digital domain

The proposed rolling controller gain adjustment mechanism is implemented in the digital
controller by transforming S-domain transfer functions to Z-domain through a bilinear

transformation using
21—zt

= —— 3.24
Ty1+ 271 (3.24)
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Figure 3.13: The signal flow diagram of PIFI switching pulses synthesis with adaptive
controller gain adjustment mechanism.

where T, is a sampling time , z = %7 and s=j w. Through bilinear transformation, the

closed loop transfer function mentioned in (3.19) can be written in the z-domain as:

(KpT? 4+ 2KpTs)Z% + 2K T?z — 2TsKp
az?+bz+c

Gy = (3.25)

(KpT24+2KpTs)+2K T2z 12T Kpz~2

Gzcl = (326)

a
1+ 2z 4 €572
where a = (T2Kp+2RaTs+2KpTs+4Ly), b= (2K;T2—8L¢) and ¢ = (T2K; —2Ra.Ts —
2KpTs +4Ly). With the closed-loop controller root adjustment adaptive to the system

and load angular frequency described in the preceding section, the closed-loop transfer

function simplifies to:
w2 (Z + 1)T5

Gea = 2z — 1) + waz + )Ty

(3.27)

As (3.27) reaffirms that closed loop response adaptively realizes wo (equal to wy,;) with the
proper adjustment of controller gains in Z-domain. However, in the z-domain, the transfer
function response is defined by the sampling time (7) and switching frequency (wsw).
Therefore the close concurrence of the closed-loop control response with the proposed
gain adjustment method is shown in Fig.3.14 in s-domain ((3.19) (3.23)) and z-domain
((3.26),(3.27)) at Ty =le?,1e75 and fs, =10kHz. From Fig.3.14, it is evident that the
Z-domain response magnitude and phase match closely with the s-domain response at
defined Ts. The corresponding load i, tracking by the closed-loop control response with
the adjusted controller gains at Ty=1e™> and le~° is shown in Fig.3.15. It is evident from
Fig.3.15, in the digital domain, i, tracks the i4..; with the ripple of switching frequency,

indicating the enhanced tracking performance at the higher switching frequencies.
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Figure 3.14: The magnitude and phase plots of the closed loop transfer function derived
in s-domain (3.19) (3.23) and Z-domain (3.26),(3.27).
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le=8 along with switching frequency (left trace), The closed loop response load current
(iq) tracking in Z-domain with Ty = le™5 and 1le~% (right trace).

3.3 Results and Discussion

The PIFI prototype is developed in the lab with three-phase inverters fed from the solar

emulator interfaced with the grid. The nonlinear load characteristics are mimicked using

a diode bridge rectifier connected at the ACIP, as shown in Fig.3.16. The operating

parameters of the hardware prototype are tabulated in Table-4.2. The proposed rolling
gain algorithm is implemented on the DSP C2000 (F28379D) by computing all digital
delays.
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Figure 3.16: The experimental setup for validating the proposed rolling gain adjustment
mechanism.

Table 3.1: Experimental operating parameter of solar synchro active power filter

Parameters rating
Load Power (Max) Pr, 1500 W
Load current Iy 5.8 A
Non-linear load resistance R, 17.5Q
Load inductance Ly, 3.2 mH
DC voltage Ve 400 V
Switching Frequency (Fsw) 10 kHz
filter inductance Ly 3.2 mH
sampling time Ts le™®
Parametric delay computation delay
Sensor tsensor 40usec
ADC tapC 0.58u sec
Controller teontroller 52sec
switch (ON) ton 0.15usec
switch (OFF) toff 0.37psec

3.3.1 The rolling gain adjustment adaptive to load power variations at

constant PV power

In the rolling gain adjustment process, for computing the nonlinear load angular frequency
(w2), the equivalent load resistance (R,;) (correspond to the load drawn power) and grid
inductance is computed using (3.9) and (3.10). The instantaneous load resistance (R;;)
estimation from the measured load current after computing the synchronous quantities is
depicted in Fig.3.17.

With an adaptive estimation of R,; at different load powers and by keeping source
(PV) power minimum, the corresponding variations of the w,; are shown in Fig.3.18.
From Fig.3.18, it is also evident that at (constant) minimum source power (wgys is

maintained constant) and by adaptively making the estimated w,,; equal to wy controller
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Figure 3.20: The three-phase inverter currents (top trace), three-phase load current
(middle trace), and three-phase grid currents (bottom trace) along with the harmonic
spectrum without harmonic compensation (left figure) and with harmonic compensation
(right figure).

acts to compensate grid harmonics at all nonlinear loading conditions. Since the load
current harmonics are captured in synchronous quantity, the adaptive tracking of the
load synchronous quantities (ig4, i) by the PIFI is demonstrated in Fig.3.19. The

close occurrence of nonlinear load and PIFI reactive components assert the appropriate
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harmonic support by the PIFI at different loading conditions. At a minimum source power,
the PIFI ensures the grid dynamic harmonic compensation as evident through %THD
shaping from 20.5% to 4.1%. It confirms that the PIFI acts as a harmonic compensator,
and the efficacy of shaping the grid harmonics at different power levels (varied in three
steps from 550W to 700 W and 700 W to 1500 W) is demonstrated through experimental
results depicted in Fig.3.21. At every load change, the controller gains are adjusted to
shape the grid current by processing the load demanded harmonics through PIFI, as shown
in Fig.3.21.
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Figure 3.21: The solar PV maximum power tracking and its variations (top figure)
and corresponding PIFI’s three-phase current (second trace x:lsec/div Y:20A/div),
the three-phase load current (Third trace Y:20A/div) and grid current (bottom trace
Y:20A/div). The corresponding zoomed portion shows the load power variation from
550W to 760W (bottom left figure x:10msec) and 760W to 1500W (bottom right figure).

