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  ABSTRACT 

SADAF, SHIMA, Doctorate :January : 2022, 

Doctorate of Philosophy in Electrical Engineering 

Title: Modeling, Design, and Implementation of High Gain Power Electronic DC-DC 

Converters for Nanogrid Applications 

Supervisor of Dissertation: Prof., Nasser, A. Al-Emadi. 

Co-Supervisor of Dissertation: Prof., Atif Iqbal. 

Nanogrids are nothing but power distribution systems that are based on 

renewable energy sources and are apt for low-power home applications. Nanogrids are 

considered to be the building cells of a Microgrid. Nanogrid is intended for feeding 

domestic loads (of the order of 100 W to 5 kW) from renewable energy sources such 

as wind farms, roof-top solar photovoltaic, biomass, and fuel cell, etc. Nonetheless, the 

voltages produced by these renewable energy sources are small and not sufficient 

enough to be utilized in all the applications. Hence, it is necessary to include high gain 

and high-efficiency DC-DC converters in the system. To interface the generators and 

the loads, power electronic converters are employed within a Nanogrid. The power 

system grid is also linked to the Nanogrid using these converters. The most fundamental 

characteristics of the high-gain DC-DC converters are high efficiency, high-voltage 

gain, and low voltage/current stress on switching components.  

A comprehensive literature review of various boosting methods is disseminated 

in this research work. After a detailed investigation, five new DC-DC power converter 

topologies have been designed and developed to achieve high gain factors with reduced 

switch ratings and low cost for use in Nanogrids. The proposed converters cannot only 

reduce voltage/current stresses across the switching components significantly but also 

achieve a higher voltage gain at moderate duty cycles with a lesser number of 
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components. Moreover, the proposed converters are designed in such a way that they 

can maintain a continuous input current, and hence making them useful for power 

conversion in the battery, fuel cell, and solar PV applications. By using boosting 

technique five novel high voltage gain DC-DC converters are developed and presented 

in the dissertation, namely:  

1. modified Switched Inductor Boost Converter (mSIBC) with reduced switch 

voltage stress,  

2. Transformer-less Boost Converter (TBC) with reduced voltage stress,  

3. Switched-Inductor based DC-DC Converter with reduced switch current stress,  

4. Novel High Gain Active Switched Network-Based Converter, and  

5. Double Stage Converter with low current stress for Nanogrid  

The detailed theoretical analysis of the voltage conversion ratio, parameter design, 

continuous and discontinuous conduction mode, and advantages are presented. In 

addition, a detailed comparative study of each converter topology is also given.  

The functionality of the proposed power converters is tested in real-time by 

developing Laboratory prototypes of the proposed converters and the theoretical 

analysis is validated by obtaining the experimental results. The proposed converter 

configurations are simulated in MATLAB as well, to verify the theoretical analysis. 

Simulation results of all the proposed converters are presented indicating clear evidence 

of the expected predictions in close proximity with experimental results.  
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CHAPTER 1: INTRODUCTION 

1.1 Overview and Motivation 

In the past decade, the rapid development of industries, transport systems, 

domestic applications, etc. has been observed all over the world. Furthermore, a rapid 

increase in population during the past decade had led to an increase in the demand for 

energy and the power generated by the existing fossil fuels (i.e. overuse of coal, oil, 

gas, etc.). This growing energy demand has led to the exhaustion of fossil fuel energy 

resources, challenges of global warming associated with the increased emission of 

carbon dioxide (CO2), and Green House Gases (GHG) [1]. Green House Gases cause 

a continuous increase in the average temperature of the earth. However, Renewable 

Energy Sources such as Solar Photo-Voltaic, wind energy, Fuel Cell, geothermal 

energy, hydropower, ocean energy, etc. are excellent alternatives and useful solutions 

to these growing challenges [2]-[5]. The Special Report prepared by International 

Energy Agency (IEA) in 2020 says that the contribution of renewable energy sources 

in electricity generation has increased from 20% to approximately 28% during the years 

2010-2020 globally [6]. However, the contribution of petroleum, natural gas, coal, and 

nuclear energy is around 70% of the total energy generation and petroleum being the 

major contributor among all fossil fuels. Significant and unpredictable climate change 

due to global warming caused by the excessive use of fossil fuels has become the major 

challenge of the 21st century. Nevertheless, the severe effects of global warming and 

climate change may still be avoided by transforming the energy generation systems.  

Nanogrids are nothing but power distribution systems that are based on 

renewable energy sources and are apt for low-power home applications. Nanogrid is 

intended for feeding domestic loads (of the order of 100 W to 5 kW) from renewable 

energy sources such as wind farms, roof-top solar photovoltaic, biomass, and fuel cell, 



 

2 

etc. Renewable energy resources have the significant capability to oust GHG emissions 

caused by the power generation from fossil fuels and thus abating climate change as it 

is naturally taken from the never-ending flow of energy around us. Despite the 

exceptional advantages of RES, some shortcomings are also associated with them such 

as lack of generation at night, low voltage generation, and climate dependency, etc. and 

hence it cannot be fed directly to the applications. The Power Electronics Converters 

(PEC) play the key role of being an intermediate stage in the power generation process 

to meet the required demand of end-user applications [7]-[13].  

As PEC has been playing a key role in the energy conversion process, it should 

be capable to transfer energy efficiently to the grid or other auxiliary functions as shown 

in Fig. 1.1. Wide-Scale adoption of PEC makes these climate-based energy generation 

sources more controllable. Moreover, if they are strengthened by intelligent control 

strategies, the PECs can fulfill the requirements imposed by the distribution or 

transmission system and specific demands from the end-user as well [14]-[17]. Among 

the various RES, Solar PV-based Electricity Generation is the fastest-growing energy 

generation system due to its properties such as free availability in nature, pollution-free, 

virtually no maintenance, etc. The DC-DC converter is an essential component in the 

controllable energy conversion process starting from PV to the end-user such as DC 

home appliances, hybrid electric vehicles, in high voltage DC transmission line or AC 

grid/applications along with inverter [18]-[21].  
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Figure 1.1. The general structure of RES with PECs. 

Due to their significant contribution to the energy conversion process, numerous 

DC-DC converters have been proposed with various boosting techniques such as a 

switched circuit, cascading of two converters, voltage multipliers, and transformer or 

coupled inductor based DC-DC Converters in the last decade. The DC-DC converters 

should have low cost, compact size, high efficiency, high voltage conversion capability, 

low switch voltage/current stress, and simplified control. 

