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POWER ELECTRONIC CONVERTERS FOR INTERFACING TO DC 

MICROGRID                                                                                                     

ABSTRACT 

With rapid depletion of fossil fuel reserves and widespread environmental concerns, the 

global adoption of renewable energy sources is being highly encouraged. Solar energy is 

one of the most prominent renewable energy sources and offers numerous advantages. 

However, the adoption of photovoltaic (PV) systems in different applications is primarily 

limited due to high intermittency. Furthermore, conventional string PV system is highly 

susceptible to partial shading conditions while also witnessing poor reliability, poor 

robustness, and single point failure. Conversely, module level PV system (MLPS) offers 

highly flexible architecture with superior power utilization, reliability and robustness under 

different operating conditions while also achieving smooth system operation during the 

outage of a section due to bypassing provided by the diode. MLPS also utilizes distributed 

power generation controllers for evacuating maximum power from each panel. However, 

the integration of individual low voltage PV panel with high voltage DC microgrid is a 

major challenge in MLPS and requires high gain module level interfacing converter (MLIC) 

and multi-input module interfacing converter (MMIC). The lack of topological viability of 

conventional boost converter for MLIC due to its inability to operate at high gain with high 

efficiency prompted extensive research on the family of high gain DC/DC converters. 

This thesis focusses on investigating different novel high gain DC/DC converter topologies 

for MLIC and MMIC to integrate MLPS with DC microgrid. Comprehensive literature 

review of different DC/DC converter topologies and their comparative study is presented 

to affirm the viability of proposed converter topologies for MLIC and MMIC. The thesis 
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presents modeling, steady state analysis, design methodology and loss distribution of 

proposed current-fed high gain isolated interfacing converter (CF-HGIIC) topology for 

MLIC and investigates its simulated performance on MATLAB Simulink environment and 

further through experimental investigation on the developed hardware prototype. Moreover, 

modified CF-HGIIC (MCF-HGIIC) topology for MLIC offering notable topological 

improvements over CF-HGIIC is proposed in the thesis and its modeling and steady-state 

analysis has been carried out. The simulated and experimental performance of MCF-HGIIC 

has also been investigated. The thesis also presents the novel multi-input CF-HGIIC (MI-

CF-HGIIC) topology for MMIC and discusses its modeling, steady-state analysis, and 

simulated performance. 

The system integration of MLPS with DC microgrid for different system architectures of 

MLPS utilizing proposed converter topologies has been discussed in the thesis while also 

exploring several applications of MLPS. The concept and challenges of dynamic shading 

and the failure of conventional MPPT controller to track such fast dynamics has been 

discussed. Different power generation control algorithms offering features like flexible 

power generation capability and fast dynamical response during dynamic shading 

conditions are also discussed to enhance the overall system performance under various 

operating conditions. The performance of different system architectures under diverse 

operating conditions such as source perturbations are evaluated using MATLAB Simulink 

environment to validate the efficacy of system and its salient features viz, modularity, 

robustness, plug-and-play operation etc. Moreover, the experimental performance of 

system under various source perturbations and the effectiveness of proposed converter in 

integrating MLPS with DC microgrid are also investigated in the thesis.  
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t=0.03 and removal of shade at t=0.05s (a) Profile of PV panels with 
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voltage VPV1 and VPV2 (V) (b) Output current IO (A) and output 

voltage VO (V) of MMIC 
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CHAPTER 1 
INTRODUCTION 

1.1.  Background 

The industrial revolution is commonly recognized as a pivotal point in human history, 

serving as the cornerstone for the remarkable expansion of technological progress. Since 

the advent of the second Industrial Revolution, electricity has played a central role in 

facilitating industrialization and has made a profound impact on technological and 

economic advancement. The adoption of electricity has led to a substantial increase in 

industrial productivity, thanks to enhanced machinery and more efficient processes. This, 

in turn, has spurred rapid urbanization and infrastructure development, necessitating 

significant improvements in transportation for quicker commutes and reduced travel times. 

Over the past century, the energy sector has rapidly emerged as a crucial indicator of a 

country's development, with fossil fuels serving as the primary source. In the current 

landscape, thermal power plants, heavily reliant on coal reserves (a fossil fuel) play the 

most substantial role in electricity generation when compared amongst all sources. 

Similarly, in the transportation sector, vehicles fueled by oil (another fossil fuel) dominate 

the landscape. The continuous increase in energy demands within the industrial, urban, and 

transportation sectors has led to widespread fossil fuel consumption, resulting in a 

significant depletion of their reserves. Consequently, this depletion has had a profound 

impact on the overall progress and economies of nations. 

According to the United Nations-Climate Action reports, fossil fuels such as coal, oil, and 

gas are the largest contributors to global warming, accounting for over 75% of total 
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greenhouse gas (GHG) emissions and nearly 90% of global carbon dioxide (CO2) emissions 

[1]. The escalating emissions of greenhouse gases have raised concerns among international 

environmental agencies due to their role in causing abrupt changes in the global climate, 

exacerbating issues like global warming and the greenhouse effect. These factors have led 

to alterations in weather patterns, an increase in global average temperatures, rising sea 

levels, severe environmental consequences, exacerbation of existing human health 

concerns, and significant economic repercussions. According to the International Energy 

Agency (IEA), India ranks as the third-largest global emitter of CO2, despite having 

relatively low per capita CO2 emissions. Figure 1.1 depicts a pie chart illustrating the CO2 

emissions in various energy sectors in India for the year 2019 [2]-[3]. In this chart, the 

power sector in India, primarily reliant on coal-based power plants, stands out as the major 

contributor to CO2 emissions, followed by the industrial and transportation sectors. These 

limitations and the severe consequences associated with fossil fuels have acted as a driving 

                              

Fig.1.1. CO2 emissions in different sectors in India 
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force for significant reforms in the energy sector and the adoption of cleaner, more 

sustainable energy solutions. 

1.2. Renewable Energy Sources 

Over the last decade, there has been a paradigm shift towards more environmentally 

friendly and sustainable energy solutions. The future energy infrastructure demands a 

system that is both eco-friendly and sustainable, capable of achieving carbon neutrality, 

possessing ample reserves, ensuring energy security, and mitigating the negative impacts 

associated with fossil fuels [3]. Renewable energy sources (RES) have emerged as a 

prominent and viable solution, attracting extensive research to assess their feasibility, 

potential, and technological means of implementation. The advantages, challenges, and 

different types of RES are discussed in the following sub-sections [4]-[7]. 

1.2.1. Advantages of Renewable Energy Sources 

• Environmental Sustainability and minimal carbon footprints- The primary 

advantage of renewable energy sources is their minimal impact on the 

environment as they don’t generate greenhouse gas emissions, unlike fossil fuels. 

Additionally, their adoption will aid in combating climate change and global 

warming. 

• Inexhaustible Energy Reserves- Renewable energy sources offer vast 

inexhaustible reserves of energy.  

• Energy Security- Fossil fuels demonstrate limited energy security due to their high 

sensitivity to the supply chain demand and global energy market price. In contrast, 

RES offers notably robust and superior energy security, enabling power 
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generation utilizing local energy reserves and reducing vulnerability to disruption 

in the supply chain and global price fluctuations. 

• Economic Enabler - RES is becoming a major driver for the economic growth of 

the nations. The cheaper cost of renewable energy, with lower operational 

expenses, when compared to fossil-fuel based thermal power plants translates to 

substantial long-term cost savings for the consumers. This positive impact of RES 

extends beyond the operational and manufacturing sectors, encompassing the 

domains of installation and research as well. The governments are actively 

encouraging extensive investments in RES and fostering different innovative 

start-ups. Several countries are offering energy subsidies to incentivize their 

population to adopt renewable energy sources. Furthermore, they are boosting 

their economy with revenue generation by selling the excess energy generated 

from the RES to other power deficit countries. This approach reduces the 

overreliance on the import of fossil fuels, thereby contributing to greater energy 

sovereignty.  

• Opportunity for development of Innovative Technologies - The focus on 

renewable energy sources offers vast prospects for efficient tapping of renewable 

energy and improvements in the existing technologies. This motivates significant 

research on innovation and technological advancements. Innovative technologies 

have the potential to improve the operational performance, efficiency, cost-

effectiveness, and reliability of RES.  

• Community Benefits- The adoption of RES ensures its installation in remote areas 

where electrification is not viable. Moreover, it can expand energy access to 
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nearby local communities, improving their quality of life. Furthermore, it 

provides opportunities for the locals to generate revenue by leasing their property 

for the installation of RES and accommodating the workforce. 

• Future-Proofing- The vast energy reserves of RES ensure future-proofing of 

energy needs and provide long-term energy sustainability. 

1.2.2. Challenges of Renewable Energy Sources 

• Intermittency- Some renewable energy sources such as Solar and Wind are highly 

intermittent. The variability in their power generation is attributed to the 

fluctuation in the operating environmental conditions. The intermittency also 

affects the sizing and operational performance of RES. 

• Integration with Existing Power Grid - The integration of RES with the existing 

power grid is a critical challenge with a high risk of power fluctuations, significant 

failures, and power blackouts. The existing grid requires major upgrades for 

seamless integration with RES. 

• Additional Storage System – The incorporation of the energy storage system is 

imperative for mitigating the intermittency of RES. However, the storage system 

is significantly bulky, has higher installation costs, and requires frequent 

maintenance, leading to increased expenses for the upkeep of the overall system.  

• Higher Penetration of RES in the existing power grid - The higher penetration of 

RES in the existing power grid can pose challenges due to issues like reverse 

power flow and overvoltage in the grid, which may result in grid instability and 

overloading. 
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• Regional variance of resources - There exists a disparity in the accessibility and 

availability of RES, influenced by geographical location. The wind energy 

systems are well-suited for coastal regions but are not feasible for urban areas due 

to constraints like limited available land and less favorable wind conditions. 

• Higher initial cost - The installation and deployment of RES is a cost-intensive 

and high upfront investment, posing a challenge for a seamless transition to RES. 

• Resource / Capital Intensive (Requirement of Land) - The installation of RES such 

as wind farms are resource-intensive project and necessitates extensive land use, 

which could otherwise be allotted for other developmental activities.   

• Supply Chain Vulnerabilities - The supply chain for renewable energy 

technologies such as rare earth metals can be highly price sensitive and prone to 

disruptions.   

• Dependence on Regulation and Policies of Government - The RES sector is highly 

influenced by government policies, incentives, and regulation which can create 

uncertainties amongst investors and companies and impact the development of 

the projects.   

1.2.3. Types of Renewable Energy Sources 

• Solar Energy - Solar energy stands out as one of the most promising and readily 

available RES. The solar energy is harnessed by photovoltaic panels and 

converted into electricity. The lower capital investment, smaller form factor, and 

ease of installation and maintenance make the photovoltaic (PV) system a viable 

solution for residential and commercial applications. Additionally, large solar 

plants are installed both on land and water. However, solar energy faces major 
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drawbacks, including its intermittent power generation and lower conversion 

efficiency of PV panels.    

• Wind energy – Wind energy taps the kinetic energy of moving air and converts it 

into electricity using a wind turbine. These turbines are equipped with blades that 

convert the wind energy into rotational motion, subsequently powering generators 

to produce electricity. Wind energy systems face challenges such as intermittency 

and significant high capital intensive. The onshore wind farms, typically located 

on land, are most prevalently used owing to their higher reliability and efficiency. 

In contrast, offshore wind power is installed on water bodies with access to 

stronger winds but incurs significantly higher installation and maintenance costs. 

• Hydropower – Hydropower harnesses the kinetic energy of running water and 

generates electricity. The hydroelectric dam stores water in the reservoirs and the 

released water through the turbines generates electricity with consistent power 

generation. However, hydropower is highly capital intensive and has large 

installation and maintenance expenses and the construction of hydropower dam 

displaces the communities. 

• Tidal / Wave Energy - The tidal power captures the energy during the crest and 

trough of the tides. Moreover, wave energy technology harnesses the energy of 

ocean waves, transforming the mechanical energy into electricity. Wave energy 

is effective in regions with strong ocean wave currents. Both tidal and wave 

energy systems come with steep upfront costs for installation and maintenance, 

demanding significant capital investment and the use of advanced and expensive 

technology. 
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• Geothermal Energy - Geothermal energy utilizes the internal heat of the earth 

(earth’s crust) for electricity generation, heating, and cooling applications. The 

geothermal power plants make use of steam extracted from geothermal reservoirs 

to drive the turbines and generate electricity. 

• Biomass Energy – Biomass energy converts organic materials like wood, crop 

residues, and waste products to electricity. The biomass power plants operate by 

burning organic materials to produce steam which powers the turbine to generate 

electricity. Biomass power plants are highly versatile and accept a wide range of 

organic materials. 

Fig.1.2 displays the cumulative installed capacity of RES in India from 2012-2023, as 

reported by MNRE and CEA [8]-[9]. Over this period, there has been a remarkable growth 

in renewable energy capacity, with a compound annual growth rate (CAGR) of 16.13%. 

Notably, solar has witnessed unprecedented growth among all RES, boasting of 

dramatically higher CAGR of 44.47%. Moreover, the share of solar in overall renewable 

                      
Fig.1.2. Cumulative installed capacities of different RES in India 
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installed capacity has surged considerably, rising from 6.01% in 2012-2013 to a notable 

53.33% in 2022-2023. This underscores the exceptional growth of solar energy in India and 

its dominant position in the renewable energy sector. These statistics also suggest a major 

uptrend in the Indian solar market, driven by favorable government policies and 

advancements in technology, thus enabling a smoother transition to solar energy.  

1.3. Photovoltaic System 

India is endowed with massive potential for solar energy as many regions receive more 

than 300 sunny days. Moreover, solar is a major resource surplus in India with about 5000 

trillion kWh per year of energy incident over the area and most regions receiving 4-7kWh 

per square meter per day [10]. The impact of solar in the Indian renewable energy sector 

has become increasingly evident in recent years, and the rapid rise in the installed solar 

capacity over a decade is attributed to the key advantages of solar outlined below [11]-[12]:    

1.3.1. Advantages of Solar Energy and Photovoltaic Systems 

• Sustainable and Clean Source of Energy- Solar is a sustainable energy source with 

minimal carbon footprints and does not emit greenhouse gases. It primarily 

reduces the reliance on fossil fuels and helps in addressing the problems posed by 

climate change. 

• Smaller form factor – The compact size of photovoltaic (PV) panels makes it 

possible to achieve a smaller form factor of PV systems and facilitate their 

installations in urban areas, particularly on the rooftops where the space is limited.  

• Low installation and operating cost- The installation process and its associated 

expenses in PV system is comparatively cheaper than capital-intensive RES like 
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wind-based system. After the installation, the recurring operating and 

maintenance expenses are also relatively lower, owing to reduced maintenance 

requirements when compared to other RESs.   

• Scalable Architecture – The PV system achieves highly flexible and scalable 

architecture well suited for a diverse array of applications based on the power 

demand ranging from small residential setups to large utility-scale solar farms. 

• Longevity- The typical warranty on PV panels is 25 years or longer, which 

improves the longevity of the entire PV system and further reduces the need for 

frequent panel replacement and the associated expenses.  

• Proximity to the Load Centers - The PV system offers the major advantage of 

facilitating local power generation near the load center and subsequently reducing 

transmission losses and costs. Furthermore, multiple clusters of PV system 

functions as distributed energy resources (DERs) and seamlessly integrates with 

the grid while catering to the demands of local loads. 

• Remote Power Generation – The PV system can be deployed in remote and off-

grid areas devoid of conventional power infrastructure for electrification of these 

regions. 

• Energy Access - Solar energy offers the quickest restoration of electricity for 

critical services like hospitals in case of natural calamities and emergencies such 

as floods.  
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1.3.2. Challenges of Solar Energy and Photovoltaic Systems 

Despite the numerous merits of solar energy, it faces different challenges that impede 

its widespread adoption for different applications and integration with existing grid 

infrastructure [13]-[14]. 

• Intermittency- The power generation from PV panels is highly intermittent and 

dependent on the environmental conditions, weather patterns, and time of the day. 

Moreover, ensuring stable and continuous power throughput to the grid is a 

challenging task, particularly with the power fluctuations impacting the operation 

and stability of the grid.  

• Higher PV penetration in the existing grid - With the major thrust on solar, there 

is a manifold increase in the installation of PV systems. The increasing penetration 

of PV systems in the existing grid can cause severe problems like overvoltage and 

reverse power flow in the grid which can lead to grid overloading.  

• Low conversion efficiency of PV panels - Presently, the commercially available 

PV panels have dramatically poor conversion efficiency, and hampers their power 

generation capability despite the abundance of solar influx.   

• Integration of Energy Storage System – The energy storage system is necessary 

to mitigate the intermittency of the PV system and ensure a stable power supply 

to the grid. The current state of the battery storage system has several drawbacks 

viz, limited life cycles, low energy density, high installation and recurring 

maintenance cost, and requirement of larger space. 

• Material availability for PV panels – There is a surge in the market of PV systems 

with an exponential increase in the demand for PV panels. However, procurement 
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of specific materials required for the PV panels is a challenge due to their limited 

availability, thereby causing frequent disruptions and delays in the manufacturing.  

1.3.3. Opportunities of Solar Energy in India  

As solar energy is becoming increasingly prominent, massive opportunities are being 

created in countries like India, which are discussed below [15].  

• The solar energy market has the potential to create significant employment 

opportunities, spanning from the manufacturing of PV panels and their 

components to the installation, maintenance, operation, and research.  

• Rural electrification is a massive opportunity for the Indian solar market due to 

the critical role of solar energy in electricity generation in the rural and remote 

areas of India. Furthermore, it helps in bridging the energy gap and enriching the 

quality of life of millions of people. 

• India is attracting substantial domestic and foreign investment prospects in the 

renewable energy sector, markedly in the solar sector. These investments are 

broadly in the areas of manufacturing, research and development, and product 

development. 

• The thrust on solar energy is motivating major interest in the research and 

development of innovative and advanced technologies for the economical and 

enhanced operational performance of PV systems. 

• India has the potential to become a major exporter in the solar market for 

equipment and technology, thereby boosting its economy. 

• The limited available space in urban areas can be a deterrent to the installation of 

different RES. Nonetheless, the PV system with rooftop installation capability 
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presents a major opportunity for deployment in urban environments, both 

residential and commercial sectors. 

• For effective solar energy utilization, the net metering will provide incentives to 

the consumer to earn revenue by selling excess generated power back to the grid 

and thereby reducing the recurrent electricity bill.    

• The utilization of solar energy for diverse sectors such as transportation, 

residential, commercial, industrial, and agriculture can significantly alleviate their 

dependence on fossil fuel-based power plants. 

1.3.4. Key Applications of Solar Energy  

• Utility-scale Solar Power Plants and Solar Farms 

• Rural and Off-Grid Electrification 

• EV charging infrastructure 

• Telecom sector: Solar-powered telecom towers and rooftop PV systems in Data 

Centers 

• Transportation 

• Rooftop and Building Integrated Systems 

• Solar Pumps and streetlights  

1.3.5. Major Environmental Factors Contributing to the Intermittency of 

PV panels 

The environmental conditions are primarily responsible for the intermittency of PV 

panels and introduce source-side perturbations in the PV system. The major environmental 

factors are discussed below [16]-[18].  
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• Insolation Variations - The insolation profile is highly variable due to the gradual 

shifts in the solar influx throughout the day. The power generation of PV panels 

is highly correlated with the insolation profile. The variations in insolation affects 

the generated current from the PV panel, thereby making it highly intermittent.  

• Shading Conditions - The shading on the PV panels is a major challenge for the 

PV system causing variations in the generated PV power and severely affecting 

the voltage during shading conditions leading to significant power and voltage 

fluctuations. These fluctuations impact the operation of the PV system and in 

extreme cases, render them inoperable. The shading conditions are broadly 

classified into partial shading of PV panels and sub-panel shading. During the 

partial shading conditions, non-uniform insolation is incident on the PV panels 

with different panels receiving different insolations at the same time. Meanwhile, 

sub-panel shading occurs due to localized shading on a section of the PV panel.  

Furthermore, the dynamic shading of panels, such as PV panels installed on the 

roof of locomotives introduces a novel challenge of moving shade on the PV 

panels and exhibits dynamically fast shading variations. Dynamic shading is a 

more severe problem in comparison to stationary shading condition.   

• Dust and Soiling - The accumulation of dust and soiling of PV panels reduces the 

glass transmittance of panels and decreases the amount of insolation reaching the 

PV cells, thereby reducing the PV power generation. 

• Temperature - The variation in the temperature affects the power generation of 

PV panels. The hotter regions experience substantially lower power generation in 
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comparison to the cooler regions. Moreover, the dynamics of temperature 

variation are significantly slower in comparison to shading.  

1.3.6. Components of PV System 

The Photovoltaic (PV) system is critical for harnessing solar energy and transforming 

it into electricity. The major components of PV system are [19]: 

• Photovoltaic Panels - Photovoltaic (PV) panels are the fundamental component of 

the PV system and responsible for converting solar energy into electricity. The 

PV panels are constructed by connecting PV cells in series, which upon exposure 

to the solar influx generates current. Moreover, the PV panel is installed with the 

bypass diodes in parallel with 12-15 cells, typically to prevent the formation of 

hot spots on the cells. The PV panels are further categorized into Monocrystalline 

Silicon, Polycrystalline Silicon, Thin-film, and Bifacial. Monocrystalline PV 

panels achieve superior efficiency compared to polycrystalline panels with 

enhanced longevity, better space efficiency, and performance at higher 

temperatures and low lights but are notably expensive. The PV panels exhibit non-

linear power-voltage (P-V) and current-voltage (I-V) curve profiles and even 

slight disturbances in the operating conditions displace the operating point. This 

limitation of PV panels requires robust power generation control for sustained 

operation at the maximum power point (MPP) irrespective of the operating 

conditions and PV side disturbances such as insolation changes, shading 

conditions, and temperature variations.  

• Power Generation Control - The evacuation of maximum power from the non-

linear profile of PV panels requires power generation control viz, maximum 
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power point tracking (MPPT) algorithms. The MPPT algorithm ensures the 

operation of the PV panel at maximum power point (MPP) during variations in 

the environmental conditions such as insolation, temperature changes, and the 

shading conditions. Furthermore, a new concept of flexible power generation in 

the PV system is recently being explored where the PV power generation 

transitions between maximum power generation and constant power generation 

depending on the operating conditions. The flexible power generation is deployed 

to counter the high PV penetration in the existing system and support the battery 

storage system in mitigating intermittency. The control-based techniques such as 

flexible point tracking (FPPT) algorithms are employed to achieve flexible power 

generation in the PV system.  

• Interfacing Converter - Different applications of the PV system require the 

integration of low-voltage PV panels with high-voltage loads / DC bus. The 

considerable difference in the operating voltages of PV and load / DC bus 

necessitates the use of interfacing converters to enable seamless integration of PV 

panels. Moreover, such converters also help optimize the evacuation of maximum 

power from the PV panel under different operating conditions.  

1.3.7. Classification of PV System 

The PV systems are broadly classified into various configurations [20]-[22]: 

• String PV system – Traditionally, the string PV system has widely been adopted 

in several applications owing to their simpler configuration, lower cost, and need 

for fewer electronic components. The string configuration of the PV system 

consists of multiple PV strings where each PV string consists of the series 
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connected PV panels. The higher terminal voltage of the PV string eases the 

demand for voltage conversion gain from the interfacing converter, enabling its 

interfacing with the load / DC bus. Additionally, a centralized MPPT controller is 

employed to harness the maximum generated power from the PV string.  

However, the limitations of string PV system becomes evident during shading 

conditions where shading of PV panel(s) causes severe power fluctuations and 

can destabilize the entire system under extreme cases. The lack of independent 

power control over the individual PV panel impacts the system performance with 

the conventional MPPT algorithms getting stuck at one of the local power maxima 

and exhibiting sub-optimal performance. Furthermore, the complex and 

computation-intensive global maximum power point (GMPPT) algorithms are 

utilized for evacuating the maximum power from the entire PV string during 

shading. The performance of the string PV system is further exacerbated during 

dynamic shading conditions where fast shading variations significantly impair the 

tracking performance of the GMPPT controller.  Another major drawback of 

string PV system is its single point failure where the system outage due to the 

malfunctioning of even a single PV panel or breakdown of an interfacing 

converter will render the entire string inoperable and lead to significant loss of 

electricity production. This also highlights the poor reliability and poor robustness 

of string PV systems with expensive and recurring maintenance, complex 

repairability, lack of modularity, and operational flexibility.        

• Module Level PV System – The recent advances in power electronic technologies 

have opened fresh opportunities for the PV system and significantly heightened 

the interest in new PV configurations that can alleviate the constraints of 
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traditional string PV systems. The researchers and industry experts are actively 

investigating the concept of module-level PV systems (MLPS), conducting in-

depth studies to assess their operational viability weighing on the decreasing cost 

of power electronics and associated electronics. The module-level PV system 

incorporates multiple units of PV panels where each PV panel has its own 

distributed MPPT controller and is discretely integrated with the load / DC bus. 

Furthermore, MLPS demonstrates superior power utilization owing to its greater 

degree of control of power generation over each panel, thereby allowing the 

evacuation of maximum available power from each panel. MLPS also exhibits 

excellent reliability and robustness with the smooth operation of the entire system 

during the outage of a section, malfunctioning of a PV panel(s), or maintenance 

process carried out in any part of the plant thereof. This also highlights the simple 

and low-cost maintenance of MLPS with easy repairability, higher modularity, 

and operational flexibility. The MLPS offers a highly scalable architecture with 

plug-and-play operation and can dynamically and seamlessly increase the power 

capacity.  

• Sub-Module Level PV System – The recent advances in power electronics have 

spurred the exploration of the concept of sub-module PV systems. In a sub-

module level PV system, the bypass diodes connected in parallel with a few PV 

cells are replaced by the DC/DC converters, thereby facilitating optimal power 

evacuation from each sub-module of PV panel. This approach dramatically 

enhances the performance of the PV system but substantially increases the 

implementation cost and has limited viability in a commonly used PV 
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applications. This configuration is well suited for critical applications where high 

performance is crucial. 

The salient features of module-level PV systems highlight their advantages over string 

PV systems and can be a sustainable solution for several applications. 

1.4. DC Microgrid 

The traditional centralized energy grids are facing increasing challenges, including 

limited ability to adapt to the increasing integration of renewable energy sources and their 

outdated energy infrastructure. The emergence of microgrids offers a promising solution 

due to its decentralized structure, which provides greater resiliency and sustainability. A 

microgrid is a small-scale autonomous energy system which can operate both in grid-

connected and islanded mode. It incorporates distributed energy resources (DERs) viz, 

solar, wind, and energy storage systems. The microgrid is well suited for the integration of 

renewable energy sources due to its decentralized approach, where it enables local power 

generation and its consumption. Furthermore, it can effectively manage the intermittency 

and higher penetration of RES by seamlessly integrating the energy storage system. It also 

enhances grid resiliency, facilitates electrification of rural and remote areas, supply power 

to the local communities, and ensure uninterrupted operation of the critical systems during 

grid outages and blackouts.  

Conventionally, AC microgrids have been in existence for years and their technology 

has reached a level of maturity with standardized equipment and universally accepted 

electrical standards. However, the increasing pervasiveness of DC sources and loads in the 

system has garnered significant interest in DC microgrids, which are relatively new 
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infrastructure. The DC microgrids are becoming an attractive solution due to their following 

advantages [23]. 

1.4.1. Advantages of DC Microgrids 

• The DERs such as solar and battery storage system are typically DC power 

sources. Their integration with the DC microgrid eliminates the need for 

additional inversion or conversion stage. Moreover, as the majority of electronic 

loads are also DC, their integration with the DC microgrid removes the 

requirement of the rectifier stage (AC/DC). Consequently, the adoption of a DC 

microgrid reduces the number of conversion stages and significantly improves the 

overall efficiency of the system. 

• The DC microgrid does not have any issues involving reactive power, power 

quality problems and other which dramatically impacts the AC microgrids. 

Moreover, there are no such problems of voltage sag and swell, harmonics, and 

imbalances. 

• There is no requirement for synchronization with the utility grid and frequency 

regulation. 

• The DC currents eliminate the problem of skin effect in the distribution cable, 

thereby reducing losses. 

• DC microgrid has higher reliability and resiliency. 

1.4.2.  Challenges in DC Microgrid 

The DC microgrids have multiple benefits but also have different challenges [24]. 

• The DC microgrids are significantly costlier as compared to the AC microgrids. 
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• Lack of readiness amongst manufacturers and consumers to transition from 

conventional AC infrastructure. Moreover, retrofitting the existing AC 

infrastructure to enable its compatibility with DC microgrid infrastructure is a 

daunting task and expensive.    

• Lack of standardisation  

• The system protection in DC microgrid is underdeveloped and is expensive. 

1.4.3. Architecture and Application DC Microgrid 

The DC microgrids have different types of architectures such as single bus topology 

(radial topology), ring topology, and mesh topology [25]-[27]. Single bus topology is the 

simplest and requires a single DC bus where all power generation sources such as RES, 

battery storage system, and loads are connected through a single pair of lines. This topology 

requires minimal upkeep with a modest initial capital investment. Moreover, the DC 

microgrids are further classified into unipolar and bipolar configurations. The unipolar 

configuration is simple and requires only two wires (+VDC and GND) to which all 

generation sources, energy storage systems, and loads can be connected.  

The 380V DC microgrid is an industry standard and is widely accepted for residential 

and commercial applications [28]. The power generated from the RES integrated with the 

380V DC microgrid drives the popular community loads such as EV charging centers, data 

centers, etc., besides its use as an intermediatory DC bus for AC loads such as motor drives 

and UPS.  

A few key applications where DC microgrid is suitable are electric vehicle charging 

infrastructure, rural and remote electrification, renewable energy parks, transportation such 
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as ship, train, and aerospace, data centers, residential and commercial applications, and 

infrastructure sector [29]-[30]. 

1.4.4. Integration of Module Level PV System with DC Microgrid 

Relatively newer technologies like the DC microgrid and module-level PV system are 

currently undergoing extensive research and investigation [31]. There is a growing interest 

in integrating the MLPS as the front-end section of the DC microgrid as both systems are 

decentralized. Additionally, MLPS has a modular and scalable architecture with operational 

flexibility, thereby enhancing the power generation capability of DC microgrid. 

Furthermore, it allows for better power utilization of power generated from the PV panels 

and contributes to increased robustness and reliability.  

However, the efficacy in the interconnection of sources and loads in DC microgrid and 

their power utilization is primarily limited by the power conversion interfacing system. It 

is pertinent to note that the integration of MLPS with the DC microgrid is extremely critical 

to ensure the proper operation and performance of the system. The integration is a major 

challenge because the individual low-voltage PV panels within the MLPS configuration 

must be interfaced with the high-voltage DC microgrid. Consequently, there is a heightened 

need for interfacing converters (module-level interfacing converters and multi-input 

module interfacing converters), with the capability to achieve higher voltage gain while 

maintaining high efficiency. These converters must exhibit their ability to integrate each 

PV panel safely and seamlessly with the DC microgrid. Also, achieving the optimal power 

generation during the integration is another challenge and requires the development of 

power generation control algorithms which can deliver superior performance during 

different operating conditions. For the typical master-slave configuration of the DC 
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microgrid, the module-level interfacing converters (MLIC) and multi-input module 

interfacing converters (MMIC) are required to operate as slaves. 

1.5. Power Electronics 

Power electronics is a rapidly developing interdisciplinary field that is playing a pivotal 

role in different applications of Electrical Engineering. In the present scenario, it has 

become indispensable and finds widespread utility in diverse applications like motor drives, 

RES, microgrids, electric vehicles, switched-mode power supplies, and many more. The 

evolution of power electronics is also correlated with advancements in other domains such 

as magnetics, semiconductor technologies, and control [32]. The extensive improvements 

in the fabrication technology and materials have remarkably enhanced the performance of 

semiconductor devices while also making them more cost-effective, thereby improving the 

affordability and performance of power electronics. Currently, power electronics is 

transitioning towards high-frequency operation to reduce the overall size of systems [33]. 

However, major bottlenecks are the performance of magnetics, increased switching losses, 

and thermal designs. The prevailing trend in power electronics is focused on the high power 

density of converters, efficient power conversion, superior reliability, and utilization of 

wide-bandgap devices viz, Gallium Nitride and Silicon Carbide devices, which are notably 

superior to the Silicon devices [34]. 

1.5.1. Power Electronics for the Interfacing Converters 

DC/DC converter is a class of power electronic converter which is widely popular and 

used in different applications. The interfacing converter utilizes different topologies of 

DC/DC converters for integrating various sources and loads in the DC microgrid and 
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facilitates efficient power conversion. For the integration of string PV system with the DC 

microgrid, conventional DC/DC converter topology like boost converter is widely utilized 

as the interfacing converter. The conventional boost converter has a simple structure with 

moderate voltage gain capability, which is sufficient for a string PV system [35]. However, 

the conventional boost converter fails to operate at high voltage gain which becomes 

essential during the integration of MLPS with DC microgrid, and experiences dramatic 

degradation of its efficiency with severe recovery losses in diodes at higher operating duty 

cycles. 

The power electronics play a vital role in ensuring the seamless integration of MLPS 

with the DC microgrid. Extensive research has been conducted on the family of high-gain 

DC/DC converter topologies to cater to the demand for high voltage gain [36]-[38]. The 

high-gain DC/DC converters exhibit large voltage gain capability while ensuring highly 

efficient power conversion. These converters should have smaller input current ripple, low 

EMI issues and circulating currents, higher power density, and fast dynamics. It is pertinent 

to note that the current-fed topologies of high-gain DC/DC converters are well suited for 

MLPS applications due to their natural boosting capability which allows higher voltage 

gain, smaller input current ripple, and inherent short circuit protection [39]-[40]. 

Consequently, the single-input current-fed high gain converter topologies are ideal for 

module-level interfacing converters (MLIC) while their multi-input topologies are tailor-

made for multi-input module interfacing converters (MMIC). Both MLIC and MMIC 

facilitate the smooth integration of MLPS with the DC microgrid. 
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1.6. Scope of Work 

Considering the rising popularity of solar energy and the increased focus on its 

incorporation into the existing power system, it is necessary to extensively investigate the 

integration of module-level PV systems with the DC microgrid. The scope of research work 

is presented below: 

• Investigate the string PV system and module level PV system (MLPS) to evaluate 

the merits of the MLPS and its feasibility for different applications. Moreover, the 

suitability of MLPS as the front-end section of DC microgrid for different 

applications needs to be comprehensively studied. 

• Study on high gain current-fed DC/DC converters with single input topologies for 

module-level interfacing converter and multi-input topologies for multi-input 

module interfacing converter. 

• Mathematical modeling and operating modes of high gain current-fed DC/DC 

converters. 

• Steady-state analysis and designing of the converters. 

• Investigate the simulated performance of the converters and further validate their 

performance experimentally. 

• Study different power generation control algorithms and evaluate their 

performance for various operating conditions. 