3.3.2 The rolling gain adjustment adaptive to PV power variations at

constant load power

However, with the available PV power, the PIFI must act to inject the active power
with the simultaneous correction of load harmonics. With the maximum derived source
available, power information is extracted through a dedicated MPP algorithm (perturb and
observe method) for deriving the instantaneous wg,s information. With the instantaneous
Wsys, the proposed rolling gain mechanism adjusts the controller gain by changing closed
loop root (w1) adaptive with wsys as shown in Fig.3.22.

As the load power is made constant, the angular frequency corresponding to the load
network is constant for all the source variations, as shown in Fig.3.22. With updated

controller gains following the source power variations, the load and PIFI SRF current
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Figure 3.22: The three-phase inverter current (top trace x:1sec/div Y:20A /div), dynamic
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zoomed portion depicts PIFI power changes from 75W to 300W (bottom left figure
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Figure 3.24: The PIFI’s three-phase inverter current (top trace x:1sec/div Y:20A/div),
the three-phase load current (middle trace Y:20A/div) and grid current (bottom trace
Y:20A/div). The corresponding zoomed portion shows the PIFI power variation from
75W to 300W (bottom left figure x:10msec) and 300W to 750W (bottom right figure).

parameters (ig and i,) are observed, as shown in Fig.3.23. From Fig.3.23, it is evident
that the PIFT’s 7, is tracking the load ¢, closely at all source power variations, confirming
the dynamic controller bandwidth realization to process the load demanded harmonics.
Similarly, the PIFI’s and load’s i4 profile indicates the available PV power injection to
the load network at all irradiance conditions. With the adaptive estimation of wg,s and
corresponding adjusted gains, the source DC power injection to the AC network with the
appropriate harmonic correction is demonstrated by showing the experimental results of
three-phase PIFI, load, and grid current, respectively. As the MPP algorithm is used
to extract the maximum source power, the corresponding maximum power tracking is
shown in the top traces of Fig.3.24. From the inverter three-phase current and the grid
current profile shown in Fig.3.24, it is evident that the rolling gain adjustment is superior
in shaping the grid current with simultaneous injection of active power (75 W, 300 W,
and 750 W).

Further, to show the efficacy of the proposed rolling gain adjustment mechanism

adaptability at different modes of operation, the source power and load power are adjusted
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Figure 3.25: The PIFI’s three-phase inverter current (top trace x:1sec/div Y:20A/div),
the three-phase load current (middle trace Y:20A/div) and grid current (bottom trace
Y:20A /div). The corresponding zoomed portion shows the PIFI power variation from 75W
to 750W (bottom left figure x-axis:10msec) and 750W to 1500W (bottom right figure).
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Figure 3.26: The dynamic three-phase grid current behavior with the changeover from the
fixed controller to proposed adaptive gain adjustment (X:10msec/div Y:10A/div).

accordingly to derive the grid drawing (load power > source power), compensation mode
(load power = source power) and grid injected mode (load power < source power) as
shown in Fig.3.25. The zoomed portions of Fig.3.25 depict the superiority of the proposed
controller in grid drawing, compensation, and grid-injection modes. As it is shown in
Fig.3.25, in grid injection mode, the three-phase current changes its polarity accordingly,
and only load-demanded harmonics are synthesized by the PIFI, making the PIFI inject
pure sine wave to the grid. Finally, to evaluate the superiority of the proposed controller
gain adjustment over the conventional fixed controller gain in correcting grid harmonics

by allowing the controller gains adjustment through the proposed algorithm at 245 ms
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Figure 3.27: %THD comparison with fixed controller gains and the proposed rolling gain
adjustment.

is demonstrated as shown in Fig.3.26. Similarly, the proposed adaptive controller gain
adjustment’s efficacy in shaping %THD at different PV power and load powers is shown
in Fig.3.27. The comparison is made by keeping the fixed controller designed for the rated
solar PV power (normal practice). The adaptive control is varied as per the procedure
described in this paper. In both cases, the % THD is compared by varying the load
Power from 4 kW to 15 kW as shown in Fig.3.27(a) and by varying the source power from
4kW to 15 kW as depicted in Fig.3.27(b). The three modes are demonstrated with source
power by maintaining the load power at 15kW as shown in Fig.3.27(b). The grid current
is minimum at load power equal to source power. Thus, the %THD can not be defined
otherwise; at all source and power variations, the %THD maintained under 5% (approx)

is well justified compared to fixed controller gains.

3.4 Conclusion

This work proposes the solar synchro generator’s rolling controller gain adjustment

mechanism for simultaneous injection of nonlinear load demanded harmonics and the
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PV active power. It is identified that the nonlinear load current rise time (defines the
bandwidth) is equal to 2.197 times the network time constant at all loading conditions.
Therefore, realizing PIFI closed-loop bandwidth equal to the nonlinear load angular
frequency ensures that the demanded load transition rise time is accomplished. Thus to
realize the load demanded bandwidth through the controller, the source and load angular
frequency variations are predicted. With the help of predicted source and load dynamics,
the rolling controller gain adjustment mechanism is demonstrated to realize the closed
loop bandwidth equal to the load demanded angular frequency. With the adaptive PI
controller gain adjustment, the PIFI tracks the load demanded harmonics irrespective of
active power injection, indicating the enhanced grid power quality in both grid power
drawing and injection modes of operations. The multi-functionalities of simultaneous
active power injection with harmonic current shaping feature make PIFI more attractive
in charging station infrastructure due to ensured grid current harmonics below 5% as per
IEEE standards.
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Chapter 4