1.2 Background 

To accomplish the ever-increasing electricity demand and take care of 

environmental concerns, renewable energy resources are being utilized in the small-

scale local power generation systems called Distributed Energy generation systems. 

Normally, renewable energy sources such as small hydro, solar power, wind power, 

biomass, biogas, and geothermal power are being used in Distributed Energy Systems. 

Solar PVs are one of the most commonly used distributed generation resources. The 

different renewable energy resources are integrated into the DC bus or to the load in 

DC Nanogrids by utilizing the DC-DC converters as depicted in Fig. 1.1. Most of the 

renewable energy resources such as Fuel Cells, Solar Photo Voltaic, etc. operate at low 

voltage (12 to 128V). Therefore, the conversion of low voltage received from these 
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renewable energy sources into high voltages (≤ 400 V) appropriate for the DC bus or 

load is necessary [22]-[23]. The main motives of DC-DC converters with high voltage 

gain are high efficiency, lesser component voltage/current stress, affordable overall 

cost, reduced circuit complexity, moderate power level and power density, and 

reliability[24]-[25]. 

1.3 Research Problem 

Various topologies of DC/DC converters are incorporated to step up the low 

voltage range of 12-48V to a suitable voltage range of 200-400V [21], [25]. In practice, 

the voltage gain of a conventional boost converter is limited due to several reasons. The 

reasons mainly are capacitor and inductor series resistance effect, Electromagnetic 

Interference (EMI) effect, and the use of components and semiconductor devices with 

a high rating [26]. Furthermore, a high voltage gain is achieved by operating the 

converter at an extremely high duty ratio (≃0.9), resulting in diode reverse recovery 

problems, high spikes in voltage, and high conduction losses [27]–[29]. To acquire a 

high voltage gain, many different topologies of isolated type DC/DC converters have 

been proposed so far in the literature such as flyback, half or full bridge, forward, and 

push-pull converters [30]-[34]. However, transformer core saturation is the major 

drawback of these converters, along with high power loss, and the occurrence of high 

spikes in the switch voltages caused by the leakage inductance of the transformer. 

Moreover, extra active clamping techniques and snubber circuits are required to 

overcome the above drawbacks in isolated DC/DC converters [35]-[36]. 

Hence, a high gain in voltage can be attained with the use of non-isolated DC-

DC converter topologies leading to decreased cost and size, when galvanic isolation is 

not required. Cascade type boost, quadratic type boost, voltage lift type, capacitor/diode 

voltage multiplier type, and switched inductor/capacitor integrated conventional boost 
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converter, are a few high gain and non-isolated type converters [37]-[46]. However, 

these converters involve several converter stages leading to increased cost and 

complexity due to various converters connected in parallel. Furthermore, some other 

drawbacks associated with these converters are high energy dissipation and complex 

control [47]. Capacitor/diode voltage multiplier or interleaved configurations are some 

available options in the literature to achieve high voltage gain [48]-[50]. Nevertheless, 

the involvement of multiple converter stages in these configurations leads to high cost 

and complexity as several converters are connected all together in parallel. Moreover, 

high energy dissipation and complex control are the other disadvantages be involved 

with such converters [51]. 

1.4 Research Objective 

To smoothen the fluctuations in power supply and increase the reliability of 

supply, storage and generation backup is also included within a Nanogrid along with 

the renewable sources and hence it provides a generation mix. A variable DC voltage 

or a variable frequency ac output is produced by utilizing all these sources present in 

the Nanogrid.  

To provide power to the Nanogrid, various types of sources (such as Small Scale 

Wind turbines, solar PV array, and Battery Storage, etc.) can be connected 

simultaneously in a Nanogrid. Each one of the sources has its own individual working 

characteristics. Hence, a DC-DC Converter is required for each source to be assimilated 

into the Nanogrid. A DC-DC converter can convert the source output voltage up to 380 

V (standard intermediate DC bus voltage level of Nanogrid for the industry 

applications) [52]-[55]. 

The objectives of the research are to design and develop a new class of two 

switches, non-isolated, non-coupled step-up, high voltage conversion ratio DC-DC 
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power converter configurations for Nanogrid Applications based on switched inductor 

circuitry to improve efficiency and reliability while maintaining the continuity of 

supply. At the same time significantly reducing the voltage/current stresses across the 

switching components, utilizing a lesser number of components, and reducing the size 

and cost of the circuit.  

In this dissertation, five different DC-DC converter topologies are proposed. 

The main philosophy behind the design and development of the five DC-DC converter 

topologies is the choice of the Switched Inductor circuitry to achieve high voltage gain 

suitable for Nanogrid applications. The prime objective of the Proposed Converter 1 

(named as modified Switched Inductor Boost Converter - mSIBC) and Proposed 

Converter 2 (named as Transformer-less Boost Converter - TBC) is to reduce the 

switches voltage stress. Whereas, the goal of Proposed Converter 3 (named as 

Switched-Inductor-based DC-DC converter with reduced switch current stress) and 

Proposed Converter 5 (named as Double Stage Converter with low current stress) is to 

reduce the switch current stress. On the other hand, the aim of the Proposed Converter 

4 (named as Novel High Gain Active Switched Network-Based Converter) is to reduce 

the switch voltage stress and the switch current stress at the same time. Hence, all the 

five converters illustrated in the dissertation belong to the same family for achieving 

different set objectives. The functionality, feasibility, and operating principle of the 

converters are verified by simulation and hardware prototype implementation. 

1.5 Contribution of Research Work 

The contributions of the Research Work are as follows: 

1) Development of a “modified Switched Inductor Boost Converter (mSIBC) 

with reduced switch voltage stress” to achieve a high voltage conversion ratio. Which 
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is much suitable for Nanogrid applications with a minimum number of reactive 

elements and semiconductor-controlled switches. 

2) Design and development of a new type of DC-DC power converter named 

“Transformer-less Boost Converter (TBC) with reduced voltage stress”, based on the 

voltage boosting techniques. To verify its functionality by MATLAB Simulation and 

Hardware Implementation. 

3) Modelling, Analysis, and Implementation of a Switched-Inductor based DC-

DC Converter with reduced switch current stress, based on the voltage boosting 

techniques. To verify its functionality by MATLAB Simulation and Hardware 

Implementation. 

4) Design and development of a Novel High Gain Active Switched Network-

Based Boost Converter, based on voltage lift techniques. To verify its functionality by 

MATLAB Simulation and Hardware Implementation. 

5) Design and development of a Double Stage Converter with low current stress 

for Nanogrid, based on voltage lift techniques. To verify its functionality by MATLAB 

Simulation and Hardware Implementation. 