• Study the system integration of MLPS with the DC microgrid and further 

investigate the performance of the entire system under different operating 

conditions on MATLAB simulated environment and experimental hardware 

setup. 
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1.7. Organization of Thesis 

The thesis is organized into different chapters to meet the research objectives.  The 

outline and overview of each chapter are as follows: 

• Chapter 2: The chapter presents a comprehensive literature review about the 

photovoltaic (PV) system and its challenges, and different methodologies adopted 

for the interfacing between the PV system and DC microgrid. The overview of 

string PV and module-level PV system and their comparative study are also 

discussed in this chapter. The chapter further presents an exhaustive survey of 

different topologies of power electronic DC/DC converters for module-level 

interfacing converter (MLIC) and multi-input module interfacing converter 

(MMIC). Moreover, various power generation control algorithms viz, maximum 

power point tracking (MPPT), global maximum power point tracking (GMPPT), 

and flexible power point tracking (FPPT) and their performance under different 

operating conditions are also discussed. The research gaps are then elucidated, 

followed by formulating the research objectives. 

• Chapter 3: The chapter investigates the topology of a front-end current-fed high 

gain isolated interfacing converter. The modeling, steady-state analysis, design 

methodology, and loss distribution of the converter are presented in this chapter. 

Different state-of-the-art power electronic converter topologies are comparatively 

studied for analyzing the suitability of the proposed converter for the module-

level interfacing converter. The simulated performance of the converter is 

analyzed using MATLAB simulation environment and further validated 

experimentally by developing the hardware prototype. 
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• Chapter 4: In this chapter, improvements, and modifications in the current-fed 

high-gain converter topology introduced in chapter 3 are investigated. The salient 

feature of the modified converter is discussed in the chapter. The modeling and 

steady-state analysis of the modified converter topology are presented. The 

chapter highlights and quantifies the improvements in the performance of the 

modified converter. The MATLAB Simulink environment is used for evaluating 

the simulated performance of the modified converter topology while experimental 

performance is also investigated using the hardware prototype. 

• Chapter 5: This chapter studies the multi-input topological configuration of the 

current-fed high gain converter described in Chapter 3 and investigates its 

candidacy for a multi-input module interfacing converter (MMIC). The operating 

topological modes of the proposed converter and its steady-state analysis are 

presented in the chapter. The chapter evaluates the performance of the converter 

using a MATLAB simulation environment. 

• Chapter 6: The chapter studies the system integration of a module-level PV 

system (MLPS) with the DC microgrid and analyses its performance under 

various operating conditions. The system architectures of MLPS utilizing 

different proposed topologies of interfacing converters from the previous chapters 

for integration with the DC microgrid are investigated. Several applications of 

MLPS are explored in the chapter. The concept and challenges of dynamic 

shading are discussed, and various power generation control algorithms are 

studied to enhance the system's performance. The performance of different system 

architectures is evaluated using MATLAB simulation environment under various 
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source perturbations and other operating conditions. The efficacy of the system 

and its salient features like modularity, robustness, plug-and-play operation, etc, 

are evaluated from the simulated results. Furthermore, the experimental 

performance of the system under diverse source perturbations is analyzed in the 

chapter. The effectiveness of the proposed interfacing converter for integrating 

MLPS with the DC microgrid is also investigated from the results. 

• Chapter 7: In this chapter, thesis research work and its contribution, challenges, 

opportunities, and the future direction of work are summarized. 
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CHAPTER 2 
LITERATURE SURVEY 

2.1.  General 

The rapid degeneration of fossil fuel reserves and increasing CO2 emission has 

motivated the transition to a cleaner energy solution. Photovoltaic (PV) generation has 

gained widespread popularity due to its sustainability, abundant energy reserves, low capital 

investment, ease of installation and maintenance, and proximity to the load centers. 

However, the wider adaptation of PV systems is creating pressure on the existing grid 

infrastructure, thereby encouraging the deployment of microgrids to effectively meet the 

energy demands of the local loads. The PV generation is highly intermittent due to its 

source-side disturbances and requires power generation control to ensure optimal power 

generation. Additionally, the integration of PV system with microgrid is a critical challenge 

and require suitable interfacing converters. In this chapter, the discussion on performance 

issues in PV systems, a review of different power generation control algorithms, a study on 

different PV systems, a brief on the DC microgrid architecture, and an insight view on 

different state-of-the-art DC/DC converter topologies for the interfacing converter is 

presented to formulate and pinpoint the research objectives. 

2.2. Performance Issues in the PV System 

The performance of PV panels is dependent on the prevailing operating conditions, with 

variations in the power generation experienced due to the changes in the conditions. It is 

reported that the PV panel is degraded when its power capacity drops below 80% of its 

rated power and major factors influencing the panel deterioration are temperature, humidity, 
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insolation, and mechanical shock [41]. The intermittency is a major limitation of the PV 

system and is responsible for the fluctuations in the power, significantly impacting the 

overall system performance [42]. The source side disturbances along with the 

environmental conditions particularly play a prime role in introducing intermittency in the 

generation of power by the PV system [43]. 

Throughout the day, fluctuations in solar radiation due to the shift in the position of the 

sun are observed, resulting in a significantly variable insolation profile [44]. The insolation 

profile is greatly dependent on several factors like weather patterns, seasonal changes, 

duration of the day, azimuth angle, and geographical locations [45]. The PV panel harnesses 

the solar radiation primarily originating from the direct sunlight along with the contribution 

from the diffused sunlight, which is caused by the scattering of light from sky, ground, or 

objects. The power generation from the PV panel is contingent on the amount of solar 

radiation received by the panel, with higher insolation increasing its power generation 

output [46]. Furthermore, the PV panel current has a direct correlation with the insolation 

conditions as lower insolation results in a smaller PV current.  

Shading is another major contributor to intermittency in PV panels and significantly 

impacts their performance [47]-[49]. During the shading condition, some cells of the PV 

panel get shaded and cannot produce current while the non-shaded cells continue to 

generate current. This forces the shaded cells to dissipate power and operate as load and 

create hot spots, thereby severely degrading the performance and health of PV panel [50]. 

The hot spots on the PV panels are mitigated by installing the bypass diodes in parallel with 

the section of the PV panel and completely bypassing the shaded cells [51]. This prevents 

the degradation of the PV panel and enhances its life but at the cost of reduced power 
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generation and voltage output from the PV panel, inducing severe voltage and power 

fluctuations in the PV system. The shading is further categorized into two types: partial 

shading and sub-panel shading. During partial shading conditions, the insolation profile is 

non-uniform and various PV panels experience different insolation [52]-[54]. This is a 

common occurrence during cloudy conditions where few PV panels are partially shaded 

while others continue to receive more insolation. In the string PV system with series 

connected PV panels experiencing partial shading, the occurrence of multiple local power 

peaks is observed leading to sub-optimal power generation. The sub-panel shading 

condition is characterized by localized shading on a section of PV panel [55]. Dynamic sub-

panel shading is another type of shading introduced due to the installation of PV panels on 

moving locomotives, posing a unique challenge with the panels experiencing fast shading 

variations [56]-[57]. 

The performance of PV panels is also impacted by the accumulation of dust and soiling 

of panels as the conversion efficiency of the panels degrades [58]. The accumulation of a 

thick layer of dust on the surface of the PV panel blocks the solar insolation from reaching 

the PV cells, further reducing the amount of solar radiation captured by the panel. Several 

factors viz, wind velocity, rainfall, dust particles, humidity, and regional topography affect 

dust accumulation [59]. Furthermore, the problem of dust accumulation is more severe in 

desert areas where the density of dust is higher and rainfall precipitation is lower. The power 

generation of a PV panel is severely affected without regular cleaning with a reported 50% 

drop in the power generation [60]. The accumulation of dust for 45 days experiences a 

reduction in the glass transmittance by 20% [61]. Furthermore, the soiling is caused by dust 

accumulation in humid environments [62]. The capillary bridges are formed between dust 
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particles and the surface of PV panels due to the vapor condensation, which generates large 

meniscus force and aids dust buildup. Soiling is also one of the factors responsible for the 

shading of panels. Moreover, the geographical locations also influence the loss of power 

generation in the PV panels.  

The temperature is another vital factor impacting the power generation of PV panels 

[63]-[64]. The temperature increase degrades the conversion efficiency and power output 

of PV panels due to the strong relationship between the bandgap energy of PV cells and 

temperature, with greater temperature typically reducing the band-gap energy. Moreover, a 

slight increase in the PV panel current is observed leading to a drop in its open circuit 

voltage and further decreasing the fill factor of the PV cell [65]-[66]. According to the 

studies, the operating temperature of the silicon cell affects its conversion efficiency with a 

drop in cell efficiency by 3.13% for the operating cell temperature of 56°C at an insolation 

of 1000W/m2 and even further by 69% at 64°C [67]-[68]. 

The mismatch in the operating characteristics of PV panels during manufacturing 

creates hotspots in the panels and impacts the overall PV system performance [69]. The PV 

system is also sensitive to leakage currents which can accelerate the corrosion process in 

the supporting metallic structures as well as other metallic infrastructure near the PV 

installation [70]. These consequences are far more adverse in the floating PV applications 

and severely affect the operating performance of the entire system [71]. Frequent outages 

due to recurring faults in the PV panel and the interfacing converter significantly impact 

the electricity generation and drastically increase the maintenance expenses.  
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2.3. Review of Algorithms for Power Generation Control 

The power generation control is necessary for facilitating maximum power / constant 

power generation from the PV panels during the source side disturbances and different 

operating conditions. The insolation variations and shading conditions primarily contribute 

to the source side disturbances and need to be monitored due to their substantially faster 

dynamics in comparison to the temperature variations. Different types of power generation 

control and their performance under different operating conditions are reviewed in the 

following sub-sections. 

2.3.1. Maximum Power Point Tracking Algorithms 

      The maximum power point tracking algorithms facilitate the evacuation of maximum 

power from the PV panels under different operating conditions viz, insolation variations 

and shading conditions. The fractional open circuit voltage and fractional short-circuit 

current algorithms are primitive MPPT techniques offering simple and cost-effective 

approach but suffers from poor tracking performance with their inability to sustain the 

maximum power point (MPP) operation [72]-[73]. The perturb & observe (P&O) / hill 

climbing algorithm is one of the widely popular MPPT techniques due to its simple and 

computationally inexpensive implementation on low-cost controllers [74]-[75]. However, 

there is a trade-off between the tracking speed and accuracy of the algorithm due to its 

dependence on the perturbation step size, with larger step size enables faster convergence 

of the algorithm but increases the steady-state power oscillations and power loss. The 

variable step-size P&O algorithm improvises the classical P&O algorithm by utilizing the 

adaptive step size [76]. The LCASF MPPT algorithm employs the adaptive step size of 4% 

to improve the tracking accuracy to 91% from 88% observed for the conventional P&O 
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[77]. The incremental conductance (InC) MPPT algorithm is also extensively adopted 

technique due to its simple and computationally inexpensive implementation on low-cost 

controllers [78]-[79]. Additionally, it demonstrates more robust operation with improved 

tracking speed and accuracy in comparison to the P&O algorithm.  

      The shading on PV panels in the string PV configuration observes multiple power peaks 

in the P-V curve and highlights the inability of the conventional MPPT algorithms to detect 

and track the global maximum power point (GMPP) while getting stuck on the local 

maximum power point (LMPP), thereby experiencing power loss [80]. To improve the 

performance of PV systems during shading, the global maximum power point tracking 

(GMPPT) algorithms have been widely investigated [81]-[82]. The earlier GMPPT 

techniques focussed on the scanning of the entire P-V curve regularly to detect the global 

peak and subsequently upon detection, facilitate the operation at GMPP with the evacuation 

of the global maximum power using conventional MPPT techniques [83]-[84]. However, 

these algorithms experience unreasonably higher utilization of the resources from the 

controller during normal operation due to continuous scanning. Also, the slower scanning 

of these algorithms fails to detect GMPPT during fast shading variations and dynamic 

shading, causing higher power loss. Intelligent MPPT algorithms are also actively being 

researched because of their robust implementation and improved performance during 

different operating conditions. The neuro-fuzzy algorithm incorporates a hybridized 

technique for improving the tracking performance, but the major bottleneck for its 

implementation is higher computation complexity and a greater degree of dependency on 

fuzzy logic control efficiency on the optimal selection of the membership function [85]. 

The hybrid ANFIS technique improves the tracking speed and accuracy while increasing 
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the complexity, thereby inhibiting its implementation on low-cost controllers [86]. The 

artificial neural network-based MPPT algorithms do not need comprehensive system 

information and mathematical modeling and are capable of handling complex problems 

using different parameters and learning processes [87]. Yet, the realization of ANN-based 

MPPT techniques is expensive and requires sophisticated controllers. Sliding mode 

controller-based MPPT algorithm on the other hand has two operating modes, i.e., 

approaching mode and sliding mode, and achieves independence to the type and the size of 

PV configuration [88]. Moreover, the technique is robust and achieves faster tracking of 

MPP with lower power ripple but with significant control complexity and implementation 

cost. During the fast-shading variations and dynamic shading conditions, the performance 

of intelligent MPPT algorithms are impacted considerably. The metaheuristic approach to 

MPPT algorithms using soft computing techniques for optimally searching the GMPP is 

comprehensively being investigated. Several metaheuristic MPPT algorithms are reported 

in the literature utilizing techniques like the artificial bee colony, particle swarm 

optimization, differential algorithm, cuckoo search, gray wolf optimization, and Jaya 

algorithm [89]-[94]. Fundamentally, these algorithms require the complete scanning of the 

P-V curve before converging to the GMPP. Conversely, metaheuristic methods with a 

notably slower response due to the random search process limit their suitability for dynamic 

shading conditions [95]. Hybrid MPPT techniques combining the metaheuristic and 

conventional algorithms improve the tracking performance of MPPT with faster tracking 

speed [96]-[97]. Nevertheless, they are still comparatively slower than the conventional 

MPPT algorithms, thereby reducing their operational performance under dynamic shading 

conditions and further discouraging their use for the distributed MPPT controllers. 

Recently, there has been a strong focus on fast GMPPT techniques to address the issue of 
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fast shading changes in string PV systems [98]-[101]. These algorithms swiftly detect the 

GMPP during rapid changes in the shading but are computationally expensive and require 

memory and computation-intensive controllers. Furthermore, these techniques are only 

suitable for string PV systems employing individual MPPT controllers for each PV string 

and where the accurate detection of GMPP is critical to maximum power generation during 

partial shading conditions.  

2.3.2. Flexible Power Point Tracking Algorithms 

      The adverse impacts of higher PV penetration in the existing grid system viz, grid 

overloading are compelling the researchers to adopt the constant power generation (CPG) 

from the PV panels [102]. The utilization of an energy storage system (ESS) is a capital and 

space-intensive solution which increases the complexity of the entire system [103]-[104]. 

Moreover, limited life cycles of batteries with poor energy density, sensitivity to the 

temperature, and higher safety constraints necessitate frequent maintenance, thereby 

impacting their operational performance. The control-based constant power generation 

techniques are gaining popularity due to no requirement of additional storage systems, 

further minimizing the frequent upkeep of the system and overall expenses. The research 

on CPG and FPPT techniques is relatively in the nascent stages and is comprehensively 

being investigated [105]-[106]. The advanced FPPT algorithms can detect the available 

MPP and calculate the available power reserve [107]-[109]. Moreover, they are typically 

suitable for large capacity of grid-connected centralized PV plants where the accuracy of 

power generation control and constant power generation is critical. However, for 

comparatively smaller capacity PV systems, the conventional FPPT algorithms offer cost-

effective and simpler implementation with no need for MPP detection. The fundamental 
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operating principle of flexible power generation is discussed in the literature where the 

algorithm seamlessly tracks the power setpoints by accurately predicting the voltage 

references corresponding to the power setpoints and estimating the available maximum 

power point (MPP) [110]-[111]. This enables the operation of the PV panel below its MPP 

and ensures constant power generation. The FPPT algorithm achieves CPG operation in the 

PV system by utilizing different parametric controls like closed loop power control, PV 

current control, and conventional MPPT techniques-based control [112]-[113]. The 

research on flexible power point tracking (FPPT) algorithm employs the PI controller and 

P&O method for tracking the PV voltage, thus curtailing the power generation in the PV 

system [114]. The comparative study of different FPPT algorithms reported in the literature 

underlines the efficacy of P&O-based FPPT techniques in achieving superior robustness 

with lower computational complexity [115]. The major challenge for the P&O-based FPPT 

methods is the trade-off between mitigating the steady state power oscillations and fast 

tracking speed and requires the appropriate selection of the step size. The research on the 

adaptive FPPT algorithm highlights its superior robustness and improved transient 

performance [116]. However, the algorithm is prone to overshoots with large power 

oscillations around the set point and needs further parametric tuning. The FPPT algorithm 

discussed in the research articles offers a cost-effective and intuitive solution where the 

algorithm selects the operating mode i.e., MPPT mode or CPG mode based on the 

conditions [117]. The binary search-based FPPT algorithm proposed in the literature 

utilizes non-linear search [118]. Furthermore, as compared to linear search-based 

algorithms like P&O, it performs logarithmic search on the sorted data and achieves 

minimal steady-state oscillations, thereby reducing power loss. The major downside is the 

notable increase in memory requirement for the controller, necessitating a more advanced 
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and costly controller. Also, it requires parametric tuning and a separate algorithm for 

determining and setting the search boundary. The secant method-based FPPT algorithm 

achieves a faster settling time in comparison to the P&O-based FPPT algorithms and tracks 

the set power reference accurately with minimal power oscillations [119]. The algorithm 

further does not need any parametric tuning. However, it requires the calculation of initial 

parameters and boundary conditions for search. The Newton method-based FPPT algorithm 

demonstrates faster convergence than the secant-based FPPT algorithm with minimal 

power oscillation and further eliminates the requirement of initial parametrization and needs 

a single search parameter instead of the entire search boundary [120]. Nevertheless, there 

is a need for parametric tuning with a major challenge in the calculation of the slope. 

Recently, there also has been an increased research focus on the global FPPT algorithms 

under partial shading conditions for string PV systems [121]-[123]. The impact of the FPPT 

algorithm in minimizing the requirement of an energy storage system for a standalone DC 

microgrid is deeply studied in the literature [124]-[125]. Additionally, the paper highlights 

the ability of the FPPT algorithm to prolong the life of the battery storage system by 

seamlessly supporting it in mitigating the intermittency of the PV system. The FPPT 

algorithms have been developed primarily for centralized and string PV systems but the 

contribution for decentralized architectures like module-level PV systems has been very 

limited and requires extensive study. The significantly smaller power capacity of MLPS 

with independent distributed controllers necessitates the power generation control such as 

MPPT and FPPT algorithms to be cost-effective and computationally less expensive with 

low memory requirements. 
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2.4. Configurations of PV System 

The PV system is an integral part of the modern power system with continuous research 

on newer technologies being conducted to improve its performance. The major research on 

PV systems is focused on improving the PV panel efficiency, configurations of PV systems, 

interfacing converters, and power generation control. As the improvements in conversion 

efficiency of PV panel is highly dependent on materials, the current research trend is 

optimizing the generated PV power under different operating conditions, thereby 

necessitating the investigation of different configurations of the PV system. The PV system 

is broadly classified into three configurations, viz, string PV system (SPS), module level 

PV system (MLPS), and sub-module level PV system (SMLPS) [126]-[128].  

The string PV system incorporates multiple PV strings where each PV string consists 

of a series connected PV panels [129]. The higher terminal voltage of the PV string 

alleviates the voltage gain requirement from the string interfacing converters while 

integrating with the microgrids, but substantially increases the converter power rating due 

to aggregation of power from all panels. The string interfacing converters are sub-

categorized into full power converters and partial power converters. The full power 

converters process the entire generated power from the PV string and employ conventional 

boost-derived and buck-boost-derived power electronic converters [130]-[131]. Partial 

power converters are an emerging technology offering improvements in power conversion 

efficiency while integrating PV string with the microgrid and further reducing the converter 

size, losses, and ratings considerably in comparison to full power converters [132]-[133]. 

These converters utilize a fraction of power to stabilize the source voltage. However, the 

operational performance of partial power converters is poor during the shading conditions.  
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The module-level PV system incorporates multiple PV panels where each low voltage 

PV panel is directly interfaced with the DC microgrid using a module-level interfacing 

converter (MLIC) / multi-input module interfacing converter (MMIC) and utilizes 

distributed power MPPT controller [134]-[135]. Furthermore, module-level interfacing 

converters require boost-derived high-gain converters for facilitating seamless PV 

integration with the microgrid [136].  

The sub-module level PV system enhances the tolerance to the shading conditions by 

directly interfacing each submodule of the panel with the microgrid and avoiding using the 

bypass diode, thereby demonstrating superior power utilization from the panel under 

different operating conditions [137]. However, this approach has a major limitation of 

significantly increasing the component count, complexity, and overall cost of the entire 

system. 

Traditionally, the SPS and MLPS have been widely adopted in AC microgrids using 

string inverters and microinverters respectively. Since both these PV systems are natively 

DC in nature, they can be seamlessly integrated with the DC microgrid. The fundamental 

concept of string inverters and microinverters can be easily extended to the string converters 

and MLIC / MMIC. The comparative study of both SPS and MLPS is reported in the 

literature and further highlights the merits of MLPS [138]-[141]. The MLPS achieves better 

power utilization per panel due to its greater control over the power generation owing to the 

independent distributed MPPT controller, thereby enabling optimized power generation 

from each panel [140]-[141]. It compensates for up to 2.5% mismatches in the PV panels 

and presents newer and decoupled orientations of panels, allowing architectural flexibility 

[142]. Moreover, MLPS also demonstrates higher tolerance to the shading conditions [143]-
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[144]. SPS exhibits poor tolerance to the shading conditions as it can only control the power 

generation from the entire string and not from each PV panel [145]. Furthermore, during 

shading conditions, the string experiences multiple power peaks which increases the power 

loss in the SPS. The distributed MPPT controller in MLPS utilizes conventional MPPT 

algorithms with lower computation and simpler implementation for tracking the MPP while 

SPS requires global MPPT algorithms with increased complexity and higher computational 

requirements to track the GMPP [146]-[148]. It is reported in the literature that under fast-

changing shading conditions, parallel connected PV systems should be utilized instead of 

the string PV system, highlighting the suitability and efficacy of MLPS to seamlessly 

operate under fast shading conditions [149]. In case of a fault in the PV panel or converter, 

the MLPS can bypass them and ensure continuous operation, though at reduced capacity, 

thus demonstrating the redundancy of PV panels / interfacing converters and increased fault 

tolerance [150]. This is not viable in the SPS where the fault in a single PV panel or 

converter will render the entire string inoperable and create a severe loss of electricity 

generation. Safety of the system during the installation or maintenance is enhanced in 

MLPS where each converter can isolate the connected PV panel from the microgrid and 

ensure proper procedure. The superior scalability of the architecture of MLPS, higher 

robustness, and flexible operation are other merits of the MLPS [151]-[152]. Furthermore, 

the MLPS requires power electronic converters with substantially lower power ratings as 

compared to the SPS, thereby considerably reducing the size of the converters and overall 

system.  
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It is pertinent to note that the salient features of MLPS with its superior performance 

and numerous merits over SPS highlight its viability as the front-end section of PV-based 

DC microgrid.  

2.5. DC Microgrid 

The proliferation of RES, energy storage systems, and various electronic loads have 

driven the requirement for DC microgrids. The research on DC microgrids has attracted 

significant interest among researchers owing to their numerous advantages in comparison 

to the AC microgrids [153]-[154]. The major benefit of DC microgrid is the reduction in 

the number of conversion stages (AC/DC and DC/AC) due to the integration of DC sources 

and DC loads, which makes the power conversion highly efficient with greater reliability, 

robustness, and resiliency [155]-[157]. Moreover, it circumvents the problems of 

harmonics, synchronization issues, reactive power flow, skin effect in wires, and 

unbalances [158]-[159].  

Different architectures are discussed in the literature for establishing the DC microgrid 

[160]. The single bus topology is the simplest and integrates all sources and loads on the 

single bus [161]-[163]. Moreover, it is characterized by low capital investment and 

maintenance requirements. The single bus architecture is further sub-categorized into 

unipolar and bipolar configurations. The unipolar bus configuration requires two poles 

(+VDC, GND) on which all sources and loads are interfaced [164]. Moreover, the bipolar 

configuration is more complex with the requirement of three poles (+VDC, GND, -VDC), 

where sources and loads have the flexibility to connect to different poles [165]. The bipolar 

configuration presents greater reliability, higher count of voltage levels, improved power 

supply quality, and superior efficiency. However, it suffers from the problem of voltage 
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imbalance between the bipolar terminals, which becomes more severe during the 

connection of different loads or generators at a terminal. The multi-bus architectures viz, 

radial, ring, mesh, and interconnected are reported in the literature [166]-[169]. Different 

voltage levels and standards of the DC microgrid are reported, with 380V DC being an 

industry standard for DC microgrid [160],[170]. The decentralized master-slave 

configuration is reported for the microgrids incorporating distributed generation sources 

(DGs) and loads operating in the grid-connected and islanded mode where under islanded 

operation, master DGs operate as a voltage source with voltage mode control while slave 

DGs operate as a current source with current mode control [171]. The concept of master-

slave configuration is further extended to hybrid AC and DC microgrids [172]-[173].   

The major challenges associated with DC microgrids are the higher installation cost, 

increased complexity, lower maturity in technology, involved expenses in retrofitting the 

existing AC infrastructure for DC microgrids, lack of standardization, and primitive and 

expensive protection system [174]. The DC microgrid offers a diverse range of applications 

such as commercial and residential infrastructure, RES parks, electrification in remote and 

rural areas, industrial applications like integration of motor drives on common DC links, 

data centers, telecommunication systems, electric vehicle charging infrastructure, ship, and 

train networks [175]-[183].  

The photovoltaic (PV) based DC microgrids are gaining widespread attention and 

increased research focus owing to the sustainable and clean energy generation and the 

utilization of PV systems as a core source of generation [184]. The challenges pertaining to 

the control and stability while integrating the PV system with DC microgrids are discussed 

in the literature [185]. The operation and performance of PV-based DC microgrid utilizing 
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the cascaded PV modules during partial shading conditions and the 

connection/disconnection of modules are studied and reported in the literature [186]. The 

performance of PV-integrated DC microgrids for rural electrification is investigated with a 

detailed analysis of the power flow, system losses, and efficiency [187]. Further research 

on rural electrification using PV-based microgrids is presented in [188]. The energy 

management strategy for the PV-based DC community grid is discussed in the article [189]. 

The residential DC microgrid with a PV system as the primary generation source is an 

emerging technology with an eco-friendly implementation and sustainable solution for 

energy requirement benefitting the community, but the major impediments to its full-scale 

adoption are higher overall cost, maintenance requirements, and poor reliability [190]. The 

power electronic interfacing converters have a major impact on the operational performance 

of the PV system integrated with the DC microgrid, significantly affecting the efficiency, 

reliability, robustness, and cost-effectiveness of the entire system. Future research on PV 

technologies like thin films, and bifacial PV systems will further enhance the operability 

and adoption of the residential DC nanogrids / microgrids.    

The critical aspect of the DC microgrid is the interfacing converter which is required to 

integrate sources and loads seamlessly and facilitate optimal power flow with higher 

conversion efficiency and greater reliability. Furthermore, the deployment of MLPS in the 

PV-based DC microgrid is a major challenge due to the need for direct integration of low-

voltage PV panels with the DC microgrid, thereby increasing the importance of power 

electronic converters required for the interfacing converters. It is vital to properly select the 

converter topology as its operational characteristics dramatically impact the overall 

performance of the MLPS and PV-based DC microgrid.  
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2.6. Interfacing Converters for MLPS 

The recent advances and major breakthroughs in power electronic technologies have 

made the interfacing converters for MLPS a viable solution. The interfacing converters for 

MLPS have a primary requirement of large voltage gain for seamless integration of low-

voltage PV panels directly with the DC microgrid with high efficiency. The interfacing 

converters for MLPS employ different topologies of DC/DC power electronic converters. 

The selection of the converter topology should be based on the high voltage gain capability, 

minimal topological bottleneck to the performance of power generation controllers, 

superior power conversion efficiency, low ripple component in input current drawn from 

the PV panels, wide operating range for the input variations, and high modularity, 

scalability, and operational flexibility in the topological structure [191]. Based on the 

number of input ports in the converter topological structure and the count of PV panels 

simultaneously integrated with the DC microgrid using a single converter unit, the 

interfacing converters for MLPS are further categorized into module-level interfacing 

converter (MLIC) and multi-input module interfacing converter (MMIC) having a single 

input port and multiple input ports respectively. Moreover, both MLIC and MMIC should 

demonstrate the voltage step-up capabilities owing to the substantially lower input voltage 

when compared to the output voltage.   

The conventional boost converter is a popular DC/DC converter topology with a wider 

range of applications owing to its simpler architecture and design with a smaller component 

count. However, the major limitation of a conventional boost converter (CBC) is its 

inability to operate at higher duty cycles with severe diode recovery losses and power losses 

in switches, thereby demonstrating drastic efficiency degradation at higher voltage gain 
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[192]. The drawbacks of CBC motivated the researcher to investigate the family of high-

gain converters which exhibit seamless operation at higher voltage gain without sacrificing 

the converter efficiency [193]-[195]. The overview of high gain DC-DC converter 

topologies is shown in Fig.2.1. Different topologies of high-gain DC/DC converters are 

investigated for module-level interfacing converter (MLIC) and subsequently for multi-

input module interfacing converter (MMIC).  

2.6.1. Survey of Topologies for MLIC 

The non-isolated topologies of high gain converters are extensively used in industries 

for a wide range of applications and offer cost-effective and simple architecture with lower 

design constraints and higher power density and efficiency [196]-[197]. For enhancing the 

voltage gain capability of the non-isolated topologies, they utilize different techniques viz, 

magnetics, cascading of converters, switched capacitors, switched inductors, and voltage 

multiplier. The coupled inductor-based non-isolated converter topologies reported in the 

           
Fig.2.1. Overview of high gain DC-DC converter topologies 
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literature offer improvement in the voltage gain capability with the reduction in the input 

current ripple depending on the winding orientation and further reduce the printed circuit 

board (PCB) size with the reduced count of magnetic components [198]-[199]. However, 

the major drawback of such converters is significantly higher voltage spike on switches and 

the requirement of additional passive and active clamping circuits. The cascaded converter 

studied in the papers improves the voltage gain by increasing the number of cascading 

converter stages [200]. The cascaded boost topology utilizes two cascaded boost stages for 

increasing the boosting range and exhibits lower stress on components of the first stage 

[201]. However, the second stage experiences significantly higher stress with greater 

switching losses and as a result must operate at a lower switching frequency, thereby 

compromising on the power density. The quadratic boost converter achieves higher gain 

but loses independent control over each stage [202]. Furthermore, the efficiency of cascaded 

converters typically degrades dramatically with the increase in the number of cascaded 

stages. The switched capacitor (SC) is a popular voltage-boosting technique utilizing 

capacitive power transfer and achieves significantly higher power density and structural 

modularity [203]. Different types of switched capacitor techniques such as Dickson SC, 

Makowski SC, and Fibonacci SC, and their merits are studied in the literature [204]-[206]. 

The major challenge with the switched capacitor-based high gain converters is the higher 

current spikes which can damage the devices and require additional circuits which has a 

detrimental effect on the overall efficiency and power density of the converter. Meanwhile, 

improving the voltage gain capability of the converter utilizing switched inductors is 

reported in the literature [207]-[208]. However, such converters suffer from higher input 

current ripple and require larger value of input capacitor, while compromising on the power 

density. The voltage multiplier techniques are widely embraced and being employed in 
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various high gain converters due to their simpler structure and design, low device count, 

and seamless integration with the existing converter topologies [209]-[211]. The voltage 

multiplier technique utilized in the non-isolated high gain converter demonstrates a lower 

switch rating and zero current switching of the power switch while alleviating the reverse 

recovery problem in diodes [212]. The high gain capability of the proposed converter is 

enhanced by using a capacitor-diode voltage multiplier cell which exhibits reduced 

switching losses in the MOSFETs using zero voltage switching operation while further 

mitigating the stress on the devices and reverse recovery losses in diodes [213].  

However, the non-isolated topologies have limited suitability for MLIC during the 

integration of the PV panel with the DC microgrid, and the isolated high gain converter 

topologies are dominantly used owing to the cancellation of leakage currents and better 

safety [190]. Moreover, the safety standards require galvanic isolation between the input 

and output of the converter for the grid-connected / microgrid applications and sensitive 

loads viz, military, medical, and avionics, and further utilizes the high-frequency 

transformer to achieve reliable power transfer with lower noise and EMI issues [193]. The 

isolated high-gain converters are further segmented into voltage-fed and current-fed 

converters with their merits and challenges discussed in the literature [214]-[215]. The 

voltage-fed converters have inherent buck-derived characteristics and rely on the turns ratio 

of high frequency (HF) transformer to furnish higher voltage gain. The flyback-forward 

derived voltage fed isolated converter utilizes an HF transformer for galvanic isolation and 

demonstrates soft switching of devices to mitigate the switching losses [216]. However, 

such converters are suitable for low-power applications with the requirement of the 

auxiliary circuit for mitigating voltage spikes in the devices and suffers from higher input 
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current ripple. Whereas, flyback topology utilizing an active leakage recovery network 

operating on leakage energy getting transferred to the output while reducing the conduction 

losses without any auxiliary switching network and further achieving soft switching of 

devices [217]. However, such converters are inherently prone to magnetic core saturation 

with moderate gain capability and high input current ripple and is suitable for sub-100W 

applications. The voltage-fed push-pull derived topologies are popular and widely 

employed in different applications [218]-[219]. The push-pull DC/DC converter mitigates 

the switching loss in devices using zero voltage switching operation and reduces the voltage 

spike in switches by recycling the leakage energy [220]. However, the converter suffers 

from larger input current ripple with the susceptibility to magnetic core saturation due to 

flux walking and further requires an additional active clamp circuit. The isolated high step-

up converter utilizing push-pull topology is presented in the literature and achieves 

enhanced efficiency over a wide range of input and output while ensuring the ZVS operation 

of primary switches and ZCS operation of secondary diodes [221]. The major limitation of 

the converter is the larger input current ripple and the sensitivity to flux walking. Moreover, 

the utilization of bidirectional switches in the resonant tank requires expensive devices 

which significantly inflates the overall converter cost. The bridge-derived voltage-fed 

converters reported in the literature utilize a large turns ratio of HF transformer for 

furnishing high voltage gain but suffer from higher stress on the transformer and further use 

high side switches with complex gate drive design. Several topological variations of the 

bridge-derived converter with soft switching and active clamping are reported [222]-[226]. 

