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Global demand for electricity has risen, driving a shift foward sustainable energy sources like Photovoltaic (PV) systems.
Despite their efficiency challenges compared fo fraditional fuels, significant investments and research are advancing
the technology. This paper investigates multilevel inverfer topologies, with a focus on Z-source technology for high-power
PV applications. The study begins with an overview of the growing demand for alfernative energy sources and the role of
multilevel inverters in enhancing PV system performance. It discusses prominent multilevel inverter topologies, such as
Neutral Point Clamped (NPC) and Cascaded H-Bridge (CHB) inverters, as well as control fechniques including Pulse
Width Modulation (PWM) and Predictive Confrol. Furthermore, it explores the functionalify of Z-source inverters both with
and without PV systemns, highlighting their ability to provide volfage boosting, fault tolerance, and improved power
quality. For load purposes, Electric Vehicle (EV) charging has been incorporated. The paper uses MATLAB/Simulink fo
compare multilevel inverter configurations and finds that the CHB inverter with Z-source is superior for PV applications
due fo its lower Total Harmonic Disfortion (THD) and reduced semiconductor usage. The study also simulates a hybrid
storage system with batteries and supercapacitors. The paper concludes with insights into future research directions,
aadvanced control strategies, optimization techniques, and grid integration methods. These avenues promise further
enhancement of efficiency, reliabilify, and grid compatibility for multilevel inverters in PV systems. Overall, this research
contributes fo the selection of optimal multilevel converter tfopologies for improving the performance of PV systems and
aadvancing the infegration of renewable energy into the electrical grid. The findings offer valuable insights for
researchers, practitioners, and policymakers working foward a sustainable energy future.

Keywords: Photovolfaic & Z-source Technology Based Multilevel Inverters, Power Conversion and Renewable Energy
Integration, Total Harmonic Distortion (THD), Neutfral Point Clamped (NPC)-Cascaded H-Bridge (CHB) and Flying
Capacitor (FC)Inverters, EV Load with Future Research Directions, Advanced Inverter Control Techniques.

INTRODUCTION

The escalating demand for electrical power worldwide
necessitates a transition toward alternative energy
sources to mitigate environmental impacts, particularly

Y
-manager

Publications

This paper has objectives related to SDGs

Member of:

carbon emissions contributing to global warming. Among
these alternatives, renewable energy sources stand out
for their lower carbon footprint, prompting significant
investments and research initiatives. However, the
inherently lower efficiency of renewable energy sources
compared to conventional fossil fuels requires continuous
improvements in both power generation and conversion
technologies to enhance performance and facilitate
wider adoption.
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In this context, the integration of Maximum Power Point
Tracking (MPPT) algorithms on the supply side and
advancements in converter technologies on the
demand side play crucial roles. While MPPT ensures
optimal power extraction from renewable sources, the
converter side focuses on reducing Total Harmonic
Distortion (THD) and enhancing output levels, particularly
in multilevel inverter applications. Multilevel converters
offer distinct advantages over conventional two-level
inverters, including improved output quality at lower
switching frequencies, reduced losses, and smaller
semiconductor sizes.

This paper aims to analyze various multilevel inverter
topologies and compare their efficiencies, with a specific
focus on their suitability for Photovoltaic (PV) applications
with Z-source inverters. The primary objective is to identify
atopology that achieves lower THD and higher efficiency,
thereby enhancing the performance of PV systems. The
investigation involves simulatfing different multilevel
converter topologies using MATLAB/Simulink and
conducting comparative analyses based on THD,
efficiency, semiconductor requirements, and other
relevant parameters.

1. Literature Review

The literature review highlights significant progress in
mulfilevel inverter topologies over the past decade,
including diode-clamped, capacitor-clamped, and
cascade inverters. Despite these advancements, further
comparative analysis is needed to determine the best
topology for high-power PV applications. This paper
analyzes various mulfilevel inverters through simulations to
help select the optimal topology for improving PV system
performance and integrating renewable energy into the
grid.This paper provides a detailed analysis of multilevel
converter topologies for high-power Photovoltaic (PV)
systems. It aims to help researchers and practitioners
understand various configurations, their pros and cons,
and their applicability with Z-source PV systems. By
reviewing and comparing key studies from 2010 o 2020,
the paper highlights advancements and the role of
multilevel converters in improving power quality and
system efficiency in renewable energy integration.

Bettawar and Punam (2020) conducted a comparative
study of different multilevel converter topologies for high
power PV applications. Their analysis focused on
evaluating the performance metrics, including
efficiency, Total Harmonic Distortion (THD), and cost-
effectiveness, of various converter configurations.

Delavari et al. (2016) presented a comparative study of
multilevel converter topologies specifically tailored for
high power PV systems. Their investigation emphasized
the impact of converter topology on system reliability,
fault tolerance, and scalability, providing valuable
insights for system designers and researchers.

Balamurugan et al. (2012) conducted investigationson a
three-phase five-level diode-clamped multilevel inverter
for PV applications. Their study delved into the operational
characteristics, control strategies, and performance
opfimization fechniques of the proposed topology,
shedding light onits applicability in real-world PV systems.

Peng et al. (2010) reviewed recent advances in multilevel
converter/inverter topologies and their applications. Their
comprehensive survey covered a wide range of
converter configurations, highlighting advancements in
topology optimization, modulation techniques, and
control strategies for high power PV integration.

El-Hosainy et al. (2017) provided a detailed review of
multilevel inverter topologies, control techniques, and
applications, with a focus on PV integration. Their study
encompassed both conventional and emerging
multilevel converter topologies, offering valuable insights
into the state-of-the-art developmentsin the field.

This section synthesizes the findings from the reviewed
studies, comparing and contrasting the different
multilevel converter topologies in terms of efficiency, THD,
reliability, scalability, and cost-effectiveness. The analysis
aims to identify the most suitable converter topology for
high power PV applications based on specific
performance criteria and application requirements.

Balamurugan et al. (2012), Bettawar and Punam (2020),
Delavari et al. (2016), El-Hosainy et al. (2017), and Peng et
al. (2010) provide a comprehensive overview of multilevel
converter topologies for high-power PV applications,

52 i-manager’s Journal on Electrical Engineering, Vol. 17 ¢ No. 4 ¢ June 2024




REVIEW PAPER

synthesizing key findings from recent research. Their
comparative analysis highlights the strengths and
limitations of various converter configurations, facilitating
informed decision-making for system designers and
researchers. Future research directions and emerging
frends in multilevel converter technology are also
discussed, paving the way for further advancements in
high-power PV integration.

Desai and Shah (2013), Guerrero-Rodriguez et al. (2017),
Mohammed and Qasim (2022), Rodriguez et al. (2002),
and Sandhu and Thakur (2014) offers an extensive
overview of recent advancements in multilevel inverter
technology tailored for renewable energy systems. Five
key studies spanning from 2002 to 2019 are critically
analyzed, focusing on topologies, controls, applications,
and comparative analyses. This review aims to elucidate
the state-of-the-art developments in multilevel inverter
technology and their implications for enhancing the
integration of renewable energy sources into the power
grid.

Rodriguez et al. (2002) conducted a seminal survey on
multilevel inverters, comprehensively addressing
tfopologies, controls, and applications. Their study laid the
foundation for subsequent research in multilevel inverter
technology, providing valuable insights into its potential
forindustrial applications.

Mohammed and Qasim (2022) presented a review
focusing on multilevel inverter topologies specifically
designed for renewable energy systems. Their study
synthesized recent advancements in topology design,
highlighting the role of multilevel inverters in enhancing
the performance and efficiency of renewable energy
integration.