A Solar Series Grid Following
Harmonic Compensator with
Enhanced Grid Current Shaping

and Active Power Injection

Capability

4.1 The Solar Active Power Cum Harmonic
Injector (SAPCHI)
The proposed grid-interfaced solar series inverter-based harmonic compensator shown

in Fig. 4.1 aims to compensate for the nonlinear load’s current harmonics that shape

the grid-injected power quality at different active power injections. As shown in Fig.
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Figure 4.1: The circuit diagram of proposed solar series active power cum harmonic
injector with closed-loop control
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4.1, in the series configuration, the two three-phase inverters are connected back to
back through an isolation transformer that brings the load and grid in series with the
inverters. The isolation transformer provides the isolation between grid/nonlinear-load
and inverter circuits that arrest the circulating currents through the power and sensor
network. The Ly and L, denote the additional filter inductance apart from the transformer
leakage inductance and nonlinear load per phase line inductance, respectively. The design
procedure for Ly computation based on the load network time constant (7,) is elaborated in
Section-4.2. Considering the source and load network impedance, a dedicated closed-loop
control methodology is developed for the series inverter configuration as shown in Fig.4.1
for simultaneous grid harmonic shaping and active power injection. In the closed-loop
control, the combined reference for the solar inverters from the solar input ports is
explained in section-4.3. The implementation of impedance-based control methodology

is demonstrated in Section-4.4.

4.1.1 The series inverter switching sequence for virtual load frequency

doubling

The proposed series inverter configuration having two inverters can switch independently
between eight switching locations (varying from 1(100) to 8(000) for inverter-1 and 1’(100)

to 8(000) for inverter-2) as shown in Fig. 4.2 resulting 64 switching combinations.

3(010), 2(110) 3(010) 2(110

% §(000) %, : 9(000)
m”“?(n07i( )Z“mm(mn“?uuww »1(100)

"""" "o ) TR 01y

iny-1 € V™ m\,_g_valcz_>

Figure 4.2: Switching hexagon of individual inverters in series inverter topology.

The realization of the switching pattern from the reference phase voltages for both the
inverters in two sampling intervals is shown in Fig. 4.3. The individual inverters experience
four switching transitions each (0,1,6,7 by inverter-1; 7°,4°,3",0" by inverter-2), while the
combined series inverters produce eight switching transitions (00’, 03’,13’, 63’,64’,67°,77’)
across the filter. It indicates the passive filter experiences double the switching frequency
of each inverter. Doubling the switching frequency in the series inverter helps to reduce
the filter size compared to the parallel inverter-based harmonic compensator. The parallel
inverter topology produces the same switching frequency as the individual single inverter
across the filter, as mentioned in [47]. Apart from the switching frequency, the other
advantage of the series inverter is that it shares power in terms of voltage, unlike parallel

inverter topology. The voltage synthesized across the load with two inverter voltages can
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Figure 4.3: Realizing the series inverter topology pulse pattern in two sampling time
intervals.

be derived in series inverter as:

Vicad = (Vdcl/Q)(SlejO + Sgei120 4 S5€j240)_ (4.1)
(Vd02/2)(51€j0 + Séejl?o + S::)ej240)

Where Si, S3 and S5 are the top switch switching functions of the inverter-1 while S7,
S5 and Sy are the top switch switching functions of the inverter-2. Here Vy,, Vg, are
inverter-1 and inverter-2 DC bus voltage respectively. With the complementary switching
methodology as demonstrated in [47], the series inverter topology realizes the grid voltage
with half of the DC bus voltage compared to conventional parallel inverter topology. Thus,
reduced DC bus voltage reflects as double the processing current by a series inverter
configuration compared to a parallel inverter at a given load power rating. For clear
understanding, the realization of the instantaneous grid voltage through a series inverter

with half of the DC bus voltage is demonstrated using switching state 14’ as follows:

Vi = \JVE + (V)2 + 2Vi(=V]) cos(r) (42)

As Vi=Vy=Vjy., (4.2) can be expanded as
‘/14’ = 2Vdc (43)

The series inverter switches in an average sense concerning the reference modulation to

process the network current into the load/grid network. The switching output requires
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the passive inductor to filter out the switching harmonics and allow the load-demanded
harmonics. Hence, the filter design allows the lower-order harmonics demanded by the
load, suppresses the switching components, and is also designed based on the network time

constant. The design procedure of the filter inductor is discussed in a subsequent section.

4.2 Passive filter inductance design based on the load

network time constant

As described in the preceding section, the series inverter configuration can virtually
manifest the double switching frequency across the load. It indicates a reduced filter
requirement compared to conventional inverter topologies. On the other hand, the
improved switching frequency helps to maintain the band gap between the load-demanded
harmonics and the switching frequency to manage a harmonic attenuation factor.
Although the passive filter is designed to attenuate the switching frequency, it must allow
load-demanded harmonics. Therefore, the load time constant-based approach is adopted
to design the filter inductance to ensure the effective processing of load harmonics with
minimum attenuation. In this work, the load network time constant (7,,) as a function of
L, and Ry, is defined as:

L, (per — phase network inductance)

= 44

" Rp(Resistance correspond to load Power) (44)

The nonlinear load current rise time (7,) is defined by the load network impedance

parameters such as L, and R, which brings the relation between the load network time
constant and the rise time as: ) .

w = — =

b T 21977,

Here wy,, denotes the load network bandwidth. The defined relation between rise time

(4.5)

and the system bandwidth is validated at different inductances and power, as shown in

Fig.4.4. It is observed that the per phase load transitional time (rise time) is approximately

Load current profile with Load current profile with
different source inductances different power conditiens™]
— pd

T <<ty
Ry R >Ry 5

Em——
P>
L3

47.[,424>E H
< t}"3 P

B T e B

>
L

Figure 4.4: The non-linear load current variation with change in inductance L, (left trace)
and loading conditions Ry, (Right trace).