1.6 Outline of Dissertation 

The dissertation work is organized into the following major chapters and 

chapters 3 to 6 present the original contribution of the Research Work. 

Chapter-1: “Introduction” 

This chapter illustrates the overview and motivation of the research work, the 

background of the research, research problem, outlines the research objectives, and 

presents the contribution of the research work. 

Chapter-2: “Literature Review” 
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This chapter presents a literature review of Nanogrids, including the importance of 

Nanogrids, the importance of DC-DC Converters within the Nanogrids, and the role of 

DC-DC Converters within the Nanogrids. 

Furthermore, this chapter presents the literature review of High Gain DC-DC 

power electronics converters, including the general classification, uni-directional and 

bi-directional converters, and isolated and non-isolated converters with their 

applications. This chapter also provides a survey on boosting techniques such as 

cascading of converters, switched inductor, switched capacitor, voltage lift switched 

inductor, and voltage multiplier utilized to develop a new power converter for high 

voltage applications. A detailed study of their structure, advantages, and comparison 

between each boosting technique is presented. Finally, the conclusion for this chapter 

is provided. 

Chapter-3: “Modified Switched Inductor Boost Converter (mSIBC) with Reduced 

Switch Voltage Stress” 

The chapter deals with the detailed study of Modified Switched Inductor Boost 

Converter (mSIBC). In the beginning, the concept and structure of Modified Switched 

Inductor Boost Converter (mSIBC) and its derivation from classical Switched Inductor 

Boost Converter (SIBC) are discussed. The detail working and characteristics 

waveform in continuous and discontinuous conduction mode are presented with a 

detailed mathematical analysis of voltage conversion ratio with non-idealities 

characteristics of circuit elements and design of active and reactive components of 

mSIBC. The controller design has also been discussed and presented. The functionality 

of mSIBC configuration is validated by MATLAB simulation and hardware 

implementation in real-time. A comparative analysis of mSIBC configuration is 

provided with recently suggested converters for the performances based on components 
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count, load type, voltage gain, switch voltage, diode voltage, inductor current, switch 

current, diode current, and efficiency. Finally, the conclusion for this chapter is 

presented. 

Chapter-4: “Transformer-less Boost Converter (TBC) with Reduced Voltage Stress” 

This chapter deals with the working and characteristics waveform of TBC in continuous 

and discontinuous conduction mode. The voltage conversion ratio of TBC is derived in 

both modes. The TBC is analyzed by considering the non-idealities of semiconductor 

and active-passive devices. The design of the different circuit components and their 

selection criteria has been discussed. The MATLAB simulation and hardware 

implementation are carried out to validate the functionality of the converter in real-

time. A comparison of the proposed TBC configuration with other related converters is 

presented in terms of components count, suitable load type, voltage gain, normalized 

switch/diode voltage stress, switch currents stress, and Efficiency (at rated power). 

Finally, the conclusion for this chapter is provided. 

Chapter-5: “Modelling, Analysis, and Implementation of a Switched-Inductor based 

DC-DC Converter with Reduced Switch Current Stress” 

In this chapter, the Modelling, Analysis, and Hardware Implementation of a Switched-

Inductor based DC-DC Converter with Reduced Switch Current Stress is presented by 

utilizing the concept of voltage boosting techniques, and derived from switched 

inductor module. First of all, the power circuitry of the proposed converter is discussed 

in detail along with the principle of operation in both CCM and DCM and the Voltage 

Gain formula is derived.  The effect of Non-idealities associated with the different 

circuit components on the voltage gain has been studied and presented in detail. The 

design and selection criteria of the different circuit components have been discussed. 

The functionality of the proposed converter configuration is verified through MATLAB 
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simulations and Hardware implementation. A detailed comparison of the proposed 

converter topology with other DC-DC Converters has been presented and finally, the 

conclusion is given. 

Chapter-6: “A Novel High Gain Active Switched Network-Based Boost Converter” 

In this chapter, a Novel High Gain Active Switched Network-Based Boost Converter 

is presented by utilizing the concept of voltage boosting techniques and derived with 

the combination of voltage multiplier and voltage lift switched inductor module. The 

power circuit of the proposed topology is discussed along with the working principle 

and a detailed mathematical analysis is presented by displaying the characteristic 

waveform and deriving the voltage gain formula in both CCM and DCM. The boundary 

conditions of the CCM and DCM for the proposed converter have also been studied. 

The effect of inductor mismatch on the converter operation has been analyzed and 

discussed in detail. The efficiency of the proposed converter is analyzed and the 

efficiency formula is obtained by studying the losses associated with the different 

circuit components. Design and selection criteria of the different circuit components 

have been discussed and presented in detail. The functionality of the proposed converter 

configuration is verified through MATLAB simulations and Hardware implementation 

and the results are discussed. A comparison of the proposed converter with other 

existing DC-DC converters is also presented. Finally, the conclusion of the chapter is 

given. 

Chapter-7: “Double Stage Converter with Low Current Stress for Nanogrid” 

This chapter deals with the working and characteristics waveform of a Double Stage 

Converter with Low Current Stress for Nanogrid in continuous and discontinuous 

conduction mode. The voltage conversion ratio of the proposed converter topology is 

derived in both modes. The proposed converter is analyzed by considering the non-
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idealities of the different circuit components. The design and selection criteria of the 

different circuit components are discussed. The MATLAB simulation and hardware 

implementation are carried out to validate the functionality of the converter in real-time 

and the results have been discussed. A comparative study of the proposed converter 

configuration with other related converters in terms of components count, suitable load 

type, voltage gain, normalized switch voltage stress, normalized diode voltage stress, 

switch currents stress, and Efficiency (at rated power). Finally, the conclusion for this 

chapter is provided. 

Chapter-8: “Conclusion and Future Direction” 

This chapter deals with the conclusion of this dissertation based on the review, 

simulation, and experimental investigation of the proposed converter configurations. 

Finally, few suggestions are provided to extend the research work in the future. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

 To accomplish the ever-increasing electricity demand and take care of 

environmental concerns, renewable energy resources are being utilized in the small-

scale local power generation systems called Distributed Energy generation systems. 

Normally, renewable energy sources such as small hydro, solar power, wind power, 

biomass, biogas, and geothermal power are being used in Distributed Energy Systems. 