Desai and Shah (2013) conducted a comparative
analysis of different multilevel inverter topologies for
photovoltaic applications. Their study provided insights
info the performance characteristics and suitability of
various topologies for PV integration, offering valuable
guidance for system designers and researchers.

Sandhu and Thakur (2014) presented a comprehensive
review of control methods for multilevel power converters

in renewable energy systems. Their study focused on
control strategies tailored for multilevel inverters,
emphasizing advancements in grid synchronization,
voltage regulation, and harmonic mitigation techniques.

Guerrero-Rodriguez et al. (2017) provided a detailed
review of three-phase grid-connected inverters for
renewable power systems. Their study covered various
aspects of grid infegration, including control strategies,
power quality enhancement, and grid synchronization
techniques, offering insights intfo the challenges and
opportunities in renewable energy integration.

Desai and Shah (2013); Guerrero-Rodriguez et al. (2017);
Mohammed and Qasim (2022); Rodriguez et al. (2002);
Sandhu and Thakur (2014) highlight the significant
advancements in multilevel inverter technology for
renewable energy systems. The synthesized findings
underscore the importance of multilevel inverters in
improving system efficiency, enhancing grid integration,
and facilitating the transition towards sustainable energy
sources. Future research directions and emerging trends
in multilevel inverter technology are also discussed,
paving the way for contfinued innovation in renewable
energy systems.

Nikam and Kalkhambkar (2021) conducted a
comprehensive review on control strategies for multilevel
inverters in distributed generation applications. Their study
evaluated various control technigues, highlighting their
effectiveness in improving system performance and
stability in distributed generation scenarios.

Sharma et al. (2021) presented a comparative study of
multilevel inverters with different modulation techniques.
Their research compared the performance of various
modulation schemes, providing insights info their
suitability for different application scenarios and system
requirements.

El-Hosainy et al. (2017) conducted a review of multilevel
inverter topologies and control schemes for electric
vehicle applications. Their study focused on evaluating
the applicability of multilevel inverters in electric vehicle
propulsion systems, highlighting key challenges and
opportunities in this domain.
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Kala and Arora (2017) provided a comprehensive review
on control techniques of multilevel inverters for renewable
energy applications. Their study synthesized recent
advancements in control strategies, emphasizing their
role in enhancing the efficiency and reliability of
renewable energy systems.

Malinowski et al. (2009) conducted a survey on cascaded
multilevel inverters, focusing on topology design and
modulation techniques. Their research provided insights
info the advantages and limitations of cascaded
multilevel inverters, highlighting their suitability for various
industrial applications.

Aishwarya and Gnana Sheela (2022) performed a
comparative analysis of various mullilevel inverter
topologies for renewable energy applications. Their study
evaluated the performance metrics and practical
feasibility of different topologies, offering guidance for
selecting optimal solutions inrenewable energy systems.

Mehta and Puri (2022) conducted a comparative study of
multilevel inverter topologies for renewable energy
systems. Their research compared the performance and
efficiency of different fopologies, providing insights into
their suitability for various renewable energy applications.

Josh et al. (2011) presented a comparative analysis of
modulation techniques for cascaded H-bridge multilevel
inverters. Their study evaluated the performance of
different modulation schemes, highlighting their impact
on output waveform quality and system efficiency.

Aishwarya and Gnana Sheela (2022); El-Hosainy et al.
(2017); Josh et al. (2011); Kala and Arora (2017);
Malinowski et al. (2009); Mehta and Puri (2022); Nikam and
Kalkhambkar (2021) highlight the recent advancements
in multilevel inverter technology, encompassing control
strategies, modulation techniques, topologies, and
applications. The synthesized findings offer valuable
insights info the state-of-the-art developments in
multilevel inverter design and implementation,
facilitating further research and innovation in the field of
power electronics and renewable energy systems.

Akbarietal. (2021); Hosseinzadeh et al. (2023); Mahato et
al. (2016); Pireset al. (2023q); Pires et al. (2023b); Siddique

et al. (2021); Singh et al. (2012); Singh and Singh (2018);
Sirohietal. (2024); Vasuda et al. (2024); Zhang et al. (2024)
provide an in-depth analysis of recent advancements in
Pulse Width Modulation (PWM) techniques and multilevel
inverter topologies. Eleven key studies spanning from
2008 to 2024 are crifically examined, focusing on
comparative analyses, novel circuit topologies,
experimental studies, and qgpplications in renewable
energy systems and motor drives. The review aims to
consolidate the latest research findings and emerging
frends in PWM techniques and multilevel inverter design,
offering valuable insights for researchers and practitioners
inthe field of power electronics.

Mahato et al. (2016) conducted a comparative analysis
of different PWM techniques for multilevel inverters. Their
study evaluated the performance of various PWM
strateqies, providing insights into their effectiveness in
enhancinginverter performance and grid integration.

Singh et al. (2012) performed a performance analysis of
PWM techniques for multilevel inverters. Their research
investigated the impact of PWM strategies on inverter
efficiency, harmonic distortion, and output waveform
quality, offering valuable guidance for PWM technique
selection.

Singh and Singh (2018) conducted a comparative study
of multilevel inverter topologies. Their research evaluated
the advantages and limitations of different multilevel
inverter configurations, providing insights into their
suitability for various applications in power electronics and
motor drives.

Zhang et al. (2024) proposed a switched-capacitor
multilevel inverter with input source-load common
ground for green energy applications. Their study
infroduced a novel circuit fopology designed o improve
inverter efficiency and reduce component count in
renewable energy systems.

Sirohi et al. (2024) implemented a novel multilevel inverter
tfopology with minimal components and conducted an
experimental study. Their research validated the
proposed topology's feasibility and performance in
practical applications, demonstrating its potential for
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enhancing inverter efficiency and reliability.

Hosseinzadeh et al. (2023) proposed new generalized
circuits for single-phase multisource multilevel power
inverter topologies. Their study introduced innovative
circuit designs aimed at improving inverter performance
and reliability in renewable energy systems.

Akbari et al. (2021) presented a multilevel inverter
topology with improved reliability and reduced
component count. Their research infroduced a novel
circuit design aimed at enhancing inverter efficiency and
robustness in renewable energy applications.

Pires et al. (2023q) proposed a cascaded dual four-leg
inverter for photovoltaic systems with the capability to
compensate unbalanced distribution networks. Their
study infroduced a novel inverter topology designed to
improve grid infegration and power quality in
photovoltaic systems.

Siddique et al. (2021) proposed a single-phase boost
switched-capacitor-based multilevel inverter topology
with reduced switching devices. Their study introduced a
novel circuit design aimed at improving inverter
efficiency and reducing component count in single-
phase applications.

Vasuda et al. (2024) proposed an effective DC link
utilization of a multilevel dual inverter with a single source
in the maximal distention mode. Their study introduced a
novel control strategy aimed af maximizing DC link
utilization and improving inverter efficiency in motor drive
applications.

Pires et al. (2023b) proposed a cascaded multilevel
structure with three-phase and single-phase H-bridges for
open-end winding induction motor drive. Their study
infroduced a novel inverter tfopology designed to
improve motor drive performance and efficiency in
industrial applications.

Akbariet al. (2021); Hosseinzadeh et al. (2023); Mahato et
al. (2016); Pireset al. (2023a); Pires et al. (2023b); Siddique
et al. (2021); Singh et al. (2012); Singh and Singh (2018);
Sirohietal. (2024); Vasuda et al. (2024); Zhang et al. (2024)
highlight the recent advancements in PWM techniques
and multilevel inverter topologies. The synthesized

findings offer valuable insights into the state-of-the-art
developments in inverter design, control strategies, and
applications in renewable energy systems and motor
drives. Future research directions and emerging frends in
PWM techniques and multilevel inverter technology are
also discussed, paving the way for continued innovation
inthe field of power electronics.