2.197 7,. Therefore, the load network bandwidth can be determined by the network

time constant or by measuring the per-phase diode transitional current waveform. With
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the defined load demanded bandwidth, a wide band gap is required to be ensured by
adjusting the switching frequency. Therefore, the series inverter configuration is superior
in this application due to the inherent doubling of the switching frequency compared to
conventional inverter circuits. Considering the achievable attenuation for the switching
frequency at the rated load power, the minimum required equivalent inductance (Ly, , )

can be computed as follows:

Cfow = Rigy = 27Tfswaisw (46)
R V.
Ly = H R=-2= 4.

Where g, is the switching frequency (Fj,) harmonic current. The offered impedance by
the inductor must be equal to the equivalent resistance (R) corresponding to the active
power injected into the grid. As the equivalent load resistance is the parameter to derive
the passive inductance, the equivalent resistance seen by the individual inverter of parallel

and series configuration at give load power is shown in Table-4.1. It is clear that the load

Table 4.1: Comparison of different inverter topologies for AC filter design.

Parameteil.oad Individual Individual
Power inverter inverter
in parallel | in series
inverter inverter
Phase |V Vp=V Vs=14
Voltage
Phase | I Ip=1 Ig=1
Current
Active | P=VI | Pp=Vplp=L | Ps=VsIs=%
power (individual (individual
inverter) inverter)
Observel R=1 = | Rg=Y2 = 2R | Rp=75=1%
Resistanicd?

power is shared between the individual inverters in terms of voltage and current in series
and parallel configurations, respectively. Accordingly, the equivalent resistance is halved
in the proposed series inverter configuration and doubled in the parallel configuration.
Therefore, the required inductance (Ly, , ) to attenuate the switching frequency for the
series inverter is four times lower than that of the parallel inverter. Further, considering
the possibility of deriving double the switching frequency with a series inverter compared
to the parallel inverter, the filter inductance is reduced by half with the series inverter.
Therefore, the overall reduction in the inductance with the parallel and series configuration

can be mathematically modeled as follows:

. Ry 2R
Jmine) = 9 o 2 fou

(4.8)
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For series inverter configuration

Rs = % (4.9)
Rs R/2 1

M fow  2m(2fsw) & Imin®)

From (4.10), it is clear that, under identical power conditions, the series inverter can
produce equivalent switching current ripple with only one-eighth of the inductance required

in a parallel inverter configuration.

' Back emf w.r.t parallel inverter
c 5p

) A o
= 0.02P.U ' Back emf w.r.t series inverter
'20.016P.U Cllp

20.004P.U
£0.002P.U {

f] f5 f7 f11 f13
Frequency mapping

Figure 4.5: The variation of back emf and harmonic current magnitude corresponds to
the harmonic component.

The reduced inductance offers significantly lesser attenuation for other load harmonics in
series inverter configuration, as shown in Fig. 4.5. With the offered minimum attenuation
to the load harmonics, the series configuration effectively processes the load demanded
harmonics, as shown in Fig. 4.5. Thus, it improves the grid’s current power quality
significantly. Apart from the load harmonic processing, the AC filter and the series inverter
are responsible for the smooth injection of AC power to the load network. The equivalent
AC power injection reference generated for the proposed series configuration based on the

availability of input solar power is described in the following section.

4.3 Input port DC chopper design specifications and
corresponding solar power reference generation for the

series inverter

The dual port series configuration shares power in terms of voltage but processes the
same current by both inverters. The DC choppers extract the maximum power from the
individual ports. In this work, the DC choppers are designed considering the voltage
variation range Vi and V,ppe. Considering the operating range of the DC chopper, the

reactive components for the DC chopper depicted in Fig.4.6 are designed as follows:

V,(1- D)

L =
de A-[L-st

(4.11)
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Figure 4.6: The input ports maximum power point tracking and corresponding reference
generation for series inverter

NI,
_ IL,(1-D)D
Cin = TAVoFa (4.13)

Where L. corresponds to the inductance, V, is the output voltage, D is the duty ratio, Iy,
is the inductor current, C, is the output capacitance, Cj, is the input capacitance, I, and
Fyy is the switching frequency of the DC to DC converter. The solar panels are connected
in series at the input ports to generate the adequate open circuit voltage (V,.). The DC
chopper shown in Fig.4.6 is designed to operate the solar panel at MPPT (Vj,,,¢) with
the operating range of (Vo to Vipppe). The duty for the individual DC choppers is derived
using the Perturb and Observe (P&O) algorithm. By maintaining the current sec balance,
the DC bus voltage of the individual DC chopper is maintained at Vje..y irrespective of
the processing power, as shown in Fig.4.6. With this, DC-PI generates the individual
current reference i3, at port-1, i}, at port-2 and combined reference can be generated as
iy =1y, + 135, The instantaneous generated 7 represents the total available power at the
dual input ports, and it can be used to generate the modulation for the individual inverter

through closed-loop control, as described in the following section.

4.4 Closed loop controller modeling for the proposed series

inverter harmonic and active power injector

This section demonstrates closed-loop controller modeling of the series inverter topology
to feed the load-demanded power and harmonics, as detailed control flow architecture
shows in Fig. 4.1. For the controller, active and reactive power references are synthesized

in the synchronous reference frame (SRF) by taking the PCC voltage as a reference. On
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SRF, the PCC voltage can be represented as:

2
Voa = g(Vgaa)g(wt) + Vgpcos(wt — 1207)+

\%
Vgecos(wt +1207)) = %;

Vg = ?(Vgasm(wt) + Vgpsin(wt — 120°)+

Vgesin(wt +120°)) = 0; (4.14)

Here wt is the reference angle generated through a phase-locked loop (PLL). With the

generated reference angle, the load currents are translated onto SRF as:

2
Iy = g(Ilacos(wt) + Ipcos(wt — 120°) + Ijccos(wt + 120°));
-2
Iy = — (Iigsin(wt) + Ipsin(wt — 120°) + Ijesin(wt 4 1207)); (4.15)

Here I;,, Iy and I}, are the three-phase non-linear load currents sensed before the diode
bridge rectifier as shown in Fig.4.1. From the nonlinear load current, the harmonics

information is extracted by subtracting the load fundamental current component as:

Lap _
Iqh

With the extracted load current ripple information, the active and reactive power reference

(4.16)

I

Iq — Avg(Iaq)
ql

to the current controller can be obtained by adding the PV active power reference

generated from the maximum power point loop (Ij(MPPT)) as:

Idref _
Tgrey

Here, Ig-¢r is the direct axis reference consisting of the solar active power reference and

Iyn + I (MPPT)

(4.17)
Iy

extracted load demanded harmonic reference. Depending upon the available solar power,

the series inverter can operate in four different modes of operation, as illustrated in Fig.4.7.

4.4.1 Modes of operation of harmonic compensator

1. No compensation mode (dotted teal line): In this mode of operation, the
compensator is not enabled, so the load draws the harmonics and active power from
the grid (Pjny = 0 and P = Py).

2. Harmonic compensation mode (Solid teal line): In this mode of operation,
the compensator only supplies the harmonics required by the load (P, = Prp), and

the grid supplies the total load demanded active power.

3. Grid support mode (dotted violet line): The compensator in this mode supplies

all the harmonics and available active power, which is less than the load demanded
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Figure 4.7: The single line diagram of a series inverter harmonic compensator with a
different mode of operations.

power (Pin,<(Pr + Prp)). The grid supplies the remaining load demanded active

power.

4. Grid injection mode (solid violet line): In this mode of operation, the
compensator supplies all the harmonics and active power required by the load. Upon
meeting the requirement of active load power, the surplus PV power is injected into
the grid (Pio>(Pr + Prp)).

4.4.2 System impedance modeling for the controller design

In a series configuration, for individual inverters, the controller gains are derived through
impedance modeling with the extracted reference to the series inverter configuration. For
preparing the impedance model of the series inverter configuration, the transformer’s
secondary side circuit is transformed to the primary side, as shown in Fig.4.8. In
Fig.4.8, Ryt and Ly, indicate the resistance and leakage inductance of transformer
primary winding. Similarly, R and L) are the resistance and leakage inductance
of transformer secondary winding. Considering the transformer with a turns ratio of 1:1,
the translated impedance onto the primary side can be depicted as Ryp) = Ryps) = Biy
and Ly = Liy(s) = Lty With the derived impedance, the transfer function of the system
depicted in Fig. 4.8 can be modeled by applying the KVL as:

dify
dt
Ve — Vi =0 (4.18)

Ve, — ifx(QRf + QRtf) — (2Lf + 2Ltf)

difs
dt
+V, (4.19)

(Viy = Viy) = if2(2Rf + 2Ryf) + (2L + 2Ly )
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Figure 4.8: The equivalent circuit representation with transformer and transforming all
parameters to a primary side of the isolating transformer.

Where Vj is the grid phase voltage. V, can be written in terms of the power resistor as

Vy = iy, Rq where Ry can be written as Rg = (Vg /its).

. di
Varas = ifa(2Rs + 2Rig) + (2Lg +2Lg) =~
+ifs Ry (4.20)
The (4.20) can be written in a composed form as follows:
Virzs = Reglfz + Leqﬁ; where(x = a,b,c) (4.21)

Where the V,;, is the overall voltage generated by the series inverter. Here R., =
2Ry + Rq+ 2Ry, and Ley = 2Ly + 2Ly, are the equivalent resistance and inductance for
the series inverter topology. Further, the series inverter terminal voltages and currents
are translated onto the synchronous reference frame, realizing the active and reactive

components as:

2
g(Valaa cos(wt) + Vi p,cos(wt — 120%)+

Ve, epcos(wt + 120°));

Vig =

2
Vig = g(Valmsin(wt) + Vi, b, stn(wt — 120°%)+

Veyep sin(wt 4+ 120°)); (4.22)

2
ifd = g(z’facos(wt) + igpcos(wt — 120°) + i pecos(wt 4+ 120°));

—2
ifg = ?(ifasin(wt) + i gpsin(wt — 120°) + i gesin(wt + 1207)) (4.23)

From the voltages (Vyq,Vyq) and currents (iyq,i74), the system state space model in the
form of Y (s) = (C(SI — A)™'B + D) x U(s) is derived (derivation is given in detail in

appendix) to design the PI-controller a shown in Fig.4.9. From the state space model, the
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plant transfer function (G1; and Gag) can be derived as:

(sLeg + Reg)(Vac)

G111 =Ga = 4.24
$2L2, + 2LeqRegs + R2, + (wLeq)? (4.24)
0
By neglecting (wL¢q)?, the plant transfer function can be simplified to:
1 1/L
= /Leq (4.25)

G —
plant (SLeq + Req) 5+ Req/Leq

The derived plant model in (4.25) represents the parallel and series configurations, but

Id"@ S)/ Iqr@ S)

Figure 4.9: The block diagram of the consolidated plant model along with the controller.
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Figure 4.10: Open loop plant transfer function bode plot for series and parallel inverter
harmonic cum active power injector.

the equivalent inductance vary for both the configurations as derived in (4.10). With the
substituted equivalent inductance in the plant model it is evident from Fig.4.10, that the

series inverter yields double the bandwidth compared to parallel inverter configuration.
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4.4.3 Designing of the PI controller

For the simplified plant model, the PI controller is designated, and proportional and

integral controller coefficients are modeled as follows:

K

GPI(S) =Kp+ ?Z; Gopen(s) = GPI(S) * Gplant(s) (426)
K K; 1
Gopen(s) = [p} [s + Z] (4.27)
r 5Leq Kp] | s+ IL%Z