Solar PVs are one of the most commonly used distributed generation resources. The 

different renewable energy resources are integrated into the DC bus or to the load in 

DC Nanogrids by utilizing the DC-DC converters. The rapidly growing use of 

renewable energy sources all over the world leads to ever-increasing research in the 

field of DC-DC power electronic converter topologies to be utilized for application in 

DC Nanogrids [24]. To enhance the low voltage level of renewable energy sources such 

as fuel cells and solar photovoltaic (PV), a high-gain and high-efficiency DC-DC 

converter is an essential requirement of a DC Nanogrid. Most of the renewable energy 

resources such as Fuel Cells, Solar Photo Voltaic, etc. operate at low voltage (12 to 

128V). Therefore, the conversion of low voltage received from these renewable energy 

sources to a high voltage (up to 400 V) suitable for the DC bus or load is necessary 

[22]-[23], [56]-[57]. Various DC-DC converter topologies are incorporated to step up 

the low voltage range of 12-48V to a suitable voltage range of 200-400V [29]. The main 

motives of DC-DC converters with high voltage gain are high efficiency, lesser 

component voltage/current stress, affordable overall cost, reduced circuit complexity, 

moderate power level and power density, and reliability [24]-[25]. Various topologies 

of DC/DC converters have been proposed in the literature so far to step up the low 
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voltage range (12-48V) to a suitable high voltage range (200-400V) at an appropriate 

duty cycle value, low component stress values, and to improve the efficiency [21], [25]. 

2.2 Nanogrids-An Overview 

 The concept of Nanogrid is comparatively new and pertains to a grid allocated 

to a distinct building or customer. Typically, there is a single generation unit within a 

Nanogrid, and it does not utilize either transmission or distribution lines and possibly 

will utilize a DC network. A Nanogrid is a small electrical system interfacing the grid 

of up to 100 kW capacity and confined to a solo building or major load or a system of 

loads up to 5 kW which are connected off-grid, both classifications representing devices 

(like Diesel Generator, smart loads, Electric Vehicles, and batteries) suitable for 

islanding and/or producing self-sufficient energy by incorporating an intelligent 

Distributed Energy Resources (DER) management/controls. Therefore, this 

combination of Renewable Energy Sources, Energy Storage Devices, and Intelligent 

control systems leads to improved home energy management, cost-effective solution, 

and income generation by providing grid support [23], [58].  

2.2.1 Importance of Nanogrids 

 In recent past years, a significant amount of research has been carried out to 

highlight the benefits of distributed generation. In a distributed generation, both the 

supply and storage are typically DC, and hence the benefits of a DC grid are often 

discussed in the literature. The need for increased efficiency in the DC power 

distribution system has led to this extensive research in the field of Nanogrid [58].  

2.2.2 Importance of DC-DC Converters within the Nanogrids 

 Several technologies are associated with Nanogrids, but the Nanogrid literature 

is dominated by the research on converter topologies. Within the Nanogrid, it is the 

responsibility of the DC-DC converters to manipulate the voltages to fulfill the 
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requirements of a particular task. DC-DC converters usually (but not necessarily) 

connect the sources of Nanogrid to the systems bus/the national grid and connect the 

bus to loads of Nanogrid. The output voltage of the converter can be lesser or greater 

in amplitude than the input voltage. Reactive components such as capacitors and 

inductors, switching components such as diodes, MOSFETs, and IGBTs are utilized by 

the converters to achieve this variation in voltage amplitude [54], [59]. 

2.2.3 Role of DC-DC Converters within the Nanogrids 

 The function of a DC-DC converter is basically to either step up or step down 

the input voltage subject to the output voltage requirements. The converter Topologies 

proposed here have to be used as the Source DC-DC Converter within a DC Nanogrid.  

It can be easily visualized that how a DC Nanogrid possibly will utilize the DC-DC 

converters. The DC voltage is supplied at the input of the DC to DC converters, and an 

improved DC voltage is obtained at the output. The variable/low DC input voltage is 

taken by the source converters and boosted to the required 400V at the output for the 

DC bus [22], [59]-[60]. Several functions can be performed by using the source DC-

DC converter, such as: 

 Interfacing of different sources: Different kinds of sources can be connected to 

a Nanogrid at a time, such as a Solar PV array, Small Scale Wind Turbine, and 

Battery Storage providing power to the Nanogrid. Each of these sources has its 

operating characteristics. Therefore, each source needs a DC-DC Converter to 

assimilate the different sources into the Nanogrid. The regulation of the supply 

is guaranteed by the converter along with providing protection. 

 The voltage at Bus: The source voltage can be converted up to a DC bus voltage 

level of 380V using a DC-DC converter, which is nowadays the standard, 

intermediate dc voltage level for industry applications. 
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 In general, the source voltage must be stepped up, so the boost or buck-boost 

type converters are typically used as the source DC-DC converter. These converters are 

required to have an efficiency greater than 85% and it is better to be more than 90% 

[54]. The prime focus of the research being carried out in the field of Nanogrid is to 

find out the techniques to increase the efficiency of the DC-DC converters used inside 

the Nanogrid [23], [54], [59]-[60].  

2.3 High Gain Power Electronic DC-DC Converters 

 In the past decade, various DC-DC converters are developed to attain high-level 

voltage and small current applications involving renewable energy sources. The DC-

DC converters can be categorized in different ways such as uni-directional/bi-

directional converters based on the energy flow, isolated/non-isolated DC-DC 

converters based on the connection between input and output port, or depending on the 

output as step-up and step-down DC-DC converters. The same converter topologies are 

classified based on energy transfer stages such as single-stage converter e.g. Boost 

converter, two-stage converter e.g. SEPIC as boost stage followed by buck stage.  

2.3.1 General Classification of DC-DC Converters 

 In this section, firstly the classification of DC-DC converters is carried out based 

on energy flow direction, further, it is classified based on the connection between 

input/output port as isolated/non-isolated converters as presented in Fig. 2.1. The 

isolated/non-isolated DC-DC converters are further categorized as single stage, double 

stage, and multistage converters based on the number of intermediate stages required 

to transfer the energy from input to output port.   
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Figure 2.1. General classification of DC-DC Converters. 

2.3.2 Uni-directional and Bi-directional DC-DC Converters 

 The DC-DC converter is classified as uni-directional and bi-directional DC-DC 

converters based on the energy conversion direction or power flow as shown in Fig. 

2.2. In unidirectional DC-DC converters, the energy is transferred from the input source 

to the load end in either step-up or step-down form. Generally, in uni-directional 

converters, diodes are incorporated in the power circuit to block the energy flow from 

load to source end. In solar and fuel cell applications, the generated energy is only 

transferred to load. In Nanogrid application, the energy flow from the sources to either 

the systems bus or to the national grid and from the bus to loads is carried out depending 

on the requirement as in step-up or step-down form [61]-[67]. 