Alaviet al. (2024); Carrasco-Gonzadlez et al. (2024); Fouda
et al. (2024); Kadhim and Hasan (2024); Mchaouar et al.
(2024); Nascimento et al. (2022); Selvokumar and
Muthukumaran (2024); Tonin et al. (2024); Zolfagharian et
al. (2023) provide a comprehensive analysis of recent
advancements in multilevel inverter technology, focusing
on novel circuit topologies, control strategies, fault
detection techniques, and applications in renewable
energy systems and power electronics. Ten key studies
from 2022 to 2024 are critically examined, synthesizing
the latest research findings and emerging trends in
mulfilevel inverter design and implementation. The review
aims to offer valuable insights for researchers, engineers,
and practitioners in the field of power electronics and
renewable energy systems.

Nascimento et al. (2022) proposed a bidirectional
isolated asymmetrical multilevel inverter, infroducing a
novel circuit topology designed to improve inverter
efficiency andreliability inisolated power systems.

Lewicki et al. (2023) presented a hybridized PWM strategy
for three- and multiphase three-level NPC inverters. Their
research infroduced an innovative PWM technique
aimed at improving inverter performance and harmonic
distortion reduction.

Zolfagharian et al. (2023) proposed improvements to the
selective harmonic elimination technique for cascaded
H-bridge multilevel converters. Their study addressed
uncertainties in DC sources, enhancing inverter
performance and grid integration.

Fouda et al. (2024) harmonized power systems with a 13-
level modified Packed U-Cells multilevel inverter,
infroducing a novel circuit topology designed to
enhance power quality and efficiency in power systems.

Kadhim and Hasan (2024) enhanced power stability and
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efficiency with multilevel inverter tfechnology based on
renewable energy sources. Their research demonstrated
the effectiveness of multilevel inverters in improving
renewable energy integration and grid stability.

Rajesh et al. (2024) proposed a hybrid control topology for
cascaded H-bridge multilevel inverters to improve the
power quality of smart grid-connected systems. Their
study infroduced a novel control strategy aimed at
enhancing power quality and grid stability in smart grid
applications.

Carrasco-Gonzdlez et al. (2024) presented control
strategies for PV power plants with quasi-Z-source
cascaded H-bridge multilevel inverters under failure
conditions. Their research addressed reliability issues in PV
power plants, improving system resilience and
performance.

Selvakumar and Muthukumaran (2024) proposed a fault
detection and identification method for a three-level NPC
inverter based on voltage vector residual evaluation. Their
study infroduced a novel fault detection technique
aimed atimproving inverter reliability and performance.

Tonin et al. (2024) proposed deep kernel principal
component analysis for multi-level feature learning. Their
research infroduced a novel data analysis technique
aimed at enhancing feature extraction and classification
accuracy in multilevelinverter systems.

Alavi et al. (2024) assessed the impact of PV panel
climate-based degradation rates on inverter reliability in
grid-connected solar energy systems. Their study
evaluated the reliability implications of PV panel
degradation on inverter performance and system
longevity.

Mchaoouar et al. (2024) presented advanced sensorless
nonlinear control and stability analysis of single-stage PV
systems connected to the grid via a 3L-NPC inverter. Their
research intfroduced novel control strategies and stability
analysis techniques aimed at improving the
performance and reliability of grid-connected PV
systems. The study contributes to the advancement of
sensorless control methods and stability analysis
techniques forrenewable energy systems.

Alaviet al. (2024); Carrasco-Gonzdlez et al. (2024); Fouda
et al. (2024); Kadhim and Hasan (2024); Mchaouar et al.
(2024); Nascimento et al. (2022); Selvakumar and
Muthukumaran (2024); Tonin et al. (2024); Zolfagharian et
al. (2023) highlight the recent advancements in multilevel
inverter technology, encompassing novel circuit
topologies, control strategies, fault detection techniques,
and applications in renewable energy systems and power
electronics. The synthesized findings offer valuable
insights info the state-of-the-art developments in
multilevel inverter design and implementation,
facilitating further research and innovation in the field of
power electronics and renewable energy systems.

In this research study an extensive comparative analysis
has been conducted comparing 3-level NPC inverterand
Cascaded H-bridge inverter. Various analytical study has
been conducted on the number of semiconductor
devices required and % THD analysis with specific
topological configuration. From the analysis the results
reveal the best possible configuration for achieving
higher reliability and efficiency. For successful completion
of simulation, a hybrid energy storage system viz. battery
and a supercapacitor has been implemented for
uninterrupted balance of power. For proposed model an
EV charging station has been successfully implemented
as asensitive load.

2.Research Gaps

Based on the extensive literature review on multilevel
converter technology for renewable energy systems,
there are severalresearch gaps thatemerge:

Integration of Emerging Technologies: While the literature
extensively covers multilevel converter topologies and
control strategies up 1o 2024, there is a gap in addressing
the infegration of emerging technologies such as Artificial
Intelligence (Al), Machine Learning (ML), and Intemet of
Things (IoT) in optimizing the performance and reliability of
multilevel converters forrenewable energy systems.

Standardization and Comparative Analysis: Despite the
numerous studies comparing different multilevel
converter topologies, there is a lack of standardized
methodologies for conducting comparative analyses.
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Establishing common evaluation criteria and
benchmarks could provide clearer insights into the
performance of various converter configurations.

Robustness and Fault Tolerance: While some studies
touch upon fault detection and mitigation techniques,
there is a gap in research focusing specifically on
enhancing the robustness and fault folerance of
multilevel converters in renewable energy systems.
Investigating novel fault detection algorithms and resilient
control strategies could improve the reliability of these
systems.

Scalability and Modqularity: Although scalability and
modularity are crucial for accommodating diverse
system sizes and configurations, there is limited research
on developing scalable multilevel converter
architectures that can easily adapt to varying power
requirements and system layouts.

Real-World Validation and Field Testing: While many
studies propose theoretical models and simulation-
based evaluations, there is a gap in conducting
comprehensive real-world validation and field testing of
multilevel converter technologies in actual renewable
energy installations. Practical validation could provide
valuable insights info the performance and practical
challenges of these systems.

Lifecycle Assessment and Sustainability: There is a need
for research focusing on the lifecycle assessment and
sustainability aspects of multilevel converter technologies
in renewable energy systems. Analysing factors such as
materials, manufacturing processes, and end-of-life
considerations could contribute to more environmentally
friendly and sustainable converter designs.

Addressing these research gaps could further advance
the field of multilevel converter technology for renewable
energy systems, enabling more efficient, reliable, and
sustainable integration of renewable energy sources into
the power grid.

Multilevel inverters have gained significant attention in
recent years due to their ability to generate high-quality
output waveforms and accommodate various voltage
levels, making them ideal for applications like

Photovoltaic (PV) systems. This section presents an
overview of three prominent multilevel inverter topologies
and control techniques employed to enhance their
performance in PV applications with z-source.

3. Significant Research Contribution Identification

The research presented in this paper makes several
significant contributions to the field of mulfilevel inverter
technologies for Photovoltaic (PV) applications,
particularly focusing on integrating Z-source technology
and its implications for Electric Vehicle (EV) charging. Here
are the key contributions highlighted:

Evaluation and Comparison of Multilevel Inverter
Topologies: The study conducts a thorough investigation
and comparative analysis of various multilevel inverter
fopologies such as Neutfral Point Clamped (NPC),
Cascaded H-Bridge (CHB), and Flying Capacitor (FC)
inverters. This evaluation is crucial as it identifies the
superior performance of the CHB inverter with Z-source
implementation in PV applications. This finding is
supported by quantitative metrics such as Total Harmonic
Distortion (THD) and semiconductor requirements, which
are essential for determining the efficiency and reliability
of PV systems.