The bode plot of the Gopen(s) = Gpr(s) * Gpiant(s) is plotted in Fig.4.11 for the different
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Figure 4.11: Open-loop transfer function bode plot for a series inverter with different
controller proportional gains.

values of K, by fixing the value of K; for series inverter topology. From Fig.4.11, it is
observed that when the value of the K is very less (K5) the system phase margin is
very low (16°) while at other values of K, (K1, Kp2, Kp3 and Kp4) the system phase
margin is higher. The gain margin of the system is always positive. By applying the
pole-zero cancellation criterion, the K, and K; values for inner current control loop can

be computed as

Lqu _ R@q
) (2

K =
P Ts Leq

K, (4.28)

Where 75 is the closed loop time constant of the system. For parallel and series inverter,

the values of K, and K; can be expressed as follows:

Leq Leq eq,
Kpp = TSP;KPd = Tsd;Kip = T pps Big = qu[(pd (429)

With computed values of K, & K; using (4.29), the step response of closed-loop transfer
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Figure 4.12: Step response of closed-loop transfer function for series and parallel harmonic
cum active power injector.
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Figure 4.13: Closed-loop transfer function step response for a series inverter with different
controller proportional gains (/).

function is plotted for series and parallel inverter is shown in Fig.4.12. Observing the
step response of the closed-loop transfer function, as illustrated in Fig. 4.12, the dynamic
response is quicker for the series inverter than the parallel inverter typology. The step
response of the closed-loop transfer function for the series inverter is plotted at different
values of K, and shown in Fig.4.13. From Fig.4.13, it is observed that when K, increases

the system dynamic response will be faster.

4.5 Results and Discussion

The effectiveness of the proposed configuration over parallel inverters in terms of improved
grid power quality and active power injection is verified through a hardware prototype.

The real-time performance comparison of the proposed series inverter and parallel
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inverter in terms of active power injection with simultaneous harmonic compensation
is demonstrated through the experimental prototype developed in the lab as shown in

Fig.4.14. The developed experimental prototype specifications are tabulated in Table-4.2.

P v

Power . )L
Quality - In;_»_cr—

Analyzex ]m;énsl-_e =

,_[(’ wl,—' b
= _—— e System

\

‘ &= v
Isplation j - b
Transformer
F28379D DSP . Electronic load

Controller

Load Current Sensor

Figure 4.14: The experimental lab prototype for demonstrating series and parallel
configuration.

Table 4.2: Experimental operating parameter of series and parallel harmonic compensator.

Parameters Symbols Parallel Series
Power (Load) (P) 1550 W 1550 W
DC voltage (Viae) 400 V 200 V
Switching Frequency (Fsw) 5 KHz 5 KHz
Load experienced | (Hgy) 5 KHz 10 KHz
harmonics

filter inductance (L fnin) 1.49 mH 0.186 mH
PCC line-line voltage Vi1 130 V 130 V
proportional gain Kp 13.31 4.412
Integral gain Ki 43642.28 43642.28
DC buck Inductance L. - 3.5 mH
DC input capacitance C; - 48 ukF
DC-link capacitance Co+ Cye - 2214.06 uF

4.5.1 Hardware validation for harmonic compensation

The following observations are made in regard to a nonlinear load that is initially connected
to the grid. The load current drawn from the grid is found to have a total harmonic
distortion (THD) of 21.9%, as shown in Fig.4.15a. After implementing an isolated
parallel configuration for harmonic compensation, the grid current THD is reduced to
6.7%. However, the proposed series configuration offers better harmonic compensation
due to its enhanced bandwidth. With the proposed series configuration, the grid current
THD is further reduced to 4.5% as depicted in Fig.4.15¢ (right). The results demonstrate

the efficacy of dedicated harmonic compensation in achieving improved bandwidth and
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(c) Harmonic compensation with series inverter configuration.
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Figure 4.15: Inverter currents (top trace), load currents (Middle trace), and grid currents
(bottom trace) along with grid current THD for parallel (Fig. 4.15b) and series (Fig.
4.15¢) harmonic compensator.

enhanced harmonic compensation capability. Additionally, the series solar inverter

configuration is effective in simultaneous active power injection along with load harmonic

compensation.

4.5.2 The experimental validation of proposed series configuration
operational capability of simultaneous active power and harmonic
injection

With the symmetric input power variations

The series inverter’s active power injection and nonlinear harmonic compensation load
are evaluated experimentally by tracking an individual inverter’s maximum power point
(P & O method). With the dynamic irradiance change, the adopted MPP algorithm of
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individual inverter tracks the maximum power and derives the current reference to the
proposed series inverter configuration. The series inverter configuration delivers power
to the network in grid support mode and/or grid injection mode based on the available

solar energy, as depicted in Fig. 4.16. To establish different power modes, the series
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Figure 4.16: The series configuration behavioral studies at different solar irradiance.

configuration is tested dynamically with power outputs ranging from 10% (300 W) to 50%
(1500 W) and 100% (3000 W) at the nonlinear load of 1550 W.
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Table 4.3: Different modes of operation of the series harmonic compensator.

Modes Harmonic Grid support | Grid injection
Compensation mode mode
mode

Series inverter power | 300 W 1500 W 3000 W

Solar inverter current | 1.88 A 8.799 A 17.59 A

(peak)

Load current (peak) 9.742 A 9.742 A 9.742 A

Grid current (peak) 7.856 A 0.94 A -7.857 A

Grid current THD 4.5% - 4.6%

As in series configuration, two inverters share the power equally; the individual inverters
operate at half of the rated power, i.e., 150 W (10% of rated power), 750 W (50% of
rated), and 1500 W (100% of rated), as illustrated in Fig. 4.16(a). By maintaining a 1550
W nonlinear load and varying the maximum power point tracking (MPPT) power, the
series configuration operates exclusively in compensation mode (300 W solar power), grid
support mode (1500 W), and grid injection mode (3000 W solar power), as described in
the middle scope traces of Fig. 4.16. The corresponding zoomed portions of the inverter
current, load current, and grid current profiles are shown for the compensation mode (left
figure), grid supporting mode (middle figure), and grid injection mode (right figure) in the
bottom scope traces of Fig.4.16.

