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Abstract

This This thesis addresses the growing importance of renewable energy sources in
replacing conventional fuels like coal and gas, offering cleaner and more sustainable
power without harmful emissions. Among various renewable sources, solar
photovoltaic (PV) systems have gained significant popularity due to their wide-
ranging applications, from large solar farms to small household setups. This
widespread adoption is driven by advancements in semiconductor technology,

improvements in power electronics, and the decreasing cost of PV panels.

One of the key advantages of PV systems is their ability to support both DC and AC
outputs by power electronic converter, essential for the increasing use of DC-powered
devices alongside traditional AC loads. However, conventional solutions typically
require separate DC-DC and DC-AC converters, leading to bulkier, heavier systems
with reduced efficiency. To overcome these challenges, Multi-Output Hybrid
Converter (MOHC) has emerged, capable of delivering both outputs using a single
power electronic converter. These converters manage two key control parameters, i.e.,
duty ratio (d) and modulation index (m2) where d is responsible for DC gain and m; is
responsible for AC gain. Since, the same set of switches are responsible for the
simultaneous DC and AC operation, leading to an operational constraint (d + m; < 1)
and a trade-off between DC voltage gain and AC output quality. Moreover, this
constraint makes the MOHC difficult to operate at the standard voltage rating with low
input solar PV voltage.

A photovoltaic (PV) module consists of an electrically conductive surface placed
opposite a grounded support frame. Due to this configuration, when a voltage is
applied, the PV module behaves like a capacitor, storing electrical charge. This
inherent capacitance, known as parasitic capacitance (Cpv), arises from the cumulative
effect of the individual capacitances formed between different layers of the PV
structure. Since power converters or inverters operate at high switching frequencies.
This rapid switching induces a voltage variation across the parasitic capacitance,
mathematically expressed as d(Vcpv)/dt, which creates electrical stress. As the AC grid
or electrical loads connected to the inverter are also grounded for safety, this voltage

fluctuation can result in leakage currents flowing through the system.



One effective way to eliminate leakage currents is by introducing an isolation
transformer between the PV system and the grid or AC loads. While transformers
provide excellent isolation and mitigate leakage current issues, they also come with
drawbacks such as increased system size, cost, complexity, and energy losses. To
overcome these limitations, transformerless inverter designs have gained popularity,
offering higher efficiency and cost savings. However, these designs are more
susceptible to common-mode leakage currents, which must be carefully managed in

AC loads or with grid-connected applications.

Another challenge in PV systems is the non-uniform power generation characteristics
of PV panels. A typical PV panel has a single maximum power point (MPP) where it
operates at peak efficiency. However, under partial shading conditions, PV modules
exhibit a multi-peak power curve, meaning multiple local maxima exist, but only one
is the true global maximum. This makes it difficult to extract the highest possible
power, as conventional maximum power point tracking (MPPT) algorithms may get
stuck at a local maximum instead of reaching the true global peak. Additionally, in a
grid-connected PV system requires precise grid synchronization while simultaneously
maintaining a stable DC supply and tracking the MPP. This adds another layer of
complexity, as the system must continuously adjust its operation to ensure efficient

power conversion while adhering to grid regulations and minimizing power losses.

In traditional two-stage power electronic systems, energy conversion typically relies
on electrolytic capacitors for intermediate energy storage. While these capacitors are
widely used due to their high energy density and ability to handle voltage fluctuations,
they are also one of the most failure-prone components in a power converter. This is
primarily because electrolytic capacitors degrade over time due to factors such as high
operating temperatures, voltage stresses, and aging effects, ultimately reducing the
overall lifespan and reliability of the system. Additionally, the bulky DC-link capacitor
used in two-stage architectures further impacts system efficiency and longevity. These
capacitors not only increase the physical size of the converter but also introduce higher
losses, limiting the system’s power density and thermal performance. This trade-off
between capacitance value, reliability, and footprint is a major design challenge,

particularly in applications where compactness and long-term durability are critical.
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To address these issues, this thesis proposes an expandable L;Can.2 network, scalable
up to n stages, where each stage introduces additional cells composed of one inductor,
two capacitors, and one diode. The voltage gain for an n-stage configuration is given
by 1/(1-nd), enabling higher voltage gain at lower duty cycles with the addition of each
stage. This network-based DC-DC converter, controlled by a single switch, uses
minimal components while achieving superior voltage gain compared to other

expandable topologies.