Focus on Z-Source Inverter Technology: The research
highlights the functionality and advantages of Z-source
inverters in PV systems. These inverters are noted for their
ability to provide voltage boosting, fault tolerance, and
improved power qudlity, which are critical for enhancing
the performance and stability of renewable energy
integration.

Simulatfion and Analysis: Comprehensive simulations
using MATLAB/Simulink validate the theoretical findings
and provide empirical evidence supporting the
superiority of CHB inverters with Z-source technology. This
empirical validation strengthens the credibility of the
research outcomes and demonstrates practical
applicability.

Application in EV Charging: The inclusion of EV load
scenarios further extends the relevance of the research.
By demonstrating the capability of multilevel inverters to
support sensitive loads like EVs with uninterrupted power

i-manager’s Journal on Electrical Engineering, Vol. 17 ® No. 4 e June 2024 57




REVIEW PAPER

supply, the study addresses practical challenges in
sustainable transportation infrastructure.

Future Research Directions: The paper outlines promising
avenues for future research, including hardware
implementation of proposed technologies, advanced
control strategies such as predictive control, optimization
techniques for parameter tuning, and grid integration
strategies. These fufure directions are essential for
advancing the efficiency, reliability, and grid
compatibility of multilevel inverters in PV systems, thus
paving the way for broader adoption of renewable
energy sources.

Implications for Sustainable Energy: Ultiimately, the
research contributes to the broader goal of achieving a
sustainable energy future by enhancing the performance
of PV systems through advanced multilevel inverter
technologies. By reducing THD, improving power quality,
and optimizing system efficiency, the findings support the
integration of renewable energy intfo mainstream
electrical grids with minimal environmentalimpact.

This research provides valuable insights and practical
recommendations for researchers, practitioners, and
policymakers involved in the development and
deployment of renewable energy technologies. It
underscores the importance of selecting optimal
mulfilevel converter topologies and implementing
advanced control strategies to maximize the benefits of
PV systems in a sustainable energy landscape.

4. Multilevel Inverter Topologies and Control Techniques
of Multilevel Inverters

4.1 Neutral Point Clamped (NPC) Inverter

o Ufilizes clamping diodes connected to the neutral

point of the DC bus to achieve multiple voltage levels.

e (Offers reduced harmonic distortion, improved
waveform quality and increased output voltage
levels.

o Widely usedforits effectivenessin PV applications.

4.2 Cascaded H-Bridge (CHB) Inverter

e Comprises multiple H-bridge cells connected in
series, allowing for a high number of output voltage

levels.

e Offers flexibility, scalability and fault tolerance,
making it suitable for various PV system configurations.

4.3 Flying Capacitor (FC) Inverter

Employs flying capacitors to generate multiple voltage
levels, providing a simpler structure compared to other
topologies. Requires careful capacitor voltage
balancing but offers advantages in terms of efficiency
and cost-effectiveness.

4.4 Control Techniques for Multilevel Inverters
4.4.1 Pulse Width Modulation (PWM)

Commonly used modulation technigue involving the
comparison of reference and carrier waveforms to
generate switching signals. Various strategies such as
Sinusoidal PWM, Space Vector PWM, and Selective
Harmonic Elimination PWM are employed 10 minimize
harmonic distortion and improve waveform quality.

4.4.2 Predictive Conftrol

Technigues like Model Predictive Control (MPC) utilize
mathematical models and predictive algorithms to
optimize voltage waveform quality. Enables
consideration of constfraints such as voltage limits and
switching frequency to achieve optimal conftrol results.
4.5 Modulation Strategies for Multilevel Inverters

4.5.1 Phase-Shifted Carrier PWM

Involves shifting carrier waveforms of each phase to
achieve multilevel voltage synthesis. Adjusting phase shift
angles enables the attainment of desired output voltage
levels.

4.5.2 Level-Shiffed PWM

Shifts reference waveform to different voltage levels and
applies PWMtechnigues to generate switching signals.
Provides flexibility in controlling output voltage levels and
achieving balanced voltage waveforms.

4.6 Methodology and Description of Work

In this paper, different multilevel inverters are simulated to
analyze various waveforms, including line-to-line voltage,
phase voltage and current levels with THD. The Pulse
Disposition PWM strategy is ufilized for PWM signal
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generation. This involves arranging carrier waveforms in
the same phase and switching the converter based on
specific rules derived from the phase disposition method.
For future research purpose these advanced techniques
can focus on integrating advanced control tfechniques
with multilevel inverter topologies o further enhance the
performance of PV systems. This smart control techniques
that incorporate predictive algorithms and optimization
strategies can maximize energy extraction from PV
panels while ensuring grid stability and reliability.
Highlighting these proposed control fechniques will drive
innovation in the field of multilevel inverters and advance
the integration of renewable energy sources into the
electrical grid.

5.The Function of Z-source for Different Multilevel Inverter
with and without PV

The Z-source inverter is a unique type of power conversion
topology that differs from traditional inverters in that it can
provide both voltage boost and voltage buck operations.
Its distinctive feature is the use of an impedance network,
typically consisting of an impedance network connected
between the DC source and the inverter circuit. Here's a
breakdown of the functions of the Z-source for different
multilevel inverters with and without PV.

5.1 Z-Source Funcftionality with Multilevel Inverters
(Without PV)

In a fraditional multilevel inverter without PV, the Z-source
serves several functions:

e \Voltage Boosting: The Z-source network enables
voltage boosting capability, allowing the inverter to
generate higher output voltage levels than the DC
input voltage. This voltage boost is achieved by
controlling the shoot-through state of the inverter
switches, which allows energy to flow through the
impedance network.

e \VOoltage Bucking: In addition to voltage boosting, the
Z-source can also perform voltage bucking
operations, where the output voltage can be lower
than the DC input voltage. This flexibility in voltage
regulation is advantageous in various applications
where precise control of output voltage levels is

required.

e Improved Faulf Tolerance: The Z-source topology
enhances fault tolerance by providing alternative
current paths through the impedance network. In
case of afault orcomponent failure, the Z-source can
reroute current through different paths, thereby
improving system reliability and robustness.

e Reduced Harmonic Distortion: By controling the
shoot-through state of the switches, the Z-source can
mitigate harmonic distortion in the output voltage
waveform. This is achieved by shaping the oufput
voltage waveform to closely resemble a sinusoidal
waveform, thereby improving the quality of the power
deliveredtotheload.

5.2 Z-Source Functionality with Multilevel Inverters (With
PV)

When integrated with Photovoltaic (PV) systems, the Z-
source inverter offers additional functionalities tailored to
harnessing solar energy efficiently:

o Maximum Power Point Tracking (MPPT): The Z-source
inverter can incorporate MPPT algorithms fo frack the
maximum power point of the PV array. By dynamically
adjusting the impedance network parameters, the
inverter optimizes the PV system's energy harvesting
efficiency, ensuring that it operates af its maximum
power output under varying environmental conditions.

e Grid Integration: With PV systems connected to the
grid, the Z-source inverter facilitates seamless
integration of renewable energy into the electrical
grid. It ensures stable and reliable operation by
regulating the outfput voltage and current to meet
grid requirements, such as voltage and frequency
regulation.

o Energy Storage Infegration: In applications where
energy storage systems (e.g. batteries) are used in
conjunction with PV arrays, the Z-source inverter can
manage the bidirectional flow of energy between the
PV system, energy storage, and the grid. This capability
enables energy arbitrage, grid support services, and
backup power supply during grid outages.

e Grid Support Functions: The Z-source inverter can
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provide ancillary grid support functions, such as
reactive power compensation and voltage
regulation. By dynamically adjusting the impedance
network parameters, the inverter can inject or absorb
reactive power as needed to maintain grid stability
and power quality.