In the case of compensation mode (bottom left of Fig. 4.16), only the series inverter
supports the harmonics (10% of rated), resulting in a sinusoidal grid current with a
corresponding load active power of 1550 W. On the other hand, when the solar irradiance
is at 50%, the series inverter injects 1500 W of solar active power into the load, while the
remaining 50 W required by the load is drawn from the grid, as depicted in the bottom
middle scope traces of Fig. 4.16. With the surplus solar active power of 3000 W, the
series configuration injects 1450 W into the grid, as shown in the bottom right scope
traces of Fig. 4.16.In all conditions, the grid current shapes into sinusoidal and maintains
the %THD as mentioned in Table-4.3.

With arbitrary irradiance change at input ports

Along with the scenario of uniform irradiance across the input ports, the arbitrary solar
irradiance change scenario is validated experimentally by varying the input power across
the two ports arbitrarily, as depicted in Fig.4.17. In the experimental validation, the power
of one of the input ports changes from 240 W (20% ) to 1200 W (100%), and another
source is maintained at 240 W (20%) as depicted in Fig. 4.17a. The DC-link voltage at
both the input ports is regulated at 200V irrespective of input power variations, as shown
in Fig. 4.17b. In the DC chopper output capacitor, the current-sec balance generates the
current reference for the series configuration inverters as illustrated in Fig. 4.17. Based on
the generated reference, the series inverter injects the combined active power (summation

of two input ports) along with the load demanded harmonics from the grid, as shown
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(b) The series configuration DC-link voltage regulation with change in solar input power.
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Figure 4.17: The input (DC) and output (AC) current and voltage signatures of proposed
series configuration with asymmetrical solar irradiance variations.
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in Fig.4.17c. As shown in the left zoomed portion of Fig.4.17d, the combined power of
480W (240W+240W) is supported by the series configuration, and the remaining load
demand power of 400 W is drawn from the grid. The right zoomed figure depicts the
combined power of 1440 W (1200 input port-1 + 240 input port-2)) is processed by the
series configuration that injects 560 W into the grid at the load power of 880 W. Similarly,
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(b) The zoomed portion depicting the load power variation from 660 W to 885 W (left figure
X:10msec) and 885 W to 1330 W (right figure).

Figure 4.18: The series SAPCHI experimental results with dynamic load variation.

the proposed series configuration is tested at dynamic loading conditions by varying the
charging station load from 660 W to 885 W and 885W to 1330W, as shown in Fig.4.18. The
configuration is tested at harmonic compensation mode alone at minimum solar irradiance.
From the experimental results shown in Fig.4.18, it is visible that, irrespective of load
change (lower to higher), the proposed configuration can compensate harmonics and shape
the grid current as per the IEEE-519 standards. The experimental results clearly show
that the proposed configuration efficiently extends harmonic support in load and input

power dynamic variations.
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4.6 Conclusion

This work demonstrates the effectiveness of a series solar inverter configuration in
simultaneously compensating for nonlinear load harmonics and injecting active power.
With unique attributes, such as operating with half of the pole voltage and exhibiting
double the switching frequency, the series inverter reduces the filter size requirement by
eight times compared to a parallel inverter. Moreover, the doubled system bandwidth
enhances extended harmonic compensation, reducing grid current %THD. The superiority
of the proposed series inverter is tested under different test conditions, such as symmetrical
and asymmetrical solar power change (DC side) and different loading conditions (AC
side). Experimental results validate that the proposed configuration effectively shapes the
harmonics, resulting in a grid current %THD that complies with IEEE-519 standards in

real-time conditions.

Appendix

The instantaneous active and reactive current variations with time can be expressed by
differentiating (isq and izq) as:
di 2 di di di

% = §(( fa)cos(wt) + (Tf)cos(wt —120) + ( dic)

2
cos(wt 4+ 120)) — gw(z’fasin(wt) + ippsin(wt — 120°)

+igesin(wt +1207))

difq 2 digg, . digy, . dife
Da _ 2 £) + (22 t—12
= 3(( = )sin(wt) + ( i )sin(w 0) + ( I )

2
sin(wt +120)) — gw(ifacos(wt) + ippcos(wt — 120°)+

ifccos(wt +1207)); (4.30)

Using(4.21), the equation (4.30) can be simplified to

difd 2 Vila2 Req . Viiv2 Req .
_— = — — a t -
ph 3(( Loy Loy ifq)cos(wt) + ( Loy Loy ifp)
clc Re .
.cos(wt — 120) + (V1 2 Lite)cos(wt + 120))
Leg Leg
+ Wiqref
di ¢q 2, Valaz  Reg. . Vibe  Reg .
B _ t _
i 3(( Lo, Loy itq)sin(wt) + ( Lo, Lo, ifp)

‘/6182 Req

Leg  Leg
— Widref (4.31)

sin(wt — 120) + ( ife)sin(wt + 120))
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Using equation 4.22,4.23, the equation 4.32 can be simplified to

di fd _ Vfd B
At Leg
digg _ Viq
At~ Le,

Vfd = Rqufd + L

qu = Reqlfq + L

Req .
Leq
R €q -

Leg

digq
eqd

eqd

Lfd + wifg

ifg — Wifq (4.33)

— whegify (4.34)

14+ Wheqgifq (4.35)