The bridge-derived voltage-fed converters have bidirectional power transfer capability and 

are typically employed for battery applications [227]-[228]. However, such converters are 

not suitable for MLIC due to the requirement of unidirectional power transfer and further 
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TABLE 2.1: State-of-the-art Isolated Current-Fed Converter 

Topologies 

Converter 

Reference 

Topological Structure Efficiency 

Passive Snubber based Isolated Current Fed Converter 

[237] 

 

92% 

[240] 

 

 

[242] 

 

93% 

Active Clamping based Isolated Current Fed Converter 

[244] 

 

88.5% 

[245] 

 

93.7% 
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[246] 

 

 

[247] 

 

94.5% 

[250] 

 

96% 

[251] 

 

93.2% 

[252] 

 

90% 

[253] 

 

96.6% 
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[257] 

 

94.52% 

[258] 

 

95.3% 

[260] 

 

97.8% 

[263] 

 

94% 

[266] 

 

90% 

[268] 

 

97.29% 
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[270] 

 

97.5% 

[273] 

 

93.1% 

[274] 

 

97.5% 

Auxiliary Circuits based Isolated Current Fed Converter 

[275] 

 

92% 

[276] 
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Snubberless / Natural Voltage Clamping Isolated Current Fed Converter 

[277] 

 

92.9% 

[278] 

 

93% 

[280] 

 

95.8% 

[282] 

 

94% 

[283] 

 

97.2% 

*All the converter topological figures have been taken from the references cited 

alongside   
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experience substantially higher conduction losses due to increased circulating currents 

when operated in parallel. The increased demand for power-dense and highly efficient 

solutions has focussed the research on the resonant converters with LLC converter being 

one of the most popular and extensively adopted in different domains of power electronic 

industries [229]. The different configurations of LLC converter are presented in the 

literature [230]-[233]. The LLC converter mitigates the switching loss, maintains higher 

efficiency near full load conditions, and experiences low EMI noise. Nonetheless, it has 

complex and involved converter design which impacts its performance and needs careful 

consideration in designing and selecting components of the resonant tank for achieving 

optimized performance. Furthermore, the converter demonstrates poor performance when 

the source and load perturbs to lower power as its gain also reduces, making it ineffective 

for PV applications. Further, the utilization of frequency modulation makes the power flow 

control complex. It is pertinent to observe that voltage-fed converters have inherent 

limitations of high input current ripple and are not suitable for MLIC. 

The current-fed isolated converter is a promising research topic and is extensively being 

investigated [234]. The current-fed converters are inherently boost-derived topologies with 

natural voltage boosting capability which alleviates the burden of voltage gain from the HF 

transformer and further reduces its turns ratio [235]. Moreover, these converters have 

natural short-circuit protection. However, the major limitation of the current-fed converters 

is the large turn-off voltage spike on switches which necessitates the requirement of 

snubbers to mitigate the spike. Different current-fed isolated converter topologies along 

with their efficiencies have been tabulated in Table 2.1.  
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A. Passive Snubbers 

Early research on the current-fed converter topologies employed passive dissipative 

snubbers to alleviate the turn-off voltage spike in switches [236]-[238]. The conventional 

RCD snubber having a combination of resistor, capacitor, and diode is a type of passive 

snubber used in the converter [239]-[240]. The snubber mitigates the voltage spike in 

switches by storing the leakage energy in the capacitor and further dissipating it into the 

resistor but with a notable increase in the snubber losses and degradation of the overall 

efficiency. The lossless snubbers viz, LC snubber and flyback snubber improve the 

efficiency by transferring the leakage energy to the input or output but increase the design 

complexity and PCB size [241]-[243]. Typically, the passive snubber has limited 

applicability for current-fed converters as it is a lossy and inefficient solution and 

compromises the efficiency, power density, and modularity of the converter.  

B. Active Clamping Techniques 

The active clamping technique is extensively utilized in current-fed converters due to 

their efficacy in clamping the switch voltage and achieving soft switching operation, 

thereby enhancing the efficiency [244]-[246]. Different current-fed topologies utilizing 

active clamp circuits are investigated. Several current-fed isolated boost-derived topologies 

are presented in the literature with higher gain capabilities [247]-[250]. The isolated boost 

converter has continuous input current with improvement in the voltage gain but the 

operation at higher gain is impacted by the asymmetric transformer currents and requires a 

small air gap to negate the core saturation while further introducing losses and efficiency 

degradation [251]. The isolated boost converter topology utilizing a buck-based active 
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clamp circuit is proposed which suppresses the voltage spike in switches due to leakage 

inductance of the HF transformer and recycles the energy back to the input [252]. However, 

the converter demonstrates moderate voltage gain and requires a higher number of passive 

and active components for realizing the buck-based clamp circuit with increased control 

complexity. The current-fed push-pull converter topologies are widely being adopted for 

fuel cell and RES applications, exhibiting high gain capability and low input current ripple 

[253]-[256]. The current-fed push-pull converter demonstrates high gain capability with 

low input current ripple and enhances efficiency by mitigating the switching losses using 

ZVS and ZCS operation for primary switches and secondary diodes respectively [235]. 

Conversely, the converter incorporates all high side switches which dramatically increases 

the complexity of gate drive design and further increases the EMI issues. To improve the 

range of ZVS operation in the current-fed push-pull converter, a parallel inductor is 

integrated with the transformer [257]. The major challenge in this converter is higher turn-

off losses and increased count of complex isolated gate drives with greater sensitivity to the 

noise coupling due to all high side switches. The modified topology of the current-fed push-

pull converter achieves full ZVS turn-off of secondary side switches and has short-circuit 

protection at the output [258]. Moreover, the converter eliminates the voltage spike on the 

switches by integrating clamping diodes with the resonant capacitors. However, the 

topological structure is highly complex with the addition of bidirectional switches and 

witnesses increased component count, involved converter design, gate drive complexity, 

and highly sophisticated control. Also, the voltage stress on the auxiliary switches is 

significantly higher. The above-mentioned topologies [253-258] are prone to introducing 

the DC bias in the HF transformer during asymmetric converter operation and suffer from 

magnetic core saturation, thereby potentially damaging the converter and severely 
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impacting the converter performance. This problem is mitigated in the modified current-fed 

push-pull topology by using a DC blocking capacitor in series with the primary winding of 

the HF transformer but sacrifices the voltage gain of the converter with higher circuit 

complexity [259]. The concept of the current-fed push-pull converter is extended to three-

phase and four-phase topologies as reported in the literature [260]-[262]. This converter 

demonstrates higher power capacity with low input current ripple, increased voltage gain 

capability, and enhanced converter efficiency owing to the soft-switching operation. 

Nonetheless, the component count increases significantly with the higher number of high-

side switches and complex gate drive circuits. The utilization of these topologies is suitable 

for high-power applications and their deployment for MLIC is highly expensive and not a 

viable solution for MLPS. The bridge-derived current-fed topologies exhibiting the ability 

to furnish high voltage gain are reported in the literature [263]-[266]. The current-fed bridge 

converters utilizing dual active bridge configuration facilitate bidirectional power flow, 

making them apposite for battery and EV applications [267]-[271]. However, higher device 

count with complex gate drive design and increased circulating currents while paralleling 

these converters leads to higher losses and reduced efficiency, making them unsuitable for 

MLIC. The current-fed half bridge achieves high efficiency with the ZCS operation of 

switches and mitigates the voltage spikes [272]. However, the operation at higher gain with 

wide input variations in high current applications demands larger voltage gain which 

increases the stress on the magnetics and switches. Furthermore, the resonant operation of 

the current-fed half-bridge converter utilizing the LC tank achieves the ZVS operation of 

switches and ZCS operation of diodes with the alleviation of the reverse recovery problem 

[273]. The key drawbacks of the converter that limit its utilization for MLIC are higher peak 

currents in the switches, increased losses in the auxiliary devices, and the narrow region of 
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operating voltage. The modified current-fed full-bridge converter with integration of the 

impedance source network eliminates the problem of start-up and voltage spike in the 

switches and incorporates integrated magnetics to reduce the board size [274]. The narrow 

operating region of the converter during boost operation and the higher risk of instability 

near the forbidden region impact its voltage gain capability and limit its suitability for 

MLIC. It is pertinent to observe that different converters utilizing active clamping 

techniques typically require high-side switches with complicated gate drive designs, and 

complex control strategies and observe a reduction in the voltage gain capability of 

converters. 

C. Auxiliary Circuits 

The auxiliary circuit-based technique is utilized as an alternative to the active clamping 

technique with its operation based on assisting the zero current commutation of 

semiconductor devices and alleviating the circulating currents. However, the major 

drawbacks of auxiliary circuits are the higher structural complexity and the increased 

component count. The current-fed topologies utilizing auxiliary-based circuits observe 

improvement in the boosting capabilities as compared to traditional clamping circuits but 

incur a substantial increase in the losses in the auxiliary circuits [275]-[276].   

D. Snubberless / Natural Voltage Clamping Techniques 

The snubberless and natural voltage clamping techniques for current-fed converters are 

gaining popularity and are extensively being investigated as they eliminate the requirement 

of snubber and clamping circuits. The snubberless techniques utilize modulation and 

resonant techniques for mitigating the voltage spike in switches. The current-fed topologies 
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achieving snubberless operation by employing a secondary-side modulation scheme are 

reported in the literature [277]-[280]. These topologies use secondary side modulation to 

clamp the switch voltage and prevent the voltage overshoot, thereby allowing natural 

voltage clamping and eliminating the requirement for additional snubber or clamp circuits. 

However, due to the secondary side active switches in the converter, the parallel operation 

of the converters increases the circulating currents, leading to an increase in conduction 

losses and efficiency degradation. Furthermore, the bidirectional power flow capability of 

such a converter is redundant for the PV system which needs unidirectional power flow. 

The above-mentioned problems discourage the utilization of these topologies for MLIC. 

The current-fed isolated boost topology achieves snubberless operation with reduced input 

current ripple, smaller rating of diodes and switches, and smaller turns ratio of HF 

transformer [281]. The primary limitation of the converter is its complex structure with the 

requirement of two HF transformers along with their separate voltage doubler rectifiers, 

thereby significantly increasing the count of passive and magnetic components. The 

resonant commutation technique applied on different current-fed topologies allows 

snubbeless operation of the current-fed converters while achieving improved converter 

performance and higher efficiency with ZCS operation [282]-[284]. However, the 

utilization of variable frequency modulation increases the control complexity and 

necessitates the requirement of sophisticated controllers, posing a challenge in 

implementation for distributed power generation controllers, thereby discouraging their 

utilization for MLIC. Additionally, the topology discussed in [282] employing the impulse 

commutation technique suffers from high peak currents in the switches and resonant tank 

during the light loads due to higher circulating currents. 
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2.6.2. Survey of Topologies for MMIC     

The increased PV penetration in the distribution system will see a huge surge in the 

demand for MLICs for integrating the PV panels with the DC microgrid and ultimately 

require substantially higher power conversion units and component count. This problem 

motivated extensive research on multi-input module interfacing converters (MMIC) for 

integrating PV modules with DC microgrids. The utilization of multi-input DC/DC 

converters is particularly suitable for PV applications where the energy storage system is 

needed to curb the PV intermittency and maintain the continuous power supply at the DC 

microgrid [285]-[286]. The multi-input converters offer several advantages compared to the 

single-input converters viz, reduction in the number of conversion units and component 

count, lower overall cost, smaller size, and higher power capacity and better power density 

due to the integration of multiple sources [287]-[288]. The ability of multi-input converters 

to integrate multiple PV panels while demonstrating higher modularity and operational 

flexibility further highlights the suitability of these converter topologies for MMIC.  

Different topologies of multi-input DC/DC converters have been reported in the 

literature, with non-isolated topologies garnering notable attention due to their superior 

efficiency, higher power density, low cost, and compact design [289]-[297]. However, a 

major limitation in non-isolated topologies is the lack of galvanic isolation which increases 

the safety risk. Furthermore, similar to the MLICs, the multi-input converter topologies for 

MMIC are required to have galvanic isolation to ensure safe and reliable operation while 

integrating PV panels directly with the DC microgrid, thereby requiring isolated multi-input 

topologies. Several voltage-fed (VF) and current-fed (CF) isolated multi-input converter 

topologies have been investigated. Different topologies of the voltage-fed (VF) converter 
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are reported in the literature [298]-[300]. The voltage-fed topology integrates two sources 

with each module having an HF transformer whereas the three-leg converter is present at 

the secondary side [301]. The converter has lower intermodular circulating currents with a 

compact design. However, it exhibits a larger input current ripple with the need for a larger 

input filter capacitor, and the increased number of high-side switches with a greater number 

of isolated gate drivers and power supplies, thereby dramatically increasing the circuit 

complexity. The extension of the voltage-fed topology for telecom applications is given in 

the literature [302]. Another proposed topology incorporating different sources utilizes a 

dual-charge pump to furnish high voltage gain and recycle the leakage energy [303]. 

Moreover, the converter continues to operate even if one of the sources is interrupted and 

has a reduced component count. But the maximum duty cycle of the converter is 0.5 with 

the requirement of higher diode count, larger input current ripple, and the degradation of 

the voltage gain capability of the converter due to its leakage inductance, thereby limiting 

its applicability for MMIC. The utilization of a multi-input LLC converter for integrating 

PV panels exhibits enhanced efficiency by achieving ZVS operation for all switches over 

the entire range of source voltage with the voltage stress on switches not exceeding the 

input voltage [304]. The converter can continue to operate even if one of the PV panels 

fails. However, the converter has high side switches with demand for complex gate drive 

and does not have input inductors to smoothen out input current ripple and thus rely on the 

large input capacitors. Additionally, the inherent drawback of the converter is the need for 

phase shift modulation to balance the input power before the load regulation using 

frequency shift modulation. Also, MPPT operation is not guaranteed as the control solely 

relies on the input power.  
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The current-fed multi-input converter topologies are more suitable for MMIC as they 

inherently exhibit higher gain while utilizing input inductors to alleviate input current ripple 

and have natural short-circuit protection. The current-fed multi-input topology utilizing 

dual inputs for integrating low-voltage DC sources with the DC bus is presented in the 

literature [305]-[307]. The input inductors of the converter operate in discontinuous 

conduction mode (DCM) to avoid the saturation of the HF transformer even when different 

source voltages are applied. The converter achieves high efficiency by soft-switching 

operation using secondary side modulation [308]. However, the utilization of active 

switches on the secondary side increases the circulating currents during the paralleling of 

converters, which inflates the conduction losses and degrades its performance. Furthermore, 

the high turn-off voltage spike in the primary switches is observed which also degrades the 

converter performance. The DCM operation of input inductors increases the ripple current 

of the inductor where the higher peak current increases the stress on the inductors and 

requires a higher value of input capacitor. Also, the inability of the converter to operate 

during the failure of any source is observed. The extension of the current-fed topology 

utilizing an active voltage doubler on the secondary side is proposed in the literature [309]. 

The topology incorporates a DC blocking capacitor to mitigate the transformer saturation 

while the converter has a lower input current ripple with reduced input filter requirement. 

However, the bidirectional capability of the converter with secondary side active switches 

limits its application in MMIC. The multi-input converter reported in the literature exhibits 

a simple structure, soft-switching operation, and higher voltage gain [310]. However, the 

converter observes higher stress on the main switches and utilizes a complex control scheme 

for achieving load regulation. Additionally, during the interruption of a source, the 

converter operation is deeply impacted. The current fed dual-input microinverter topology 
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reported in the literature can be further extended for DC/DC conversion but secondary-side 

active devices limit its utility for MMIC [311]. The isolated dual-input SEPIC converter 

with a common active clamping leg for mitigating the additional switching losses and 

voltage stress on input legs is demonstrated [312]. However, the utilization of complex 

bidirectional switches with complicated gate drive designs increases the topological 

complexity and cost of the converter, thereby making it unsuitable for MMIC. The current-

fed dual input topology achieves soft switching operation with highly efficient operation 

[313]. The major limitation of the converter is higher intermodular circulating currents, lack 

of decoupled operation, utilization of additional clamp circuit, and higher current stress on 

devices and components.  

2.7. Identified Research Gaps 

Based on the literature survey conducted in the previous sections, several research gaps 

have been identified, which are discussed below: 

• The literature survey in the previous section discusses the increasing penetration 

of PV systems and the utilization of string PV systems (SPS) traditionally as the 

front-end section of the DC microgrid for evacuating the generated power and 

feeding it to the DC microgrid under different environmental conditions. To 

overcome the limitations of SPS, new configurations of the PV system have been 

studied. The module-level PV system (MLPS) studied in the literature offers 

major benefits and advantages compared to the SPS, highlighting its suitability 

for integration with the DC microgrid. However, further research is required to 
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understand the operational viability of MLPS when subjected to diverse 

conditions. 

• The SPS is typically deployed in popular applications viz, off-grid / remote EV 

charging infrastructure, floating PV system, and transportation. Considering the 

merits of MLPS, its utilization, and adoptability in such applications need further 

investigation. 

• It is observed from the literature that integration plays a critical role in the module-

level PV system and necessitates MLIC which utilizes the DC/DC converter 

topologies with high gain capability. The major operational challenges in 

conventional boost converters propelled extensive research on the family of high-

gain converters. The isolated topologies of high-gain converters are imperative as 

galvanic isolation is necessary while integrating low-voltage PV panels with high-

voltage DC microgrids. The voltage-fed topologies of isolated DC/DC converters 

have limited application in MLIC due to their fundamental drawbacks of high 

input current ripple and larger turns ratio of HF transformer. Based on the 

observations from the literature review, it can be concluded that the current-fed 

topologies of isolated DC/DC converters are suitable for MLIC as the front-end 

interfacing converter due to their lower input current ripple, inherent boosting 

characteristics, and natural short-circuit protection. Moreover, several reported 

topologies of the current-fed isolated converter highlight the critical problem of 

high turn-off voltage spike in the switches and require different techniques to 

alleviate it. However, utilization of these techniques introduces additional issues 

in the converters which further need to be addressed. As a result, comprehensive 
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research is required to formulate suitable current-fed topologies of isolated 

converters. 

• The isolated multi-input converters have gained widespread attention and are 

extensively documented in the literature for their capability of integrating a 

variety of DC sources such as batteries, fuel cells, and PV panels while 

minimizing the number of converter units and component count. It is pertinent to 

note that the PV panel and fuel cell are unidirectional power sources and require 

interfacing converters with unidirectional capability. Based on the findings of the 

literature review, it can be inferred that the current-fed topologies of multi-input 

isolated converters are suitable for MMIC. Furthermore, in addition to the 

intrinsic limitations of the current-fed topologies, these converters also face 

significant challenges like intermodular circulating currents, operational 

interference between the modules, the inability of the converter to operate during 

interruption of a source, the bottleneck in the power delivery, and the efficiency 

degradation at higher operating voltage gain. Comprehensive research is required 

for multi-input isolated current-fed topologies for MMIC alleviating the above-

mentioned problems and seamlessly integrating two or more such PV panels with 

the DC microgrid. 

• The increasing penetration of PV systems in the grid and their challenges are 

broadly discussed in the literature and are the driving force behind the recent trend 

of operating PV panels as a constant power source. The requirement of a flexible 

power point tracking (FPPT) algorithm arises due to the inability of the 

conventional MPPT algorithm to enable constant power generation from the PV 

panels. The FPPT algorithm facilitates both maximum power evacuation as well 
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as constant power generation from the PV panels. The operation and comparative 

performance of different FPPT algorithms are exhaustively investigated and 

reported in the literature. However, the implementations of these algorithms are 

primarily focused on the conventional string PV system, with the requirement of 

sophisticated and expensive controllers. Moreover, very limited literature is 

available on the implementation of FPPT algorithms for MLPS. As a result, 

extensive research is required on the implementation, operational performance, 

and viability of FPPT algorithms for MLPS. 

• The shading of PV panels has been a significant challenge for the conventional 

string PV system and requires global MPPT algorithms for evacuating the 

maximum generated power from the panels. This problem becomes more severe 

during dynamic sub-panel shading of PV panels, which is prominent in 

applications where the panels are installed on the rooftops of moving locomotives 

such as trains and buses. The dynamic sub-panel shading of PV panels on moving 

locomotives experiences fast variations in the shading on panels and presents 

unique challenges which are relatively understudied. The slower scanning of 

GMPPT algorithms fails to detect such fast variations in the shade on panels and 

significantly impairs the overall performance with severe power fluctuations. The 

faster GMPPT algorithms documented in the literature improve the dynamic 

performance but require significantly complex implementation. The dynamic sub-

panel shading of PV panels in MLPS achieves better performance than SPS owing 

to its superior power utilization from each PV panel but is still not satisfactory 

due to the failure of conventional MPPT algorithms to respond quickly during 

fast-shading changes with slow convergence and poor tracking accuracy, thus 
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diminishing the power generation. Additionally, the implementation of fast 

GMPPT techniques on the distributed controllers for MLPS offers diminishing 

returns while requiring resource-intensive controllers which is overkill and 

extremely expensive. Consequently, comprehensive research is required on the 

fast MPPT control algorithms having simpler implementation and faster 

convergence with superior tracking accuracy to cater to the fast-shading changes 

on PV panels during dynamic sub-panel shading. 

 

2.8. Research Objectives 

Based on the research gaps identified in the above section, the research objectives for 

the thesis are formulated below: 

• Investigation of module-level PV system and its applications for the DC microgrid 

• Study of flexible power point tracking control algorithm for module-level PV 

system under uniform insolation changes and its implementation on a low-cost 

controller.  

• Study of fast-MPPT algorithm for module-level PV system under dynamic sub-

panel shading on PV panels. 

• Investigation of different interfacing converters for MLPS i.e., module-level 

interfacing converter (MLIC) and multi-input module interfacing converter 

(MMIC) for seamless integration of the low voltage PV panel with DC microgrid 

under different operating conditions. 

• Analysis, design, simulation, and development of the interfacing converters for 

MLPS.   
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CHAPTER 3 
FRONT-END CURRENT-FED HIGH-

GAIN ISOLATED INTERFACING 
CONVERTER 

3.1.  General 

The merits of current-fed isolated DC/DC converters and their viability in integrating 

the low-voltage PV panels with the DC microgrid have been established in the literature. In 

this chapter, a new current-fed isolated DC/DC converter topology is proposed. The 

topological modes of operation of the converter with its mathematical modeling, steady-

state analysis, design, and loss distribution are also discussed in the chapter. Moreover, the 

comparative study of different state-of-the-art converter topologies to investigate the 

suitability of the proposed topology for module-level interfacing converter is also 

presented. The simulated performance of a 500W converter with 30V input and 380V 

output is extensively analyzed using the MATLAB Simulink environment. Furthermore, a 

scaled-down 125W hardware prototype of the proposed converter with 17V input and 170V 

output is developed and tested in the laboratory for experimentally validating the converter 

performance. The chapter is organized as follows: Section 3.2 discusses the proposed 

converter topology while section 3.3 presents the different topological operating modes of 

the converter. The mathematical modeling of the converter is presented in section 3.4 

elucidating its static voltage gain and the mathematical expression for each operating mode. 

Section 3.5 provides the steady-state analysis of the converter while the design of the 

converter is explained in section 3.6. The theoretical loss distribution of the converter and 
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the comparative study of different state-of-the-art topologies are discussed in sections 3.7 

and 3.8 respectively, followed by the results and discussions of the converter performance 

in section 3.9. 

3.2. Proposed Converter Topology 

The topological structure of the proposed front-end current-fed high gain isolated 

interfacing converter (CF-HGIIC) is shown in Fig.3.1. The converter operates in the 

continuous conduction mode with its operating duty cycle (d) ≥ 0.5. The converter 

incorporates dual input inductors (L1, L2) which facilitates continuous input current. 

Additionally, the primary side of the converter also has the coupling capacitors (C1, C2), 

coupling diodes (D1, D2), and four switches (S1 – S4). The full-bridge diode rectifier (D3 – 

D6) and the output capacitor (CO) are present on the secondary side of the converter. The 

interlinking between the primary and secondary side of the converter is facilitated using a 

high frequency (HF) transformer having the leakage inductance (LK1, LK2) and magnetizing 

inductance (LM) and utilizing the low turns ratio (1:1: n). The proposed converter integrates 

 
Fig.3.1. Topological structure of CF-HGIIC 
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a DC source at the input and feeds the power to the active load (DC sink). The notations of 

different converter parameters are provided in Table 3.1. 

The proposed converter achieves enhanced voltage gain with a low turns ratio of the HF 

transformer. It also exhibits a unique distributed structure with parallel conduction paths, 

which help in minimizing the current stress and conduction losses in the input inductors, 

switches, coupling diodes and capacitors, and HF transformer. Moreover, the interleaved 

operation at the input of the converter significantly mitigates the input current ripple, easing 

the design constraints of the input filter and dramatically reducing its size. It also inherently 

mitigates the leakage current propagation at the output and the inter-converter circulating 

currents when multiple such units are operated in parallel. The converter demonstrates 

higher tolerance to the DC bias in the HF transformer during the asymmetric operation 

which prevents the saturation of the magnetic core, thereby improving the performance. 

TABLE 3.1: Parametric notations of CF-HGIIC 

Parameters Voltage Current 

Input VIN IIN 

Output VO IO 

 Input Inductor (L1, L2) VL1, VL2 IL1, IL2 

Coupling Capacitor (C1, 

C2) 

VC1, VC2 IC1, IC2 

Switches (S1 – S4) 
Drain to Source:VDS1 – VDS4 

IS1 – IS4 
Gate to Source: VGS1 – VGS4 

Coupling Diodes (D1, D2) Reverse Biased: VD1, VD2 
ID1, ID2 

Forward Drop: VDF1, VDF2 

 Rectifier Diodes (D3 – 

D6) 

Reverse Biased: VD3 – VD6 
ID3 – ID6 

Forward Drop: VDF3 – VDF6 

HF Transformer  

Primary Winding 

Secondary Winding 

Magnetizing Inductance 

 

VP ILK1, ILK2 

VSEC ISEC 

VLM IM 
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Meanwhile, CF-HGIIC also exhibits natural voltage clamping of switches S1 and S2, 

thereby eliminating the requirement for an additional snubber or clamp circuit. 

3.3. Topological Modes of Operation 

In this section, the topological operating modes of the converter are discussed. Fig.3.2 

shows the steady-state analytical waveforms of the proposed converter with their operating 

duty cycle d ≥ 0.5. The gating pulses of switches S1 and S2 are 180° phase shifted with their 

on-time greater than 50%. Additionally, the gating pulses of switches S3 and S4 are 

complements of S1 and S2 respectively. Various topological modes of the converter for 

             
Fig.3.2. Analytical waveform of CF-HGIIC 



 

 

73 

 

                  
(a) 

                  
(b) 

                             
(c) 

                  
                                                                       (d) 

Fig.3.3. Topological operating modes of proposed converter (a) Mode 1 (b) Mode 2 (c) 

Mode 3 (d) Mode 4 
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different operating intervals are discussed below. Moreover, the equivalent circuits of the 

proposed converter for each operating interval are depicted in Fig.3.3.  

3.3.1. Mode 1 (t0 – t1) : Power Transfer Mode – Fig.3.3(a) 

      At the beginning of this operating mode at the instant t0, switch S1 turns off while S2 is 

still conducting, which allows the inductor L1 to start discharging while inductor L2 

continues to charge. Additionally, the coupling diode D1 starts conducting whereas D2 is 

still reverse biased. Consequently, the turn-on of switch S3 at the instant t0 facilitates the 

aggregation of the coupling capacitor (C1, C2) voltages which reflect across the primary 

winding of the HF transformer, while also exhibiting quasi-sinusoidal winding currents. 

Moreover, the power is transferred to the active load through the HF transformer and 

rectifier diodes D3 and D6 till the end of this operating mode. 

3.3.2. Mode 2 (t1 – t2) : Overlapping Mode – Fig.3.3(b) 

      During this mode which begins at the instant t1, the switch S1 turns on while S2 is still 

conducting, which enables inductor L1 to start charging while inductor L2 continues to 

charge and further reverse biases the coupling diode D1. Furthermore, there is no power 

transfer to the active load in this mode as the switch S3 turns off at the instant t1. Also, 

during this operating mode in the interval (t1 - t2), the output capacitor CO feeds the load.  

3.3.3. Mode 3 (t2 – t3) : Power Transfer Mode – Fig.3.3(c) 

      At the start of this mode at an instant t2, switch S2 turn-off, causing the inductor L2 to 

start discharging while inductor L1 continues to charge. Also, the coupling diode D2 

becomes forward-biased. With the turn-on of switch S4 at the instant t2, the voltage across 

each coupling capacitor (C1, C2) is aggregated and reflected across the primary winding of 
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the HF transformer, while also exhibiting quasi-sinusoidal winding currents. Moreover, the 

power is transferred to the active load through the HF transformer and rectifier diodes D4 

and D5 till the end of this operating mode. 

3.3.4. Mode 4 (t3 – t4) : Overlapping Mode – Fig.3.3(d) 

      The operation of this mode is principally similar to mode 2. At the start of this mode, 

the switch S2 turns on at an instant t3 while S1 is still conducting, which enables inductor L2 

to start charging while inductor L1 continues to charge and further reverse biases the 

coupling diode D2. Furthermore, no power is transferred to the active load in this mode as 

the switch S4 turns off at instant t3. The output capacitor CO feeds the load during this mode.  

3.4. Mathematical Modeling of Converter 

The mathematical modeling of the proposed converter is presented in this section. The 

converter operates in continuous conduction mode with d ≥ 0.5. The basic assumptions for 

simplified converter modeling are outlined below: 

• The input inductors are assumed to be sufficiently large to maintain stiff DC 

currents. 

• The circuit components are assumed to be ideal with no PCB parasitic. 

• The output voltage is assumed to be constant with a large output capacitor. 

• It is assumed that the input inductors (L1=L2=L), coupling capacitors (C1=C2=C), 

and leakage inductances (LK1=LK2=LK) referred to primary are identical. 

3.4.1. Static Voltage Gain of Converter 

 For the viability of the proposed converter as the MLIC, it is required to furnish high 

voltage gain. The static voltage gain of the converter is analyzed in this subsection. The 
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operating duty cycle of the converter is d, while its input and output voltages are VIN and 

VO respectively. Moreover, the turns ratio of the HF transformer is 1:1:n while the operating 

switching period is TS. The loop analysis is applied for each operating mode to synthesize 

the voltage gain.  

During mode 2 to mode 4, the voltage across the inductor L1 (VL1) is calculated in (3.1). 

Moreover, during mode 1, the voltage across the inductor L1 and coupling capacitor C2 

(VC2) are computed in (3.2) and (3.3) respectively. 

𝑉𝐿1 = 𝑉𝐼𝑁                                                             (3.1) 

𝑉𝐿1 = 𝑉𝐼𝑁 − 𝑉𝐶2                                                        (3.2) 

𝑉𝐶2 =
𝑉𝑂

2 𝑛
                                                             (3.3) 

Consequently, the voltage-second balance is applied to the inductor voltage which 

yields the expression (3.4). The substitution of (3.3) in (3.4) and further simplification 

provides the voltage gain expression (m) of the converter in (3.5).   

(𝑉𝐼𝑁 − 𝑉𝐶2)(1 − 𝑑) + (𝑉𝐼𝑁)(𝑑) = 0                                  (3.4) 

𝑚 =
𝑉𝑂

𝑉𝐼𝑁
=

2 𝑛

1−𝑑
                                                      (3.5) 

The static voltage gain of the converter as a function of the duty cycle is shown in 

Fig.3.4. The converter exhibits significantly higher voltage gain with a smaller turns ratio 

of HF transformer, having a gain (m) of 10 for the operating duty cycle (d) of 0.6 and turns 

ratio (n) of 2. As a result, the higher voltage gain capability of the proposed converter 
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utilizing a smaller turns ratio of HF transformer without operating at extreme duty cycle 

emphasizes its candidacy for MLICs. 

3.4.2. Steady-State Operational Analysis 

 For optimal modeling of the proposed converter, the time-domain analysis with the 

derivation of mathematical equations for each operating mode is required. Moreover, the 

equations also assist the converter designing and device selection and further aid in 

understanding the operation of the converter. It is pertinent to note that the mathematical 

analysis for each operating mode is only discussed for half switching cycle, with the 

identical operation observed during the other half cycle owing to the circuit symmetry.  

The current through the input inductor (3.6) is half of the input current. 

𝑖𝐿1(𝑡) = 𝑖𝐿2(𝑡) =
𝐼𝐼𝑁

2
                                                 (3.6) 

A. Mode 1:  

During mode 1, the mathematical equations of the converter are discussed below: 

                       
Fig.3.4. Static voltage gain of CF-HGIIC 
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𝑖𝑆1(𝑡) = 𝑖𝑆4(𝑡) = 𝑖𝐷2(𝑡) = 0                                                 (3.7) 

𝑖𝑆3(𝑡) = 𝑖𝐿𝐾1(𝑡) = 𝑖𝐶1(𝑡) = 𝑖𝐶1(𝑡𝑂) +
𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                (3.8) 

𝑖𝐷1(𝑡) = 𝑖𝐶2(𝑡) = 𝑖𝐶2(𝑡𝑂) −
𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                       (3.9) 

𝑤𝑂 =
1

√0.5 𝐿𝐾𝐶
 , 𝑍𝑂 = √

2𝐿𝐾

𝐶
 , 𝑖𝐶1(𝑡0) =

𝐼𝐼𝑁

2
−

𝐶 ∆𝑉𝐶

(𝑡1−𝑡0)
 , 𝑖𝐶2(𝑡0) =

𝐶 ∆𝑉𝐶

(𝑡1−𝑡0)
                (3.10) 

𝑉𝑒𝑞 = 2𝑉𝐶1(𝑡0) −
𝑉𝑂

𝑛
− ∆𝑉𝐶  ,     ∆𝑉𝐶 =  (0.25 𝐼𝐼𝑁(1 − 𝑑)𝑇𝑆 )/𝐶                 (3.11) 

𝑖𝑆2(𝑡) =
𝐼𝐼𝑁

2
+ 𝑖𝐶2(𝑡0) −

𝑉𝑒𝑞

𝑍𝑜
sin 𝑤𝑜(𝑡 − 𝑡0)                           (3.12) 

𝑉𝐶1(𝑡) =
−1

𝐶
∫ 𝑖𝐶1(𝑡)𝑑𝑡

𝑡

𝑡0
= 𝑉𝐶1(𝑡0) −

𝑖𝐶1(𝑡0) 

𝐶
(𝑡 − 𝑡0) −

𝑉𝑒𝑞

𝐶𝑤𝑜𝑍𝑜
(1 − cos 𝑤𝑜(𝑡 − 𝑡0))       

(3.13)  

𝑉𝐶2(𝑡) =
1

𝐶
∫ 𝑖𝐶2(𝑡)𝑑𝑡

𝑡

𝑡0
= 𝑉𝐶2(𝑡0) +

𝑖𝐶2(𝑡0) 

𝐶
(𝑡 − 𝑡0) −

𝑉𝑒𝑞

𝐶𝑤𝑜𝑍𝑜
(1 − cos 𝑤𝑜(𝑡 − 𝑡0))       

(3.14) 

𝑖𝑆𝐸𝐶(𝑡) =  
𝑖𝐿𝐾1(𝑡)

𝑛
 , 𝑉𝑃 =

𝑉𝑂

𝑛
 , 𝑉𝐷𝑆1(𝑡) = 𝑉𝐶2(𝑡) , 𝑉𝐷𝑆4(𝑡) = 𝑉𝑃 + 𝑉𝐶2(𝑡), 𝑉𝑆𝐸𝐶 = 𝑛 𝑉𝑃      

(3.15) 

𝑇10 = (1 − 𝑑) 𝑇𝑆                                                (3.16) 

B. Mode 2:  

During mode 2, the mathematical equations of the converter are underlined below: 
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𝑖𝑆1(𝑡) =
𝐼𝐼𝑁

2
− 𝐼𝑀  , 𝑖𝑆2(𝑡) =

𝐼𝐼𝑁

2
+ 𝐼𝑀                                 (3.17) 

𝑖𝐷1(𝑡) = 𝑖𝐷2(𝑡) = 𝑖𝐷3−𝐷6(𝑡) = 0                                    (3.18) 

𝑉𝐷𝑆3(𝑡) =
𝐼𝑀

𝐶𝐷𝑆3(𝑉𝐷𝑆3)
(𝑡 − 𝑡1)                                         (3.19) 

𝑉𝐿𝑀(𝑡) = 𝑉𝑃(𝑡) = 𝑉𝐶1(𝑡) −  𝑉𝐷𝑆3(𝑡), 𝑉𝐷𝑆4(𝑡) = 𝑉𝑃(𝑡) + 𝑉𝐶2(𝑡)                (3.20) 

𝑇21 =
(

𝑉𝑂
𝑛

 + 𝑉𝐶1(𝑡))𝐶𝑆3(𝑉𝐷𝑆3)

𝐼𝑀
                                         (3.21) 

3.5. Steady-State Converter Analysis 

In section 3.5, the steady-state analysis of the proposed converter is presented. The 

steady-state analysis investigates the input current ripple in the converter and the inherent 

mitigation of the leakage currents at the output of the converter.  