Building on this concept, the single switch of the L,Can> network-based DC-DC
converter is replaced with an inverter, creating a MOHC capable of simultaneously
catering to DC and AC loads. Since the MOHC is enabled with the L,Can2 network
thus higher DC voltage gain at lower duty can be achieved which widens the operating
range for m; despite the constraint d + m; < 1. Moreover, the transformerless design of
the proposed MOHC minimizes leakage current and further reduces the number of
switches compared to existing topologies. Additionally, the MOHC is seamlessly
integrated with PV panels by enabling the MOHC with an Incremental conductance-
based MPPT algorithm to extract maximum power from the PV panel and synchronize
with the grid as a result while catering the DC load any surplus power left to achieve

Maximum power point of the PV is fed to the grid.

Moreover, this thesis introduces an impedance-based isolated resonant converter using
the LnCon2 network a two-stage system, replacing traditional DC-link electrolytic
capacitors with film capacitors for improved reliability, longevity, and ripple-free
voltage output. Additionally, a Particle Swarm Optimization (PSO)-based algorithm is
implemented to track the global maximum power point (GMPP) under partial shading
conditions, ensuring optimal power extraction and enhanced PV system efficiency.
This approach minimizes component failures, reduces maintenance costs, and
improves overall system performance. The proposed solution is well-suited for next-

generation high-efficiency PV and power electronics applications.

To validate the proposed design, an expandable L.Can> network-based DC-DC
converter was developed for n-stage configurations and tested for »=3 under
Continuous Conduction Mode (CCM), Discontinuous Conduction Mode (DCM), and
dynamic irradiance variations. Additionally, a 960 W experimental prototype of the

LnCau- network-based Multi-Output Hybrid Converter (MOHC) was built and tested
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for closed-loop operation, AC grid connectivity, and PV-to-grid integration.
Furthermore, a two-stage electrolytic capacitorless impedance-based isolated resonant
converter was implemented for »=3, demonstrating its effectiveness in tracking the
GMPP under multi-peak PV characteristics caused by partial shading. This was
achieved using a PSO algorithm. The system was experimentally validated using Texas
Instruments’ F28335 DSP microcontroller, a Chroma PV emulator, and a grid

emulator, ensuring practical feasibility and real-world applicability.

Through theoretical analysis and experimental validation, this research demonstrates
the proposed hybrid converter topologies' effectiveness in addressing existing systems'
limitations and offering efficient, compact, and reliable solutions for solar PV

applications.



Acknowledgement

Embarking on this Ph.D. journey has been a truly transformative experience, one that
would not have been possible without the unwavering support, guidance, and
encouragement of many individuals. First and foremost, [ am deeply grateful to Lord
Shiva for calling me to the ancient and spiritual city of Varanasi and blessing me with

wisdom, health, and strength throughout this challenging yet fulfilling endeavor.

I extend my sincere gratitude to my supervisor, Prof. R. K. Singh, for his invaluable
mentorship. [ am equally thankful to Prof. R. Mahanty and Dr. V. N. Lal from the
Department of Electrical Engineering for their constant support, motivation, and
insightful suggestions, especially during critical phases of my research. Their
expertise, patience, and encouragement have played a pivotal role in shaping my
understanding of Power Electronics. The freedom they provided me to explore new
ideas and their faith in my abilities enabled me to overcome numerous challenges
along the way. I truly appreciate their willingness to address my doubts despite their
demanding schedules, and I consider myself incredibly fortunate to have had the

opportunity to learn from their vast knowledge and experience.

I am also thankful to the members of my research progress evaluation committee—
Prof. D. Singh from the Department of Electrical Engineering and Prof. S. K. Singh
from the Department of Computer Science and Engineering—for their insightful
comments, constructive feedback, and thought-provoking questions during my
research presentations. Their input has been instrumental in refining the quality of my

work and publications.

My heartfelt thanks go to the technical, non-technical, and administrative staff of the
Department of Electrical Engineering, whose support and assistance made my research

journey smoother and more productive.

I am deeply appreciative of my seniors—Vinod Bhaiya, Abhinandan Bhaiya, Shree
Prakash Bhaiya, Pawan Bhaiya, Manas Bhaiya, Simanta Bhaiya, Soumya Bhaiya, and
Priyatosh Bhaiya—for their valuable advice and encouragement during my early
research days. I am equally grateful to my Ph.D. batchmates Prakash and Virendra for

the countless technical and non-technical discussions that enriched my learning

Xi



experience. Special thanks to my M.Tech and IDD juniors—Utkarsh, Divyansh, Aditi,
Prakhar, Ankit, and Harsh—for their enthusiastic support during the final stages of my
Ph.D. work.

I would also like to acknowledge my lab colleagues and juniors—Aman, Dilip, Arya,
Warda, Manish, Sudeep ji, Sagar, Aditya, and Ankit—for fostering a collaborative and
positive work environment and for their well-wishes and helping hands. | am grateful
to my M. Tech professors, classmates, seniors, and juniors from NIT Bhopal for their
constant motivation and appreciation of my research efforts. A special thanks to all my
friends at IIT (BHU), Varanasi, for the stimulating technical discussions and

camaraderie we shared.