 With the advancement in the railway transport system, renewable energy 

system, grid application, electric vehicle [68]-[75], the researchers are getting more 

attracted towards the bi-directional converters. In the bi-directional converters, either 

energy can be transferred from source to load or load to source depending on the 
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requirement whether step-up or step-down form. The principle working of bi-

directional topologies can be achieved by implementing two uni-directional converters 

for energy flow from source to load and load to source [12], [76]- [77].  

 The bi-directional converter topologies are derived from the conventional 

unidirectional converters (boost [78], buck-boost [79], SEPIC [80], ZETA [81] and 

CUK [82]) by replacing uncontrolled diode with the controlled switch. The bi-

directional converters also have isolated and non-isolated configurations depending 

upon the transformer [83]-[84] and coupled inductor [85] position. The closed-loop 

system of the bi-directional converter is more complex as compared to uni-directional 

due to more number of controlled switches and application demand as energy flows 

from source to load or vice versa [86]. The objective of the dissertation is to develop a 

high voltage conversion ratio uni-directional converter. Hence, further discussion on 

the bi-directional converter has not been covered in this dissertation and it is focused 

mainly on uni-directional power converter with high gain output configuration.  

             

                                (a)                                                                 (b) 

Figure 2.2. Classification of DC-DC converters based on the direction of energy flow 

(a) uni-directional and (b) bi-directional converter. 

2.3.3 Isolated and Non-isolated DC-DC Converters 

 The uni-directional converters are further categorized into two main categories 

namely isolated and non-isolated converters as presented in Fig. 2.3. The uni-
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directional non-isolated converters consist of only inductor/s, coupled inductor/s, 

capacitor/s, uncontrolled diode/s, and controlled switch/es. 

 According to the number of controlled switches, non-isolated converters are 

further classified into a single switch boost converter, double switch interleaved 

converter, and multiple switch converter. On the other hand, isolated converter 

topologies consist of transformers including basic elements for isolation and the extra 

boosting purpose. For the high voltage application, the isolated converters are being 

selected due to their high voltage conversion capability and electrical isolation for 

safety purposes [87]-[91]. 

 

(a) 

 

(b) 

Figure 2.3. Classification of uni-directional DC/DC converters (a) non-isolated type 

and (b) isolated type converter. 

 The push-pull, flyback and half-bridge/full-bridge converters [10]-[11], [92] are 

examples of the transformer-based isolated converters. For electrical isolation between 

source and load, to reduce the EMI effect [93] and high-frequency noise, the 

transformer is incorporated in the isolated DC-DC converters as an intermediate stage. 
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However, the transformer increases the bulkiness of the circuit and decreases the 

efficiency of the converter [94]-[97]. In high-frequency transformer-based DC-DC 

converters, DC source voltage is converted into AC with the help of a controlled switch, 

which increases the number of conversion stages resulting in a decrease in efficiency 

of the converter. These drawbacks of isolated converter topologies divert the objective 

of this dissertation towards the non-isolated converter topologies. 

 In contrast to the isolated converters, the non-isolated converter structures are 

simple in design, compact in size, and don’t need an intermediate stage for converting 

DC-AC-DC, and have a simple control strategy [98]-[99]. Hence, the researchers are 

attracted to the development of non-isolated converters for high voltage applications 

[100]-[102]. The non-isolated converters are further classified as the coupled inductor 

and non-coupled inductor-based isolated converters. The Coupled inductor is another 

viable solution to avoid transformer in DC-DC converter configurations for low cost, 

low weight, and reduced size. Leakage inductance is utilized to limit the diode current 

falling rate and to reduce the problem of reverse recovery. Moreover, untapped and 

tapped inductive coupling is also used in the DC/DC converters to attain high voltage 

gain [103]-[104].  Although, these converters provide a high voltage conversion ratio 

voltage stress across the switches is higher and efficiency is reduced due to leakage 

inductance. The voltage conversion ratio of these converter configurations depends 

upon the coupling ratio, coupling factor, and turn-on time of the switch [105]-[109]. 

For the reliability of electrical equipment, the input supply should have low ripple 

contents. To reduce the ripple contents of the system output, the possible way is 

adopting the high switching frequency which also makes the system compact in size 

[110]-[112]. The high switching frequency results in high dv/dt and di/dt during switch 

ON and OFF operations [113], which may result in high EMI and switching losses and 
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it is lesser in single switch topology while increases with an increase in the number of 

switches in the converter. 

 Based on the above discussion, the objective of the dissertation moves towards 

the development of two switch uni-directional, non-isolated high voltage conversion 

ratio topologies due to their compact structure, simple control strategy, and high 

efficiency.  

2.3.4 Voltage Boosting Techniques for DC-DC Converters 

 A conventional boost converter is an impeccable solution for low and medium 

voltage applications due to its small number of active and passive components, simple 

design, and modeling. A single control switch implies a simple control strategy. Despite 

these key features, the conventional boost converter also has a few shortcomings. 

Theoretically, the conventional boost converter achieves high voltage gain at a duty 

ratio value near unity. Hence, it results in high conduction loss and reverse recovery 

loss in the output diode. Similar to the boost converter, buck-boost, SEPIC, ZETA, and 

CUK is derived to be used in high-voltage applications. To overcome the issues of low-

voltage and power handling capability, various voltage boost methodologies have been 

proposed for the DC-DC converters.  

2.3.4.1 Cascading of Converters 

 The cascading of converters is one of the possible solutions to increase the 

voltage conversion ratio of the DC-DC converters [108]. In these types of 

configurations, the cascaded connection of two or more step-up converters is carried 

out to boost the input voltage [114]. The cascaded connection is a multistage converter 

in which each converter is controlled by an individual or integrated single switch [115]. 

Cascaded converters are designed in such a way that a single switch is used to control 

the converter, which in turn reduces the complexity of the converter or control scheme. 
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The possible drawback of the integrated converter is that the duty ratio of two or more 

converters can no more be independently controlled [114]. The voltage gain of the 

cascaded converter is relatively high as compared to a single-stage or PWM DC-DC 

converter [106], [108], [115]-[119]. The cascaded converter operates with wider 

voltage gain and with narrower duty variation than those of PWM converters, which 

simplifies the design procedure and control scheme of the closed-loop system.  

2.3.4.2 Voltage Boosting Module 

 The voltage gain of conventional converters is lifted/increased by adopting the 

boosting module at the proper position in the circuit. The broad categorization of 

voltage boosting techniques is shown in Fig. 2.4. The three major subsections include 

voltage multiplier, switched structure, and magnetic coupling. The working, 

advantages, and disadvantages of voltage multiplier and switched structure boosting 

techniques are discussed below. 