3.5.1. Input Current Ripple Analysis 

 The proposed converter incorporates two-phase interleaving which facilitates a 

substantial reduction in the input current ripple. The input current of the converter is a 

cumulative aggregation of the inductor currents. The converter operates at duty cycle d ≥ 

0.5 with the switching frequency fS, number of interleaved phases ‘P’, and parametric 

constant ‘k’ where k < P.  The slope of inductor currents and changes in the input current 

during mode 1 are calculated in 3.22 and 3.23 respectively. 

𝑑𝐼𝐿1

𝑑𝑡
=  

𝑉𝐼𝑁  −  
𝑉𝑂
2 𝑛

  

𝐿1
,

𝑑𝐼𝐿2

𝑑𝑡
=  

𝑉𝐼𝑁

𝐿2
                                    (3.22) 

∆𝐼𝐼𝑁(1) = (
𝑉𝐼𝑁 −  

𝑉𝑂
2 𝑛

 

𝐿1
+

𝑉𝐼𝑁

𝐿2
)

(1−𝑑)

𝑓𝑆
                                  (3.23) 
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Since the operating principles of mode 2 and mode 4 are similar, the slope of inductor 

currents and changes in the input current computed in 3.24 and 3.25 respectively are 

identical. 

𝑑𝐼𝐿1

𝑑𝑡
=  

𝑉𝐼𝑁

𝐿1
,

𝑑𝐼𝐿2

𝑑𝑡
=  

𝑉𝐼𝑁

𝐿2
                                    (3.24) 

∆𝐼𝐼𝑁(2) = ∆𝐼𝐼𝑁(4) = (
𝑉𝐼𝑁

𝐿1
+

𝑉𝐼𝑁

𝐿2
)

(𝑑−0.5)

𝑓𝑆
                           (3.25) 

The slope of inductor currents and changes in the input current during mode 3 are 

calculated in 3.26 and 3.27 respectively. 

𝑑𝐼𝐿1

𝑑𝑡
=  

𝑉𝐼𝑁

𝐿1
,

𝑑𝐼𝐿2

𝑑𝑡
=  

𝑉𝐼𝑁 −  
𝑉𝑂
2 𝑛

 

𝐿2
                                   (3.26) 

∆𝐼𝐼𝑁(3) = (
𝑉𝐼𝑁

𝐿1
+

𝑉𝐼𝑁  −   
𝑉𝑂
2 𝑛

 

𝐿2
)

(1−𝑑)

𝑓𝑆
                                  (3.27) 

Due to the two-phase interleaving (P=2) in the converter, the ripple frequency of the 

input current ripple is twice the switching frequency as calculated in (3.28), with the 

changes in the input current for mode 1 and mode 3 and similarly for mode 2 and mode 4 

are equivalent (∆𝐼𝐼𝑁(1) = ∆𝐼𝐼𝑁(3)) , (∆𝐼𝐼𝑁(2) = ∆𝐼𝐼𝑁(4)). For inductors L1=L2=L, the 

generalized expression of the input current ripple is formulated in (3.29). 

𝑓𝑖𝑛,𝑟𝑖𝑝𝑝𝑙𝑒 = 𝑃 𝑓𝑠                                            (3.28) 

∆𝐼𝐼𝑁,𝑟𝑖𝑝𝑝𝑙𝑒 =  
𝑃 𝑉𝑂

2 𝑛 𝐿 𝑓𝑆
(

𝑘+1

𝑃
− 𝑑) (𝑑 −

𝑘

𝑃
)                                  (3.29) 
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It is noted that for a single input inductor, the input current ripple has a parametric value 

of P=1 and k=0. Meanwhile, during two-phase interleaving, the parametric values of input 

current ripple are P=2, k=0 for d < 0.5, and P=2, k=1 for d ≥ 0.5. The variation of the 

normalized input current ripple and inductor current ripple with the duty cycle for the 

proposed converter is shown in Fig.3.5. It is observed that the input current ripple reduces 

notably around the duty cycle d=0.6, thereby alleviating the design constraint of the input 

filter with smaller filter size and improving the power density of the converter. Furthermore, 

the smaller input current ripple minimizes the steady-state power oscillation of the PV panel 

around the maximum power point (MPP), thereby encouraging the integration of the 

proposed converter with the PV panel and highlighting its viability as MLIC. Additionally, 

the smaller current ripple in the input capacitor reduces its losses and further enhances its 

operational life. 

3.5.2. Leakage Current Modeling 

In this subsection, the modeling of the leakage currents in the proposed converter 

generated from the switching circuit and their circulation at the output is investigated. The 

                   
Fig.3.5. Normalized inductor and input current ripple vs duty cycle (d) for CF-HGIIC 
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leakage currents are critical for the MLICs, particularly during their deployment in the 

floating PV systems. The leakage model of the converter with their equivalent circuits for 

different operating modes is illustrated in Fig.3.6, where the input DC source is grounded 

while the output of the converter is grounded through the parasitic inductance (LG) and 

capacitance (CG). Moreover, the pulsating noise sources are incorporated in the leakage 

model and are induced by the dV/dt of semiconductor devices during the switching 

transitions such as drain-to-source voltage transitions (VDS1-VDS4) in the switches (S1 - S4). 

The leakage current model also includes the coupling capacitors (C1=C2=C), inter-winding 

capacitances (CSS), and leakage inductance (LK1=LK2=LK) of the HF transformer, current 

through the coupling diodes (ID1, ID2), capacitance of diodes (CD1-CD6) and switches (CDS1 

- CDS4). Also, the model considers current through the inductors as stiff current sources. The 

equivalent leakage model of the converter during mode 1 is demonstrated in Fig.3.6(a), with 

switch S2 ON while the switches S1, S3, and S4 witness the switching transitions at the start 

and end of the mode, thereby generating high-frequency leakage currents. Similarly, 

Fig.3.6(b) shows the equivalent leakage model of the converter for mode 3 with the switch 

S1 ON while the switches S2 - S4 experience the switching transitions during the starting 

and end of mode. The voltage transitions in switches during their switching operation 

generate high-frequency leakage currents. It is pertinent to observe that in both cases (mode 

1 and mode 3), the HF transformer offers significantly lower impedance to the leakage 

currents in comparison to the secondary-side parasitic loop comprising CSS, CD5 / CD6, LG, 

and CG. As a result, the major component of the leakage current (IG,lk) flows through the 

HF transformer whereas minimal leakage current (IO,lk) circulates at the output of the 

converter. Furthermore, as the MLICs are required to operate in parallel to ensure optimal 

performance of MLPS, the inter-converter circulating currents become extremely 
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critical. It is necessary to mitigate these currents to ensure high performance. The proposed 

converter offers minimal circulating currents during their paralleling due to the presence of 

rectifier diodes which block these circulating currents, thereby underlining their suitability 

for MLIC.   

3.5.3. Component Stress 

The selection and designing of the suitable components for the converter are primarily 

dependent on their stress. The stress on different passive components such as inductors, 

capacitors, and transformer are critical for their optimal design and improvement in the 

converter performance. The converter employs interleaved operation which allows 

bifurcation of the input current, thereby alleviating the current stress on the input inductors 

                                     
(a) 

                           
                  (b) 

Fig.3.6. Leakage current model of CF-HGIIC (a) mode 1 (b) mode 3 
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(3.30). Moreover, the voltage stress on the coupling and output capacitors shown in (3.31) 

and (3.32) is essential in deciding their voltage rating, which dictates their optimal selection 

and impacts other factors like safety, performance, and cost. The unique distributed 

structure of the proposed converter allows rms current through the primary winding of the 

HF transformer to be a fraction of the input current as demonstrated from (3.33), thereby 

significantly alleviating the current stress on the HF transformer and highlighting their merit 

and suitability for high current application. 

𝐼𝐿1,𝐴𝑉𝐺 = 𝐼𝐿2,𝐴𝑉𝐺 =  
𝐼𝐼𝑁

2
 , 𝐼𝐿1,𝑅𝑀𝑆 = 𝐼𝐿2,𝑅𝑀𝑆 = √𝐼𝐼𝑁

2

4
+

∆𝐼𝐿
2

12
                          (3.30) 

𝑉𝐶1 = 𝑉𝐶2 =  
𝑉𝑂

2 𝑛
                                               (3.31) 

𝑉𝐶𝑂 = 𝑉𝑂                                                     (3.32) 

𝐼𝐿𝐾1,𝑅𝑀𝑆 = 𝐼𝐿𝐾2,𝑅𝑀𝑆 =  
𝐼𝐼𝑁√1−𝑑

4
                             (3.33) 

The voltage and current stress on the coupling and rectifier diodes shown in (3.34) and 

(3.35) respectively help in selecting the appropriate ratings of the diodes for the converter 

which further enables improvements in the converter performance. 

𝑉𝐷1 = 𝑉𝐷2 =
𝑉𝑂  

𝑛
 , 𝐼𝐷1 = 𝐼𝐷2 =

𝐼𝐼𝑁 (1−𝑑) 

4
                              (3.34) 

𝑉𝐷3−𝐷6 = 𝑉𝑂 , 𝐼𝐷3−𝐷6 =
𝐼𝐼𝑁 (1−𝑑) 

4 𝑛
                                    (3.35) 

The voltage and current stress on the switches S1 / S2 and S3 / S4 are shown in (3.36) 

and (3.37) respectively. The stress helps in selecting the appropriate device ratings while 

also assisting in optimized search from a diverse range of MOSFETs. 
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𝑉𝐷𝑆1 = 𝑉𝐷𝑆2 =
𝑉𝑂  

2 𝑛
 , 𝐼𝑆1,𝑅𝑀𝑆 = 𝐼𝑆2,𝑅𝑀𝑆 =

𝐼𝐼𝑁 √5 − 𝑑

4
                              (3.36) 

𝑉𝐷𝑆3 = 𝑉𝐷𝑆4 =
3 𝑉𝑂  

2 𝑛
 , 𝐼𝑆3,𝑅𝑀𝑆 = 𝐼𝑆4,𝑅𝑀𝑆 =

𝐼𝐼𝑁 √1 − 𝑑

4
                               (3.37) 

3.6. Design Considerations of Converter 

This section presents the comprehensive design of the proposed converter. The 

optimized design of the converter is necessary to ensure enhanced converter performance 

and minimal component stress. Furthermore, the design considerations of different 

components are discussed below. 

3.6.1. Design of Input Inductors 

For ensuring seamless power transfer and operation under CCM mode, the design of 

input inductors becomes vital. The inductor should be designed for the rated specifications 

while ensuring a smaller current ripple (ΔIL) under all operating conditions using (3.38). 

Moreover, during hardware realization of the input inductors, the selection of a magnetic 

core is critical and requires extensive study of different magnetic properties. The powdered 

cores are typically used for inductors due to their property of distributed air gap which 

linearizes the B-H curve and further prevents saturation. 

𝐿1 = 𝐿2 = (
𝑑 𝑉𝐼𝑁  

∆𝐼𝐿 𝑓𝑆
)                                                  (3.38) 

3.6.2. Selection of HF Transformer Turns Ratio 

The voltage gain of the proposed converter shown in the expression (3.5) is correlated 

with the turns ratio (n) of the HF transformer and the duty cycle (d) of the converter, with 

its graphical representation illustrated in Fig.3.7. It is vital to select the turns ratio of HF 
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transformer appropriately for the desired converter voltage gain and optimized component 

selection. For calculating the maximum value of n (nMAX), the boundary conditions of the 

operating converter are a minimum duty cycle (dMIN) of 0.5 and a minimum desired voltage 

gain (mMAX) of 10, which is nMAX = 2.5. As the lower turns ratio of the HF transformer is 

utilized, the range of the operating duty cycle becomes smaller. Additionally, the voltage 

stress on the components increases dramatically which further increases their required 

voltage rating, thereby widening the cost vs performance trade-off while selecting the 

components. Conversely, a higher turns ratio reduces the voltage stress on components but 

impacts their current stress. As a result, after careful consideration of the above problem, 

the turns ratio of the HF transformer is selected as 1:1:2.         

3.6.3. Design of Coupling Capacitors 

The design of coupling capacitors is critical for the seamless converter operation and 

furnishing high voltage gain. The optimal selection of coupling capacitors is based on the 

expression in (3.39), allowing superior performance of the converter under different 

                     

Fig.3.7. 3-D plot of voltage gain (m) vs duty cycle (d) vs turns ratio (n) 
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operating conditions. The coupling capacitors appear across the switches S1 and S2 during 

mode 1 and mode 3 respectively, thereby enabling natural voltage clamping of the switches 

(S1 and S2). The voltage ripple of the coupling capacitor (ΔVC) is affected by the input 

current and the operating duty cycle of the converter, and further impacts the converter 

performance. Fig.3.8(a) shows the variations in the voltage ripple in different coupling 

capacitors over a wide range of input currents. It is observed that voltage ripple (ΔVC) in 

coupling capacitors varies linearly with the input current and has a smaller ripple at lower 

currents. The influence of duty cycle variation on the voltage ripple for several values of 

coupling capacitors is demonstrated in Fig.3.8(b). The voltage ripple for a specific value of 

coupling capacitor reduces at higher duty cycles, thereby enhancing the operation of the 

converter at higher voltage gain. Additionally, it is observed from both Fig.3.8 (a) and (b) 

that for a fixed value of input current and duty cycle, the smaller capacitor exhibits 

significantly higher voltage ripple. Also, for the wider operating range of input current and 

duty cycle of the converter, the coupling capacitor with smaller values demonstrates larger 

variations in their voltage ripples. It is quantified for the value of coupling capacitors 

ranging between C=1µF and C=4.7µF, with C=1µF and C=4.7µF exhibiting voltage ripple 

variation of 15.22V and 3.24V respectively during the changes in duty cycle and 16.57V 

and 3.53V respectively during the input current variations. This clearly highlights that 

choosing smaller capacitors significantly increases the voltage ripple and its variations over 

the wider operating range of input current and duty cycle and further degrades its 

operational life and overall converter performance. Consequently, the selection of a 

coupling capacitor is closely tied to the performance improvements in the converter. The 

rms current in the coupling capacitor is calculated in (3.40). In the hardware implementation 

of the converter, the selection of the type of material is essential for the coupling capacitors. 
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The coupling capacitors typically utilize film capacitors which offer superior reliability and 

lower ESR. Furthermore, as diverse materials of film capacitors are available, the 

polypropylene and PET-based film capacitor is highly suitable for coupling capacitors. 

𝐶1 = 𝐶2  =
𝐼𝐼𝑁 (1−𝑑) 

4 ∆𝑉𝐶 𝑓𝑆
                                                     (3.39) 

𝐼𝐶1,𝑅𝑀𝑆 = 𝐼𝐶2,𝑅𝑀𝑆 =
𝐼𝐼𝑁 √(1 − 𝑑)

2√2
                                             (3.40) 

As the coupling capacitors are connected in series with the primary windings of the HF 

transformer, they naturally work as DC-blocking capacitors for alleviating the DC biasing 

of the transformer during the asymmetric converter operation, thereby enhancing the 

converter performance, and preventing the core saturation of the transformer. Moreover, 

the proposed converter does not require additional DC blocking capacitors or complex 

   
(a)                                                                   (b) 

Fig.3.8. Voltage ripple (ΔVC) of coupling capacitor vs (a) Input current (b) Duty cycle 

(d) 

 



 

 

89 

 

control schemes to achieve mitigation of DC bias in the transformer, thereby reducing the 

cost and saving the board space. 

3.6.4. Selection of Devices 

The selection of devices is based on their ratings which in turn are dependent on their 

voltage and current stress. The ratings of switches S1 and S2 are dramatically reduced due 

to the natural clamping of their voltage by the coupling capacitors, thereby allowing the 

selection of high current- low voltage MOSFETs with low RDS,ON. This also facilitates the 

reduction in the conduction losses of these switches. The calculated ratings of the switches 

(S3, S4) are based on their voltage and current stress, which allows the selection of high 

voltage - low current MOSFETs. The selection of coupling and rectifier diodes is highly 

influenced by their stresses and requires a trade-off between reverse-recovery time and on-

state voltage drop. The reverse-recovery time is an important factor when choosing the type 

of diode for both coupling and rectifier diodes. 

3.6.5. Design of Output Capacitor 

The design of the output capacitor is also important to ensure stable output voltage with 

a smaller voltage ripple. The value of the output capacitor depends on the input current, 

duty cycle, operating switching frequency of the converter, turns ratio of the HF transformer 

and output voltage ripple (ΔVO) and is calculated using the expression in (3.41). The 

electrolytic capacitor is typically suited for the output capacitors owing to their bulk energy 

storage. 

𝐶𝑂 ≥ (
𝐼𝐼𝑁 

2 𝑛 ∆𝑉𝑂
)

𝑑 (1−𝑑)

𝑓𝑆
                                                         (3.41) 
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3.7. Theoretical Loss Distribution of Converter 

In this section, the loss distribution of different components in the proposed converter 

is evaluated which assists the estimation of converter efficiency. The losses in various 

components of the proposed converter are calculated from the mathematical expression 

provided in Table 3.2. Furthermore, it is observed that the loss distribution in the 

components is dependent on various converter parameters. The losses in the input inductors 

are computed from Table 3.2, where the conduction loss depends on the rms inductor 

current and DC resistance of copper wire (RL1, DC). Losses in the coupling and output 

capacitors of the converter are dominated by ESR losses. The losses in the HF transformer 

are further classified into conduction and core loss (PC), where conduction losses are 

primarily governed by the rms currents through the windings and the winding resistances 

(RW1). The losses in coupling and rectifier diodes are computed from the mathematical 

equations in Table 3.2, with the conduction losses being the primary contributor while 

reverse recovery turn-off loss also impacts the overall performance of the converter. It is 

observed from the loss distribution in Table 3.2 that MOSFET loss is further classified into 

switching loss and conduction loss. The rms currents and on-state resistance (RDS,ON) of 

TABLE 3.2: Loss equations of proposed converter 

Component Loss Equation 

Input Inductor  𝑃𝐿1 =  𝐼𝐿1,𝑅𝑀𝑆
2𝑅𝐿1,𝐷𝐶 

 HF Transformer 𝑃𝑇𝑅 = 2 𝐼𝐿𝐾1,𝑅𝑀𝑆
2𝑅𝑊1 + 𝑃𝐶  

Coupling Capacitor 𝑃𝐶1 =  𝐼𝐶1,𝑅𝑀𝑆
2𝑅𝐸𝑆𝑅 

Coupling Diode 𝑃𝐷1 = 𝑉𝐷𝐹1 𝐼𝐷1 + 𝑉𝐷1𝑄𝑟𝑟,𝐷1𝑓𝑆  

Rectifier Diode  𝑃𝐷3 = 𝑉𝐷𝐹3 𝐼𝐷3 + 𝑉𝐷3𝑄𝑟𝑟,𝐷3𝑓𝑆 

Switches  

Conduction Loss 

Switching Loss 

 

𝑃𝐶𝑂𝑁𝐷 =  𝐼𝑆1,𝑅𝑀𝑆
2𝑅𝐷𝑆1 +  𝐼𝑆3,𝑅𝑀𝑆

2𝑅𝐷𝑆3 

𝑃𝑆𝑊 = 𝑉𝐷𝑆1
2𝐶𝐷𝑆1 𝑓𝑆 + 0.5𝑉𝐷𝑆3

2 𝐶𝐷𝑆3 𝑓𝑆 + 0.5𝐼𝐿𝐾1
2 𝐿𝐿𝐾1 𝑓𝑆 

Gate Drive Loss 𝑃𝐷𝑅 =  𝑉𝐺𝑆1
2𝐶𝐼𝑆1 𝑓𝑆 +  𝑉𝐺𝑆3

2𝐶𝐼𝑆3 𝑓𝑆 
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MOSFET influence its conduction loss while the switching loss of MOSFET depends on 

its output capacitance and its drain-to-source voltage as well as the operating switching 

frequency of the converter. Moreover, loss distribution also includes the gate drive losses. 

𝜂 =  1 −
(2𝑃𝐿1+𝑃𝑇𝑅+2𝑃𝐶1+2𝑃𝐷1+4𝑃𝐷3+2𝑃𝐶𝑂𝑁𝐷+2𝑃𝑆𝑊+2𝑃𝐷𝑅)

𝑃𝐼𝑁
                               (3.42) 

The efficiency of the proposed converter is computed from (3.42) after cumulatively 

aggregating the component losses. The optimal selection of components is required to 

maximize the converter efficiency while minimizing the losses. Additionally, it is desired 

to select MOSFETs with their specific ratings having low RDS,ON. The ferrite cores should 

be used for the HF transformer to mitigate their core loss. Further improvements in the 

efficiency and performance of the converter can be attained by optimizing the gate drive 

circuitry developed in the laboratory, having separate turn-on and turn-off gate resistors. It 

is pertinent to note that the converter efficiency can be maximized by optimal designing of 

the converter and the selection of superior components corresponding to their ratings, but 

it also increases the cost of the converter. 

3.8. Comparative Study of the State-of-the-art Topologies 

In this section, different state-of-the-art converter topologies are comparatively studied, 

and the merits of the proposed converter are evaluated. The limitations of the conventional 

boost converter have been well documented in the literature, with their inability to 

practically achieve high voltage gain being a major drawback. The proposed converter, 
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TABLE 3.3: Comparative study of state-of-the-art topologies 
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being a high gain converter with a turns ratio of 2 has four times higher theoretical voltage 

gain capability as compared to the CBC.  

Based on the comparative study of different high-gain DC/DC converter topologies in 

Table 3.3, the following observations are underlined below. 

• The voltage gain of various topologies is listed in Table 3.3. The voltage gain of 

resonant topology is highly complex and requires a higher number of variables. 

Moreover, the gain is notably impacted by the selection of resonant tank 

components. Some high gain isolated topologies solely rely on a large turns ratio 

of HF transformer for achieving high voltage gain. The proposed converter has 

the highest voltage gain capabilities among the studied topologies in Table 3.3 

and is not solely reliant on the HF transformer to meet the gain demand. 

Moreover, its voltage gain only depends on the duty cycle and turns ratio of the 

transformer.  

• The control complexity is another attribute of converter topology that needs to be 

investigated, particularly for deployment in MLIC. The control and modulation 

scheme becomes highly complex for a few topologies, especially for the resonant 

topologies requiring frequency modulation control and four phase isolated 

converter topology requiring phase-shift modulation control, thereby 

necessitating expensive controllers with substantially higher computation power. 

Conversely, the proposed topology utilizes a simpler control scheme and needs 

low-cost controllers, enabling its utilization in the distributed system where 

multiple such units are required. 
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• For the integration of converter topology with the PV panel, input current ripple 

is a critical parameter. The input current ripple impacts the performance of the PV 

panel and further degrades its operating life. Some topologies listed in Table 3.3 

experiences higher input current ripple and are prone to severe degradation in the 

performance and operational life of PV panel. Moreover, they require 

significantly higher input filters with stringent design constraints. The topologies 

utilizing single input inductor observe comparatively smaller ripples but still are 

dependent on the ripple current of the inductor for achieving low input current 

ripple. As a result, selecting a notably higher input inductor dramatically degrades 

the converter response. The interleaved operation of CF-HGIIC enables 

significantly smaller input current ripple for smaller input inductors, thereby 

improving the performance and operational life of the PV panel. Additionally, the 

converter also minimizes the requirement of an input filter and eases its design 

constraints. 

• The operation of converter topologies during wide input variations is a cardinal 

requirement for their employment in MLPS. LLC topology has a narrow range of 

operations and is highly susceptible to large input variations. The current-fed 

impedance source full bridge converter is also observed to have a limited 

operating range during boost mode with its operating duty cycle restricted below 

75%. The proposed converter can seamlessly operate over wide variations in the 

input voltage and current owing to its distributed structure. 

• The current-fed converters are severely impacted by the turn-off voltage spike in 

the switches. Few topologies employ active clamp circuits to alleviate this spike 
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but increases the circuit complexity. Moreover, the snubberless operation of the 

current-fed topology eliminates the external snubber/clamp circuit, but its 

bidirectional operation is redundant for PV applications. Also, the presence of 

secondary side switches increases the circulating and leakage currents during the 

parallel operation of the converter, which further inflates the losses and degrades 

the overall efficiency. The proposed converter facilitates unidirectional power 

flow and has minimal circulating and leakage currents, which allows seamless 

integration of multiple such units. 

• The proposed converter demonstrates high modularity and scalability. Also, it 

enables plug-and-play operation which allows integration of multiple such units 

in the system to dynamically increase the overall power capacity without 

impacting the operation of the existing converters. 

The salient features and merits of the CF-HGIIC highlight its suitability for MLIC and 

make it a viable topological solution for MLPS.   

3.9. Results and Discussions 

In this section, the simulated and experimental performance of the proposed converter 

is analyzed, and their results are presented to validate the theoretical analysis and design of 

the converter. 

3.9.1. Simulation Results 

The simulated performance of the proposed converter is evaluated in this subsection, 

with the objective of validating the mathematical analysis of the converter using the 

simulation results. The steady-state operation of a 500W converter is simulated in 
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MATLAB Simulink environment for the converter specification listed in Table 3.4. 

Moreover, the converter design parameters are specified in Table 3.5. The simulated model 

of the proposed converter operates at a switching frequency of 50kHz and integrates a DC 

source of 30V with the 380V active load using the HF transformer with a turns ratio of 2. 

Moreover, the steady-state performance of the simulated converter model is evaluated for 

different input powers. Fig.3.9 demonstrates the steady-state converter waveforms of input 

current, inductor currents, coupling capacitor voltages, and current in the coupling diodes 

and rectifier diodes for input power conditions, i.e., 500W (rated input power PIN, RATED)  

and 325W. The impact of interleaving is evident from the waveforms as 180° phase-shifted 

inductor currents having a current ripple of 8.7% result in a significantly smaller input 

current ripple of 2.41% for rated input power. The results corroborate with the theoretical 

analysis of the input interleaving operation of the proposed converter and highlight the 

bifurcation of input current with each inductor receiving half 

TABLE 3.4: Simulated converter specifications 

Parameter Value 

Input Voltage 30V 

Output Voltage 380V 

Rated Input Power 500W 

Switching Frequency 50kHz 

 

TABLE 3.5: Simulated converter design parameters 

Parameter Value 

Input Inductor (L1, L2) 560µH 

Coupling Capacitor (C1, C2) 4.7µF 

HF Transformer 

Leakage Inductance (LK1, LK2) 

Magnetizing Inductance (LM) 

Turns Ratio (1:1: n) 

 

2.4 µH 

3.5 mH 

1:1:2 

Output Capacitor (CO) 100µF 
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the input current, thereby alleviating the conduction loss in inductors. The voltage across 

coupling capacitors for both input power conditions are shown in Fig. 3.9(a) and (b) 

             
                                                                            (a)       

          
                                                                            (b)                                                                                                   

Fig.3.9. Simulated waveform of inductor currents IL1, IL2 (A), input current IIN (A), 

voltage across coupling capacitors VC1, VC2 (V), coupling diode voltages VD1, VD2 (V) 

and currents ID1, ID2 (A), rectifier diode voltages VD3 (VD6), VD4 (VD5) (V) and currents 

ID3 (ID6), ID4 (ID5) (A) (a) Input power of 500W (b) Input power of 325W. 
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respectively, with the steady-state voltage ripple of capacitors for PIN, RATED is 5.68%. 

Furthermore, the conduction of the coupling diodes (D1 / D2) and rectifier diodes (D3 - D6) 

and their reverse biased voltages are observed from the simulated results and conform to 

the topological operating modes of the converter. The leakage currents in the converter for 

rated input power during the switching transitions are shown in Fig.3.10. The high-

frequency leakage current passing through the center-tapped HF transformer to the ground 

(IG, lk) observes large peaks of 740mA and -410mA during the switching transitions while 

the leakage currents at the converter output (IO,lk) have significantly smaller peaks of 

17.2mA and -16.8mA, thereby validating the leakage model and further proving that the 

HF transformer filters major component of the leakage currents and minimizes its 

propagation at the output. The performance of the HF transformer during input power 

conditions with its primary and secondary winding voltages and their corresponding 

                
Fig.3.10. Simulated waveform of gating signals of switches, leakage current though 

HF transformer into ground (IG,lk) and leakage current at output (IO,lk) 
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currents are presented in Fig.3.11. The voltage across the primary and secondary windings 

of the HF transformer quantifies its turns ratio of 2. Moreover, the quasi-sinusoidal 

waveform of the winding currents is also demonstrated from the results, thereby supporting 

the mathematical analysis. The switching performance of the proposed converter for input 

power conditions with the gating signal, voltage, and current of each switch is shown in 

Fig.3.12. The minimal turn-off voltage spike in switches S1 and S2 shown in Fig.3.12(a) 

and (b) is attributed to the natural voltage clamping by the coupling capacitors. The 

variations in the input power influence the operating switch currents as observed from the 

results. Moreover, the results also demonstrate that voltage across the switches S3 and S4 

gradually rises or falls during the overlapping period (S1 and S2 are on) because the drain-

to-source capacitance of switches gets slowly charged or discharged by the small 

magnetizing current. The steady-state input-output profile of the converter for both input 

 
(a)                                                                    (b) 

Fig.3.11. Simulated waveform of voltages and currents of primary winding VP (V) and 

ILK1, ILK2 (A) and secondary winding VSEC (V) and ISEC (A) of HF transformer (a) Input 

power of 500W (b) Input power of 325W 
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  (a)                                                                 

  
      (b) 

Fig.3.12. Simulated waveform of gating signals of switches VGS1-VGS4 (V), voltages: 

VDS1, VDS2 (V) and currents: IS1, IS2 (A) in S1 and S2 and voltages: VDS3, VDS4 (V) and 

currents: IS3, IS4 (A) in S3 and S4 (a) Input power of 500W (b) Input power of 325W 
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powers of 500W and 325W is shown in Fig.3.13(a) and (b) respectively. The converter 

observes a reduction in its input and output current from 16.67A and 1.26A respectively 

during operation at 500W to 10.83A and 0.823A during the input power of 325W. 

Consequently, the steady state simulation results and the simulated performance of the 

proposed converter validate the theoretical analysis, modeling, and operation of the 

converter and highlight its salient features and efficient design.   

3.9.2. Experimental Results 

In this subsection, the experimental performance of the proposed converter is 

comprehensively analyzed. The scaled-down 125W hardware prototype of the converter 

operating at 50kHz is shown in Fig.3.14 and is designed and developed in the laboratory in 

accordance with the converter specifications and design parameters listed in Table 3.6 and 

 
   (a)                                                             (b) 

Fig.3.13. Simulated waveform of voltages of input VIN (V) and output VO (V) and 

currents of input IIN (A) and output IO (A) (a) Input power of 500W (b) Input power of 

325W 
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(a)                                                 (b)       (c) 

Fig.3.14. Hardware prototype of CF-HGIIC (a) Gen 1 (b) Gen 2 (c) Gen 3 (latest) 

 

TABLE 3.6: Experimental converter specifications 

Parameter Value 

Input Voltage 17V 

Output Voltage 170V 

Rated Input Power 125W 

Switching Frequency 50kHz 

 

TABLE 3.7: Experimental converter design parameters 

Parameter Value 

Input Inductor (L1, L2) MultiComp Pro -MCAP series (Torroidal): 

560µH  

Coupling Capacitor (C1, C2)  Kemet- R60 series (Metalized PET):3.3µF, 

250V 

HF Transformer 

ETD Ferrite Core (Ferroxcube 3C90), Primary 

Turns- 30, 30, Secondary Turns- 60, Turns 

ratio- 1:1:2, LK1=2.1µH, LK1=2.16µH 

Output Capacitor (CO) Electrolytic Capacitor:2 x100 µF, 450V (in 

series)         

Switches (S1, S2) SQP90142E_GE3; 200V, 12.7mΩ 

Switches (S3, S4) IPP60R125CFD7XKSA1: 600V, 104mΩ 

Coupling Diodes (D1, D2) 
MUR860: 8A, 600V 

Rectifier Diodes (D3 - D6) 

Gate Driver ADUM4121 
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Table 3.7 respectively. Furthermore, the hardware converter prototype is experimentally 

tested in the laboratory for the input powers of 125W (rated) and 85W while having the 

input voltage of 17V and feeding the power to the 170V active load. Additionally, for the 

seamless understanding of the experimental results and keeping the uniformity between the 

experimental results with scaled-down converter ratings and the simulation results having 

                             
                 (a) 

                     
(b)                                                    

Fig.3.15. Waveform of coupling capacitor voltage VC1 (V), drain to source voltage of 

switch S1: VDS1 (V) and S2 : VDS2 (V) and inductor current IL1 (A) for input power of 

125W (a) Experimental result (b) Simulated result 
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higher converter ratings, the simulated performance of the converter operating at the 

mentioned scaled-down ratings is also presented. This also allows a simpler and more 

comprehensive understanding with consistency in comparative analysis between the 

experimental and simulated results. The steady-state performance of a 125W converter with 

its experimental and simulated waveforms of inductor currents, coupling capacitor voltage, 

                                                              
                 (a) 

                       
(b)                                                    

Fig.3.16. Waveform of coupling capacitor voltage VC1 (V), drain to source voltage of 

switch S1: VDS1 (V) and S2 : VDS2 (V) and inductor current IL1 (A) for input power of 

85W (a) Experimental result (b) Simulated result 
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and the drain-to-source voltage of switch S1 for input powers of 125W and 85W is shown 

in Fig.3.15 and 3.16. The interleaved operation of the converter is demonstrated from the 

experimental waveform where the drain-to-source voltage of switches S1 and S2 are 180° 

phase shifted while the current through the inductor L1 is one-half of the calculated input 

current, thereby further conforming to the theoretical analysis. Also, the experimental and 

simulated waveforms of the converter shown in Fig.3.15 and 3.16 are closely matched.  