My PhD journey would have been impossible without the unwavering support,
encouragement, and companionship of my dear friends — Kamal, Shubham Rajput,
Shubham Kumar, Amit, Raju, Pankaj, and Sunil. Their constant presence, thoughtful
advice, and heartfelt motivation kept me grounded through the highs and lows of this
challenging endeavor. Whether it was through late-night discussions, shared moments
of joy, or simply their reassuring words during difficult times, each of them played a
crucial role in helping me stay focused and inspired. I am deeply grateful for their
friendship and the invaluable support they provided throughout this transformative

journey.

Finally, I extend my deepest gratitude to my family—my late grandfather, Shri
Shankar Lal Keshari, my grandmother, Smt. Sushila Devi, my parents, Shri
Rameshwar Prasad Keshari and Smt. Kiran Keshari, my uncle, Shri Kanhaiya Lal, my
aunt, Smt. Pramila Keshari, and my sisters, Deeksha, Smriti, Muskan, Anushka, and
Tanisha. A special thanks to my sister Muskan for caring for our family with incredible
responsibility and to my brother-in-law, Sandeep, for his guidance during tough times.
My love and thanks also go to my niece, Shivi, whose innocent smiles bring endless
joy. Their love, sacrifices, and support have been my greatest strength, and [ am forever
grateful. Their unwavering love, encouragement, and countless sacrifices have been
my greatest source of strength. Their belief in my dreams and their constant support

have made this achievement possible, and for that, I am eternally grateful.

Xii



Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

1.14

1.15

1.16

2.1

List Of Figures

Caption

Recent trends in electricity generation from various RES in India.
Layout of modern residential PV rooftop system

Conventional and hybrid converter

Types of MOHC

Conventional Z- Source network

Conventional Quasi-Z Source Network

Boost-derived hybrid converter

Wide Operating Range Minimum Phase Interleaved Hybrid Converter
Capacitances formed between different layers of PV modules
Layout for transformerless grid-connected system

Full bridge topology with DC and AC Decoupling

Conventional HS topology.

Highly Efficient and Reliable Inverter Concept

Solar PV Characteristics

Solar PV characteristics under varying irradiance

Two stage system.

Proposed L,C2n-2 expandable network-based converter.

Xiii

Page
No.

10

11

12

12

13

14

15

16

26



2.2

2.3

24

25

2.6

2.7

2.8

29

2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

3.1

3.2

3.3

3.4

3.5

Proposed L3C4 expandable network-based converter for #n=3

Operating Modes of Proposed L3C4 expandable DC-DC converter

Operating mode waveform for CCM

Converters DCM Operation

Operating waveform under DCM

Voltage gain of expandable DC-DC converter for different »
Critical boundary condition between CCM and DCM
Inductor with its parasitic value

Voltage and Efficiency curve

Solar PV characteristics

Comparative analysis

Photograph of the hardware setup.

Experimental result of L3Cs modular converter in CCM
Experimental result of L4Cs modular converter in CCM
Experimental result of L3C4 modular converter in DCM
Variation of Req with MPPT tracking

Proposed LyCan2 Network-based multi-output Hybrid converter
Proposed L>Cr-network-based multi-output Hybrid converter
Shoot through operating modes

Power state operating modes

Zero state operating modes

Xiv

27

28

29

30

31

33

33

34

35

36

38

39

41

42

43

44

48

49

50

51

52



3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

4.1

4.2

4.3

4.4

4.5

4.6

51

5.2

5.3

5.4

5.5

Switching of MOHC

Frequency response of LC filter

L>C> network analysis

Operating characteristics of proposed MOHC
Photograph of experimental setup

Switching waveform

Multi-Output characteristics of proposed MOHC

L>C; Characteristics

Voltage and current stress across diodes

Equivalent model for common-mode voltage and current

Efficiency variation of the proposed converter at different loading

conditions
Loss Distribution
AC Characteristics and leakage current profile in OFF-Grid conditions

AC Characteristics, and Leakage current of L>C>-HC in ON-Grid

operation

Total harmonic distortion

Quadrature signal generation and af§ — dq transformation

The stationary and rotating vector relationship representations
Basic structure of phase locked loop (PLL)

Closed loop control logic

Control logic for Grid-connected operations

XV

53

56

58

59

60

61

62

63

64

68

73

75

77

77

78

82

83

84

87

88



5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

6.1

6.2

6.3

6.4

6.5

6.6

6.7

Incremental conductance flowchart for proposed MOHC
Control strategy of proposed MOHC

Control operation of proposed MOHC for PV to Grid operation
Dynamic performance of converter

Grid Connected operation of L,C>-HC

Complete experimental setup for PV to Grid tied MOHC
MPPT Characteristics

MPPT Dynamics

Dynamic Load change

Proposed expandable input impedance sourced isolated resonant

converter
Waveforms of the EIISIRC in steady-state condition

Equivalent circuit diagram of the proposed EIISIRC in Interval-I to

Interval-V.