Generally, the Z-source inverter plays a crucial role in
enhancing the performance, flexibility and reliability of
multilevel inverters, both with and without PV systems,
making it a promising technology for modermn power
conversion applications.

6. Application of the Proposed Work

The proposed work on multilevel inverters with a focus on
Photovoltaic (PV) applications and z-source
implementation offers several potential applications
across various industries and sectors:

Renewable Energy Systems: The research findings can be
directly applied to enhance the performance and
efficiency of solar photovoltaic (PV) systems. By
implementing the optimized multilevel converter
topologies, such as Cascaded H-Bridge (CHB) inverters
with Z-source, in PV installations, it is possible to improve
power conversion efficiency, reduce harmonic distortion,
and enhance power quality.

Motor Drives: The advanced control techniques and
modulation strategies developed in the proposed work
can be utilized in motor drive applications. By integrating
multilevel inverters with electric vehicle drives or industrial
motor control systems, it is possible 1o achieve smoother
voltage waveforms, reduced switching losses, and
improved forque control, leading 1o enhanced motor
performance and efficiency.

High-Voltage Direct Current (HVDC) Transmission: The
research outcomes can contribute to the development
of more efficient and reliable HVDC transmission systems.
Multilevel inverters with optimized control strategies can
be employed in HYDC converters to improve voltage
regulation, reduce harmonic content, and enhance
power transmission efficiency, thereby facilitating the
integration of renewable energy sources into the grid.

Reactive Power Compensation: The proposed multilevel

inverter configurations can be applied for reactive power
compensation in power distribution systems. By actively
regulating reactive power flow and improving power
factor, multilevel inverters can help stabilize the grid,
mitigate voltage fluctuations, and enhance overall
system efficiency, particularly in renewable energy
integration scenarios.

Uninferruptible Power Supply (UPS): The research findings
can be ufilized to enhance the performance of UPS
systems, ensuring uninterrupted and clean power supply
to critical loads during grid disturbances. Multilevel
inverters with advanced control techniques can offer
faster response times, reduced harmonic distortion, and
improved voltage regulation, enhancing the reliability
andresilience of UPS systems in various applications.

Electric Vehicle (EV) Charging: The optimized multilevel
converter topologies can be integrated into EV charging
infrastructure to improve charging efficiency and power
quality. By providing high-power charging capabilities,
fast charging times, and improved energy efficiency,
multilevel inverters can support the widespread adoption
of electric vehicles and contfribute to sustainable
fransportation solutions.

Industrial Applications: The proposed multilevel inverter
configurations and control techniques can be applied in
various industrial applications, such as adjustable-speed
drives, robotics, power supplies, and welding equipment.
By offering precise control, reduced harmonics, and
improved energy efficiency, mulfilevel inverters can
enhance the performance and reliability of industrial
processes, particularly in high-power and high-
performance applications.

The application of the proposed work extends across
multiple sectors, offering potential benefits in terms of
improved energy efficiency, enhanced power quality, and
greater system reliability in diverse application scenarios.

7. Matlab Simulation Results for Neutral Point Clamped
(NPC) Inverter with PV and Z-sources

Integrating a three-level Neutral Point Clamped (NPC)
inverter with photovoltaic (PV) systems and Z-source
networks presents an innovative solution for enhancing
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renewable energy integration and grid stability. By
coupling NPC inverters with PV arrays, we leverage the
inherent advantages of both tfechnologies. The precise
voltage control of NPC inverters ensures maximum power
extraction from PV panels, even under varying
environmental conditions. Additionally, integrating Z-
source networks provides bidirectional power flow and
improved fault tolerance, enhancing the overall
robustness of the system. This innovative combination not
only enhances the efficiency and reliability of renewable
energy systems but also enables seamless integration
with the grid, paving the way for sustainable energy
solutions in diverse applications such as microgrids,
electric vehicle charging stations, and smart grids.

Figure 1 shows the switching states of a three-level Neutral
Point Clamped (NPC) inverter across different power
source configurations, including battery-only, PV-only and
combinations with Z-source technology. Each
configuration's distinct switching patterns are visualized,
offering insights into their operational characteristics and
potential applications in renewable energy systems. For

Smiart Homee Sy steam

arresting the power interruption, a hybrid storage system
has been incorporated, viz. battery and a
supercapacitor. In simulation model all cases involve a

electric vehicle charging station as a sensitive load.

Table 1 shows a comprehensive breakdown of the
switching states for the three-level NPC inverter, aiding in
the understanding and analysis of its operational
behavior.

To produce a staircase output voltage, let us consider only
oneleg of the three-level inverter, as shownin Figure 2. The
steps to synthesize the three level voltages are as follows:

e Foran output voltage level Van = Vdc/2, turn on both
upper half switches S1 & S2.

e Foranoutfputvoltage level Van = 0, furn on one upper
switch S2 and one lower switch S3.

e Foranoutputvoltage level Van = -Vdc/2, turn on both
lower switches S3 & S4

Table 1 shows the corresponding switch states. State
condition T means the switch is on, and state 0 means the
switch is off.

Figure 1. Switching States of a Three-level NPC Inverter for Various Power Sources: Battery-only,
PV-only, Battery with Z-source and PV with Z-source configurations
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7.1 Case Study 1: Three Level NPC Output only DC
Source (Without PV and Z-source)

Figure 2 shows the phase voltage vs. time waveform
showcasing the output characteristics of a three-level
NPC inverter when operating in the absence of PV and Z-
source input. This waveform offers insights into the voltage
profile generated by the inverter under these specific
conditions, aiding in understanding its performance in
DC-source-only scenarios.

Figure 3 shows the load current vs. time waveform, this
figure elucidates the current behavior of a three-level
NPC inverter without PV and Z-source inputs. By examining
this waveform, one can assess how the inverter responds
to varying load conditions and evaluate its suitability for
specific applications requiring precise current control.

Figure 4 shows The line-to-line voltage vs. time waveform
providing a comprehensive view of the voltage output
across different phases of a three-level NPC inverter

S, S, S, S, Van
1 1 0 0 Veer
0 1 1 0 0

0 0 1 1 -Vdc/Q

Table 1. Three Level NPC Inverter Switching States

Figure 2. Phase Voltage vs. Time Waveform for a Three-level
NPC Inverter Operating without PV and Z-source

operating without PV and Z-source inputs. This visualization
enables a detailed analysis of the inverter's voltage
stability and phase relationship, essential for assessing its
performance in various electrical systems.

Figure 5 shows the %THD analysis of phase voltage
offering an in-depth examination of the Total Harmonic
Distortion (THD) present in the phase voltage waveform of
a three-level NPC inverter without PV and Z-source inputs.
This analysis quantifies the distortion levels, providing
valuable insights into the quality of the voltage output and
the inverter's effectiveness in mitigating harmonic
distortions.

7.2 Case Study 2: Three Level NPC Output only PV Source
(Without Z-source)

Figure 6 shows the waveform of phase voltage over time
for a three-level Neutral Point Clamped (NPC) inverter
operating solely with photovoltaic (PV) as the power
source, excluding the use of a Z-source. The waveform
showcases the voltage variation in one phase of the
inverter's output, providing insights into its performance
underPVinput conditions.

Figure 7 shows the waveform of line-to-line voltage over
fime for a three-level NPC inverter, utilizing photovoltaic
power without a Z-source. This waveform represents the
voltage between two output phases of the inverter,
offering a comprehensive view of the voltage behaviour
inthe absence of aZ-source network.