Furthermore, it is noted from the result in Fig.3.15(a) that the experimental steady state 

                                                      
                 (a) 

                    
(b)                                                    

Fig.3.17. Waveform of voltage across primary winding VP (V) and secondary winding 

VSEC (V) for input power of 125W (a) Experimental result (b) Simulated result 
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voltage ripple in the coupling capacitor for the rated input power is 9.4% which is similar 

to the observed ripple in the simulated result in Fig.3.15(b). The experimental waveform of 

the proposed converter also highlights a minimal turn-off voltage spike in the drain-to-

source voltage across the switches S1 and S2, thereby indicating the natural voltage 

clamping of the switches by the coupling capacitor and further validating the mathematical 

converter analysis. Fig.3.17 shows the experimental and simulated waveforms of the 

                    
                 (a) 

                          
(b)                                                    

Fig.3.18. Experimental performance (a) Efficiency of CF-HGIIC for variation in input 

power (b) Loss analysis of converter for input power of 125W 
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winding voltages of the HF transformer. The experimental waveform of primary and 

secondary winding voltages of the HF transformer in Fig.3.17(a) demonstrates that the ETD 

ferrite core-based transformer has a practical turns ratio of 2. Also, the experimental 

waveform of the transformer conforms with the theoretical analysis and the simulated 

waveform shown in Fig.3.17(b). The experimental efficiency of the proposed converter for 

variations in the input power is shown in Fig.3.18(a). The efficiency of the proposed 

converter at the rated input power of 125W is 93.72% while the peak efficiency of 93.91% 

is observed at 105W. Moreover, the loss analysis of the converter operating at the rated 

input power is shown in Fig.3.18(b). It is noticed from the loss analysis that the major 

contributors to the overall converter loss are the inductor and diode losses whereas the loss 

components of the switches and HF transformer are much smaller. The efficiency of the 

converter can be further improved by selecting superior and high-performance components 

with better PCB design. The experimental performance of the proposed converter highlights 

its ability to practically operate at a voltage gain of 10 using a transformer turns ratio of 2 

with high efficiency, making it a suitable topology for MLIC.    

3.10. Conclusion 

In this chapter, a new topology of the current-fed isolated converter has been proposed. 

The salient features of the proposed converter have been studied and comparatively 

analyzed with different state-of-the-art high-gain converter topologies. The operating 

modes of the converter are provided in this chapter with a detailed mathematical analysis 

of each mode. Moreover, comprehensive modeling of the converter with the static voltage 

gain analysis and the in-depth steady state analysis of the converter has also been studied.  
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The extensive designing of different parameters of the converter has been presented in 

this chapter while considering the practical limitations of the components. The theoretical 

loss distribution of the proposed converter has been analyzed to get a better understanding 

of losses in individual components and pinpoint the specific component responsible for the 

overall converter loss. 

The simulated performance of the converter has been evaluated by developing the 

converter model on MATLAB Simulink environment. Based on the simulated converter 

specification and its corresponding calculated design parameters, the simulated converter 

performance highlighted the merits of the proposed converter and validated the theoretical 

analysis. Moreover, the converter demonstrated the operation at high gain with a lower turns 

ratio of the HF transformer. The simulated results underlined a significantly smaller input 

current ripple in the converter with mitigation of leakage current at the output. Additionally, 

the minimal turn-off voltage spike in switches S1 and S2 is observed from the results, 

highlighting the natural voltage clamping of the switch voltage by the coupling capacitor. 

The hardware prototype of the proposed converter developed in the laboratory using the 

calculated design parameters has been experimentally tested. The experimental results 

further highlighted the natural voltage clamping of switches in S1 and S2 while also 

indicating the superior performance of the HF transformer. The experimental efficiency of 

the proposed converter prototype and its loss analysis have been studied and demonstrated 

higher converter efficiency. The ability of the converter prototype to operate experimentally 

at a high voltage gain of 10 is indicated by the experimental results. Moreover, the 

experimental performance of the converter prototype further validated the simulated 

performance and corroborated with the theoretical analysis and converter design. The 
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merits of the proposed converter and its superior performance emphasized the suitability of 

the converter topology for MLIC. 
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CHAPTER 4 
TOPOLOGICAL MODIFICATIONS AND 

PERFORMANCE ENHANCEMENTS 

4.1.  General 

The merits and operational performance of the current-fed high gain isolated interfacing 

converter (CF-HGIIC) have been discussed in Chapter 3 and their viability for module-level 

interfacing converter has been explored. However, the topological structure of the converter 

requires some improvements to enhance the converter's performance. In this chapter, 

topological modifications in the converter and their performance improvements have been 

studied. The operating topological modes of the modified converter with its mathematical 

modeling are also discussed in the chapter.  The modified converter topology with its rated 

input power of 500W while having 30V input and 380V output has been simulated on the 

MATLAB Simulink environment and its performance under input voltage variations has 

been extensively analyzed. Moreover, for validating the performance of the converter 

experimentally during input voltage variations, a scaled-down 190W hardware prototype of 

the converter with its rated input voltage of 26V and 270V output has been developed and 

tested in the laboratory. The chapter is organized as follows: Section 4.2 discusses the 

improvements required in the existing converter topology (CF-HGIIC) while section 4.3 

presents the modified converter topology. The topological operating modes of the converter 

are discussed in section 4.4 followed by its mathematical modeling in section 4.5 while the 

discussions on the performance of the modified converter are presented in section 4.6. 
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4.2. Improvements in the Existing Topology 

The key scope of improvements in the CF-HGIIC to enhance its operational 

performance is discussed below. 

• The converter natively incorporates high-side switches (S3, S4) which increases 

the cost and complexity of the gate drive design and drive circuitry while also 

necessitating a higher count of isolated power supplies.  

• CF-HGIIC with its high-side switches is susceptible to the false triggering 

operation which can degrade the overall performance while also making the 

converter more prone to EMI issues.  

• Furthermore, the converter observes a higher voltage spike in these switches 

during turn-off which induces higher losses.  

As a result, the topological modifications in CF-HGIIC are imperative for improving 

the converter operation and its performance while also reducing the cost.                               

 

               
Fig.4.1. Topological structure of MCF-HGIIC   
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4.3. Proposed Converter Topology 

The modified current-fed high gain isolated interfacing converter (MCF-HGIIC) has 

been proposed in this chapter and offers key improvements over the conventional CF-

HGIIC. The proposed converter retains all the inherent topological merits and salient 

features of the conventional converter. The topological structure of the proposed modified 

current-fed high gain isolated interfacing converter (MCF-HGIIC) is shown in Fig.4.1. The 

proposed converter operates in the continuous conduction mode with its operating duty 

cycle (d) ≥ 0.5. The primary side of the converter utilizes dual input inductors (L1, L2) for 

facilitating continuous input current. Furthermore, the converter has coupling diodes (D1, 

D2), coupling capacitors (C1, C2), and all four low-side switches (S1 – S4). The secondary 

side of the converter incorporates a full-bridge diode rectifier (D3 – D6) and the output 

capacitor (CO). The primary and secondary side of the converter is interlinked using a high 

TABLE 4.1: Parametric notations of MCF-HGIIC 

Parameters Voltage Current 

Input VIN IIN 

Output VO IO 

 Input Inductor (L1, L2) VL1, VL2 IL1, IL2 

Coupling Capacitor (C1, 

C2) 

VC1, VC2 IC1, IC2 

Switches (S1 – S4) 
Drain to Source: VDS1 – VDS4 

IS1 – IS4 
Gate to Source: VGS1 – VGS4 

Coupling Diodes (D1, D2) Reverse Biased: VD1, VD2 
ID1, ID2 

Forward Drop: VDF1, VDF2 

 Rectifier Diodes (D3 – D6) Reverse Biased: VD3 – VD6 
ID3 – ID6 

Forward Drop: VDF3 – VDF6 

HF Transformer  

Primary Winding 

Secondary Winding 

Magnetizing Inductance 

 

VP ILK1, ILK2 

VSEC ISEC 

VLM IM 
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frequency (HF) transformer having the leakage inductance (LK1, LK2) and magnetizing 

inductance (LM) and utilizing the low turns ratio (1:1: n). The proposed converter interfaces 

a DC source at the input and feeds the power to the active load (DC sink). The notations of 

different converter parameters of MCF-HGIIC are similar to the CF-HGIIC and are listed 

in Table 4.1. 

The proposed MCF-HGIIC retains the salient features of the conventional CF-HGIIC 

like the high voltage gain while utilizing the low turns ratio of the HF transformer and 

exhibiting a unique distributed structure with parallel conduction paths to minimize the 

stress and losses in the components. Furthermore, the converter significantly reduces input 

current ripple using interleaved operation and has a higher tolerance to the DC bias in the 

HF transformer during the asymmetric operation. Meanwhile, MCF-HGIIC also exhibits 

natural voltage clamping of the switches S1 and S2, thereby eliminating the requirement for 

an additional snubber or clamp circuit. In addition, the proposed converter offers some 

improvements over the conventional CF-HGIIC. The utilization of low-side switches in 

MCF-HGIIC encourages the use of low cost gate drivers with simplified gate drive design 

and driver complexity and eliminates the requirement for a higher count of isolated power 

supplies. Furthermore, the converter topology improves the immunity to false triggering 

and EMI issues by incorporating low-side switches. Additionally, the proposed converter 

utilizes a new modulation scheme to achieve quasi-zero current switching (quasi-ZCS) 

during the turn-off transition in the switches S3 and S4, which mitigates the turn-off voltage 

spike and losses, thereby improving the converter performance.  
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4.4. Topological Modes of Operation 

The topological operating modes of the proposed converter are discussed in this section. 

Fig.4.2 demonstrates the steady-state analytical waveforms of the MCF-HGIIC with its 

operating duty cycle d ≥ 0.5. The gating pulses of switches S1 and S2 are 180° phase shifted 

with their on-time greater than 50%, while the gating pulses of switches S3 and S4 operate 

for less than 50%. Additionally, the gating pulses of switch S3 and S4 have some overlap 

with the S1 and S2 respectively, thereby assisting in the quasi-ZCS operation of S3 and S4. 

The topological modes of the proposed converter for different operating intervals are 

examined below. Additionally, the equivalent circuits of the MCF-HGIIC for each 

operating interval are depicted in Fig.4. 3.  

                
Fig.4.2. Analytical waveforms of MCF-HGIIC 
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4.4.1. Mode 1 (t0 – t1) : Power Transfer Mode – Fig.4.3(a)  

      At the start of this operating mode, switch S2 is assumed to be conducting while the 

turn-off of switch S1 at the instant t0 forward biases the coupling diode D1. The voltage 

across the coupling capacitors (C1, C2) appears across the primary winding of the HF 

transformer as the switch S3 turn-on with quasi-sinusoidal winding currents. Moreover, 

during this operating mode, the power is transferred to the active load through the HF 

transformer and rectifier diodes D3 and D6. 

4.4.2. Mode 2 (t1 – t2) : Transition Mode – Fig.4.3(b) 

      At the instant t1, switch S1 turn-on, which starts increasing the switch current (IS1) 

linearly and further reverse biases the diode D1. Concurrently, the energy stored in leakage 

inductance (LK1) of the HF transformer is transferred to the load as it starts discharging. 

Moreover, current through the leakage inductance of the transformer decreases linearly to 

the small magnetizing current (IM) at the instant t2. This linear decrease in the current assists 

in the natural commutation of the switch S3 current (IS3) to a small magnetizing current 

before the removal of its gating signal (VGS3). At the end of this mode, the rectifier diodes 

D3, and D6 get reverse biased.   

4.4.3. Mode 3 (t2 – t3) : quasi-ZCS Mode – Fig.4.3(c) 

      At the instant t2 during the beginning of this mode, the gating signal (VGS3) of switch S3 

is removed and the switch turn-off with a small magnetizing current (IM) while having zero 

switch voltage (VDS3), thus demonstrating quasi-ZCS operation. The switch capacitance 

(CDS3) is a non-linear function of switch voltage (VDS3) and is charged by the magnetizing 

current, observing gradual increases in the switch voltage with small dV/dt. 

Simultaneously, the output capacitor of switch S4 discharges to counterbalance the increase 
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in VDS3. During this operating mode, no power is transferred to the load. At the end of this 

mode at the instant t3, S3 reaches its steady state voltage while S2 and S4 turn-off and on 

respectively. 

4.4.4. Mode 4 (t3 – t4) : Power Transfer Mode – Fig.4.3(d) 

      The switch S1 is conducting while the switch S2 turn-off at the beginning of this mode 

at the instant t3, which forward biases the coupling diode D2. The turn-on of switch S4 at 

the instant t3 allows the voltage across the coupling capacitors (C1, C2) to appear across the 

primary winding of the HF transformer while exhibiting quasi-sinusoidal winding currents. 

Additionally, during this operating mode, the power is transferred to the active load through 

the HF transformer and rectifier diodes D4 and D5. 

4.4.5. Mode 5 (t4 – t5) : Transition Mode – Fig.4.3(e) 

      The switch S2 turn-on at the instant t4, which starts increasing the switch current (IS2) 

linearly and reverse biases the coupling diode D2. Simultaneously, the leakage inductance 

(LK2) of the HF transformer starts discharging and transfers its energy to the load. 

Additionally, the current through the leakage inductance of the transformer decreases 

linearly to a small magnetizing current (IM) at the instant t5. This linear decrease in the 

current facilitates the natural commutation of the switch S4 current (IS4) to a small 

magnetizing current before the removal of its gating signal (VGS4). At the end of this mode, 

the rectifier diodes D4, and D5 get reverse biased.  

4.4.6. Mode 6 (t5 – t6) : quasi-ZCS Mode – Fig.4.3(f) 

      During the start of this mode at the instant t5, the switch S4 turn-off with a small 

magnetizing current (IM) while having zero switch voltage (VDS4) as the gating signal (VGS4) 
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Fig.4.3. Topological operating modes of proposed converter (a) Mode 1 (b) Mode 2 (c) 

Mode 3 (d) Mode 4 (e) Mode 5 (f) Mode 6 
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of S4 is removed, thereby highlighting quasi-ZCS operation. The non-linear switch 

capacitance (CDS4) as a function of switch voltage (VDS4) is charged by the magnetizing 

current and observes gradual increases in the switch voltage with small dV/dt. 

Instantaneously, the switch S3 capacitance discharges to counterbalance the increase in 

VDS4. No power is transferred to the load during this mode. The switch S4 reaches its steady 

state voltage while S1 and S3 turn-off and on respectively at the end of this mode at the 

instant t6. 

4.5. Mathematical Modeling of Converter 

In this section, the mathematical modeling of the proposed converter is presented. The 

converter operates in the continuous conduction mode with d ≥ 0.5. The fundamental 

assumptions for the simplified converter modeling are outlined below: 

• The input inductors are assumed to be sufficiently large to maintain stiff DC 

currents. 

• The circuit components are assumed to be ideal with no PCB parasitic. 

• The output voltage is assumed to be constant with a large output capacitor. 

• It is assumed that the input inductors (L1=L2=L), coupling capacitors (C1=C2=C), 

and leakage inductances (LK1=LK2=LK) referred to primary are identical. 

4.5.1. Steady-State Operational Analysis 

Time-domain analysis with the derivation of mathematical equations for each operating 

mode of MCF-HGIIC is necessary to optimally model the converter. Additionally, these 

equations facilitate the converter designing and device selection while assisting in a 

comprehensive understanding of the converter operation. As the identical operation of the 
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converter is observed during the other half cycle of the switching cycle owing to the circuit 

symmetry, the mathematical analysis for each operating mode of the converter is only 

discussed for one-half of the switching cycle.   

The current through the input inductor (4.1) is half of the input current. 

𝑖𝐿1(𝑡) = 𝑖𝐿2(𝑡) =
𝐼𝐼𝑁

2
                                                 (4.1) 

A. Mode 1(t0 – t1):  

During mode 1, the mathematical equations of the converter are discussed below: 

𝑖𝑆1(𝑡) = 𝑖𝑆4(𝑡) = 𝑖𝐷2(𝑡) = 0                                                 (4.2) 

𝑖𝑆3(𝑡) = 𝑖𝐿𝐾1(𝑡) = 𝑖𝐶1(𝑡) = 𝑖𝐶1(𝑡𝑂) +
𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                (4.3) 

𝑖𝐷1(𝑡) = 𝑖𝐶2(𝑡) = 𝑖𝐶2(𝑡𝑂) −
𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                       (4.4) 

𝑤𝑂 =
1

√0.5 𝐿𝐾𝐶
 , 𝑍𝑂 = √

2𝐿𝐾

𝐶
 , 𝑖𝐶1(𝑡0) =

𝐼𝑃𝑉

2
−

𝐶 ∆𝑉𝐶

(𝑡1−𝑡0)
 , 𝑖𝐶2(𝑡0) =

𝐶 ∆𝑉𝐶

(𝑡1−𝑡0)
                (4.5) 

𝑉𝑒𝑞 = 2𝑉𝐶1(𝑡0) −
𝑉𝑂

𝑛
− ∆𝑉𝐶  ,     ∆𝑉𝐶 =  (0.25 𝐼𝐼𝑁(1 − 𝑑)𝑇𝑆 )/𝐶                 (4.6) 

𝑖𝑆2(𝑡) =
𝐼𝐼𝑁

2
+ 𝑖𝐶2(𝑡0) −

𝑉𝑒𝑞

𝑍𝑜
sin 𝑤𝑜(𝑡 − 𝑡0)                           (4.7) 

𝑉𝐶1(𝑡) =
−1

𝐶
∫ 𝑖𝐶1(𝑡)𝑑𝑡

𝑡

𝑡0
= 𝑉𝐶1(𝑡0) −

𝑖𝐶1(𝑡0) 

𝐶
(𝑡 − 𝑡0) −

𝑉𝑒𝑞

𝐶𝑤𝑜𝑍𝑜
(1 − cos 𝑤𝑜(𝑡 − 𝑡0))       

(4.8) 
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𝑉𝐶2(𝑡) =
1

𝐶
∫ 𝑖𝐶2(𝑡)𝑑𝑡

𝑡

𝑡0
= 𝑉𝐶2(𝑡0) +

𝑖𝐶2(𝑡0) 

𝐶
(𝑡 − 𝑡0) −

𝑉𝑒𝑞

𝐶𝑤𝑜𝑍𝑜
(1 − cos 𝑤𝑜(𝑡 − 𝑡0))       

(4.9) 

𝑖𝑆𝐸𝐶(𝑡) =  
𝑖𝐿𝐾1(𝑡)

𝑛
 , 𝑉𝑃 =

𝑉𝑂

𝑛
 , 𝑉𝐷𝑆1(𝑡) = 𝑉𝐶2(𝑡) , 𝑉𝐷𝑆4(𝑡) = 𝑉𝑃 + 𝑉𝐶2(𝑡), 𝑉𝑆𝐸𝐶 = 𝑛 𝑉𝑃      

(4.10) 

𝑇10 = (1 − 𝑑) 𝑇𝑆                                                (4.11) 

B. Mode 2 (t1- t2):  

During mode 2, the mathematical equations of the converter are underlined below: 

𝑖𝑆2(𝑡) =
𝐼𝐼𝑁

2
 , 𝑖𝑆4(𝑡) = 0                                           (4.12) 

𝑖𝐷1(𝑡) = 𝑖𝐷2(𝑡) = 𝑖𝐶2(𝑡) = 0                                    (4.13) 

𝑖𝑆3(𝑡) = 𝑖𝐿𝐾1(𝑡) = 𝑖𝐿𝐾1(𝑡1) −
(

𝑉𝑂
𝑛

−𝑉𝐶1(𝑡))

𝐿𝐾1
(𝑡 − 𝑡1)                              (4.14) 

𝑖𝑆1(𝑡) =
𝐼𝐼𝑁

2
− 𝑖𝐿𝐾1(𝑡) , 𝑖𝑆𝐸𝐶(𝑡) =  

𝑖𝐿𝐾1(𝑡)

𝑛
 , 𝑉𝑃 =

𝑉𝑂

𝑛
                                     (4.15) 

𝑉𝐷𝑆4(𝑡) = 𝑉𝐷𝑆4(𝑡1),𝑉𝐶1(𝑡) = 𝑉𝐶1(𝑡1),𝑉𝐶2(𝑡) = 𝑉𝐶2(𝑡1)                           (4.16) 

𝑇21 =  
(𝑖𝐿𝐾1(𝑡1)−𝐼𝑀)𝐿𝐾1

𝑉𝑂
𝑛

−𝑉𝐶1(𝑡1)
                                               (4.17) 

C. Mode 3 (t2 – t3):  

During mode 3, the mathematical equations of the converter are underlined below: 

𝑖𝑆1(𝑡) =
𝐼𝐼𝑁

2
− 𝐼𝑀 , 𝑖𝑆2(𝑡) =

𝐼𝐼𝑁

2
+ 𝐼𝑀                                 (4.18) 
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𝑖𝐷1(𝑡) = 𝑖𝐷2(𝑡) = 𝑖𝐷3−𝐷6(𝑡) = 0                                    (4.19) 

𝑉𝐷𝑆3(𝑡) =
𝐼𝑀

𝐶𝐷𝑆3(𝑉𝐷𝑆3)
(𝑡 − 𝑡2)                                         (4.20) 

𝑉𝐿𝑀(𝑡) = 𝑉𝑃(𝑡) = 𝑉𝐶1(𝑡) −  𝑉𝐷𝑆3(𝑡), 𝑉𝐷𝑆4(𝑡) = 𝑉𝑃(𝑡) + 𝑉𝐶2(𝑡)                (4.21) 

𝑇32 =
(

𝑉𝑂
𝑛

 + 𝑉𝐶1(𝑡))𝐶𝑆3(𝑉𝐷𝑆3)

𝐼𝑀
                                         (4.22)   

4.6. Results and Discussions 

The simulated and experimental performance of the proposed converter is analyzed in 

this section, and their results are presented to validate their theoretical analysis. 

 

4.6.1. Simulation Results 

      In this subsection, the simulated performance of the proposed converter is studied and 

the corroboration between the results and the theoretical analysis is also evaluated. The 

TABLE 4.2: Simulated converter specifications 

Parameter Value 

Input Voltage 20V - 30V(rated) 

Output Voltage 380V 

Rated Input Power 500W 

Switching Frequency 50kHz 

 

TABLE 4.3: Simulated converter design parameters 

Parameter Value 

Input Inductor (L1, L2) 560µH 

Coupling Capacitor (C1, C2) 4.7µF 

HF Transformer 

Leakage Inductance (LK1, LK2) 

Magnetizing Inductance (LM) 

Turns Ratio (1:1: n) 

 

2.4 µH 

3.5 mH 

1:1:2 

Output Capacitor (CO) 100µF 
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                                                                            (a)       

      
                                                                            (b)                                                                                                   

Fig.4.4. Simulated waveform of inductor currents IL1, IL2 (A), input current IIN (A), 

voltage across coupling capacitors VC1, VC2 (V), coupling diode voltages VD1, VD2 (V) 

and currents ID1, ID2 (A), rectifier diode voltages VD3 (VD6), VD4 (VD5) (V) and currents 

ID3 (ID6), ID4 (ID5) (A) (a) Input voltage of 30V (b) Input voltage of 20V. 
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500W converter is simulated in the MATLAB Simulink environment using the converter 

specifications and design parameters listed in Table 4.2 and 4.3 respectively. The steady-

state operation of the simulated converter is evaluated for wide variations in the input 

voltage ranging from 20V to 30V while the 380V active load is integrated at the output. 

               
      (a) 

               
                                                                   (b) 

Fig.4.5. Simulated waveform of voltages and currents of primary winding VP (V) and 

ILK1, ILK2 (A) and secondary winding VSEC (V) and ISEC (A) of HF transformer (a) 

Input voltage of 30V (b) Input voltage of 20V 

 



126 

 

         
  (a)                                                                 

         
      (b) 

Fig.4.6. Simulated waveform of gating signals of switches VGS1-VGS4 (V), voltages: 

VDS1, VDS2 (V) and currents: IS1, IS2 (A) in S1 and S2 and voltages: VDS3, VDS4 (V) and 

currents: IS3, IS4 (A) in S3 and S4 (a) Input voltage of 30V (b) Input voltage of 20V 
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Furthermore, the converter utilizes the HF transformer with a turns ratio of 2 and operates 

at a switching frequency of 50kHz. 

The steady-state waveforms of input current, inductor currents, coupling capacitor 

voltages, current, and voltage across the coupling diodes and rectifier diodes is shown in 

Fig.4.4 for different input voltages, i.e., VIN of 20V and 30V. The result demonstrates the 

interleaved operation of inductor currents having 180° phase shifted waveform, with their 

current ripple varying from 8.7% to 6.63% for the changes in input voltage from 30V to 

20V. Also, the inductor currents observe prolonged charging during the operation at an 

input voltage of 20V due to an increase in the duty cycle of the converter. Moreover, the 

input current ripple observes a significant reduction to the tune of 2.41% for the input 

voltage of 30V. The voltage across the coupling capacitors for both input voltages is 

 
   (a)                                                                  (b) 

Fig.4.7. Simulated waveform of voltages of input VIN (V) and output VO (V) and 

currents of input IIN (A) and output IO (A) (a) Input voltage of 30V (b) Input voltage of 

20V 
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demonstrated in Fig.4.4(a) and (b) and observes a reduction in the voltage ripple from 

5.68% to 3.85% for the variation in the input voltage from 30V to 20V respectively. This 

affirms the theoretical analysis of the impact on voltage ripple of coupling capacitors due 

to the duty cycle variations. The voltage and current of the coupling and rectifier diodes are 

shown in Fig.4.4, with the variation in their conduction time observed as the input voltage 

changes. The voltage and current through the primary and secondary windings of the HF 

transformer for different input voltages are presented in Fig.4.5. The voltage waveforms of 

primary and secondary windings of the HF transformer indicate the turns ratio of 2 while 

the quasi-sinusoidal waveform of the winding currents is also observed from the results. 

The switching performance of the proposed converter for different input voltages is 

demonstrated in Fig.4.6. The results show the switching sequence of the converter with a 

slight overlap between the gating pulses of S1 (S2) and S3 (S4), with the decrease in input 

voltage from 30V to 20V increases the on-time of the gating pulses of S1 and S2.  Moreover, 

the waveforms exhibit minimal turn-off voltage spike in the switches S1 and S2, thereby 

highlighting the natural voltage clamping by the coupling capacitors. The quasi-ZCS 

operation in the switches S3 and S4 with the small magnetizing current in the switches and 

zero switch voltage during their turn-off is observed from the results. Furthermore, the 

quasi-ZCS operation in the switches is independent of the input voltage variations in the 

converter and mitigates the switching losses during their turn-off transition. Also, during 

the turn-on transition in switches S3 and S4, minimal switching losses are observed. The 

voltage spike during the turn-off of S3 and S4 is also mitigated due to the energy transfer of 

the leakage energy to the output. The slow charging and discharging of the switch 

capacitance of S3 and S4 is due to a small magnetizing current as evident from the results in 

Fig.4.6 and highlights the gradual rise and fall of the switch voltage during the overlapping 
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period when both S1 and S2 conducts. The decrease in the input voltage from 30V to 20V 

witnessed an increase in the operating duty cycle of the converter and the duration of the 

overlapping period, leading to a prolonged duration of charging and discharging of the 

switch (S3, S4) capacitance. Fig.4.7 shows the steady state input-output profile of the 

converter for different input voltages. The variation in the input voltage from 30V to 20V 

observes a reduction in the output current of the converter from 1.273A to 0.84A while the 

input current and output voltage are maintained at 16.67A and 380V respectively. 

The steady-state simulation results of the MCF-HGIIC validate the theoretical analysis 

and modeling of the converter and further highlight the improvements over the conventional 

CF-HGIIC.  

4.6.2. Experimental Results 

The experimental performance of the proposed converter is extensively investigated in 

this subsection. The scaled-down hardware prototype of a 190W proposed converter shown 

in Fig.4.8 operating at a switching frequency of 50kHz is developed in the laboratory in 

              

(a)                                                   (b) 

Fig.4.8. MCF-HGIIC (a) 3-D PCB design (b) Hardware Prototype 
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accordance with the converter specifications and design parameters in Tables 4.4 and 4.5. 

The hardware prototype of MCF-HGIIC is experimentally tested for different input voltages 

i.e., VIN of 26V and 18V while feeding the power to the 270V active load. Furthermore, to 

maintain consistency and uniformity between the experimental and simulated performance 

of the proposed converter, the simulated results for the above-mentioned scaled-down 

ratings are also presented.  

     The steady-state experimental and simulated waveform of the inductor currents (IL1, IL2), 

coupling capacitor voltage (VC1), and the drain to source voltage across the switch S1 (VDS1) 

TABLE 4.4: Experimental converter specifications 

Parameter Value 

Input Voltage 18V - 26V(rated) 

Output Voltage 270V 

Rated Input Power 190W 

Switching Frequency 50kHz 

 

TABLE 4.5: Experimental converter design parameters 

Parameter Value 

Input Inductor (L1, L2) MultiComp Pro -MCAP series (Torroidal): 

560µH  

Coupling Capacitor (C1, C2)  Kemet- R75 series (Polypropylene):3.3µF, 

250V 

HF Transformer ETD Ferrite Core (Ferroxcube 3C90), Primary 

Turns- 32, 32, Secondary Turns- 64, Turns 

ratio- 1:1:2, LK1=2.71µH, LK1=2.79µH 

Output Capacitor (CO) Electrolytic Capacitor:2 x100 µF, 450V (in 

series)      

Switches (S1, S2) SQP90142E_GE3; 200V, 12.7mΩ 

Switches (S3, S4) IPP60R070CFD7; 600V, 70mΩ 

Coupling Diodes (D1, D2) VS-C06ET07T-M3; 650V,6A 

Rectifier Diodes (D3 - D6) VS-C04ET07T-M3; 650V,4A 

Gate Driver TC4420VOA 
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for the input voltages of 26V and 18V is demonstrated in Fig.4.9 and 4.10 respectively. 

Fig.4.9 and 4.10 shows the 180° phase shifted inductor currents which underlines the 

interleaved operation while further observing longer charging period of inductors while 

operating at lower input voltage of 18V. Moreover, the experimental results also highlight 

the reduction in the steady state voltage ripple of the coupling capacitor from 5V to 3.8V 

as the input voltage dips from 26V to 18V. The experimental results corroborate the 

theoretical analysis of the coupling capacitor and the influence of duty cycle variation on 

their voltage ripple. Fig.4.11 and 4.12 demonstrate the experimental and simulated 

waveforms of the primary and secondary winding voltage of the HF transformer and the 

quasi-sinusoidal secondary winding current for different input voltages. The practical turns 

ratio of 2 of ETD ferrite core-based HF transformer is evident from the winding voltages in 

experimental waveforms in Fig.4.11 (a) and 4.12(a). Additionally, the waveshape of 

winding voltages and quasi-sinusoidal secondary winding current for different input 

voltages in the experimental results closely match the simulated waveforms. Fig.4.13 and 

4.14 display experimental and simulated waveforms of voltage across the coupling diodes 

(D1, D2) for input voltages of 26V and 18V. It is observed from the experimental results in 

Fig.4.13(a) and 4.14(a) that a reduction in the input voltage of the converter from 26V to 

18V reduces the conduction period of the diodes, which is attributed to the increase in the 

duty cycle. The quasi-ZCS operation of switch S3 during its turn-off is demonstrated in 

Fig.4.15 and 4.16, where the waveforms of gating signals of S1 (VGS1) and S3 (VGS3), and 

the current (IS3) and voltage (VDS3) across S3 is shown for the input voltage of 26V and 18V. 

It is observed from the results that during slight overlap between VGS1 and VGS3, the switch 

current naturally decays to a small magnetizing current. The switch S3 turn-off with a small 

magnetizing current and mitigates the turn-off switching losses. As a result, the 
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experimental waveforms in Fig.4.15(a) and 4.16(a) highlight the quasi-ZCS operation of S3 

which is independent of the input voltage variations. It is pertinent to observe from the 

experimental result in Fig.4.16(a) that the turn-on switching loss for the switch S3 is reduced 

during the converter operation at an input voltage of 18V. Additionally, a small turn-off 

voltage spike is observed in the switch S3. The experimental waveform in Fig.4.15(a) and 

4.16(a) also exhibits slow dV/dt of switch voltage (VDS3) during its turn-off which conforms 

to the mathematical analysis and the simulated results. The experimental efficiency of the 

proposed converter for variations in the input power while operating at the input voltages 

of 26V and 18V is shown in Fig.4.17. In Fig.4.17(a), the converter operating at an input 

voltage of 26V achieves an efficiency of 94.1% at the rated input power of 190W. 

Moreover, while operating at an input voltage of 18V, the proposed converter attains the 

efficiency of 93.1% at 131W as shown in Fig.4.17(b). The loss analysis of the proposed 

converter for a rated input power of 190W and input voltage of 26V is shown in Fig.4.18. 

The loss analysis indicates that inductor and diode losses are primary contributors to 

converter loss while the losses in the switches and HF transformer are relatively nominal. 

Further efficiency improvements in the converter can be achieved by better PCB design and 

more optimized component selection. 

It is observed that the experimental results of the converter corroborate with the 

simulated results and further validate the theoretical analysis of the converter. Additionally, 

the results also highlight the salient features of the proposed converter. The experimental 

performance of the MCF-HGIIC also demonstrates its ability to practically operate under 

wide variations in the input voltage and duty cycle, while also highlighting its capability to 

experimentally operate at significantly higher voltage gain of nearly 16 with high 
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efficiency, thereby affirming its suitability for MLIC. 

    

      
                         (a)                                                                  (b)                                                    

Fig.4.9. Waveform of inductor currents IL1, IL2 (A) coupling capacitor voltage VC1 (V), 

drain to source voltage of switch S1: VDS1 (V) for input voltage of 26V (a) 

Experimental result (b) Simulated result 

 

                                     
(a)                                                                  (b)                                                    

Fig.4.10. Waveform of inductor currents IL1, IL2 (A) coupling capacitor voltage VC1 

(V), drain to source voltage of switch S1: VDS1 (V) for input voltage of 18V (a) 

Experimental result (b) Simulated result 
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(a)                                                                       (b)                                                    

Fig.4.11. Waveform of voltage VSEC (V) and current in secondary winding ISEC (A) 

and voltage across primary winding VP (V) for input voltage of 26V (a) Experimental 

result (b) Simulated result 

 

                             
(a)                                                                       (b)                                                    

Fig.4.12. Waveform of voltage VSEC (V) and current in secondary winding ISEC (A) 

and voltage across primary winding VP (V) for input voltage of 18V (a) Experimental 

result (b) Simulated result 
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                                   (a)                                                                    (b)                                                    

Fig.4.13. Waveform of voltage across coupling diodes VD1, VD2 (V) for input voltage 

of 26V (a) Experimental result (b) Simulated result 

 

                              
(a)                                                                  (b)                                                    

Fig.4.14. Waveform of voltage across coupling diodes VD1, VD2 (V) for input voltage 

of 18V (a) Experimental result (b) Simulated result 
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                 (a) 

          
(b)                                                    

Fig.4.15. Waveform of gating signals of S3 : VGS3 (V) and S1: VGS1 (V), switch S3 voltage 

VDS3 (V) and current IS3 (A) for input voltage of 26V (a) Experimental result (b) Simulated 

result 
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                 (a) 

             

 
(b)                                                    

Fig.4.16. Waveform of gating signals of S3 : VGS3 (V) and S1: VGS1 (V), switch S3 

voltage VDS3 (V) and current IS3 (A) for input voltage of 18V (a) Experimental 

result (b) Simulated result 
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Fig.4.18. Loss analysis of MCF-HGIIC for rated power of 190W and input voltage of 

26V 

 
(a)                                                            (b)                                                    

Fig.4.17. Experimental efficiency of MCF-HGIIC for variation in input power at (a) 

Input voltage of 26V (b) Input voltage of 18V 
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4.7. Conclusion 

This chapter presented the improvements and modifications in the conventional CF-

HGIIC topology. Modifications in the conventional CF-HGIIC allowed utilization of all 

low side switches which simplified the gate drive design while eliminating the requirement 

of additional isolated power supplies and low EMI issues. Moreover, the MCF-HGIIC 

topology achieved quasi-ZCS operation during turn-off in switches S3 and S4 using the 

modulation scheme and mitigated their turn-off switching losses. The results also indicated 

that switches S3 and S4 exhibited minimal turn-on switching losses while operating at higher 

duty cycle. It is observed that the existing merits of conventional CF-HGIIC are inherited 

by the MCF-HGIIC. The topological operating modes of the MCF-HGIIC with the detailed 

mathematical analysis of each operating mode of the converter are discussed in this chapter.  