 

 

Figure 2.4. General classification of voltage boosting techniques.  

2.3.4.3 Voltage Multiplier (VM) 

 The voltage multiplier has fewer components and a modular structure that 

makes it the simplest boosting technique to step up the input voltage [120]. The VM 
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placed in the middle of the circuit to reduce the voltage stress across the switch is called 

Intermediate Stage Voltage Multiplier (IS-VM) and placed at the end of the converter 

after transformer/coupled inductor to rectify AC or pulsating DC voltage is called Load 

End Voltage Multiplier (LE-VM). 

 A few IS-VM structures incorporated in the DC-DC converters are shown in 

Fig. 2.5. It is noted that some of them only consist of capacitors and diodes to boost the 

input. These structures utilize parallel charging and series discharging phenomenon of 

capacitors [121]-[122]. Moreover, IS-VM with capacitors and diodes is also known as 

switched capacitor voltage multiplier. Furthermore, the performance of these IS-VM 

structures is the same and increases the gain factor as tabulated in Table 2.1. The VM 

circuit is shown in Fig. 2.5 (d) which utilizes a switch to connect a capacitor in series 

to enhance the level of voltage at the output [123]. Fig. 2.5 (e) [124] uses a capacitor 

and inductor to boost the output voltage and can be implemented in any converter 

horizontally in place of the inductor. Typically, the voltage multiplier module shown in 

Fig. 2.5 (f) is implemented in the circuit before the controlled switch [125]. This voltage 

multiplier module is used in ultra-high gain converters to meet the high voltage demand. 

Moreover, the series implementation of this module enhances the level of voltage at the 

output [126]. 

 The LE-VM can be further classified into Cockcroft-Watson Voltage Multiplier 

(CW-VM) [127]-[133] and Dickson [134]-[136] Voltage Multiplier (D-VM). In D-VM, 

diodes are used instead of the control switch. The general structure of these Voltage 

Multipliers (VM) is shown in Fig. 2.6 up to n level, which is responsible to increase the 

voltage conversion ratio by n times of input voltage between terminal A and B. The key 

advantage of LE-VM is its modular structure, and hence voltage conversion ratio of the 

converter can be boosted without disturbing the main circuit. 
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 However, due to the use of diodes and capacitors, the converter has the issue of 

voltage balancing. The voltage stress across the switch and diode is equal to the output 

voltage [126]. 

2.3.4.4 Switched Structure 

 Another way to increase the overall voltage in a DC-DC Converter is the 

switched structure of capacitors and inductors. It is observed from the literature review 

that the switched capacitor technique is also known as charge pump (CP) circuits. In 

the Switched Capacitor (SC) techniques, only the capacitors are responsible to enhance 

the level of voltage at the output without utilizing the magnetic components. Some 

charge pump techniques discussed in this section are shown in Fig. 2.7 [137]-[139]. 

Fig. 2.7 (a) shows the CP circuits with two controlled switches, where the first capacitor 

is charged from the input when the first switch is turned ON [137]. The stored energy 

in the first capacitor is now transferred to the second capacitor and so on so forth up to 

N level. Fig. 2.7 (b) shows another structure of the CP circuit, where the first capacitor 

is charged from the input when the first switch is turned ON [140]. Now the second 

switch is turned ON to connect the first capacitor in series with the input supply to 

charge the second capacitor to double the output voltage. For high voltage applications, 

the CP connected in series/parallel is shown in Figs. 2.7 (c) and (d) [134]. In Figs. 2.7 

(c) and (d), the pair of switches in the basic unit operate complementary to each other 

to incorporate the series connection of input voltage and capacitor to double the voltage 

at the output in each level. 
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(a) 

             

                     (b)                                          (c)                                        (d) 

                   

                                        (e)                                                   (f) 

Figure 2.5. (a)-(f) Recently addressed voltage multiplier modules. 

                   

                                    (a)                                                                 (b) 

Figure 2.6. (a) Dickson and (b) Cockcroft-Walton voltage multiplier module.  
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Table 2.1. Components count and the voltage gain of VM 

Boosting Module 

Number of 

Components Voltage Gain 

L C D S 

 Fig. 2.5 (b) - 2 2 - (1+D)/(1-D) 

 
Fig. 2.5 (c) 

- 2 2 - (1+D)/(1-D) 

 
Fig. 2.5 (d) 

- 2 2 1 (1+D)/(1-D) 

VM 
Fig. 2.5 (e) 

2 1 2 - (2+D)/(1-D) 

 
Fig. 2.5 (f) 

1 1 2 - 1/(1-D) 

 

Fig. 2.6 (a), for 

n level 
- N n - nVin 

 

Fig. 2.6 (b), 

for n level 
- N n - nVin 

 

 Fig. 2.7 (e) shows the ladder-type SC circuits in which two sets of capacitors 

are utilized to enhance the voltage at the output [134]. By changing the input port at the 

respective capacitors, different voltages are obtained. Fig. 2.7 (f) shows the Fibonacci 

SC circuit, which provides high boosting with lesser components [141]. As compared 

to the Dickson VM, here the output voltage is increased according to the Fibonacci 

number sequence (1, 2, 3, 5, 8, 13 …) i.e. the voltage gain increases exponentially with 

the number of switching devices.  

 The most critical issue related to the SC circuits is the high current spike, which 

degrades the power density and efficiency of the converter [142]. However, Fibonacci 

SC circuits need different rating switches and capacitors at different levels. Most of the 
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switches are not grounded in Fibonacci SC circuits, which makes the control and driver 

circuit complex. With the help of an external inductor, the current spike can be 

eliminated and the efficiency can be improved [138], [141]-[143]. 

             

                         (a)                                      (b)                                      (c) 

             

                         (d)                                       (e)                                        (f) 

Figure 2.7. (a), (b) basic SC, (c) SC doubler circuit, (d) SC parallel-series circuit, (e) 

SC ladder circuit and (f) Fibonacci SC circuit.   

 Switched inductor (SI) technique is another useful method to be used in DC-DC 

converters to enhance the output voltage. Some of the SI circuits shown in Fig. 2.8 can 

be adopted in place of the inductor to enhance the level of voltage at the output. These 

SI structures are incorporated in various converters [144]-[151]. In the SI technique, 

both inductors are magnetized and demagnetized by the input supply in parallel and 

series, respectively. The advantageous feature of SI is that both the inductors are 

identical and integrated into a single core to reduce the size and weight of the circuit 

[145]-[147]. In Fig. 2.8 (b), a capacitor is placed in the SI circuit such that the capacitor 

is also charged and discharged with the inductors in parallel and series, respectively to 

enhance the level of voltage at the output [144]-[145]. Fig. 2.8 (c) shows the SI circuit 

which is also known as Voltage-Lift-Switched-Inductor (VLSI), and it gives the same 

voltage gain as the circuit shown in Fig. 2.8 (b) by eliminating both the intermediate 
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diodes. For high voltage applications, Luo and Ye introduced a double self-lift SI cell 

with the addition of a few components as shown in Fig. 2.8 (d).  