The waveform displayed in Figure 8 shows the variation
of load current over time for a three-level NPC inverter
operating with photovoltaic power but without a Z-
source. This waveform provides insights into the current
drawn by the load connected 1o the inverter's output,
aiding in the analysis of its performance without Z-

Figure 3. Load Current vs. Time Waveform for a Three-level
NPC Inverter Operating without PV and Z-source

Figure 4. Line-to-line Voltage vs. Time Waveform for a Three-level
NPC Inverter Operating without PV and Z-source
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Figure 5. Percentage Total Harmonic Distortion (%THD) Analysis of Phase Voltage
for a Three-Level NPC Inverter Operating without PV and Z-Source

Voltage (V

0.04 .05

Time (s)

Figure 6. Phase Voltage vs. Time Waveform for Three-Level Figure 8. Load Current vs. Time Waveform for Three-Level
NPC Inverter with PV (Without Z-Source) NPC Inverter with PV (Without Z-Source)

source assistance.

Figure 9 shows the analysis of Percentage Total Harmonic
Distortion (%THD) in the phase voltage waveform for a

Voltage (V)

three-level NPC inverter powered solely by photovoltaic
006 energy, excluding Z-source assistance. This analysis

Time (s) quantifies the level of harmonic distortion present in the

Figure 7. Line-fo-Line Voltage vs. Time Waveform for Three-Level phase voltage waveform, offering valuable information
NPC Inverter with PV (Without Z-Source) regarding the inverter's output quality and suitability for
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Figure 9. % THD Analysis of Phase Voltage for Three-Level NPC Inverter with PV (Without Z-Source)

various applications.

7.3 Case Study 3: Three Level NPC Output for Baftery with
z-source butwithout PV-source

Figure 10 shows the time-domain waveform representing
the phase voltage output of a three-level Neutral Point
Clamped (NPC) inverter operating with a battery and Z-
source, excluding photovoltaic (PV) input. The waveform
illustrates the voltage variation over time, providing
insights into the inverter's performance in the absence of
PV power.

Figure 11 shows the time-domain waveform illustrating the
line voltage output of athree-level NPC inverter powered by
a battery and Z-source, without PV input. This waveform
offers a comprehensive view of the voltage behavior

Voltage (V)

Figure 10. Phase Voltage vs. Time Waveform for Three-Level
NPC Inverter with Battery and Z-Source (Without PV)

Figure 11. Line Voltage vs. Time Waveform for Three-Level
NPC Inverter with Battery and Z-Source (Without PV)
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between two oufput phases of the inverter, aiding in the
analysis of its performance without PV assistance.

The waveform in Figure 12 represents the variation of load
current over time for a three-level NPC inverter operating
with a battery and Z-source, but without PV input. This
waveform facilitates the examination of the current drawn
by the load connected to the inverter's output,
contributing to the evaluation of its performance without
PV assistance.

Figure 13 shows an analysis of the Percentage Total
Harmonic Distortion (%THD) in the phase voltage
waveform for a three-level NPC inverter powered by a

Figure 12. Load Current vs. Time Waveform for Three-Level
NPC Inverter with Battery and Z-Source (Without PV)

battery and Z-source, excluding PV input. This analysis
qguantifies the level of harmonic distortion present in the
phase voltage waveform, offering valuable insights into
the inverter's output quality and suitability for various
applicationsinthe absence of PV power.

7.4 Case Study 4: Three Level NPC Output for PV with Z-
source butwithout Battery

Figure 14 shows the time-domain waveform representing
the phase voltage output of a three-level Neutral Point
Clamped (NPC) inverter powered by photovoltaic (PV)
energy and utilizing a Z-source network. The waveform
offers insights info the voltage variation over time,

Figure 14. Phase Voltage vs. Time Waveform for Three-Level
NPC Inverter with PV and Z-Source

Figure 13. Percentage THD Analysis of Phase Voltage for Three-Level NPC Inverter with Battery and Z-Source (Without PV)
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showcasing the performance of the inverter with the
combined utilization of PV and Z-source technologies.

Figure 15 shows the time-domain waveform depicting the
line-to-line voltage output of a three-level NPC inverter
operating with PV power and a Z-source network. This

waveform provides a comprehensive view of the voltage o0

behaviour between two output phases of the inverter, Time (s)
highlighting the synergistic effects of PV and Zsource Figure 15. Line-to-Line Voltage vs. Time Waveform for
integration. Three-Level NPC Inverter with PV and Z-Source

The waveform showcased in Figure 16 represents the
variation of load current over fime for a three-level NPC
inverter powered by PV energy and incorporating a Z-
source network. This waveform facilitates the examination
of the current drawn by the load connected to the
inverter's output, demonstrating the advantages of PV
andZ-source integration in load management.

Figure 17 shows an analysis of the Percentage Total ) ]
Figure 16. Load Current vs. Time Waveform for Three-Level

Harmonic Distortion (%THD) in the phase voltage NPC Inverter with PV and Z-Source

Figure 17. Percentage THD Analysis of Phase Voltage for Three-Level NPC Inverter with PV and Z-Source
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waveform for a three-level NPC inverter powered by PV
energy and utilizihg a Z-source network. This analysis
quantifies the level of harmonic distortion present in the
phase voltage waveform, emphasizing the improved
output quality achieved through the combination of PV
and Z-source technologies.

Advantages of PV with Z-Source Integration:

Enhanced Voltage Regulation: Z-source networks provide
voltage boosting capabilities, allowing for better voltage
regulation and stability in PV systems, especially under
varying solarirradiance conditions.

Improved Fault Tolerance: The Z-source network
enhances the fault tolerance of PV systems by providing
alternative  current paths, reducing the impact of
component failures and enhancing system reliability.

Increased Efficiency: By optimizing power flow and
minimizing voltage fluctuations, PV systems with Z-source
integration can achieve higher overall efficiency,
maximizing energy conversion and utilization from solar
sources.

8. Matlab Simulation Results for Cascaded H-Bridge
(CHB) Inverter

Innovatively, these inverters are being integrated with
Photovoltaic (PV) systems and Z-source inverters to
enhance performance in various applications. This
integration allows for efficient power conversion and
improved reliability. For instance, in grid-connected
systems, combining cascaded H-bridge inverters with PV
and Z-source technology enables better utilization of solar
energy, reducing dependency on the grid and
enhancing overall system efficiency. Moreover, in motor
drives, this integration can provide smoother operation
and better control, optimizing energy usage and
extending equipment lifespan. Such innovative
applications showcase the versatility and potential of
cascaded H-bridge inverters in diverse fields, paving the
way formore efficient and sustainable power systems.

Figure 18 shows the switching states of a three-level
cascaded H-bridge inverter across different power
sources: battery-only, PV-only, battery with Z-source and
PV with Z-source configurations. This graphical depiction

offers insights into how the inverter's operation varies
based on the input power source, illustrating its
adaptability and versatility in diverse energy conversion
scenarios. Similarly for simulation study of Cascade
Inverter energy storage viz. battery and a supercapacitor
is used for uninterrupted power supply and EV charging
stationis used asload same as NPC Inverter.

Cascaded H-bridge inverters are a sophisticated solution
for converting DC power 1o high-gquality AC power, finding
applications in renewable energy systems, motor drives,
and grid-connected setups. Comprising multiple H-bridge
modules arranged in cascade, they offer advantages like
reduced harmonic distortion and modularity.

Table 2 shows a comprehensive overview of the switching
states required for athree-level cascaded H-bridge inverter.
The table outlines the specific combinations of switch states
necessary to synthesize the desired AC output voltage
waveform. Understanding these switching states is crucial
for effectively confroling the inverter's operation and
ensuring optimal performance in various applications.