Using (4.33), the state space equations can be written in the form of & = Ax + Bu and

y = Cx + Du as:

difa —Rey
'fq _ —Req
dt A

iofd _ 1 0 ifd
lofq 0 1] |igg

(4.36)

(4.37)

From the state space equation, the transfer function can be derived in the form of Y (s) =

(C(SI — A)~'B+ D) *U(s) as

(4.38)
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The derived G11 and Gao represents the d— loop and ¢— loop plant transfer functions as

shown in Fig. 4.9. The plant transfer function is described as follows:

(sLeq + Reg) (Vac)
5 (4.41)
32L§q +2L¢qReqs + qu + (wLeq)
———

~0

Gi1 =G =

By neglecting (wL.q)?, the plant transfer function can be simplified to:

1
Gotang = ——————— 4.42
plant (8Leq + Req) ( )



Chapter 5

Conclusion

5.1 Summary

Significant contributions of the presented research work are as follows:

1. Acknowledging the critical importance of designing appropriate passive filters for
solar interface inverters, particularly in shaping grid power quality, this study
presents a novel passive filter design approach. The methodology revolves around
computing instantaneous load time constants at various power processing stages,
considering both load and source dynamics. The active filter developed through this
method is tasked with a dual role: mitigating harmonics from nonlinear loads and
injecting active power into the grid, even under weak grid conditions. Moreover,
this innovative approach explores the significant correlation between passive filter
bandwidth and its ability to attenuate switching frequencies while accommodating
permissible load-induced harmonics. Additionally, the study elaborates on the
process of modeling and fine-tuning the current controller, which involves monitoring
the load network’s time constant across different source and load power scenarios to
determine the bandwidth necessary for effectively managing load-induced harmonics
in compliance with IEEE-519 standards. The SiSAPF system can operate in
grid power injection and drawing modes, depending on available solar power and
demand for load. In the grid-injected mode, where interactions between grid
impedance and network impedance lead to power oscillations at the fundamental
frequency, the study proposes establishing appropriate controller gain boundaries
by assessing interactive time constants. Subsequently, experimental validation of
the solar-interfaced shunt active power filter (SISAPF) with active power injection
capability is conducted in both grid power drawing and injection modes, showcasing
the effectiveness of the enhanced bandwidth in handling load-induced harmonics and

solar power dynamic variations.

2. Acknowledging the limitations of existing literature, this study proposes a
solar-interfaced offboard charging station employing a front-end inverter topology.
This system adeptly manages dynamic fluctuations in both source and load power.
The front-end converter acts as a seamless regulator of solar power in response to load
demands, simultaneously addressing harmonics to synthesize grid-drawn/injected
current at unity power factor by positioning the solar interface on the AC side. The

converter introduces a novel dedicated rolling gain adjustment control mechanism,
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operating in four distinct modes with diverse functionalities (as elaborated in

Table-5.1). This mechanism comprises two key steps:

Table 5.1: PIFI with available modes of operation

P,,=solar power, P, =Load power, Pr=Rated power

Modes Source Load Grid Harmonic Power
Power Power power support factor

Mode-1 Py,=Pg Pr<Pr injection yes unity

Mode-2 P,,=Pg Pr=Pg - yes unity

Mode-3 P,,<Pg Pr<Py, injection yes unity

Mode-4 P,,<Pgr Pr=Pg drawing yes unity

o First, load and source dynamics are determined through equivalent impedance

parameter estimation at instantaneous and solar power.

e Second, controller gains can be adjusted based on estimated dynamics to
produce load harmonics using available PV power. The load and solar angular
frequencies are estimated utilizing voltage and current active and reactive

components in a synchronous reference frame.

The closed-loop controller accurately tracks the load angular frequency derived from
estimated load network inductance and per-phase resistance. Dynamic variations in
the converter operating angular frequencies are modeled based on changes in solar
and load power, enabling the adaptation of controller gains. With these dynamically
updated gains, the front-end inverter effectively generates harmonics in line with
load demands across a broad spectrum of source and load power variations. As a
result, the proposed converter functions as a modified front-end inverter with power
factor correction (PFC) for a charging station equipped with active power injection

capability.

With the aim of further improving harmonic compensation capability through
suitable filter sizing and power distribution in terms of voltage, a novel series
inverter configuration is proposed for active filtering and real power injection in solar
applications. This configuration entails the filter experiencing twice the switching
frequency compared to other topologies. This virtual doubling of the switching
frequency creates a widened band gap between switching harmonics and load-induced
harmonics, resulting in reduced attenuation for load-induced harmonics. Moreover,
the series inverter’s topological advantage, which processes double the current at
half the voltage, reduces filter requirements compared to parallel inverter topologies.
Considering all these factors and the load network time constant, a new filter design
methodology is outlined. This methodology is demonstrated to yield the optimal
filter size for suppressing switching harmonics and effectively managing load-induced
harmonics, surpassing available methods in the literature. The optimal filter size

also ensures an enhanced closed-loop control bandwidth, thereby enhancing grid



Chapter 5. Conclusion 103

5.2

power quality according to IEEE-519 standards compared to conventional parallel
inverter topologies. The effectiveness of the proposed series inverter with superior
harmonic compensation capability across various active solar power variations
is experimentally verified to validate the real-time adaptability of the proposed

configuration.

Scope of Future Research

. In-series inverter topology Energy management between two sources while active

power injection and harmonic compensation can be implemented.

. An adaptive current Controller can be implemented for weak grid conditions for

solar inverters using the derived plant transfer model.

Different PWM techniques can be analyzed for the proposed series configuration to
reduce the magnitude of leakage current to achieve the maximum DC gain with an
isolated DC bus.

Different MPPT techniques can also be realized to extract the maximum power in

case of partial shading conditions for the novel proposed configuration.
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