 

                   

                (a)                                   (b)                         (c)                              (d) 

Figure 2.8. Switched inductor structure (a) basic SI, (b) self lift SI, (c) VLSI, and (d) 

double-lift SI. 

 In Fig. 2.8 (d), both inductors and capacitors are charged in parallel from the 

input source with the help of uncontrolled diodes and discharge/demagnetized in series 

with input supply to enhance the level of voltage at the output by four times. The key 

features of both SC and SI structures are their modularity, small size, and low weight. 

Also, the high current transient in SC is overcome by the SI module. Fig. 2.9 shows the 

SI and VLSI structure for n level. The comparison of SC in terms of the number of 

inductors, capacitors, and diodes with voltage gain is tabulated in Table 2.2. 

                   

                                                     (a)                                          (b) 

Figure 2.9. (a) SL and (b) VLSI for n level. 
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Table 2.2. Components count and Voltage Gain of SC circuits 

Boosting Module 

Number of Components 

Voltage Gain 

L C D S 

 Fig. 2.8 (a) 2 - 3 - (1+D)/(1-D) 

 
Fig. 2.8 (b) 

2 1 4 - 2/(1-D) 

SC 
Fig. 2.8 (c) 

2 1 2 - 2/(1-D) 

 
Fig. 2.8 (d) 

2 2 4 1 (3-D)/(1-D) 

 

Fig. 2.9 (a), for n 

level 
N - 3n-1 - (n-1)V0 

 

Fig. 2.9 (b), for n 

level 
N n-1 3n - nV0 

 

2.3.5 Comparison of different DC/DC Converters 

 To choose a suitable voltage boosting technique from the above-discussed 

techniques, it is essential to compare them in terms of the inductor, capacitor, diode, 

and controlled switch count. The comparisons of discussed voltage boosting techniques 

in terms of components and voltage conversion ratio are tabulated in Table 2.3. 

2.4 Summary 

 In this chapter, the literature review of Nanogrids, including the importance of 

Nanogrids, the importance of DC-DC Converters within the Nanogrids, and the role of 

DC-DC Converters within the Nanogrids is presented. Furthermore, the literature 

review of High-Gain DC/DC power electronics converters is also presented in detail. 

The DC-DC converters are broadly categorized in two parts as a uni-directional and bi-

directional converter, which are further categorized into isolated and non-isolated 

converters. It mainly focuses on voltage boosting techniques such as cascading of 
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converters, voltage multiplier, switched capacitor, switched inductor, and voltage lift 

switched inductor. A brief discussion on the advantage, disadvantages, and key features 

of each boosting module is presented. In the last, these boosting techniques are 

compared in terms of voltage conversion ratio and boosting circuit elements. 

Table 2.3. Components count and voltage gain of boosting module 

Boosting Module 

Number of Components 

Voltage Gain 

L C D S 

 Fig. 2.5 (b) - 2 2 - (1+D)/(1-D) 

 
Fig. 2.5 (c) 

- 2 2 - (1+D)/(1-D) 

 
Fig. 2.5 (d) 

- 2 2 1 (1+D)/(1-D) 

VM 
Fig. 2.5 (e) 

2 1 2 - (2+D)/(1-D) 

 
Fig. 2.5 (f) 

1 1 2 - 1/(1-D) 

 
Fig. 2.6 (a) 

- 2 2 - 2V0 

 
Fig. 2.6 (b) 

- 2 2 - 2V0 

 Fig. 2.7 (a) - 1 1 1 Vin 

 
Fig. 2.7 (b) 

- 2 - 2 2Vin 

 
Fig. 2.7 (c) 

- 2 - 4 2Vin 

SC 
Fig. 2.7 (d) 

- 1 - 3 2Vin 

 
Fig. 2.8 (a) 

2 - 3 - (1+D)/(1-D) 

 
Fig. 2.8 (b) 

2 1 4 - 2/(1-D) 

 Fig. 2.8 (c) 2 1 2 - 2/(1-D) 

 
Fig. 2.8 (d) 

2 2 4 1 (3-D)/(1-D) 
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CHAPTER 3: MODIFIED SWITCHED INDUCTOR BOOST CONVERTER 

(MSIBC) WITH REDUCED SWITCH VOLTAGE STRESS 

3.1 Introduction 

 Recently, switched inductor (SI) and switched capacitor techniques in dc–dc 

converters are recommended to achieve high voltage by using the principle of parallel 

charging and series discharging of reactive elements. It is noteworthy that four diodes, 

one high-voltage rating switch, and two inductors are required to design classical SI 

boost converter (SIBC). Moreover, in classical SIBC, the switch voltage stress is equal 

to the output voltage. 

 In this chapter, modified SIBC (mSIBC) with reduced voltage stress across 

active switches is presented. The mSIBC configuration is transformer-less and simply 

derived by replacing one diode of the classical SI structure with an active switch. As a 

result, mSIBC requires low-voltage rating active switches, since the total output voltage 

is shared into two active switches. Moreover, the mSIBC is low in cost, provides higher 

efficiency, and requires the same number of components compared with the classical 

SIBC. The continuous conduction mode and discontinuous conduction mode analysis, 

the effect of non-idealities on voltage gain, design methodology, and comparison are 

presented in detail. The operation and performance of the designed 500-W mSIBC are 

experimentally validated under different perturbations.  

Fig. 3.1(a) shows the existing configuration of transformer-less high step-up 

dc–dc converter or classical SIBC [122], [148]. In SIBC, SI circuitry is employed to 

achieve higher voltage gain compared with the classical boost converter. However, it is 

noteworthy that the voltage stress across switches increases with voltage gain and total 

output appears across the switch. Therefore, slight modification without increasing the 

number of components has been done in the power circuit of classical SIBC to reduce 
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the voltage stress of switch and achieve the same voltage gain. The proposed dc–dc 

converter utilizes the inherent switched-inductor technique (parallel charging and series 

discharging of inductors) to achieve high step-up voltage gain.  