The simulated performance of the proposed converter has been analyzed in MATLAB 

Simulink environment by implementing the model of MCF-HGIIC based on the simulated 

converter specification and its corresponding calculated design parameters. The simulated 

performance of the proposed converter underlined the merits of the converter and validated 

the theoretical analysis. The wide operating range of the converter is demonstrated by its 

ability to seamlessly operate at different input voltages. Additionally, the converter 

exhibited wide gain variations and highlighted its ability to achieve higher voltage gain 

during the operation at lower input voltage while using a smaller turns ratio of the HF 

transformer. The simulated results further highlighted significantly smaller input current 

ripple in the MCF-HGIIC and natural voltage clamping of switches S1 and S2. 

The hardware prototype of the MCF-HGIIC developed in the laboratory using the 

computed design parameters has been experimentally tested. The experimental results 
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demonstrated the operation of the converter for different input voltages and highlighted the 

input interleaving and natural voltage clamping of switches in S1 and S2. Additionally, the 

results also indicated the superior performance of the HF transformer. The switching 

performance of the switch S3 while operating the converter at different input voltages and 

exhibiting quasi-ZCS operation during turn-off has been observed from the results. The 

experimental efficiency of the hardware prototype of MCF-HGIIC and its loss analysis has 

been analyzed and showed higher converter efficiency while operating at different input 

voltages. The operation of the converter prototype to experimentally deliver a significantly 

higher voltage gain of nearly 16 is indicated by the experimental results. Furthermore, the 

performance of the hardware prototype of MCF-HGIIC further experimentally validated 

the simulated performance and conformed to the theoretical analysis and converter design. 

The merits of the proposed converter and its superior performance while operating under 

wide input voltage variations stressed the candidacy of the converter topology for MLIC.  
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CHAPTER 5 
MULTI-INPUT CONFIGURATION OF 

CURRENT-FED HIGH-GAIN ISOLATED 
INTERFACING CONVERTER 

5.1.  General 

Chapters 3 and 4 have principally focussed on the current-fed high gain isolated 

interfacing converter (CF-HGIIC) and evaluated its merits, topological improvements, and 

performance under different operating conditions. Fundamentally, the topological structure 

of CF-HGIIC is based on the single-input configuration where a single DC source has been 

integrated with the converter. In this chapter, the multi-input configuration of CF-HGIIC 

has been introduced and explored. The topological structure of the proposed multi-input 

current-fed high gain isolated interfacing converter (MI-CF-HGIIC) and its operating 

modes have been studied and mathematically analyzed. Moreover, the modulation scheme 

of the proposed converter and its design are also discussed. The proposed converter 

topology operating at its rated input power of 1kW while integrating two 30V DC sources 

at its input and further feeding the 380V active load (DC sink) has been simulated on the 

MATLAB Simulink environment. The simulated performance of the proposed converter 

has been comprehensively evaluated for the symmetric and asymmetric operating 

conditions to validate its merits and study its candidacy for a multi-input module interfacing 

converter (MMIC). The chapter is organized as follows: Section 5.2 discusses the 

topological structure of MI-CF-HGIIC and its modulation scheme while the topological 

operating modes of converter are provided in section 5.3. Section 5.4 presents the 
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mathematical modeling of the converter while its design is briefly discussed in section 5.5. 

The simulated performance of the MI-CF-HGIIC is presented in section 5.6. 

5.2. Proposed Converter Topology and Modulation Scheme 

The topological structure and the modulation scheme of the proposed converter have 

been discussed in this section. 

5.2.1. Proposed Converter Topology 

The multi-input current-fed high gain isolated interfacing converter (MI-CF-HGIIC) 

has been proposed in this chapter and retains all the inherent topological merits and salient 

features of the conventional CF-HGIIC. Fig.5.1 shows the topological structure of the 

proposed MI-CF-HGIIC operating in the continuous conduction mode with its operating 

duty cycle (d) ≥ 0.5. The topological structure of the converter is further divided into power 

modules which are present on the primary side of the converter. Each power module utilizes 

                           
Fig.5.1. Topological structure of MI-CF-HGIIC 
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TABLE 5.1: Parametric notations of MI-CF-HGIIC 

Parameters Voltage Current 

Input  VIN1, VIN2 IIN1, IIN2  

Output  VO IO 

Input Inductor  

Module 1: L1, 

L2 

 VL1, VL2 IL1, IL2 

Module 2: L3, 

L4 

 VL3, VL4 IL3, IL4 

Coupling Capacitor 

Module 1: C1, 

C2 

 VC1, VC2 IC1, IC2 

Module 2: C3, 

C4 

 VC3, VC4 IC3, IC4 

Switches 

Module 1: S1, 

S2 

Drain to Source: VDS1, VDS2 

Gate to Source: VGS1, VGS2 

IS1, IS2 

Module 2: S3, 

S4 

Drain-Source Voltage: VDS3, 

VDS4 

Gate-Source Voltage: VGS3, 

VGS4 

IS3, IS4 

S5, S6 Drain-Source Voltage: VDS5, 

VDS6 

Gate-Source Voltage: VGS5, 

VGS6 

IS5, IS6 

Coupling Diodes 

Module 1: D1, 

D2 

Reverse Biased: VD1, VD2 

Forward Drop: VDF1, VDF2 
ID1, ID2 

Module 2: D5, 

D6 

Reverse Biased: VD5, VD6 

Forward Drop: VDF5, VDF6 
ID5, ID6 

Blocking Diodes 

Module 1: D3, 

D4 

Reverse Biased: VD3, VD4 

Forward Drop: VDF3, VDF4 
ID3, ID4 

Module 2: D7, 

D8 

Reverse Biased: VD7, VD8 

Forward Drop: VDF7, VDF8 
ID7, ID8 

Rectifier Diodes D9 – D12 
Reverse Biased: VD9 – VD12 

Forward Drop: VDF9 – VDF12 
ID9 – ID12 

HF Transformer  

Primary Winding 

Secondary Winding 

Magnetizing 

Inductance 

  

 VP ILK1, ILK2 

 VSEC ISEC 

 VLM IM 
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dual input inductors L1, L2 (L3, L4) for facilitating continuous input current while 

incorporating coupling diodes D1, D2 (D5, D6), coupling capacitors C1, C2 (C3, C4), and 

blocking diodes D3, D4 (D7, D8). The power modules are integrated with the primary 

windings of high frequency (HF) transformer using switches S5 and S6. The secondary side 

of the converter incorporates a full-bridge diode rectifier (D9 – D12) and the output capacitor 

(CO). Moreover, the HF transformer interlinks the primary and secondary sides of the 

converter while having leakage inductance (LK1, LK2) and magnetizing inductance (LM) and 

utilizing the low turns ratio (1:1:n). The proposed MI-CF-HGIIC having dual inputs 

integrates two DC sources and feeds the power to the active load (DC sink). The notations 

of different converter parameters of MI-CF-HGIIC are listed in Table 5.1. 

The proposed MI-CF-HGIIC utilizes a low turns ratio of HF transformer to achieve high 

voltage gain and exhibits a unique distributed structure with parallel conduction paths to 

minimize the current stress and losses in the components. Moreover, the converter 

experiences a significant reduction in the input current ripple by employing interleaved 

operation and observes higher tolerance to the DC bias in the HF transformer during the 

asymmetric operation. Another salient feature of the proposed converter is the natural 

voltage clamping of the switches S1, S2, S3 and S4, eliminating the requirement for an 

additional snubber or clamp circuit. MI-CF-HGIIC demonstrates minimal inter-converter 

circulating currents when multiple such converter units are operated in parallel. 

Additionally, the converter also achieves minimal inter-modular circulating currents 

between its power modules, thereby preventing severe conduction losses in the converter. 

The decoupled operation of the power modules of the converter with minimal interference 
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between them allows each source to independently feed the power to the load. This enables 

the converter to seamlessly operate under asymmetric operating conditions. 

5.2.2. Modulation Scheme 

The modulation scheme of the proposed converter is shown in Fig.5.2. The gating 

signals of the low side switches of each power module have an on-time greater than 50%. 

Moreover, the gating pulses of the switches S1 (S3) and S2 (S4) are 180° phase shifted. The 

switches S5 and S6 interlink both the power modules with the HF transformer and their 

operation is critical for the power transfer to the active load. The gating signals of S5 and 

S6 shown in Fig.5.2 depend on the operating duty cycle of both power modules and the 

complement of the smaller of the two duty cycles. This facilitates seamless operation of the 

converter and power flow during the asymmetric operation.  

5.3. Topological Modes of Operation of Converter 

In this section, the topological operating modes of the proposed converter for different 

operating intervals are examined. The analytical waveform of the converter is shown in 

                           

Fig.5.2. Modulation scheme of MI-CF-HGIIC 
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Fig.5.3. Additionally, the equivalent circuits of the MI-CF-HGIIC for each operating 

interval are depicted in Fig.5.4.  

5.3.1. Mode 1 (t0 – t1) : Power Transfer Mode – Fig.5.4(a) 

      At the start of this operating mode at the instant t0, switches S2 (S4) are still conducting 

while the switches S1 (S3) turn off, which allows the inductors L1 (L3) to start discharging 

while inductors L2 (L4) continue to charge. Subsequently, the coupling diodes D1 (D5) start 

conducting whereas D2 (D6) is still reverse biased. At the instant t0, the switch S5 turn-on, 

facilitating the aggregation of voltage across coupling capacitors C1 (C3) and C2 (C4) in 

each module which reflects across the primary winding of the HF transformer and forward 

biases the blocking diodes of each module D3 (D7). Moreover, the power is transferred to 

the active load through the HF transformer and rectifier diodes D9 and D12 till the end of 

this operating mode. 

5.3.2. Mode 2 (t1 – t2) : Overlapping Mode – Fig.5.4(b)  

      At the beginning of this mode at the instant t1, the switches S1 (S3) turn on while 

switches S2 (S4) are still conducting, thereby enabling the inductors L1 (L3) to start charging 

while inductors L2 (L4) continues to charge. The coupling diodes D1 (D5) and blocking 

diodes D3 (D7) are reverse-biased during this operating mode. Furthermore, there is no 

power transfer to the active load in this mode as the switch S5 turn-off at the instant t1. Also, 

during this operating mode in the interval (t1 - t2), the output capacitor CO feeds the load.    

5.3.3. Mode 3 (t2 – t3) : Power Transfer Mode – Fig.5.4(c) 

      At the beginning of this mode at an instant t2, the switches S2 (S4) turn off, causing the 

inductors L2 (L4) to start discharging while inductors L1 (L3) continue to charge. 
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Moreover, the coupling diodes D2 (D6) become forward-biased. The turn-on of switch S6 at 

the instant t2 allows the aggregation of voltage across each coupling capacitors C1 (C3) and 

C2 (C4) in each module which is reflected across the primary winding of the HF transformer, 

while also forward biasing the blocking diodes D4 (D8). Additionally, the power is 

transferred to the active load through the HF transformer and rectifier diodes D10 and D11 

till the end of this operating mode.  

5.3.4. Mode 4 (t3 – t4) : Overlapping Mode – Fig.5.4(b) 

      The operation of this mode is fundamentally identical to mode 2. At the start of this 

mode, the switches S2 (S4) turn-on at an instant t3 while switches S1 (S3) are still conducting, 

enabling inductors L2 (L4) to start charging while inductors L1 (L3) continue 

                     
Fig.5.3. Analytical waveforms of MI-CF-HGIIC 
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(a) 

                  
(b) 

                  
(c) 

Fig.5.4. Topological operating modes of proposed converter (a) Mode 1 (b) Mode 2 

and Mode 4 (c) Mode 3 
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to charge. Furthermore, the coupling diodes D2 (D6) and blocking diodes D4 (D8) are 

reverse-biased during this mode. Also, there is no power transfer to the active load in this 

mode as the switch S6 turns off at the instant t3 and the output capacitor CO feeds the load. 

5.4. Mathematical Modeling of Converter 

The mathematical modeling of the proposed converter is presented in this section. The 

converter operates in the continuous conduction mode with d ≥ 0.5. The fundamental 

assumptions for the simplified converter modeling are outlined below: 

• The power modules of the converter are assumed to be symmetric with identical 

components. Additionally, the symmetric converter operation with identical input 

sources is also assumed. 

• The input inductors are assumed to be sufficiently large to maintain stiff DC 

currents. 

• The circuit components are assumed to be ideal with no PCB parasitic. 

• The output voltage is assumed to be constant with a large output capacitor. 

• It is assumed that the input inductors (L1=L2=L3=L4=L), coupling capacitors 

(C1=C2=C3=C4=C), and leakage inductances (LK1=LK2=LK) referred to the 

primary side are identical. 

5.4.1. Steady-State Operational Analysis 

The mathematical derivation with the time-domain analysis for each operating mode of 

MI-CF-HGIIC is imperative for optimal converter modeling. These equations assist the 

converter designing and device selection while allowing an extensive understanding of the 

converter operation. Due to the identical operation of the converter during the other half 



150 

 

cycle of the switching cycle because of the circuit symmetry, the mathematical analysis for 

each operating mode of the converter is only discussed for one-half of the switching cycle.  

The symmetric operation of the converter allows identical input currents of each source 

as shown in (5.1). The current through the input inductors in each module (5.2) is half of 

the input current. 

𝐼𝐼𝑁1 = 𝐼𝐼𝑁2 = 𝐼𝐼𝑁                                                    (5.1) 

𝑖𝐿1(𝑡) = 𝑖𝐿2(𝑡) =
𝐼𝐼𝑁

2
 , 𝑖𝐿3(𝑡) = 𝑖𝐿4(𝑡) =

𝐼𝐼𝑁

2
                                  (5.2) 

A. Mode 1(t0 – t1):  

The mathematical equations of the converter during mode 1 are discussed below: 

𝑖𝑆1(𝑡) = 𝑖𝑆3(𝑡) = 𝑖𝑆6(𝑡) = 𝑖𝐷2(𝑡) = 𝑖𝐷4(𝑡) = 𝑖𝐷6(𝑡) = 𝑖𝐷8(𝑡) = 0               (5.3) 

𝑖𝑆5(𝑡) = 𝑖𝐿𝐾1(𝑡) = 𝑖𝐶1(𝑡) + 𝑖𝐶3(𝑡) = 2𝑖𝐶1(𝑡𝑂) +
2𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                (5.4) 

𝑖𝐷3(𝑡) = 𝑖𝐷7(𝑡) = 𝑖𝐶1(𝑡) = 𝑖𝐶3(𝑡) = 𝑖𝐶1(𝑡𝑂) +
𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                 (5.5) 

𝑖𝐷1(𝑡) = 𝑖𝐷5(𝑡) = 𝑖𝐶2(𝑡) = 𝑖𝐶4(𝑡) = 𝑖𝐶2(𝑡𝑂) −
𝑉𝑒𝑞

𝑍𝑂
sin 𝑤𝑂(𝑡 − 𝑡𝑂)                (5.6) 

𝑤𝑂 =
1

√𝐿𝐾𝐶
 , 𝑍𝑂 = √

𝐿𝐾

𝐶
 , 𝑖𝐶1(𝑡0) =

𝐼𝐼𝑁

2
−

𝐶 ∆𝑉𝐶

(𝑡1−𝑡0)
 , 𝑖𝐶2(𝑡0) =

𝐶 ∆𝑉𝐶

(𝑡1−𝑡0)
                (5.7) 

𝑉𝑒𝑞 = 2𝑉𝐶1(𝑡0) −
𝑉𝑂

𝑛
− ∆𝑉𝐶  ,     ∆𝑉𝐶 =  (0.25 𝐼𝐼𝑁(1 − 𝑑)𝑇𝑆 )/𝐶                 (5.8) 

𝑖𝑆2(𝑡) = 𝑖𝑆4(𝑡) =
𝐼𝐼𝑁

2
+ 𝑖𝐶2(𝑡0) −

𝑉𝑒𝑞

𝑍𝑜
sin 𝑤𝑜(𝑡 − 𝑡0)                           (5.9) 
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𝑉𝐶1(𝑡) = 𝑉𝐶3(𝑡) =
−1

𝐶
∫ 𝑖𝐶1(𝑡)𝑑𝑡

𝑡

𝑡0
= 𝑉𝐶1(𝑡0) −

𝑖𝐶1(𝑡0) 

𝐶
(𝑡 − 𝑡0) −

𝑉𝑒𝑞

𝐶𝑤𝑜𝑍𝑜
(1 −

cos 𝑤𝑜(𝑡 − 𝑡0))       (5.10) 

𝑉𝐶2(𝑡) = 𝑉𝐶4(𝑡) =
1

𝐶
∫ 𝑖𝐶2(𝑡)𝑑𝑡

𝑡

𝑡0
= 𝑉𝐶2(𝑡0) +

𝑖𝐶2(𝑡0) 

𝐶
(𝑡 − 𝑡0) −

𝑉𝑒𝑞

𝐶𝑤𝑜𝑍𝑜
(1 −

cos 𝑤𝑜(𝑡 − 𝑡0))       (5.11) 

𝑖𝑆𝐸𝐶(𝑡) =  
𝑖𝐿𝐾1(𝑡)

𝑛
 , 𝑉𝑃 =

𝑉𝑂

𝑛
 , 𝑉𝐷𝑆1(𝑡) = 𝑉𝐶2(𝑡) , 𝑉𝐷𝑆3(𝑡) = 𝑉𝐶4(𝑡), 𝑉𝐷𝑆6(𝑡) = 𝑉𝑃 +

𝑉𝐶2(𝑡), 𝑉𝑆𝐸𝐶 = 𝑛 𝑉𝑃      (5.12) 

𝑇10 = (1 − 𝑑) 𝑇𝑆                                                (5.13) 

B. Mode 2 (t1- t2):  

During mode 2, the mathematical equations of the converter are underlined below: 

𝑖𝑆1(𝑡) = 𝑖𝑆3(𝑡) =
𝐼𝐼𝑁

2
 , 𝑖𝑆2(𝑡) = 𝑖𝑆4(𝑡) =

𝐼𝐼𝑁

2
                          (5.14) 

𝑖𝐷1−𝐷12(𝑡) = 0                                                     (5.15) 

𝑉𝐷𝑆5(𝑡) =
𝑉𝑂

𝑛
+ 𝑉𝐶1(𝑡)                                                 (5.16) 

  𝑇21 = (𝑑 − 0.5) 𝑇𝑆                                                  (5.17) 

5.5. Design Considerations of Converter 

The stress on the components and the design of MI-CF-HGIIC is similar to the 

conventional CF-HGIIC as discussed in chapter 3. However, the stress and design of 

blocking diodes in the proposed converter need careful consideration.  
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The maximum voltage across the blocking diode and the average current in the diode is 

provided in (5.18) and (5.19) respectively 

  𝑉𝐷3(𝑡) = 𝑉𝐷4(𝑡) =  𝑉𝐷7(𝑡) = 𝑉𝐷8(𝑡) = 𝑉𝑂                        (5.18) 

  𝐼𝐷3(𝑡) = 𝐼𝐷4(𝑡) =  𝐼𝐷7(𝑡) = 𝐼𝐷8(𝑡) =
𝐼𝐼𝑁 (1−𝑑) 

4
                        (5.19) 

The blocking diodes are critical for the proposed converter as they assist in mitigating 

the intermodular circulating currents, thereby necessitating their proper selection.   

5.6. Results and Discussions 

The simulated performance of the proposed MI-CF-HGIIC has been studied in this 

section and evaluates the degree of validation of the operating modes of the converter and 

its theoretical analysis. The proposed converter rated at 1kW is simulated in the MATLAB 

Simulink environment using the converter specifications and design parameters listed in 

Table 5.2 and 5.3 respectively. The simulated converter model integrates dual 30V DC 

sources at the inputs of the converter and feeds the 380V active load at the output. 

Furthermore, the converter utilizes the HF transformer with a turns ratio of 2 and operates 

at a switching frequency of 50kHz. The steady-state operation of the proposed converter is 

studied for symmetric and asymmetric operating conditions.  

During the symmetric operation, the converter operates at its rated specification with 

each power module of the converter powered by 30V input while feeding 500W power to 

the load. The input–output profile of the converter presented in Fig.5.5 highlights the 

constant input voltage and current of each module at 30V and 16.67A respectively while its 

output current is 2.56A. The steady-state waveform of input current, inductor currents, 
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coupling capacitor voltages, current, and voltage across the coupling diodes and blocking 

diodes for both power modules is shown in Fig.5.6. The interleaved operation of the 

inductor currents of each module is evident from the 180° phase shifted waveform with 

their current ripple to the tune of 8.7%. Moreover, the impact of the interleaved operation 

on input current ripple is demonstrated from the results with a significantly smaller input 

current ripple of 2.41% in each module is observed. The voltage across the coupling 

capacitors in each module has a ripple of 5.68%. The results show the voltage and current 

waveforms of coupling and blocking diodes for each module and highlight minimal 

intermodular circulating currents. The switching performance of the converter with the 

gating signals, voltage, and current in each switch is demonstrated in Fig.5.7. The minimal 

turn-off voltage spike in the switches S1 - S4 observed from the results indicates the natural 

voltage clamping of these switches by the coupling capacitors. Additionally, these switches 

TABLE 5.2: Simulated converter specifications 

Parameter Value 

Input Voltages 
Module 1: 30V (rated) 

Module 2: 20V - 30V (rated) 

Output Voltage 380V 

Rated Input Power 
Rated Power of converter :1kW  

(Module 1: 500W, Module 2: 500W) 

Switching Frequency 50kHz 

 

TABLE 5.3: Simulated converter design parameters 

Parameter Value 

Input Inductor (L1 - L4) 560µH 

Coupling Capacitor (C1 – C4) 4.7µF 

HF Transformer 

Leakage Inductance (LK1, LK2) 

Magnetizing Inductance (LM) 

Turns Ratio (1:1: n) 

 

2.4 µH 

3.5 mH 

1:1:2 

Output Capacitor (CO) 100µF 
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exhibit minimal turn-on switching losses as their current increases linearly. The quasi-

sinusoidal switch currents in S5 and S6 observed from the simulated waveforms have 

minimal current during turn-on transition and naturally decay to a small value during turn-

off transition, thereby exhibiting smaller switching losses. Moreover, the voltage across 

these switches increases gradually and conforms to the theoretical analysis and analytical 

waveform. The voltage and current in the primary and secondary windings of the HF 

transformer are shown in Fig.5.8 and highlight the quasi-sinusoidal waveshape of the 

winding currents. Additionally, the voltages of primary and secondary windings indicate a 

turn ratio of 2. The simulated result of rectifier diodes shown in Fig.5.9 presents the reverse-

biased voltages and forward-biased currents of the diodes.  

               

                           
Fig.5.5. Simulated waveform of input voltages of each module (V), output voltage (V), 

input currents of each module (A), output current (A) 
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During the asymmetric operation of the converter, the power modules of the converter 

operate at different ratings. The current-based asymmetric operation of the converter shows 

the module to have identical input voltages of 30V but different operating input currents, 

while the voltage-based asymmetric operation of the converter observes different input 

voltages of 30V and 20V. The input-output profile of the converter shown in Fig.5.10 

demonstrates the asymmetric operation of the converter. Fig.5.10(a) shows the current-

based asymmetric operation where the input voltages of the converter are regulated at 30V 

each but different input currents flow through each module with their value of 16.67A and 

10.83A. Moreover, the results show the output current of 2.1A. The voltage-based 

asymmetric operation is shown in Fig.5.10(b) where the identical module currents are 

observed to the tune of 16.67A while the input voltage of each module is different with the 

value of 30V and 20V. Moreover, the output current is observed to be 2.1A.  The simulated 

waveforms of input current, inductor currents, coupling capacitor voltages, voltage, and 

current in the coupling and blocking diodes for asymmetric converter operation are shown 

in Fig 5.11 and 5.12. The current-based asymmetry shown in Fig.5.11 shows the difference 

in the values of input currents and the inductor currents of each module. Additionally, the 

voltage across coupling capacitors, coupling diodes, and blocking diodes are observed from 

the results. The variation in the currents of the coupling and blocking diodes of each module 

is evident from the simulated results and indicates the current-based asymmetry. Fig.5.12 

shows the voltage-based asymmetry where the charging time of inductor currents of both 

modules are different, emphasizing the difference in their operating duty cycles and further 

indicating the interfacing of different voltage sources at the inputs. Additionally, the 

inductor current ripples in module 2 are observed to be 6.63%, which are comparatively 

smaller than their module 1 counterpart because of their higher operating duty cycle. The 
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results also indicate voltage ripple to the tune of 3.85% in the coupling capacitors of module 

2 which is smaller compared to module 1 which has 5.68% while also highlighting the 

seamless counterbalancing of the voltage-based asymmetry in the converter. The difference 

in the conduction and reverse biased period for the coupling and blocking diodes of modules 

due to variation in the duty cycle in response to the voltage-based asymmetry is evident 

from Fig.5.12. Moreover, the results also highlight minimal intermodular circulating 

currents even during the asymmetric operation of the converter. The switching performance 

of the converter during asymmetric operation is shown in Fig.5.13. The proposed converter 

observes variation in the operating duty cycle for each power module during voltage-based 

asymmetric operation which is evident from the result in Fig.5.13(b). Moreover, the 

waveforms in Fig.5.13 also highlight the natural voltage clamping of switches S1 - S4 during 

asymmetric operation and observe minimal turn-off voltage spike. Additionally, the 

switches S5 and S6 experience smaller turn-on and turn-off losses as the voltage increases 

linearly during turn-off while the current increases gradually during turn-on transition. The 

voltage and current through the windings of the HF transformer during both types of 

asymmetries are demonstrated in Fig.5.14. Furthermore, the simulated waveform of 

rectifier diodes operating under asymmetric conditions is shown in Fig.5.15. 

The simulated performance of the proposed converter under both symmetric and 

asymmetric conditions underlines its seamless operation without any intermodular 

circulating currents. Moreover, the results also highlight a higher degree of operational 

independence of individual modules with each module having decoupled operation and not 

impacting the performance of other modules. The proposed converter demonstrates high 

efficacy in furnishing higher voltage gain, achieving a significantly higher voltage gain of 
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nearly 20 while utilizing a low turns ratio of 2. Also, the capability of the proposed converter 

in integrating the sources with different voltages is established from the results, highlighting 

           
                                                                            (a)       

          
                                                                            (b)                                                                                                   

Fig.5.6. Simulated waveform of input current (A), inductor currents (A), voltage 

across coupling capacitors (V), coupling diode voltages (V) and currents (A), 

blocking diode voltages (V) and currents (A) during symmetric converter operation 

(a) Module 1 (b) Module 2. 

 



158 

 

its wide operating range and high degree of operational flexibility. The salient features of 

the MI-CF-HGIIC emphasize its viability for the MMIC.    

      

 
 

Fig.5.7. Simulated waveform of gating signals VGS1 – VGS6 (V) of switches S1 – S6 

(A), voltage VDS1, VDS2 (V) and current IS1, IS2 (A) in switches S1, S2, voltage VDS3, 

VDS4 (V) and current IS3, IS4 (A) in switches S3, S4, voltage VDS5, VDS6 (V) and current 

IS5, IS6 (A) in switches S5, S6 during symmetric operation 
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Fig.5.8. Simulated waveform of primary VP (V) and secondary VSEC (V) winding 

voltages of HF transformer and primary ILK1, ILK2 (A) and secondary winding ISEC (A) 

currents during symmetric operation 

 

                
Fig.5.9. Simulated waveform of rectifier diode voltages VD9-D12 (V) and currents ID9-

D12 (A) during symmetric operation 
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                    (a) 

               
                                                                           (b) 

Fig.5.10. Simulated Waveform of input voltages of each module (V), output voltage 

(V), input currents of each module (A), output current (A) (a) Current based 

asymmetric converter operation (b) Voltage based asymmetric converter operation 
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                                                                            (a)       

     
                                                                              (b)                                                                                                   

Fig.5.11. Simulated waveform of input current (A), inductor currents (A), voltage 

across coupling capacitors (V), coupling diode voltages (V) and currents (A), blocking 

diode voltages (V) and currents (A) during current based asymmetric converter 

operation (a) Module 1 (b) Module 2. 
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                                                                            (a)       

             
                                                                            (b)                                                                                                   

Fig.5.12. Simulated waveform of input current (A), inductor currents (A), voltage 

across coupling capacitors (V), coupling diode voltages (V) and currents (A), blocking 

diode voltages (V) and currents (A) during voltage based asymmetric converter 

operation (a) Module 1 (b) Module 2. 
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                                                                         (a) 

 
                                                                          (b) 

Fig.5.13. Simulated waveform of gating signals VGS1 – VGS6 (V) of switches S1 – S6 

(A), voltage VDS1, VDS2 (V) and current IS1, IS2 (A) in switches S1, S2, voltage VDS3, 

VDS4 (V) and current IS3, IS4 (A) in switches S3, S4, voltage VDS5, VDS6 (V) and current 

IS5, IS6 (A) in switches S5, S6 during (a) Current based asymmetric converter operation 

(b) Voltage based asymmetric converter operation 
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      (a) 

                
(b) 

Fig.5.14. Simulated waveform of primary VP (V) and secondary VSEC (V) winding 

voltages of HF transformer and primary ILK1, ILK2 (A) and secondary winding ISEC (A) 

currents during (a) Current based asymmetric converter operation (b) Voltage based 

asymmetric converter operation 
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                 (a) 

                
(b) 

Fig.5.15. Simulated waveform of rectifier diode voltages VD9-D12 (V) and currents ID9-

D12 (A) during (a) Current based asymmetric converter operation (b) Voltage based 

asymmetric converter operation 
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5.7. Conclusion 

The proposed converter based on the multi-input approach of the conventional CF-

HGIIC topology has been presented in this chapter. The topological structure of the 

proposed MI-CF-HGIIC and its modulation scheme has been discussed. In this chapter, the 

operating modes of the converter and comprehensive mathematical analysis for each mode 

were provided and further highlighted the theoretical operation of the converter.  

The model of MI-CF-HGIIC using simulated converter specification and its 

corresponding calculated design parameters has been implemented on MATLAB Simulink 

environment to evaluate the simulated performance under symmetric and asymmetric 

operating conditions. The proposed converter inherited the salient features of conventional 

CF-HGIIC. The simulated results demonstrated the high gain capability of the converter 

while utilizing a smaller turn ratio of the HF transformer. The results showed the natural 

voltage clamping of switches (S1 - S4) with smaller switching loss in the converter. The 

simulated results further indicated minimal intermodular circulating currents. Moreover, 

the converter also exhibited seamless operation under asymmetric operation without 

impacting the performance of any module. The decoupled operation of each module under 

any condition has been highlighted from the simulated results and further displayed modular 

operational independence. Additionally, the converter exhibited a higher degree of 

operational flexibility and wide operating range. The proposed converter also demonstrated 

modular and scalable architecture while its ability to continue operation despite 

interruptions in one of the sources is evident from the decoupled operation of the power 

modules of the converter. Moreover, the plug-and-play operation has been facilitated in the 

converter owing to its merits like minimal inter-converter and intermodular circulating 
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currents. The simulated results of MI-CF-HGIIC validated the topological operating modes 

and theoretical analysis of the converter and its merits further affirmed its viability and 

topological candidacy for MMIC. 
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CHAPTER 6 
SYSTEM INTEGRATION AND 

PERFORMANCE UNDER VARIABLE 
INSOLATION AND SHADING 

CONDITIONS 

6.1.  General 

The module-level PV system discussed in the literature is widely gaining popularity and 

offers considerable advantages as compared to the conventional string PV system. In this 

chapter, the integration of the module-level PV system (MLPS) with the DC microgrid as 

the front-end section and its performance under different operating conditions is presented. 

The chapter discusses the system architecture where multiple PV panels are independently 

interfaced with the DC microgrid using a module-level interfacing converter (MLIC) and 

multi-input module interfacing converter (MMIC). Furthermore, MLIC and MMIC employ 

high-gain isolated current-fed topologies proposed in chapters 3– 5. The chapter provides a 

comprehensive study of various applications of the system architecture based on MLPS 

while also delineating the concept of dynamic sub-panel shading conditions and their 

consequences in detail. The power generation control algorithms for flexible power point 

tracking and fast MPP tracking are proposed, with extensive investigation of their concept 

and operation. The performance of system architecture under different environmental 

conditions like insolation variations and shading conditions, and other system-level 

operational conditions like PV panel outage and the insertion of new PV panel in the 

existing system is simulated on MATLAB Simulink environment. Furthermore, the 
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experimental performance of the scaled-down system under different environmental 

operating conditions is also presented in the chapter to validate the simulated performance 

and theoretical concepts. Additionally, the system-level simulated and experimental results 

evaluate the performance of proposed converter topologies operating as MLIC and MMIC 

and highlight their merits. Moreover, the performance of the proposed power generation 

control algorithms is comprehensively analyzed under different operating conditions. The 

chapter is organized as follows: Section 6.2 discusses the merits of module-level PV 

systems and presents the MLPS-based system architecture. The different applications of the 

MLPS-based system architecture are discussed in section 6.3 while the concept of dynamic 

sub-panel shading is presented in section 6.4. Different power generation control algorithms 

are proposed in section 6.5. Section 6.6 extensively investigates the simulated and 

experimental performance of the system.  

6.2. System Architecture 

In this section, the merits of MLPS and the backbone structure of the MLPS-based front-

end section of the DC microgrid are discussed.  

6.2.1. Merits of MLPS 

MLPS is widely being adopted and researched as an alternative to the conventional 

string PV system. The widespread adoption of MLPS is attributed to the key advantages 

underlined below:  

• MLPS achieves superior power utilization from each PV panel due to their 

independent integration with the DC microgrid and deployment of individual 
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distributed power generation controllers, thereby allowing a greater degree of 

power generation control from each panel. 

• MLPS is more tolerant to shading conditions. 

• MLPS achieves better reliability, robustness, and operational flexibility while 

enabling seamless operation under system outage, and maintenance of a section 

or PV panel. 