8.1 Case Study 1: Three Level CHB Oufput only DC
Source (Without PV and Z-source)

Figure 18. Switching States of a Three-Level CHB Inverter for
Various Power Sources: Battery-only, PV-only, Battery with
Z-Source and PV with Z-Source Configurations

Van S| sz Sa SA
Vdc 1 1 0 0
0 1 0 1 0
Vdc 0 0 1 1

Table 2. Three Level CHB Inverter Switching States
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Figure 19 shows the phase voltage waveform over time for
athree-level CHB (Cascaded H-Bridge) inverter operating
in the absence of both photovoltaic (PV) input and Z-
source. The waveform showcases the voltage profile
within the system, providing insights into its stability and
performance under various operating conditions.

Figure 20 shows the load current waveform over time for
the aforementioned three-level CHB inverter
configuration without PV and Z-source. This waveform
serves as a crucial indicator of the inverter's ability to
supply power to the connected load while maintaining
stable currentlevels and minimizing fluctuations.

In Figure 21, the line-fo-line voltage waveform over time is
depicted for the three-level CHB inverter without PV and Z-
source. This waveform offers a comprehensive view of the

Figure 19. Phase Voltage vs. Time Waveform for a Three-Level
CHB Inverter Operating without PV and Z-Source

Figure 20. Line-to-line Voltage vs. Time Waveform for a Three-Level
CHB Inverter Operating without PV and Z-Source

Current (A)

Time (s)

Figure 21. Load current vs. Time Waveform for a Three-Level
CHB Inverter Operating without PV and Z-Source

voltage dynamics between different phases, aidinginthe
assessment of system balance and efficiency.

Figure 22 shows the analysis of Percentage Total
Harmonic Distortion (%THD) in the phase voltage
waveform of the three-level CHB inverter without PV and Z-
source. %THD analysis is vital for evaluating the quality of
the voltage output, highlighting any distortion or deviation
from the ideal sinusoidal waveform, and indicating the
level of harmonic content presentinthe system.

8.2 Case Study 2: Three Level CHB Output only PV Source
(Without Z-source)

Figure 23 shows the time-domain waveform illustrating
the phase voltage output of a three-level Cascaded H-
Bridge (CHB) inverter operating with photovoltaic (PV) as
the power source, excluding the utilization of a Z-source
network. The waveform provides insights into the voltage
variation over ftime, crucial for understanding the
performance of the inverter under PV input conditions.

Figure 24 shows the time-domain waveform depicting the
line-fo-line voltage output of a three-level CHB inverter
powered by photovoltaic energy, without the presence of
a Z-source network. This waveform offers a
comprehensive view of the voltage behavior between
two oufput phases of the inverter, aiding in the analysis of
its performance in the absence of Z-source assistance.

The waveform shown in Figure 25 represents the variation
of load current over time for a three-level CHB inverter
operating solely with photovoltaic power, without the use
of a Z-source network. This waveform facilitates the
examination of the current drawn by the load connected
to the inverter's output, contributing to the evaluation of its
performance without Z-source assistance.

Figure 26 shows an analysis of the Percentage Total
Harmonic Distortion (%THD) in the phase voltage
waveform for a three-level CHB inverter powered by
photovoltaic energy, excluding the presence of a Z-
source network. This analysis quantifies the level of
harmonic distortion present in the phase voltage
waveform, offering valuable insights into the inverter's
output quality and suitability for various applications.

8.3 Case Study 3: Three Level CHB Output for Battery with
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Figure 22. Percentage Total Harmonic Distortion (%THD) Analysis of Phase Voltage
for a Three-Level CHB Inverter Operating without PV and Z-Source

Figure 25. Load Current vs. Time Waveform for Three-Level

Figure 23. Phase Voltage vs. Time Waveform for Three-Level CHB Inverter with PV (Without Z-Source)

CHB Inverter with PV (Without Z-Source)
Z-source butwithout PV-source
Figure 27 shows the time-domain waveform illustrating
the phase voltage output of a three-level Cascaded H-
Bridge (CHB) inverter powered by a battery and Z-source,
without photovoltaic (PV) input. The waveform provides
insights into the voltage variation over time, crucial for

understanding the performance of the inverter in the
Figure 24. Line-to-Line Voltage vs. Time Waveform for Three-Level b £PV
CHB Inverter with PV (Without Z-Source) ansence ol Fv power.

Voltage (V)
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Figure 26. %THD Analysis of Phase Voltage for Three-Level CHB Inverter with PV (Without Z-Source)

Voltage (V)

0.1 14 18 0.1 0.15

Time {s) Time (s)

Figure 27. Phase Voltage vs. Time Waveform for Three-Level Figure 28. Line Voltage vs. Time Waveform for Three-Level
CHB Inverter with Battery and Z-Source (Without PV) CHB Inverter with Battery and Z-Source (Without PV)
Figure 28 shows the time-domain waveform illustrating
the line voltage output of a three-level CHB inverter
operating with a battery and Z-source, excluding PV input.
This waveform offers a comprehensive view of the voltage
behavior between two output phases of the inverter,

aiding in the analysis of its performance without PV 7 B Time (s}

assistance. Figure 29. Load Current vs. Time Waveform for Three-Level

The waveform depicted in Figure 29 shows the variation of CHB Inverter with Battery and Z-Source (Without PV)
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load current over time for a three-level CHB inverter
operating with a battery and Z-source, but without PV
input. This waveform facilitates the examination of the
current drawn by the load connected to the inverter's
output, contributing fo the evaluation of its performance
without PV assistance.

Figure 30 shows an analysis of the Percentage Total
Harmonic Distortion (%THD) in the phase voltage
waveform for a three-level CHB inverter powered by a
battery and Z-source, excluding PV input. This analysis
quantifies the level of harmonic distortion present in the
phase voltage waveform, offering valuable insights into
the inverter's output quality and suitability for various
applicationsin the albbsence of PV power.

8.4 Case Study 4: Three Level CHB Output for PV with z-
source butwithout Battery

Figure 31 shows the time-domain waveform illustrating

2
@
o
]

F
o

>

0.1
Time (s)

Figure 31. Phase Voltage vs. Time Waveform for Three-Level
CHB Inverter with PV and Z-Source

the phase voltage output of a three-level Cascaded H-
Bridge (CHB) inverter powered by photovoltaic (PV) energy
and incorporating a Z-source network. The waveform
provides insights into the voltage variation over time,
showcasing the synergistic effects of PV and Z-source
integration in enhancing the inverter's performance.

Figure 32 shows the time-domain waveform illustrating
the line-to-line voltage output of a three-level CHB inverter

Figure 30. Percentage THD Analysis of Phase Voltage for Three-Level CHB Inverter with Battery and Z-Source (Without PV)
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operating with PV power and a Z-source network. This
waveform offers a comprehensive view of the voltage
behavior between two output phases of the inverter,

Voltage (V)

highlighting the combined benefits of PV and Z-source

intfegration inimproving voltage stability.

The waveform showcased in Figure 33 shows the variation

of load current over time for a three-level CHB inverter

powered by PV energy and incorporating a Z-source
Figure 32. Line-to-Line Voltage vs. Time Waveform for

network. This waveform facilitates the examination of the Three-Level CHB Inverter with PV and Z-Source

current drawn by the load connected to the inverter's

output, demonstrating the advantages of PV and Z-

source integration inload management.

Current (A)

Figure 34 shows an analysis of the Percentage Total

Harmonic Distortion (%THD) in the phase voltage

waveform for a three-level CHB inverter powered by PV
energy and ufilizihg a Z-source network. This analysis

quantifies the level of harmonic distortion present in the Figure 33. Load Current vs. Time Waveform for Three-Level

phase voltage waveform, emphasizing the improved CHB Inverter with PV and Z-Source

damental 190Hz| = 192

Figure 34. Percentage THD Analysis of Phase Voltage for Three-Level CHB Inverter with PV and Z-Source
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output quality achieved through the combination of PV
and Z-source technologies.