Variation of (a) Converter gain (A) and (b) Angle alpha presenting ZVS
range with phase shift angle (Radian) for different values of the quality

factor
Photograph of experimental Setup
Steady-state results of EIISIRC

The generated PV curves by the solar PV emulator, along with the
corresponding experimental results, illustrate the input voltage, input

current, and output voltage with the gate signal Vs

XVi

90

91

92

94

95

97

98

98

99

104

105

106

110

115

116

117



6.8

6.9

6.10

6.11

The generated PV curves by the solar PV emulator, along with the
corresponding experimental results, illustrate the input voltage, input

current, and output voltage with the gate signal Vgs:
Experimental results showing dynamic irradiance

Film capacitor voltages during startup transients, load dynamics, and

steady-state conditions

Efficiency Curve and Loss distribution curve at 500 W for the proposed

converter.

xvii

118

119

121

122



Xviii



List of Tables

Table Caption Fage
No.
1.1 Survey of micro-inverter products in the market 14
2.1 Performance comparison of LnC2n-2 network based DC-DC Converter 37
2.2 Design specification of LyC2n2 network based DC-DC Converter 40
3.1 Hardware specification of MOHC 61
4.1 Complete switching states of the proposed converter 69
4.2 Analysis of total common mode voltage 70
4.3 Comparative analysis of proposed topology with existing MOHC’s 71
6.1 Comparative analysis of isolated resonant converter 114
6.2 Design parameters of EIISIRC and PSO 115

XiX



XX



List of Acronyms

AC Alternating current
ADC  Analog to digital controller
ANN  Artificial Neural Networks
BDHC  Boost-derived hybrid converter
CCM  Continuous conduction mode
CSC Current source converter
DC Direct current
DCM  Discontinuous conduction mode
EC Electrolytic capacitors
EIIS Expandable impedance input-sourced

Expandable input impedance-sourced isolated resonant
EIISIRC
converter

EMI Electromagnetic interference
ESR Equivalent Series Resistance
FBI Full-Bridge Inverter
FC Film capacitors
GWO  Grey Wolf Optimization
HERIC Highly Efficient and Reliable Inverter Concept

HFT High-frequency transformer

XX1



IEC

IEEE

IGBT

INC

LF

MOHC

MPC

MPP

MPPT

P&O

PI

PLL

PSO

PV

PWM

qZSC

RCMD

RF

RMS

SDG

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Insulated Gate Bipolar Transistors
Incremental conductance

Low frequency

Multi-output hubrid converter

Model predictive control

Maximum power point

Maximum Power Point Tracking

Perturb and observe

Proportional Integral

Phase-locked loops

Particle Swarm Optimization

Photovoltaic

Pulse width modulation

quasi-Z Source Converter

Residual Current Monitoring Device
Renewable energy sources

Ripple factor

Root mean square

Sustainable development Goals

XXii



SPWM

THD

TI

VCO

VSC

VSI

ZSC

ZVS

Sinusoidal pulse-width modulation
Total Harmonic Distortion

Texas Instruments

Voltage controlled oscillator
Voltage source converter

Voltage source inverters

Z source converter

Zero-voltage switching

xxiii



XXiv



Cpv
€0

&r

1 pv

Vo, and V..

Js
Pss
Ppr
Pp,r

GReal

Symbols Used

Duty ratio

Modulation index

Parasitic capacitance

Permittivity of free space

Relative permittivity of the material
separation distance between conductive surfaces
switching cycle

Input PV voltage

Input PV current

Output DC voltage

Critical inductance

Switching frequency

Switching loss of St

Conduction loss of the diode

Loss resulting from the diode's forward voltage drop

Voltage gain of the proposed circuit
Effeciency
DC load resistance

Equivalent PV resistance at MPP

XXV



Vac Output AC voltage
fo Fundamental frequency
Lgrid Grid inductance
Vam and Vem  Differential voltage and common voltage
Viem Total common mode voltage
wand O Angular frequencies
6 and ¢ Phase Constant
a-p Alpha-Bita
dq Direct and quadrature

VB, Z,and  Base voltage, base impedance, and base angular

B frequency
& Normalized switching frequency
n Turns ratio

XXVi