• Higher modularity and scalability are observed in MLPS with ease in reparability 

and low cost maintenance. 

• MLPS also supports plug-and-play operation where the power capacity of the 

system can be increased dynamically by integrating new power units without 

compromising the performance of the existing system. 

Consequently, the merits of MLPS make it a viable solution for integration with the DC 

microgrid as the front-end section. The performance of the DC microgrid is further 

enhanced by incorporating MLPS and provides better modularity, flexibility, reliability, 

and distributed power generation. 

6.2.2. MLPS based System Architecture 

This section presents the MLPS based system architecture. The system architecture 

broadly focuses on the front-end section of the DC microgrid where MLPS is interfaced 

with the DC microgrid. The closer examination of the system architecture in Fig.6.1 

demonstrates the direct integration of low-voltage PV panels with the high-voltage DC 

microgrid using MLIC and MMIC topologies. The MLIC employs the proposed CF-HGIIC 

and MCF-HGIIC topologies which integrates a single low-voltage PV panel with the DC 

microgrid, while the proposed MI-CF-HGIIC is utilized for MMIC to interface dual PV 
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panels with the microgrid. Additionally, the MLPS is required to operate in the slave 

configuration while integrating with the DC microgrid whereas the voltage sources viz, 

BSS operate as a master. As a result, it is imperative for PV-fed MLICs and MMICs to 

operate as a current source and facilitate the seamless integration of multiple such units with 

the DC microgrid. 

 
Fig.6.1. MLPS system architecture 

              
Fig.6.2. Applications of MLPS 
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MLPS typically encompasses the PV panel, MLIC / MMIC, and power generation 

control. The power generation control (PGC) employs different algorithms for achieving 

maximum power generation and constant power generation from the PV panels under 

different operating conditions. PGC inputs the sensed PV parameters and provides a duty 

cycle as the output which drives the MLIC / MMIC topologies. The operation of the PV 

panel, interfacing converter, and power generation control in synergy becomes essential for 

the optimal performance of the MLPS as well as the overall system infrastructure. 

6.3. Applications of MLPS 

Different applications of PV systems utilizing MLPS are shown in Fig.6.2 while their 

benefits are highlighted in this section. Primarily, three applications of PV systems viz, Off-

Grid EV charging infrastructure, floating PV system, and rooftop PV system on the train 

are delineated extensively. Conventionally, the string PV system has been adopted for these 

applications but suffers from poor performance due to their inherent drawbacks, thereby 

limiting their viability for these applications. 

6.3.1. Off-Grid EV Charging Infrastructure 

EV charging infrastructure is critical for the adoption of electric vehicles and requires 

suitable charging facilities. Typically, in urban regions where the AC grid is prevalent, the 

EV charging infrastructure is seamless. However, in remote areas where the AC grid is not 

present, they are primarily dependent on PV-based generation [314]-[316]. Additionally, 

the installation of charging infrastructure is a challenge in remote areas and requires PV 

systems for electricity generation. The conventional string PV systems are predominantly 

used for Off-Grid EV charging infrastructure owing to their simpler architecture. However, 
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the operational performance of string PV-based charging infrastructure is significantly 

impacted by environmental conditions such as shading. Furthermore, the single-point 

failure of string PV systems severely affects the operational performance of charging 

infrastructure and leads to substantial loss of electricity generation and frequent disruption 

in their services. As a result, the string-based EV charging infrastructure has poor reliability, 

and complex repairability and requires frequent maintenance which further inflates their 

maintenance cost and limits their viability.  

The MLPS-based Off-Grid EV charging infrastructure offers multiple advantages and 

superior performance. Fig.6.3 shows the architecture of MLPS-based Off-Grid EV charging 

infrastructure with MLPS being the front-end section of the infrastructure and facilitating 

the integration of individual PV panels with the 380V DC bus using MLICs while operating 

as slaves. Moreover, the DC bus further acts as an intermediate storage and caters to the 

demand for EV chargers for e-bikes and e-rickshaws while also powering non-critical loads 

                               

Fig.6.3. MLPS based off-grid EV charging infrastructure 



175 

 

during lean load conditions. This Off-Grid EV charging infrastructure achieves superior 

performance under different operating conditions while demonstrating enhanced 

robustness. Furthermore, they don’t suffer from single-point failure and continue to operate 

even during an outage of a PV panel or component, thereby exhibiting decentralized 

architecture and higher reliability. This architecture enables superior operational flexibility 

and easy repairability while significantly reducing service disruptions. As a result, the 

maintenance of this charging infrastructure becomes seamless and dramatically cheaper, 

particularly considering their operation in remote areas with minimal resource accessibility. 

The MLPS-based Off-Grid EV charging infrastructure also achieves better modularity and 

scalability while supporting the plug-and-play operation, allowing a seamless increase in 

the power capacity in the future by augmenting additional units without compromising the 

performance of the existing system.  

6.3.2. Floating PV System 

The Floating PV (FPV) systems are widely gaining popularity due to the limitations of 

terrestrial PV systems as the land prices are increasing steeply with the scarcity of large 

areas of land suitable for installation of the PV panels [317]-[319]. Furthermore, the floating 

PV system offers better power generation due to cooler ambient temperatures, minimizes 

the soiling of panels, prevents algae proliferation in the water, and assists in water 

conservation. Presently, the FPV system is primarily based on the string PV system. The 

major bottlenecks in the current FPV system are steep installation cost, recurring 

maintenance with higher expense, and complex repairability. The installation procedure of 

FPV systems is complex as they are located remotely and are not easily accessible. 

Furthermore, string PV systems are inherently prone to frequent disruption due to their 
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single-point failure and require recurring maintenance and dedicated manpower. 

Additionally, the string-based FPV system has complex repairability with the need for 

replacement of the entire unit in case of any failure. As a result, the conventional FPV 

system has exponentially expensive maintenance with a lower adoption rate.  

The MLPS-based FPV system shown in Fig.6.4 offers notable merits and enhanced 

                                        

Fig.6.4. MLPS based floating PV system 

                                        

Fig.6.5. Rooftop MLPS on train 
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performance. Multiple PV panels buoyed on the floating platoon are independently 

integrated with the 380V DC bus while operating as slaves. Additionally, the DC bus further 

interfaces the battery storage system on land as well as different water and land-based loads. 

The MLPS-based FPV system achieves superior power generation under different operating 

conditions and offers higher reliability and robustness while eliminating single-point 

failure. This allows the system to operate autonomously without any disruption during any 

outage or failure. Additionally, the ease of repairability in the system allows the 

replacement of a single module instead of an entire unit in case of any fault. Consequently, 

this dramatically improves the performance of the system with cheaper and reduced 

frequency of maintenance. The MLPS-based FPV system also offers modular architecture 

with higher scalability and supports plug-and-play operation, thereby enabling a dynamic 

increase in the power capacity of the system to meet future requirements without impacting 

the existing system performance. 

6.3.3. Rooftop MLPS on Train 

The installation of PV systems on trains is a novel concept that is increasingly being 

researched [320]-[322].  The traditional string-based PV system is employed with a series 

connected PV panels installed on the roof of the train. The demerits of string PV system 

limits the performance of the entire system and minimizes electricity generation. Fig.6.5 

shows the rooftop MLPS for the train where multiple PV panels are integrated with the 

380V DC bus using MMICs and further operate as slaves. Moreover, the DC bus further 

integrates the light, fan, and electronic loads like mobile phone and laptop charging. MLPS-

based architecture for train achieves higher reliability, robustness, and superior 

performance under different operating conditions. Moreover, it demonstrates lower 
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maintenance costs with easy repairability and further exhibits sustained operation during an 

outage or failure. Also, the system achieves higher modularity and scalability and allows 

plug-and-play operation. 

6.4. Concept of Dynamic Sub-Panel Shading 

The installation of rooftop PV panels of the moving locomotive-like train presents a 

unique challenge which is discussed in this section. The concept of sub-panel shading for 

stationary PV panels is discussed in detail and is further extended to dynamic shading. The 

sub-panel shading is a class of shading conditions where each PV panel experiences 

localized shading due to the objects. The typical configuration of a PV panel utilizes the 

bypass diodes in parallel with a few PV cells, with a total of 3 bypass diodes installed in a 

PV panel. The diode bypasses the section of shaded PV cells and primarily prevents the 

hotspot generation in the panels during shading conditions, thereby improving the 

            
      (a)          (b)                       

Fig.6.6. PV Panel with bypass diode operation (a) Unshaded PV cells (b) Shaded PV 

cells 



179 

 

operational life of the PV panel. This is visually represented in Fig.6.6. However, bypassing 

the shaded section of the panel induces power fluctuations with the reduction in the overall 

power and voltage of the PV panel. As a result, sub-panel shading is a critical challenge for 

PV system and require suitable MPPT control algorithms to track the maximum power. The 

MLPS is more tolerant to sub-panel shading as compared to string PV systems owing to its 

distributed MPPT controller and better control over the power generation of individual 

panels.  

The dynamic sub-panel shading is a novel challenge for PV systems which stems from 

the installation of PV panels on the moving locomotive like trains and trams. This 

introduces an additional variable in the sub-panel shading conditions, i.e., relative motion. 

As the PV panel is moving relative to stationary objects like a tree, pole, or building and 

   

 
(a)                                           (b)                                         (c)              

Fig.6.7. Concept of dynamic sub-panel shading as train is moving (a) No panel is 

shaded (b) Stationary pole shades some section of PV Panel 1 as it crosses the pole (c) 

Stationary pole then shades some section of PV panel 2 as it crosses the pole 
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moving objects, the fast changes in the shade on the PV panel are experienced. The concept 

of dynamic sub-panel shading is illustrated in Fig.6.7, where the changes in the shade on 

the PV panel due to the relative motion of the panel installed on the moving train with 

respect to the object is demonstrated. The dynamic sub-panel shading conditions are more 

challenging than stationary sub-panel shading conditions due to fast variations in the shade 

on the PV panel. The operation of string PV systems with slow conventional GMPPT 

controllers during dynamic sub-panel shading conditions fails to detect such fast-shading 

variations and experiences poor performance. Typically, MLPS utilizing a conventional 

MPPT algorithm is more tolerant to shading, but during dynamic shading conditions, they 

also fail to detect the fast-shading variations and exhibit sub-optimal performance. 

Furthermore, the inability of conventional MPPT algorithms to track the maximum power 

point during dynamic sub-panel shading conditions is evident from its drawbacks such as 

slower convergence speed and poor tracking accuracy.  

Consequently, it is imperative to study the performance of the proposed MLPS-based 

system architecture under dynamic sub-panel shading conditions. 

6.5. Power Generation Control Algorithms 

Different power generation control algorithms for flexible power generation and 

tracking the MPP under dynamic sub-panel shading conditions are discussed in this section. 

6.5.1. CPG-InC Flexible Power Point Tracking Algorithm 

In this subsection, the concept and operation of the CPG-InC flexible power point 

tracking algorithm are discussed. The proposed algorithm facilitates dual operating mode 

i.e., constant power generation (CPG) and maximum power generation (MPG) from the PV 
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panel. The algorithm achieves flexible power generation during insolation variation and 

adequately selects the requisite operating mode. The fundamental concept and operation of 

flexible power generation is illustrated in Fig.6.8(a) where the PV panel operates at different 

operating points on the P-V curve depending on the insolation level. Initially, the PV panel 

is operating at a lower insolation with its operating point C on the P-V curve, with the 

selection of the MPPT mode facilitating the maximum power evacuation from the PV panel 

as the operating power is lesser than the threshold power (PPV ≤ PTH). The increase in the 

insolation causes the operating PV power to cross the threshold power (PPV > PTH) and 

subsequently trigger the movement of the operating point in the P-V curve from point C 

corresponding to the MPPT mode to point A corresponding to the CPG mode. Moreover, 

the operation of the PV panel in CPG mode at higher insolation becomes evident as it moves 

to the constant power point (CPP) at A instead of the maximum power point (MPP) at B, 

thereby allowing constant power generation from the panel. The flowchart of the proposed 

CPG-InC FPPT algorithm is demonstrated in Fig.6.8(b) and operates under uniform 

insolation variations, with operating modes selected based on (6.1). Initially, the algorithm 

operates under MPPT mode with the Incremental Conductance (InC) tracking the maximum 

power point and facilitating maximum power evacuation from the PV panel. During MPPT 

mode, the threshold power is set to PTH_MPPT (PTH = PTH_MPPT) with its value equal to the 

absolute threshold power (PTH
*) as shown in (6.2). Moreover, the absolute threshold power 

is set to 80% of the rated PV power corresponding to the insolation of 1000W/m2. The 

operating power PPV increases as the solar insolation increases, which facilitates the 

operation under MPPT mode as long as PPV ≤ PTH. It is pertinent to note that as soon as PPV 

exceeds the PTH (PTH_MPPT), the FPPT algorithm seamlessly transits to CPG mode and 

maintains the operating PV power at the threshold power corresponding to CPG (PTH = 
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PTH_CPG). The operating limits of PTH_CPG during CPG operation are defined in (6.3) and 

show the value of the tolerance band (Δp) of 2.5% of PTH
* while the value of PTH_CPG is set 

to the lower operating limit (PTHL). Moreover, the extreme limits of the power band are PTHL 

                                                                  
      (a) 

                            
      (b) 

Fig.6.8. Flexible power generation (a) Basic concept (b) Flowchart of flexible power 

point tracking algorithm 
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and PTHU. It is observed that a further increase in the insolation maintains the operation in 

CPG mode while ensuring regulated PV power. Additionally, a similar operating principle 

                          

Fig.6.9. Block diagram of current control 

                           
            (a) 

                                                                                                           
               (b) 

Fig.6.10. Operation of PV panel under sub-panel shading with I-V curve having (a) No 

shading (b) One-third shading 
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of the proposed algorithm during the mode transition from CPG to MPPT mode is observed 

during uniform insolation variation.   

𝑀𝑜𝑑𝑒 = {
𝐶𝑃𝐺 𝑓𝑜𝑟 𝑃𝑃𝑉 > 𝑃𝑇𝐻  (𝑃𝑇𝐻 = 𝑃𝑇𝐻_𝐶𝑃𝐺)

𝑀𝑃𝑃𝑇 𝑓𝑜𝑟 𝑃𝑃𝑉 ≤  𝑃𝑇𝐻  ( 𝑃𝑇𝐻 = 𝑃𝑇𝐻_𝑀𝑃𝑃𝑇)
}                     (6.1) 

𝑃𝑇𝐻_𝑀𝑃𝑃𝑇 = 𝑃𝑇𝐻
∗                               (6.2) 

𝑃𝑇𝐻𝑈 = 𝑃𝑇𝐻
∗ + ∆𝑝,  𝑃𝑇𝐻𝐿 = 𝑃𝑇𝐻

∗ − ∆𝑝,  𝑃𝑇𝐻_𝐶𝑃𝐺 = 𝑃𝑇𝐻𝐿             (6.3) 

The regulation of PPV during CPG operating mode is achieved by implementing the 

current mode control where the reference PV current (IPV_REF) is set to the current 

                           

 

Fig.6.11. Flowchart of fast MPPT algorithm 
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corresponding to the upper limit of threshold power (PTHU) at the insolation of 1000W/m2. 

The block diagram of current mode control is shown in Fig.6.9 where the error between the 

operating PV current and reference current is fed to the PI controller with its objective to 

minimize the error and further generate the duty cycle. As a result, the regulation of PV 

current at reference current allows the power regulation of PV panels within the power band 

for different insolations. The MPPT operation is achieved by employing the InC MPPT 

algorithm which tracks the maximum power point for particular insolation and evacuates 

the maximum available power from the panel. The experimental implementation of the 

proposed algorithm on low-cost DSP controllers is feasible due to its low computational 

complexity. Furthermore, the algorithm implementation of the DSP controller observes 

inherent filtering of high-frequency power oscillations due to significantly slower ADC 

sampling and does not intervene with the operation of the algorithm. Additionally, the CPG-

InC FPPT algorithm supports the battery storage system in mitigating intermittency.  

6.5.2. Fast MPPT Algorithm 

The operation of PV panels during dynamic sub-panel shading conditions highlights the 

drawbacks of conventional MPPT algorithms such as slow convergence and poor tracking 

accuracy. It is imperative to develop the MPPT algorithm tailor-made for operation under 

dynamic sub-panel shading conditions and facilitate the evacuation of maximum power 

during fast shading variations. The fast MPPT algorithm is proposed in this sub-section 

with the objective of faster response to the shading variations during dynamic shading. The 

fundamental operating principle of the proposed algorithm is demonstrated in Fig.6.10, 

where the algorithm operates in InC MPPT mode during normal operating conditions or 

insolation variations and tracks the corresponding maximum power point, but the shading 
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conditions trigger the fast shade subroutine. In the fast shading subroutine, the algorithm 

detects the degree of shade and only needs to operate at one of the three operating points 

(A, B, and C) during fast shading transitions by selecting one of the three predefined 

reference duty cycles. This significantly reduces the transit time between the operating 

points during the shading and allows a dramatically faster response to shade variations, 

which is not possible for conventional MPPT algorithms. Once the suitable operating point 

depending on the degree of shade has been selected, the algorithm forces the InC MPPT 

subroutine to operate in the vicinity of that particular operating point and predefined duty 

cycle. Fig.6.10(a) shows the operation of an unshaded PV panel at point C with the 

operating voltage of 2.4VOC1 (VOC1 is one-third of the open circuit voltage of the PV panel) 

and the corresponding duty cycle of dMPPT3. Moreover, the operation of one-third shaded 

PV panel shown in Fig.6.10(b) is at point B with a corresponding operating panel voltage 

of 1.6VOC1 and duty cycle of dMPPT2. Fig.6.11 shows the flowchart of the proposed fast 

MPPT algorithm. The algorithm is initialized for normal unshaded operation with the 

operating initial duty cycle of dMPPT3 and the shading_change_flag is set. The status of 

shading_change_flag being 1 indicates the change in the shading. Furthermore, the degree 

of shade is denoted by Level 1 (one-third shading of the panel) and Level 2 (two-thirds 

shading of the panel). The algorithm first detects the shade and then checks whether 

shading_change_flag is set. The unshaded PV panel with shading_change_flag being reset 

indicates that there is no change in shading and the algorithm continues the InC MPPT 

operation while shading_change_flag being set indicates that a change in the shading has 

been observed and subsequently forces InC MPPT to operate in the vicinity of the 

predefined duty cycle dMPPT3 and further reset the shading_change_flag. Conversely, for 

shaded PV panel, the level of shading is further detected, and based on the level of shading 
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and shading_change_flag being set, the operating duty cycle of dMPPT1 (Level 2) or dMPPT2 

(Level 1) is forced on the InC MPPT with the subsequent resetting of the flag whereas if 

the shading_change_flag is already reset, the algorithm observes no shading change and 

continues the InC MPPT operation. The proposed converter demonstrates faster 

convergence to MPP during dynamic shading as it seamlessly transits between the three 

operating points. The ability of the proposed algorithm to quickly detect the fast-shading 

variations and decide the operating duty cycle depending on the degree of shading 

highlights the fast response of the proposed algorithm operating during dynamic sub-panel 

shading. Moreover, the proposed fast MPPT algorithm is suitable for low-cost controllers 

as it is computationally inexpensive. 

6.6. Results and Discussions 

The simulated and experimental performance of the proposed MLPS system 

architecture employing MLIC and MMIC is investigated under different operating 

conditions in this section.  

6.6.1. Simulation Results 

TABLE 6.1: Simulated system parameters 

Parameter Value 

PV Panel  

Kyocera KD250GX-

LFB 

Rated Power (PMPP) – 250W (1000W/m2) 

Rated Voltage (VMPP) – 29.8V (1000W/m2) 

Rated Current (IMPP) – 8.39A (1000W/m2) 

Nominal Voltage of       

DC Microgrid 
380V 

Number of PV panel 

units 
2 

MLIC Refer to Table 3.5 for simulated parameters of MLIC 

MMIC Refer to Table 5.3 for simulated parameters of MMIC 
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TABLE 6.2: Simulated operating conditions for MLIC 
Case PV Panel 1 PV Panel 2 Other 

Case 1 

                      

Outage of PV 

Panel 2 at 

t=0.05s and its 

reinsertion at 

t=0.07s 

Case 2 

  

 

Case 3 

                       

Addition of a 

new PV panel 

(PV3) at 

t=0.03s 

Case 4 Sub-panel shading at t=0.02s and 

removal at t=0.05s 

Sub-panel shading at t=0.03s and 

removal at t=0.06s 

 

Case 5 

 

 

Case 6 

                          

Outage of PV 

Panel 2 at 

t=0.06s 

Case 7 
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This subsection delineates the simulated performance of MLPS-based system architecture 

under different operating conditions. The simulated model of the proposed MLPS system 

architecture is implemented on the MATLAB Simulink environment using simulated 

system parameters provided in Table 6.1. The simulated system model incorporates two PV 

panels based on Kyocera KD250GX-LFB which are independently integrated with a 380V 

DC microgrid using independent MLIC as well as a single MMIC. The simulated 

performance of the system investigates the steady-state and dynamical operation under 

different environmental operating conditions such as insolation variations and shading 

conditions as well as operational conditions such as the outage of a panel and the addition 

of a new panel in the system. For coherent understanding and comprehensive study of the 

simulated MLPS system, it is subdivided into MLIC interfaced MLPS system and MMIC 

interfaced MLPS system. The simulated performance of both these subsystems under 

different operating conditions are presented as cases in this subsection.  

A. MLIC interfaced MLPS System Architecture 

The MLIC interfaced MLPS system architecture incorporates two PV panels which are 

independently interfaced with the 380V DC microgrid using individual MLICs. The 

simulated operating conditions for MLIC based MLPS are shown in Table 6.2. For cases 1 

to 4, the MLIC utilizes the conventional InC MPPT algorithm while the CPG-InC FPPT 

algorithm is employed for cases 5 – 7 

Case – 1: Operation of the system under uniform insolation variation with the outage 

of a PV panel and its subsequent reinsertion 
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                                                                            (a)       

                 
                                                                            (b)                                                                                                   

Fig.6.12. Case 1: Simulated operation of MLIC system under uniform insolation 

variation from 1000W/m2 to 750W/m2 from t=0.015s till t=0.025s and vice versa from 

t=0.035s till t=0.045s and further outage of PV panel 2 at t=0.05s and its reinsertion at 

t=0.07s  (a) Profile of PV panels with their powers PPV1 and PPV2 (W), PV current IPV1 

and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output profile with current of 

MLICs IO1 and IO2 (A), current in the DC microgrid IDC (A) and output voltages of 

MLICs VO1 and VO2 (V) 
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The PV panels operate under uniform insolation variations from 1000W/m2 to 750W/m2 

and vice versa from t=0.015s to t=0.045s. The profile of PV panels is observed in 

Fig.6.12(a) where the PV power reduces from 250W at t=0.015s to 189.3W at t=0.025s and 

vice versa till t=0.045s. Moreover, the outage of PV panel 2 at t=0.05s and its subsequent 

reinsertion at t=0.07s is demonstrated from the results. It is pertinent to observe that the 

outage of PV panel 2 has minimal impact on the performance of PV panel 1 which continues 

to operate at 250W. Also, the result shows a seamless outage and reinsertion of PV panel 2 

without creating large fluctuations. The operating current of both PV panels experienced 

the transition from 8.39A to 6.305A and vice versa during uniform insolation variation and 

further observed seamless transition in the current of PV panel 2 during an outage and 

reinsertion without affecting the current of PV panel 1. The voltage profile of both PV 

panels is shown with the outage of PV panel 2 causing its voltage to increase to its open 

circuit voltage (VOC) of 36.9V and subsequently back to the original value of 29.8V (VMPP 

- voltage corresponding to MPP). The output profile is shown in Fig.6.12(b) where the 

output currents of both MLICs witness a transition from 0.642A to 0.487A and vice versa. 

Moreover, the outage of PV panel 2 observes the output current of MLIC 2 (IO2) to reach 

zero before returning to its original value upon reinsertion of PV panel 2, while the output 

current of MLIC 1 (IO1) remains unaffected, thereby further highlighting minimal inter 

converter circulating currents. The result also highlights the waveform of current (IDC) 

flowing through the DC microgrid which is the aggregation of both IO1 and IO2. Moreover, 

the terminal voltage across each converter is also observed from the result in Fig.6.12(b). 

Case – 2: Operation of the system under partial shading conditions 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.13. Case 2: Simulated operation of MLIC system under partial shading with 

insolation variation from 1000W/m2 to 800W/m2 in panel 1 and 600W/m2 in panel 2 

from t=0.025s till t=0.045s (a) Profile of PV panels with their powers PPV1 and PPV2 

(W), PV current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output profile 

with current of MLICs IO1 and IO2 (A), current in the DC microgrid IDC (A) and output 

voltages of MLICs VO1 and VO2 (V) 
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In this case, both PV panels operate at 1000W/m2 and experience a different rate of 

insolation change from t=0.025s till t=0.045s with their final insolation of 800W/m2 and 

600W/m2 respectively, thereby exhibiting partial shading conditions. Fig.6.13(a) displays 

the profile of the PV panel where both PV panels operating at 250W till t=0.025s witness 

different rates of change of insolation and finally evacuate the maximum power of 201W 

and 152W respectively. Furthermore, the current of both PV panels operating at 8.39A 

reduces to 6.72A and 5.05A respectively, which corresponds to the insolation of 800W/m2 

and 600W/m2 respectively. The result highlights the superior performance of the system 

under partial shading conditions where each PV panel receiving different insolation 

operates seamlessly at its corresponding maximum power point and evacuates the 

maximum available power. This also affirms the merits of MLPS where it exhibits superior 

power utilization from each panel and is more shade tolerant. The output profile of the 

system is demonstrated in Fig.6.13(b) where the output currents of both MLICs operating 

at 0.641A reduce to 0.517A and 0.389A respectively. Furthermore, the profile also shows 

the current in the DC microgrid (IDC) and the terminal voltage across each converter.  

Case – 3: Plug and Play operation: Addition of a new PV panel  

The PV panels observe uniform insolation variation from 1000W/m2 to 600W/m2 and 

vice versa from t=0.015s to t=0.055s in this case. The profile of PV panels is shown in 

Fig.6.14(a) where the powers of PV panels 1 and 2 observe the transition from 250W at 

t=0.015s to 152W at t=0.025s and vice versa from t=0.045s till t=0.055s. Moreover, a new 

PV panel (panel 3) has been added to the system at t=0.03s to increase the overall power 

capacity of the system. It is observed from the result that the new PV panel seamlessly 

evacuates the maximum power of 152W during insolation of 600W/m2 and effectively 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.14. Case 3: Simulated operation of MLIC system under uniform insolation 

variation from 1000W/m2 to 600W/m2 from t=0.015s till t=0.025s and vice versa from 

t=0.045s to t=0.055s and addition of new panel (PV3) at t=0.03s  (a) Profile of PV 

panels with their powers PPV1, PPV2 and PPV3 (W), PV current IPV1, IPV2 and IPV3 (A) and 

PV voltage VPV1, VPV2 and VPV3(V) (b) Output profile with current of MLICs IO1, IO2 

and IO3  (A), current in the DC microgrid IDC (A) and output voltages of MLICs 

VO1,VO2 and VO3(V) 
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tracks the maximum power point during insolation increase to 1000W/m2 at t=0.055s. The 

operating current of the PV panels experiences the transition from 8.39A to 5.05A and vice 

versa during uniform insolation variation. Moreover, the integration of the new PV panel 

in the system is evident from the result where the operating current increases from zero to 

5.05A corresponding to the insolation of 600W/m2, and further increases to 8.39A @ 

1000W/m2. The voltage profile of the PV panels is also shown in the results with the voltage 

of the new PV panel falling from its VOC of 36.9V to its VMPP of 30.07V at the insolation 

of 600W/m2 at t=0.03s. The results highlight the dynamical increase in the power capacity 

of the system with minimal impact on the performance of the other PV panels due to the 

addition of a new PV panel, thereby emphasizing the plug-and-play operation of the 

proposed MLPS system architecture. Fig.6.14(b) shows the output profile of the system 

where the output currents of both MLICs witness a transition from 0.641A to 0.389A and 

vice versa. Furthermore, the addition of a new PV panel observes an increase in the output 

current of MLIC3 to 0.389A @600W/m2 and further to 0.641A @1000W/m2. It is observed 

from the result that the addition of a new PV panel exhibits minimal fluctuations in the 

output current (IO3) without compromising the performance of other MLICs and has no inter 

converter circulating currents. The result also highlights the waveform of IDC and the 

terminal voltage across each converter.  

Case – 4: Operation of the system under sub-panel shading condition 

The profile of PV panels is shown in Fig.6.15(a), where both PV panels are operating 

at 1000W/m2 initially with a maximum power evacuation of 250W. The sub-panel shading 

on PV panel 1 at t=0.02s observes one-third shading of PV panel 1 with the dip in the 

operating PV power and finally settling at 160W while the removal of shade on panel 1 at 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.15. Case 4: Simulated operation of MLIC system under sub-panel shading in 

panel 1 at t= 0.02s and panel 2 at t=0.03s and removal of shade in panel 1 at t=0.05s 

and panel 2 at t=0.06s (a) Profile of PV panels with their powers PPV1 and PPV2 (W), 

PV current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output profile with 

current of MLICs IO1 and IO2 (A), current in the DC microgrid IDC (A) and output 

voltages of MLICs VO1 and VO2 (V) 
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t=0.05s causes the operating PV power to return to 250W. The result observes a similar 

operation during sub-panel shading on PV panel 2 at t=0.03s and the removal of shade on 

panel 2 at t=0.06s. The current profile of PV panels under sub-panel shading and subsequent 

removal of shade observes a dip in the PV currents before settling back to their original 

value of 8.39A, thereby highlighting the functioning of the bypass diode. The voltage 

profile of PV panels demonstrated from the result highlights the dip in their operating 

voltages during sub-panel shading and subsequent return to their operating voltage 

corresponding to VMPP of 29.8V @1000W/m2. The output profile of the system is 

highlighted in Fig.6.15(b) where the output currents of MLICs observe a reduction from 

0.641A to 0.405A during sub-panel shading of their corresponding PV panels while 

reverting to their original value of 0.641A after removal of their shades. The result also 

shows the IDC and terminal voltages of MLICs. The simulated results show that dynamic 

transitions in the performance of one PV panel during shading or removal of shade have no 

impact on the performance of the other PV panel. Furthermore, the high gain capability of 

the proposed MLIC is highlighted during sub-panel shading conditions when the operating 

PV panel voltage reduces and the MLIC seamlessly increases its operating voltage gain to 

a notably high value of nearly 20 in order to meet the gain demand. 

Case – 5: Flexible power generation during insolation variation 

During case 5, both PV panels initially operate at 500W/m2 and experience an increase 

to 1000W/m2 from t=0.02s to t=0.03s. Furthermore, the insolation linearly drops to 

900W/m2 at t=0.05s and further reduces back to 500W/m2 at t=0.07s. Fig.6.16(a) shows the 

profile of PV panels where they evacuate a maximum power of 126.7W till t=0.02s. The 

maximum available power evacuated from the PV panels starts increasing as the insolation 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.16. Case 5: Simulated flexible power operation of MLIC system under insolation 

variation from 500W/m2 to 1000W/m2 from t=0.02s to t=0.03s, then from 1000W/m2 

to 900W/m2 from t=0.04s to t=0.05s and finally from 900W/m2 back to 500W/m2 from 

t=0.06s to t=0.07s (a) Profile of PV panels with their powers PPV1 and PPV2 (W), PV 

current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output profile with 

current of MLICs IO1 and IO2 (A), current in the DC microgrid IDC (A) and output 

voltages of MLICs VO1 and VO2 (V) 
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rises and further experiences a transition from the MPPT mode to CPG mode at t=0.026s, 

after which the PV power is regulated within the power band during variations in the 

insolation till t=0.063s. After t=0.063s, the operation reverts to MPPT mode with maximum 

available power being evacuated during insolation drop to 500W/m2 and its sustained 

operation till t=0.08s. The current of both PV panels observes operation at IMPP of 4.217A 

corresponding to the insolation of 500W/m2 and further increases to 6.675A at t=0.026s, 

after which it is regulated at the reference current of 6.235A till t=0.063s. Moreover, the 

operating current further observes reduction from t=0.063s and tracks the IMPP according to 

the insolation changes and finally settles back to 4.217A corresponding to 500W/m2. The 

voltage profile also observes significant changes in the operating panel voltage during the 

mode transitions from MPPT to CPG at t=0.026s and further CPG to MPPT at t=0.063s. 

The output profile of the system is demonstrated in Fig.6.16(b) where variations in the 

output currents of MLIC and DC microgrid currents are observed. The results highlight the 

seamless transitions between MPPT and CPG modes and also underline the efficacy of 

constant power generation from the PV panels during insolation variations. The results 

quantify the effectiveness of CPG operation as the ratio of variation in the regulated input 

power to the variation in power corresponding to insolation change during CPG operation 

is significantly small value of 18.1%. Moreover, results also highlight the efficacy of the 

proposed FPPT algorithm in seamlessly facilitating the mode transition between MPPT and 

CPG and effectively regulating the operating power of PV panels in CPG mode during the 

operation at higher insolations. 

Case – 6: Flexible power generation with panel outage 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.17. Case 6: Simulated flexible power operation of MLIC system under insolation 

variation from 600W/m2 to 850W/m2 from t=0.03s till t=0.04s and the outage of PV 

panel 2 at  t =0.06s (a) Profile of PV panels with their powers PPV1 and PPV2 (W), PV 

current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output profile with 

current of MLICs IO1 and IO2 (A), current in the DC microgrid IDC (A) and output 

voltages of MLICs VO1 and VO2 (V) 
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The system is tested for an increase in the insolation from 600W/m2 to 850W/m2 from 

t=0.03s till t=0.04s and the subsequent outage of PV panel 2 at t=0.06s. The profile of PV 

observed in Fig.6.17(a) shows that both PV panels evacuate a maximum power of 152W 

for the insolation of 600W/m2. The increase in the insolation observes the operation in 

MPPT mode operation which transits to the CPG mode at t=0.0377s where the PV power 

regulates within the power band despite the increase in the insolation to 850W/m2 till 

t=0.04s. Additionally, it is observed that the outage of PV panel 2 at t=0.06s has no impact 

on the performance of PV panel 1 which continues to operate in CPG mode with regulated 

PV power. The operating current of PV panels observes the value of 5.05A at 600W/m2 and 

further experiences an increase due to the rising insolation. The PV panel currents start 

following the reference current of 6.235A at t=0.0377s during mode transition to CPG and 

further remain regulated despite of insolation increase till t=0.04s. Also, the voltage profile 

of PV panels shows the increase in the panel voltage during mode transition at t=0.0377s 

and further observes an increase in the voltage of PV panel 2 to 36.9V (VOC) during its 

outage. The output profile is shown in Fig.6.17(b) where the output currents of MLICs and 

DC microgrid observe an increase in the current between t=0.03s and t=0.0377s and then 

remains regulated due to operation in CPG mode. Moreover, the outage of PV panel 2 at 

t=0.06s witnesses the drop of the output current of MLIC 2 to zero while the operation of 

other MLIC remains unaffected with constant output current. 