Relation between PV with Z and Cascaded H-Bridge
(CHB): The integration of PV with Z-source technology in a
cascaded H-Bridge (CHB) inverter offers several
advantages. Z-source networks enhance the voltage
boosting capability and fault tolerance of PV systems,
while CHB inverters provide modularity and scalability.
Together, they improve voltage regulation, increase
system reliability, and enhance overall efficiency in PV-
based power generation systems.

9. Comparative Analysis of Three-Level Neutral Point
Clamped (NPC) Inverter and Cascaded H-Bridge (CHB)
Inverter

9.1 0nlyBattery Input

e Three-Level NPC Inverter. While capable of
converting DC from batteries to AC, NPC inverters
may face limitations in voltage levels due to the fixed
DC bus voltage, potentially affecting output quality.

e CascadedH-Bridge (CHB) Inverter: CHB inverters offer
superior flexibility in voltage control, allowing for
precise adjustments in voltage levels to match
specific battery requirements, making them more
suitable for battery-powered applications.

9.20nly PVinput

e Three-Level NPC Inverter: NPC inverters efficiently
convert variable DC output from PV panels to AC, but
their fixed voltage levels may limit optimization under
varying solar conditions.

o CascadedH-Bridge (CHBJ Inverter: CHB inverters, with
their modularity and ability to synthesize multilevel
output voltages, excel in harnessing varying PV
outputs, providing better efficiency and
performance over awider range of solar conditions.

9.3 PV with Z-Source

o Three-Level NPC Inverter: Incorporating a Z-source
network with NPC inverters may enhance voltage
boosting capabilities and fault tolerance, but the
complexity of infegration and confrol may pose
challenges.

e CascadedH-Bridge (CHBJ Inverter: CHB inverters, with
their inherent modularity and flexibility, seamlessly
infegrate with Z-source networks, offering enhanced
voltage regulation and reliability, making them more
suitable for PV systems with Z-source integration.

9.4 Battery with Z-Source

o Three-Level NPC Inverter: Integrating NPC inverters
with Z-source networks for battery applications may
face limitations due to the fixed voltage levels,
potentially hindering voltage boosting capabilities
and overall performance.

o Cascaded H-Bridge (CHBJ Inverfer: CHB inverters, with
their adaptable voltage control and inherent
modularity, synergize effectively with Z-source
networks for battery-powered applications, providing
enhanced voltage boosting capabilities, fault
tolerance, and overall system performance.

In all scenarios, Cascaded H-Bridge (CHB) inverters
demonstrate superior suitability due to their modularity,
flexibility in voltage control and seamless integration with
additional components like Z-source networks. Whether
for battery-only, PV-only or combined PV and battery
applications, CHB inverters offer enhanced performance,
efficiency and reliability compared to Three-Level NPC
inverters.

Tables 3 and 4 show that it is evident that CHB inverters
demand fewer semiconductor components compared
to NPC inverters, resulting in a reduced overall cost of the
inverter concerning components. Additionally, upon
scrutinizing the %THD between the two inverters (without
PV and Z-source), it becomes apparent that CHB inverters
exhibit lower total harmonic distortion than NPC inverters,
thereby indicating greater efficiency.

Analysis of Tables 3, 4, 5, 6 and 7 reveals that the PV with Z-
source configuration for Cascaded H-Bridge (CHB)
inverters yields the lowest %THD. Minimizing harmonics in
an inverter circuit offers several advantages, including
enhanced power quality, reduced electromagnetic
interference, improved efficiency, prolonged equipment
lifespan, compliance with standards, and enhanced
system stability. These benefits contribute to superior
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Inverter Number of Number of Number of Number of
Voltage Switching Clamping DC Bus
Sources Devices Diodes Capacitors
NPC Inverter 2 4 2 2
CHB Inverter 1 4 0 0

Table 3. Number of Components Required for Three Level Inverters

Inverter %THD (without Filter)

NPC Inverter 15.86
CHB Inverter 9.51

Table 4. %THD Comparison for Three Level
Inverters without PV and Z-Source

Inverter %THD (without Filter)

NPC Inverter 12.66
CHB Inverter 8.11

Table 5. %THD Comparison for Three Level
Inverters with Battery and Z-Source

Inverter %THD (without Filter)

NPC Inverter 9.87
CHB Inverter 6.21

Table 6. %THD Comparison for Three Level
Inverters with PV (without Z-Source)

Inverter %THD (without Filter)

NPC Inverter 9.08
CHB Inverter 5.13

Table 7. %THD Comparison for Three Level
Inverters with PV and Z-Source
performance, increased reliability, and cost savings
across various applications and industries.

Furthermore, coupling renewable sources like solar
energy with these advancements enables us to tackle
pressing environmental challenges, diminish carbon
footfprint, establish sustainable energy systems, foster
economic growth, and enhance the well-being of
individuals and communities. This endeavor proves
challenging with non-renewable energy sources such as
oil, naturalgas, and coal.

Conclusion

In this research, an extensive investigation and
comparison of different multilevel converter topologies
have been conducted to identify the most suitable

topology for photovoltaic (PV) applications. Both
quantitative and qualitative analyses were employed to
evaluate the performance of various topologies.

The study revealed that the Cascaded H-Bridge (CHB)
inverter, when combined with Z-source implementation in
PV applications, outperforms its Neutral Point Clamped
(NPC) counterpart. This conclusion was drawn based on
several factors, including the number of devices required
for implementation and the Total Harmonic Distortion
(THD) of the output waveform.

The research underscores the significance of reducing
THD in achieving improved power quality, reduced
Electromagnetic Interference (EMI), enhanced
efficiency, extended equipment lifespan, and enhanced
system stability. By selecting the optfimal multilevel
topology, such as CHB with Z-source, these benefits can
be effectively realizedin PV systems.

Through this research study a carbon-free grid system has
been implemented with uninterrupted power supply for
sensitive EV charging load. Simulation results also validate
the proposed scheme.

Future Scope of the Proposed Work

For future study various sensitive loads such as Smart
Home, Smart Grid etc. can be easily incorporated in the
proposed scheme. The energy storage system can also
be improved by advanced technology. The proposed
model has immense potential for future research and
development which has emerged from this research
study. Some of the future prospects is briefly discussed
below:

Hardware Implementation: The findings of this research
can be franslated into real-world applications through
hardware prototypes. Hardware implementation can
provide practical insights and validate the performance
of selected multilevel converter topologies in PV systems.

Advanced Confrol Strategies: Future research can focus
on integrating advanced control strategies with multilevel
inverters to further enhance their performance.
Techniques such as predictive confrol, advanced
modulation schemes, and grid-supportive control
algorithms can be explored to maximize energy
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extraction from PV panels while ensuring grid stability and
reliability.

Optimization Techniques. Optimization techniques can
be employed to fine-tune the parameters of multilevel
inverters for specific PV applications. Optimization
algorithms can help optimize the design parameters,
such as modulation indices, switching frequencies, and
capacitor values, to achieve the desired performance
objectives, such as maximum power extraction and
mMinimum THD.

Grid Integration and Energy Management: With the
increasing integration of renewable energy sources into
the grid, future research can focus on developing
advanced grid integration and energy management
strategies. This includes exploring techniques for seamless
integration of PV systems with the grid, energy storage
systems, and demand-side management schemes to
enhance overall system efficiency and reliability.

The proposed work lays the groundwork for further
advancements in the field of multilevel inverters for PV
applications, offering promising opportunities for
improving energy sustainability and grid stability in the
future.
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