Case – 7: Flexible power generation under partial shading conditions 

The PV panels operating at 1000W/m2 experience different rates of insolation change 

from t=0.025s till t=0.045s with their final insolation of 850W/m2 and 600W/m2 

respectively, thereby exhibiting partial shading conditions. The profile of the PV panel is 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.18. Case 7: Simulated flexible power operation of MLIC system under partial 

shading with insolation variation from 1000W/m2 to 850W/m2 in panel 1 and 

600W/m2 in panel 2 from t=0.025s till t=0.045s (a) Profile of PV panels with their 

powers PPV1 and PPV2 (W), PV current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 

(V) (b) Output profile with current of MLICs IO1 and IO2 (A), current in the DC 

microgrid IDC (A) and output voltages of MLICs VO1 and VO2 (V) 
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demonstrated in Fig.6.18(a) where both PV panels operating under CPG mode with 

regulated power of 202.6W till t=0.025s witness different rates of change of insolation. It 

is observed that PV panel 1 continues to regulate the PV power within the power band as 

the insolation drops to 850W/m2 whereas PV panel 2 transits to MPPT mode at t=0.036s 

and starts tracking maximum power point as the insolation continues to drop till 600W/m2 

with its steady state power of 152W. Furthermore, the current of PV panels regulated at the 

reference current of 6.235A begins observing deviations between them from t=0.036s 

where the current of PV panel 2 starts operating at IMPP. The voltage profile of PV panels is 

also demonstrated from the results with PV panel 2 observing a reduction in the operating 

 TABLE 6.3: Simulated operating conditions for MMIC 
Case PV Panel 1 PV Panel 2 Other 

Case 

1 

  

 

Case 

2 

 

Constant Insolation at 

1000W/m2 

Outage of PV 

panel 2 at 

t=0.03s and 

its reinsertion 

at t=0.05s 

Case 

3 

Constant Insolation at 

1000W/m2 

Sub-panel shading at t=0.03s 

and removal at t=0.05s 
 

Case 

4 

Sub-panel shading at t=0.03s, 

0.04s, 0.045s, 0.055s and 

their subsequent removal at 

t=0.035s, 0.042s,0.05s 

Sub-panel shading at 

t=0.032s, 0.042s, 0.05s, 0.06s 

and their subsequent removal 

at t=0.037s, 0.045s,0.057s 
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voltage to 29.8V at t=0.036s. Fig.6.18(b) demonstrates the output profile of the system 

where the output current of MLICs operating at 0.52A observes variation between them 

from t=0.036s with IO1 constantly maintained while IO2 reduces to 0.39A. The current (IDC) 

in the DC microgrid observes a variation from 1.042A to 0.91A as it is a summation of both 

IO1 and IO2. The terminal voltage across each converter is also shown in the results. The 

result also highlights the ability of the proposed system to mitigate the effects of partial 

shading to a certain extent and continue to operate at constant power, thereby supporting in 

reducing the intermittency. This is attributed to the superior performance of the FPPT 

algorithm and its effectiveness in facilitating constant power generation and seamless mode 

transitions during partial shading conditions.  

B. MMIC interfaced MLPS system architecture: 

The MMIC interfaced MLPS system architecture incorporates two PV panels which are 

interfaced with the 380V DC microgrid using a single dual input MMIC. The simulated 

operating conditions for MMIC based MLPS are shown in Table 6.3. Furthermore, the 

MMIC incorporates the Fast MPPT algorithm for evacuating maximum power during all 

operating conditions. 

Case – 1: Operation of the system under partial shading condition 

Fig.6.19(a) demonstrates the profile of PV panels where both PV panels operate at 

1000W/m2 till t=0.04s and further observe deviation in the insolation rate with final 

insolations of 750W/m2 and 400W/m2. The PV panels initially operating at an insolation of 

1000W/m2 have a power of 250W while the deviation in their insolation rate after t=0.04s 

observes steady state power of PV panels of 189.3W and 101.3W respectively. 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.19. Case 1: Simulated operation of MMIC system under partial shading with 

insolation variation from 1000W/m2 to 750W/m2 in panel 1 and 400W/m2 in panel 2 

from t=0.04s till t=0.0408s (a) Profile of PV panels with their powers PPV1 and PPV2 

(W), PV current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output current 

IO (A) and output voltage VO (V) of MMIC 
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Additionally, the currents of each PV panel operating at 8.39A @1000W/m2 observe 

variation in their steady-state value of 6.305A and 3.37A respectively after t=0.04s. The 

result demonstrates seamless operation under partial shading conditions where each PV 

panel receives different insolation and displays the maximum power evacuation from each 

panel during partial shading. Moreover, the operational independence of each power 

module of MMIC and its seamless operation during current-based asymmetry is effectively 

highlighted from the results where no interference between the modules operating at 

different power is observed. Fig.6.19(b) shows the variation in the output current of MMIC 

due to partial shading condition and its terminal voltage.  

Case – 2: Operation of the system under insolation variation and outage and subsequent 

reinsertion of a PV panel 

The profile of PV panels is shown in Fig.6.20(a) with both PV panels operating at 250W 

corresponding to the insolation of 1000W/m2. The outage of PV panel 2 at t=0.03s causes 

its power to drop to zero while PV panel 1 continues its unperturbed operation at 250W. 

Furthermore, the insolation reduces from 1000W/m2 to 750W/m2 from t=0.04s to t=0.05s 

where the operating power of PV panel 1 reduces to 189.3W. The reinsertion of PV panel 

2 in the system at t=0.05s shows the increase in its operating power to 250W without 

affecting the operation of PV panel 1. The current in PV panel 1 observes variation from 

8.39A to 6.305A during the insolation change while the PV panel 2 current drops to zero 

during the outage of the panel and further increases to 8.39A upon reinsertion in the system. 

The voltage profile of PV panels is also observed from the results and indicates the variation 

of PV panel 2 from VMPP of 29.8V to VOC of 36.9V and vice versa during an outage of the 

panel and its subsequent reinsertion into the system. The output current and the terminal 
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                                                                            (a)       

                        
                                                                            (b)                                                                                                   

Fig.6.20. Case 2: Simulated operation of MMIC system under insolation change in PV 

panel 1 from 1000W/m2 to 750W/m2 from t=0.04s till t=0.05s and outage of PV panel 

2 at t=0.03s and its reinsertion at t=0.05s (a) Profile of PV panels with their powers 

PPV1 and PPV2 (W), PV current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) 

Output current IO (A) and output voltage VO (V) of MMIC 
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voltage of MMIC is shown in Fig.6.20(b) and highlights variation in current because of 

insolation variations and the outage and reinsertion of the PV panel. The results show the 

independence in operation of each power module of MMIC with the variations in the one 

module does not impact the performance of the other module. Moreover, no intermodular 

circulating current is observed which is affirmed from the waveforms of the PV panels 

during the outage of panel 2.  

Case – 3: Operation of the system under sub-panel shading of one PV panel 

Fig.6.21(a) shows the power, current, and voltage waveforms of the PV panels where 

the PV panel continues its operation at 250W at the insolation of 1000W/m2. Meanwhile, 

PV panel 2 experiences sub-panel shading with one-third section of the panel getting 

shaded, which observes a dip in the maximum power at t=0.03s with the reduction in the 

steady state maximum evacuated power from 250W to 160W. The removal of shade at 

t=0.05s experiences the transition of operating power of PV panel 2 back to 250W. The 

current waveforms of PV panels observe that panel 1 current remains constant while panel 

2 undergoes dips and settles back at 8.39A when it is subjected to sub-panel shading and its 

subsequent removal. Moreover, the voltage of PV panels is also observed from the results 

where PV panel 1 maintains its operation at 29.8V whereas the voltage of PV panel 2 

experiences variations from 29.8V to 19.86V during sub-panel shading and vice versa 

during the removal of shade. The profile of the output current and the terminal voltage of 

MMIC is shown in Fig.6.21(b) and highlights variation in the output current of MMIC from 

1.264A to 1.04A during sub-panel shading and vice versa when the shade is removed. The 

results demonstrate the operational independence of each power module of MMIC with the 

optimal performance under sub-panel shading conditions while also highlighting the 
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                                                                            (a)       

            
                                                                            (b)                                                                                                   

Fig.6.21. Case 3: Simulated operation of MMIC system with PV panel 1 operation at 

1000W/m2 while sub panel shading of PV panel 2 at t=0.03 and removal of shade at 

t=0.05s (a) Profile of PV panels with their powers PPV1 and PPV2 (W), PV current IPV1 

and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output current IO (A) and output 

voltage VO (V) of MMIC 
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seamless operation of MMIC during voltage-based asymmetry where the power modules 

of MMIC have different operating duty cycles. Furthermore, it is observed from the results 

that MMIC achieves a substantially higher operating gain of nearly 20 during sub-panel 

shading. 

Case – 4: Operation of the system under dynamic sub-panel shading with fast shading 

variations 

In this case, the dynamic sub-panel shading with fast shading variations on the PV 

panels is observed. The PV panel 1 observes dynamic sub-panel shading at t=0.03s, t=0.04s, 

t=0.045s, and t=0.055s with its corresponding removal of shade at t=0.035s, t=0.042s and 

t=0.05s. Similarly, the dynamic sub-panel shading is observed for PV panel 2 at t=0.032s, 

t=0.042s, t=0.05s, and t=0.06s while its corresponding removal of shade is observed at 

t=0.037s, t=0.045s, and t=0.057s. Fig.6.22(a) demonstrates the variations in the operating 

power, current, and voltage of both PV panels during these fast variations in shading and 

removal of shade and highlights the maximum power evacuation under these conditions. 

Furthermore, the results also display the fast convergence of the proposed Fast MPPT 

algorithm which quickly responds to the variation in shade and ensures seamless tracking 

of maximum power point. Additionally, the decoupled operation of each power module of 

MMIC is evident as the operation of one module under such fast-shading variations does 

not impact the performance of another module which remains consistent. Fig.6.22(b) shows 

the profile of the output current and the terminal voltage of MMIC where variations in the 

output current of MMIC are attributed to the dynamic sub-panel shading conditions. The 

results also validate the wide operating range and fast dynamics of the proposed converter 

and highlight its ability to furnish such a high voltage gain of nearly 20 during such fast-
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                                                                            (a)       

                 

 
                                                                            (b)                                                                                                   

Fig.6.22. Case 4: Simulated operation of MMIC system with dynamic sub panel 

shading in PV panel 1 and panel 2 (a) Profile of PV panels with their powers PPV1 and 

PPV2 (W), PV current IPV1 and IPV2 (A) and PV voltage VPV1 and VPV2 (V) (b) Output 

current IO (A) and output voltage VO (V) of MMIC 
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shading variations. Moreover, the seamless operation of MMIC under voltage-based 

asymmetry with each power module operation at different duty cycles is also highlighted 

in the results.  

The comparative performance of InC and the proposed Fast MPPT algorithm under 

dynamic sub-panel shading conditions is shown in Fig.6.23. The results indicate that during 

sub-panel shading of the PV panel at t=0.01s, the Fast MPPT algorithm quickly converges 

to the MPP corresponding to the one-third shade on the panel and exhibits the maximum 

power evacuation of 160W. Meanwhile, the InC MPPT algorithm is unable to respond to 

such fast shading variation and dips to 15W for a considerable time and then starts 

converging toward the MPP @ one-third shade. However, before reaching the MPP, the 

shade is removed at t=0.012s which induces significant power fluctuations. The proposed 

                     
Fig.6.23. Comparative performance of conventional InC MPPT algorithm and fast 

MPPT algorithm under dynamic sub-panel shading 
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Fast MPPT algorithm quickly tracks the MPP @1000W/m2 upon removal of shade at 

t=0.012s without any power oscillations. Both algorithms remain consistent in their 

respective responses during another cycle of shading variations. It is pertinent to observe 

that upon removal of shade at t=0.016s, the proposed Fast MPPT algorithm quickly 

evacuates maximum power of 250W corresponding to 1000W/m2 and tracks the MPP in 

330µs whereas the conventional InC MPPT algorithm exhibits severe power oscillations 

before settling at 250W @ 1000W/m2 in 2.2ms, which is considerably slower than the Fast 

MPPT algorithm. The result highlights the superior performance of the Fast MPPT 

algorithm and validates its substantially faster convergence without any power oscillations 

during the fast-shading variations while also demonstrating the inability of the conventional 

MPPT algorithm to operate under dynamic sub-panel shading.    

  

                                 
Fig.6.24. Experimental hardware setup of MLIC based MLPS system architecture 

interfacing the PV simulator with the section of DC microgrid 
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6.6.2. Experimental Results 

The experimental steady-state and dynamic performance of the proposed MLPS system 

architecture under different operating conditions is extensively investigated in this 

subsection. The scaled-down experimental setup of the proposed system integrating a single 

PV panel with a section of DC microgrid is demonstrated in Fig.6.24. The algorithms are 

implemented on the low cost 16-bit dsPIC33FJ16GS502 controller. The experimental 

performance of the proposed system architecture has been tested using different topologies 

of MLIC which have been proposed in chapters 3 and 4.   

A. CF-HGIIC based MLIC for MLPS system architecture 

The hardware setup of the proposed system operating at 212W is developed in the 

laboratory based on the system parameters in Table 6.4. The proposed 130W CF-HGIIC is 

utilized as MLIC and interfaces the AMETEK TerraSaS 600/8 PV simulator with the 

section of the DC microgrid. The characteristics of Kyocera KC130GT have been emulated 

on the PV simulator with a maximum power of 130W at an insolation of 1000W/m2. 

TABLE 6.4: Experimental parameters of CF-HGIIC based MLIC for 

MLPS system architecture 

Parameter Value 

PV Panel  

Kyocera KC130GT 

Rated Power (PMPP) – 130W (1000W/m2) 

Rated Voltage (VMPP) – 17.6V (1000W/m2) 

Rated Current (IMPP) – 7.39A (1000W/m2) 

PV Simulator AMETEK TerraSaS 600/8 

Nominal Voltage of       

DC Bus 
170V 

Load 212W 

Number of PV panel 

units 
1 

Sampling of MPPT 1kHz 

CF-HGIIC Refer to Table 3.7 for experimental parameters 

 



215 

 

           
                                                                            (a)       

           
                                                                            (b)                                                                                                   

Fig.6.25. Experimental operation of CF-HGIIC based MLIC integrating PV simulator 

with section of 170V DC microgrid (a) DC bus voltage VBUS (V), PV voltage VPV (V) 

and PV current IPV (A) (b) Load current ILOAD (A), DC bus current IBUS (A) and 

converter output current IO (A) 
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Moreover, the section of the DC microgrid comprises of 170V DC bus and 212W load such 

that both the PV simulator and DC bus cumulatively feed the load.  

Fig.6.25 shows the experimental performance of the system utilizing the InC MPPT 

algorithm for insolation variations from 1000W/m2 to 750W/m2 and vice versa. Fig.6.25(a) 

shows the experimental PV side dynamics under insolation variations from 1000W/m2 to 

750W/m2 from t=10s to t=20s and vice versa from t=30s to t=40s. The results highlight the 

operating current of the PV simulator which experiences variation from 7.506A 

@1000W/m2 to 5.718A @750W/m2. Moreover, the maximum power is evacuated from the 

PV simulator with its value at 1000W/m2 of 129.32W which reduces to 97.2W at an 

insolation of 750W/m2. The PV simulator and DC bus voltages are also demonstrated from 

the results. Fig.6.25(b) shows experimental load side dynamics during the insolation 

variation where the output current (IO) reduces from 0.714A @1000W/m2 to 0.625A 

                                   
Fig.6.26. Experimental starting dynamics of system with integration of PV simulator 

with the section of 170V DC microgrid using CF-HGIIC at t=25s having load current 

ILOAD (A), DC bus current IBUS (A) and converter output current IO (A) 
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                                                                            (a)       

              
                                                                            (b)                                                                                                   

Fig.6.27. Experimental flexible power generation using CF-HGIIC based MLIC 

integrating PV simulator with section of 170V DC microgrid under insolation variation 

from 600W/m2 to 850W/m2 from t =5s till t=30s (a) PV voltage VPV (V), PV power 

PPV (W) and PV current IPV (A) (b) Converter output current IO (A), DC bus current 

IBUS (A) and load current ILOAD (A) 
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@750W/m2 while the DC bus current (IBUS) simultaneously increases from 0.536A to 

0.725A. Moreover, the converter and DC bus synchronously operate to regulate the load at 

1.25A. The experimental starting dynamics of the system are shown in Fig.6.26 where the 

PV simulator is integrated into the system at t=25s. The result shows that when the PV 

panel is disengaged from the system, the DC bus is entirely feeding the load. Moreover, at 

t=25s, the PV panel is integrated into the system and starts feeding the load with its current 

increasing to 0.714A while the DC bus current falls to 0.536A.  The InC algorithm 

implemented on the dsPIC controller observes significantly higher experimental tracking 

accuracy of 99.43% @1000W/m2 and 98.8%@750W/m2.  

Fig.6.27 shows the experimental performance of the system exhibiting flexible power 

generation while utilizing the CPG-InC FPPT algorithm under insolation change from 

600W/m2 at t=5s to 850W/m2 at t=30s. Fig.6.27(a) shows the experimental PV side 

dynamics where the PV current operates at 4.59A @600W/m2 and starts increasing from 

                                    
Fig.6.28.  Tracking accuracy of InC MPPT and CPG-InC FPPT implemented on 

dsPIC33FJ16GS502 during different operating conditions. 
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t=5s as the insolation increases, demonstrating operation in MPPT mode. At t=25s, the 

operating PV current reaches 5.765A and subsequently transits from MPPT mode to CPG 

mode such that the PV current starts tracking the reference current and observing regulated 

current of 5.396A. Similarly, the PV power operating at 77.5W @ 600W/m2 starts 

increasing at t=5s as the insolation starts rising and reaches the peak value of 104.06W at 

t=25s. The seamless transition in operating mode from MPPT to CPG mode is observed 

from the result at t=25s and further demonstrates the regulation of PV power at 102.63W 

while operating in CPG mode. The operating PV voltage also observes an increase from 

16.88V at t=5s @600W/m2 during MPPT mode to 19.02V at t=30s during CPG mode. 

Fig.6.27(b) shows the experimental load side dynamics during operation under flexible 

         

                         
Fig.6.29.  Efficiency of CF-HGIIC based MLIC under different operating conditions 
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power operation with mode transition from MPPT to CPG. The output and DC bus current 

initially operating at 0.429A and 0.821A respectively @600W/m2 experiences insolation 

variation and reach the values of 0.577A and 0.673A respectively at t=25s. Subsequently, 

                           
Fig.6.30. Experimental operation of MCF-HGIIC based MLIC integrating PV 

simulator with section of 270V DC microgrid under insolation variation from 

1000W/m2 to 700W/m2 from t =10s till t=20s and vice versa from t=30s till t=40s with 

waveforms of output voltage VO (V) and current IO (A) of converter and PV current 

IPV (V) and voltage VPV (V) 

 

TABLE 6.5: Experimental parameters of MCF-HGIIC based 

MLIC for MLPS system architecture 

Parameter Value 

PV Panel 

Kyocera KC200GT 

Rated Power (PMPP) – 200W (1000W/m2) 

Rated Voltage (VMPP) – 26.3V (1000W/m2) 

Rated Current (IMPP) – 7.61A (1000W/m2) 

PV Simulator AMETEK TerraSaS 600/8 

Nominal Voltage of       

DC Microgrid 
270V 

Number of PV panel 

units 
1 

Sampling of MPPT 1kHz 

MCF-HGIIC Refer to Table 4.5 for experimental parameters 
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the 

mode transition from MPPT to CPG at t=25s observes regulation of their currents at 0.57A 

and 0.68A respectively. Moreover, the converter and load currents operate synchronously 

to maintain the load current at 1.25A. The experimental tracking accuracy of the FPPT 

algorithm while operating in MPPT mode is 98.1% @600W/m2 and 99.1% @797W/m2. 

Fig. 6.28 shows the tracking accuracy of the InC MPPT and CPG-InC FPPT algorithm 

implemented on the dsPIC controller under different operating conditions and highlights 

their superior performance. The efficiency of CF-HGIIC based MLIC under different 

operating conditions is demonstrated in Fig.6.29. 

 

Fig.6.31. Experimental operation of MCF-HGIIC based MLIC integrating PV 

simulator with section of 270V DC microgrid under sub-panel shading at t =15s 

and t=45s and removal of shade at t=30s with waveforms of output voltage VO (V) 

and current IO (A) of converter and PV current IPV (V) and voltage VPV (V) 
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B. MCF-HGIIC based MLIC for MLPS system architecture 

The hardware setup of the 200W proposed system is developed in the laboratory based 

on the system parameters in Table 6.5. The proposed 200W MCF-HGIIC is utilized as 

MLIC and interfaces the AMETEK TerraSaS 600/8 PV simulator with the 270V DC 

microgrid. The characteristics of Kyocera KC200GT have been emulated on the PV 

simulator with a maximum power of 200W at an insolation of 1000W/m2.  

Fig.6.30 demonstrates the experimental system dynamics under insolation change from 

1000W/m2 to 700W/m2 from t=10s to 20s and vice versa from t=30s to t=40s. The dynamic 

transition in PV current and converter output current is observed during the insolation 

changes with their value reducing as insolation decreases from 1000W/m2 to 700W/m2. 

                       
Fig.6.32. Experimental operation of MCF-HGIIC under insolation variation from 

1000W/m2 to 800W/m2 from t=10s till t=20s and subsequent sub panel shading at           

t =30s with waveforms of output voltage VO (V) and current IO (A) of converter and 

PV current IPV (V) and voltage VPV (V) 
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Moreover, the PV voltage and output voltage of the converter are also shown in the result. 

The experimental dynamic response of the system during sub-panel shading and its 

subsequent removal is demonstrated in Fig.6.31. The PV panel voltage and output current 

of the converter observe reduction during sub-panel shading and subsequently return to 

their original value upon removal of the shade. Furthermore, a small dip in PV current is 

observed from the result because of the displacement from the maximum power point 

(MPP) and it ultimately settles back in the vicinity of IMPP. The result demonstrates the high 

voltage gain capability of MCF-HGIIC with its experimental voltage gain of nearly 16 and 

also seamlessly meets the 53% increase in the gain demand, thus allowing fast response to 

wide variations in the voltage gain as necessitated during sub-panel shading conditions. The 

performance of the system is further tested under more stringent operating conditions where 

                           
Fig.6.33. Experimental starting dynamics of system with integration of PV simulator 

with the section of 270V DC microgrid using MCF-HGIIC at t=25s with waveforms of 

output voltage VO (V), output current IO (A), input current IIN (A) and input voltage 

VIN (V) of converter 
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both insolation variation and subsequent sub-panel shading are observed. Fig.6.32 observes 

a reduction in the insolation from 1000W/m2 to 800W/m2 from t=10s till t=20s and further 

observes sub-panel shading @800W/m2 at t=30s. The PV current and output converter 

current observe a reduction from t=10s to t=20s as the insolation decreases from 1000W/m2 

to 800W/m2. Furthermore, during sub-panel shading at t=30s @800W/m2 observes a 

reduction in the output converter current and PV voltage whereas the PV current observes 

slight fluctuation and subsequently settles in the vicinity of IMPP corresponding to the 

insolation of 800W/m2. The result also highlights the wide operating range of the converter. 

Fig.6.33 shows the starting experimental dynamics of the system with the insertion of a PV 

panel in the system. The result shows that the output converter current, input converter 

voltage, and input converter current are zero till t=25s as the PV simulator is disengaged 

from the system. As the PV simulator is inserted into the system at t=25s, the converter 

input voltage and current increase to their corresponding VMPP and IMPP @1000W/m2. 

                                        
Fig.6.34.  Tracking accuracy of InC MPPT implemented on dsPIC33FJ16GS502 

during different operating conditions 
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Moreover, the integration of the PV panel in the system also observes the increase in the 

output current of the converter. The tracking performance of InC MPPT implemented on 

the dsPIC controller for different operating conditions is shown in Fig.6.34. The overall 

high tracking accuracy of InC MPPT with 99.67% observed for the insolation of 1000W/m2 

and 99% during sub-panel shading highlights the superior performance of the InC MPPT. 

The efficiency of MCF-HGIIC based MLIC under different operating conditions is 

demonstrated in Fig.6.35.     

6.7. Integration of Proposed Converters with DC Microgrid 

The typical configurations of DC microgrid are grid connected and off-grid DC 

microgrids. In grid connected DC microgrid, AC grid acts as a master while providing 

                                  
Fig.6.35.  Efficiency of MCF-HGIIC based MLIC under different operating conditions 
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voltage regulation via AC/DC converters. The renewable energy sources are integrated in 

slave mode while operating as a current source and feed the connected loads. Similarly, for 

off-grid DC microgrid, the energy storage system with voltage fed converter operates as a 

master and facilitates the voltage regulation, while the  renewable energy sources operates 

in slave mode as a current source and feed connected loads. Fig.6.36 shows the DC 

microgrid architecture where MLPS incorporating PV fed proposed converters operates in 

slave mode as a current source and feed the connected loads.  

6.8. Conclusion 

This chapter presented different configurations of MLPS-based system architecture 

utilizing different interfacing converters and further discussed the merits and various 

applications of MLPS. The concept of dynamic sub-panel shading has been introduced in 

the chapter and delineated its challenges and performance limitations. The power 

                 
Fig.6.36. DC microgrid architecture with integration of proposed converters 
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generation control algorithms viz, flexible power point tracking (FPPT) algorithm and fast 

MPPT algorithm have been proposed in this chapter to facilitate flexible power generation 

of the system and operation under fast shading variation during dynamic sub-panel shading 

conditions.  

The simulated system has been further classified based on their interfacing converter 

and their performance has been evaluated under different operating conditions. The 

performance of MLIC-based MLPS system architecture demonstrated the seamless 

operation of each unit of PV-fed MLIC without impacting the performance of other units 

and observed no inter-converter circulating currents between the units. The results also 

highlighted the efficacy of the system operation under insolation variations, partial shading 

conditions, and sub-panel shading conditions with maximum power evacuation and 

superior power utilization of each PV panel. Furthermore, the high voltage gain capability 

of MLIC with its ability to meet wide gain variations during fast shading conditions has 

been demonstrated from the results. The plug-and-play operation of the system has been 

observed from the result and established its ability to dynamically increase the power 

capacity without interrupting the services. Moreover, the effectiveness of the system in 

achieving flexible power generation under different operating conditions has been 

evaluated from the results and emphasizes the high performance of the CPG-InC FPPT 

algorithm in realizing seamless transition between operating modes and preserving constant 

power generation of the panels. The flexible power operation of the system also mitigated 

the effects of partial shading conditions to a certain extent and supported the alleviation of 

the intermittency of PV. The performance of MMIC-based MLPS system architecture 

observed seamless operation under different operating conditions viz, partial shading, sub-
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panel shading, and dynamic sub-panel shading. The system demonstrated the independent 

operation of the power modules of MMIC without any intermodular circulating currents. 

Furthermore, the high voltage gain capability of MMIC with a wide operating range and 

seamless operation under asymmetric operation where both modules have different 

operating duty cycles has been highlighted from the results. The outage of a power module 

of MMIC displayed the sustained operation of the system at reduced capacity and further 

prevented the interruption of the system. The results demonstrated the seamless operation 

of the system during dynamic sub-panel shading conditions and exhibited effective tracking 

of fast shading transitions with superior performance. Furthermore, the efficacy of the Fast-

MPPT algorithm has been displayed with quick convergence and minimal power 

oscillations during fast shading variations. 

The experimental performance of the system incorporating CF-HGIIC based MLIC has 

been comprehensively investigated and demonstrated seamless operation under insolation 

variations and further highlighted the effectiveness in facilitating flexible power generation. 

The seamless experimental performance of the system utilizing MCF-HGIIC based MLIC 

has been observed from the results and presented high voltage gain capability with a wide 

operating range and also the ability to meet the large voltage gain demand. The 

experimental results showed high tracking accuracy of algorithms under different operating 

conditions and highlighted the superior performance of conventional InC MPPT algorithm 

and CPG-InC FPPT algorithm which have been implemented on the dsPIC controller. 

Consequently, the simulated and experimental performance of the system validated the 

salient features of MLPS and effectively emphasized its operational superiority under 

different operating conditions.  
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CHAPTER 7 
CONCLUSION AND FUTURE SCOPE 

7.1.  Main Conclusion 

The prime objective of the thesis is to focus on the study of DC/DC topologies for 

module-level interfacing converter (MLIC) and multi-input module interfacing converter 

(MMIC) to interface module-level PV systems (MLPS) and further investigate their 

performance under different operating conditions. The topologies of module-level 

interfacing converter and multi-input module interfacing converter have been 

conceptualized, mathematically analyzed, and designed with their performance 

comprehensively analyzed. The results presented unique findings and validated the superior 

performance of the topologies. The main conclusion of the thesis is presented below: 

• The isolated current-fed high gain topology (CF-HGIIC) for module-level 

interfacing converter has been conceptualized and theoretically analyzed 

extensively with the mathematical study of its voltage gain characteristics, input 

current ripple, and component stress. The proposed converter has exhaustively 

been designed with a proper selection of its components based on their ratings. 

The proposed topology is comparatively studied with different state-of-the-art 

topologies and highlighted its salient features and merits which indicated its 

suitability for MLIC. The simulated results demonstrated the superior 

performance of the proposed converter with the high gain capability of the 

converter while utilizing the low turns ratio of the HF transformer. The results 

also highlighted the low input current ripple in the converter with mitigation of 
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leakage current at the output. Moreover, the natural voltage clamping in switches 

S1 and S2 of the converter has been affirmed by the results. The hardware 

prototype of the proposed converter has been developed and experimentally 

tested, with its performance corroborating with the theoretical analysis and design 

of the converter as well as simulated results. Moreover, the experimental results 

also demonstrated the operation of the converter at a gain of 10 with high 

efficiency during experimental study. The results further validated the merits of 

the converter and further highlighted its viability for MLIC. 

• The topological structure of CF-HGIIC has been modified for enhanced and 

improved performance. The proposed MCF-HGIIC offered notable 

improvements over conventional CF-HGIIC viz, utilization of all low side 

switches and simplified gate drive with the elimination of additional isolated 

power supplies and lower EMI issues and mitigation of switching loss in S3 and 

S4 due to quasi-ZCS operation. A detailed theoretical analysis of the proposed 

converter has also been presented. The simulated results of the converter 

highlighted salient features and superior performance of the converter. Moreover, 

the experimental performance of the converter has been tested by developing the 

hardware prototype of the converter. The improvements in the performance and 

merits of MCF-HGIIC with inherited features of conventional CF-HGIIC have 

been affirmed by the results. Additionally, the wide operating range of the 

converter with its ability to seamlessly furnish high gain is established from the 

results. The experimental results demonstrated an experimental voltage gain of 

nearly 16 in MCF-HGIIC while operating at high efficiency. Furthermore, the 
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results validated the theoretical analysis and design of the converter and further 

established the suitability of the improved topology for MLIC. 

• The multi-input approach of conventional CF-HGIIC has been studied and 

theoretically analyzed. The proposed MI-CF-HGIIC retained the salient features 

of conventional CF-HGIIC while achieving modular operational independence 

with low intermodular circulating currents and further facilitated the simultaneous 

integration and operation of dual sources.  This has been validated through the 

simulated results and further highlighted the decoupled operation of the converter. 

The results also demonstrated the seamless converter operation under symmetric 

and asymmetric conditions without impacting the performance of the power 

modules of the converter. Moreover, the operational flexibility and wide operating 

range of the converter have been established from the results while also indicating 

the plug-and-play operational capability of the converter.  The simulated results 

also encouraged the utilization of the proposed MI-CF-HGIIC topology for 

MMIC. 

• The system integration of MLPS with the DC microgrid while utilizing the 

proposed converter topologies as interfacing converter has been comprehensively 

investigated. The applications of MLPS are extensively studied and the merits and 

viability of MLPS pertaining to the applications are delineated in detail. The 

dynamic sub-panel shading has been conceptually introduced and its challenges 

are discussed. Different power generation control algorithms are proposed with a 

detailed analysis of their operation. The simulated performance of the proposed 

system where the MLPS is integrated with a DC microgrid using MLIC and 

MMIC under different operating conditions has been extensively investigated. 
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The results demonstrated the superior performance of the system under insolation 

variations and shading conditions with no inter-converter circulating currents. 

Moreover, the high gain capability of MLIC and MMIC has been highlighted from 

the results while also demonstrating their wide operating range. Additionally, the 

plug-and-play operational capability of the MLPS-based system architecture has 

been highlighted from the results and allowed a dynamic increase in the power 

capacity of the system without interrupting the power generation, thereby 

conforming to the merit of the MLPS. The simulated results also showcased the 

efficacy of flexible power operation of the system under different operating 

conditions with the superior performance of the proposed CPG-InC FPPT 

algorithm. The results also supported the effective performance of MMIC under 

asymmetric operation with no intermodular circulating currents and independent 

operation of each power module. The robust, resilient, and reliable operation of 

the system is established from the simulated performance under the PV panel 

outage. Furthermore, the seamless operation of the system during dynamic 

shading conditions under fast shading variations validated the superior 

performance of the Fast-MPPT algorithm with fast convergence and minimal 

power oscillations. The experimental setup of the system is developed to test the 

performance experimentally and affirm the salient features of the MLPS. 

Moreover, the experimental results further highlighted the merits of the proposed 

converters CF-HGIIC and MCF-HGIIC and demonstrated superior performance 

during flexible power operation and under insolation variations and sub-panel 

shading conditions. Moreover, the experimental high gain capability of both 

converters has been displayed by the results. Additionally, the high tracking 
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accuracy of the InC MPPT and CPG-InC FPPT algorithm implemented on the 

dsPIC33FJ16GS502 controller is exhibited, highlighting high-performance 

operation.  The salient features of MLPS discussed in the thesis have been 

effectively validated by the simulated and experimental performance of the 

system during different operating conditions. 

 

7.2. Future Scope of Work 

The study of interfacing DC/DC converter topologies and their capability in integrating 

MLPS with the DC microgrid conducted in the thesis is highly relevant in the present 

scenario where the major thrust of research is on photovoltaic systems. Based on the 

research conducted in the thesis, there is a potential for a wider scope of research to further 

enhance the performance. 

The future scope of work is detailed below: 

• The resonant tank can be introduced in the proposed converter topologies to 

provide complete soft-switching implementation. This will alleviate the switching 

losses in the converter topologies while allowing a power-dense solution with 

operation at significantly higher switching frequencies. Furthermore, for wider 

adoption of such converters in MLPS, the implementation of soft switching 

control on low-cost controllers is imperative. 

• The present study has been focused on the unidirectional capability of the 

proposed converter topologies. Considering the salient features of the proposed 
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topologies, future research can focus on their bidirectional capabilities, allowing 

seamless integration of the battery storage system with the DC microgrid. 

• Future research can be conducted on the hybrid current-fed and voltage-fed multi-

port topologies utilizing the structure of the proposed converter. This will allow 

integration of both PV panel and battery storage system and present a power-

dense and highly efficient solution. 

• The implementation of FPPT and Fast MPPT algorithms utilizing machine 

learning and artificial intelligence algorithms will enable more robust and 

adaptive performance under diverse operating conditions and allow high-

performance operation. 
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