3.2 Power Circuit Topology 

 Fig. 3.1(b) shows the power circuit of the proposed mSIBC, which consists of 

two active switches S1 and S2, three diodes D1, D2, and Do, two inductors L1 and L2, 

capacitor Co, and load Ro. The proposed mSIBC configuration is transformer-less and 

simply derived by replacing one diode of the SI network of classical SIBC with an 

active switch. It is noteworthy that the total number of components in the proposed 

mSIBC and classical SIBC is the same and provides the same voltage gain. However, 

in the proposed mSIBC, the total output voltage is distributed among the two active 

switches. Therefore, low-voltage rating switches can be employed to design the power 

circuit of the proposed mSIBC configuration. Initially, to analyze the steady-state 

characteristics of the proposed mSIBC configuration in CCM, all components are 

considered ideal and the voltage drop across semiconductor devices due to ON-state 

resistance is neglected, and the capacitor is large enough to provide ripple-free voltage. 

In this section, it is considered that the inductors L1 and L2 are equal in inductance that 

means L1 = L2 = L (ideal case).  

                 

                                (a)                                                                          (b) 

Figure 3.1. Power circuitry (a) existing configuration of transformer-less high step-up 

DC-DC converter or classical SIBC [122], [148], (b) Proposed converter. 
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Based on the circuitry, the currents through inductor L1 and L2 are equal and 

written as  

                                             1 2
i i i
L L L                                               (3.1) 

 The typical waveforms of mSIBC for CCM and DCM are shown in Fig. 3.2(a) 

and (b), respectively; where TON is the time period for mode I (i.e., time t0–t1), and TS 

is the total time period. Table 3.1 briefly summarizes the Operating Principle in both 

CCM and DCM (*Ch.: Chraged, D/Ch.: Discharged, ZC: Zero current, FB: Forward 

Biased, RB: Reversed Biased). 

Table 3.1. Operating Principle in CCM and DCM 

Operating 

Modes 

Time  

Switches Inductors Diodes Cap. 

S1 S2 L1 L2 DO D1 D2 CO 

C
C

M
 Mode I 

TON 

(t0–t1) 
ON ON 

Ch. in 

parallel 

Ch. in 

parallel 
RB FB RB D/Ch. 

Mode II 
TOFF 

(t1–t2) 
OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

FB RB FB Ch. 

D
C

M
 

Mode I 

K1TS 

or TON 

(t0–t1) 

ON ON 
Ch. in 

parallel 

Ch. in 

parallel 
RB FB RB D/Ch. 

Mode II 

K2TS 

or 

TOFF,1 

(t1–t2)  

OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

FB RB FB Ch. 

Mode III 

K3TS 

or 

TOFF,2 

(t2–t3) 

OFF OFF ZC ZC RB RB RB D/Ch. 

 

3.3 Operating Principle and Small-Signal Modeling in CCM 

 The working of the proposed mSIBC for CCM is divided into two modes; mode 

I when both switches S1 and S2 are turned ON (time t0–t1), and mode II when both 

switches S1 and S2 are turned OFF (time t1–t2). 

 1) Mode I (Time t0–t1): In this mode, inductor L1 is magnetized by input supply 

(vi) through switch S2, and inductor L2 is magnetized by input supply (vi) through diode 
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D1 and switches S1 and S2. The capacitor Co is discharged through the load Ro. During 

this mode, diodes D2 and Do are reversed biased, and diode D1 is forward biased. The 

equivalent circuitry of mSIBC for this mode is shown in Fig. 3.3 (a). It is noteworthy 

that both inductors are magnetized in parallel by input supply vi with the equal current.  

                 

(a)                                                    (b) 

Figure 3.2. Typical waveforms of mSIBC for (a) CCM and (b) DCM. 
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The voltages across inductors L1 and L2 are obtained as 

                                                 1 2
v v v v

L L L i                                               (3.2) 

The input current ii is obtained as 

                                                   2 2
1 2

2i i i i
i L L L                                           (3.3) 

 The differential expression for the inductors L1 and L2 and capacitor Co can be 

obtained as follows: 

                                    
1 2

,
d d d d vi i i v vCoL L L i o

dt dt dt L dt C Ro o
          (3.4) 

2) Mode II (Time t1–t2): In this mode, both the inductors L1 and L2 are demagnetized in 

series with the input voltage vi to provide energy to the load Ro and charge the capacitor 

Co through diode D2 and Do. During this mode, diodes D2 and Do are forward biased, 

and diode D1 is reversed biased. The equivalent circuit of mSIBC for this mode is 

shown in Fig. 3.3(b). 

                  

                                (a)                                                                         (b) 

Figure 3.3. Equivalent circuit. (a) ON state. (b) OFF state. 

 The voltages across inductors L1 and L2 are obtained as 

                                                  / 2
1 2

v vv v v
i oL L L                             (3.5) 

 The input current ii is obtained as 

                                                            1 2
i i i i
i L L L                                   (3.6)

 The differential expression for the inductor L1 and L2 and capacitor Co can be 
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obtained as follows: 

                    
11 2

,
2

d d d vd vi i i oCoL L L iL
Rdt dt dt L dt C oo

v vi o
                (3.7) 

 Assume, in general, x is the average value of variable x. Using (3.2)–(3.7), 

the average equations are obtained as follows: 

                        

1 1

2

,1 1

v vd dd i i oL
L

dt

vd v oCo
i iC i d do L i Ldt Ro

      (3.8) 

Where d is a variable used for duty. In order to obtain the small signal model 

from (3.8), perturbation variables are necessary. Therefore, small ac variation with 

small magnitude is assumed in each variable of (3.8). Therefore, 

                         

ˆ ˆ ˆ, ,

ˆˆ ˆ, ,

vv V v V v v V vi i o oCo Coi Co o

ii I i I i d D di iL L L i

         (3.9) 

Where 

              
ˆ ˆˆˆ ˆ, , ,,vv V V v V i I i Ii o i iCo L Li Co o   (3.10) 

Using (3.8)–(3.10) 

                           

ˆ ˆˆ ˆˆ 1 1

2

ˆˆ
ˆ ˆ1

ˆˆ ˆ1

V v V vD d D do od I i iiL L
L

dt

V vd V v oCo Co o
I iC D dL Lo dt Ro

I iI i D dL Li i

(3.11) 

 Using (3.11), the dc variable equation can be obtained as follows: 
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1 1
0 , 0 1 1

2

,
V V VD D

i o o
I I ID DiL L

Ro

        (3.12) 

 Using (3.12), the voltage gain of the mSIBC is obtained as follows: 

                                              / /1 1M V V D D
o i                         (3.13) 

Where M is the voltage gain, and D is the duty cycle. It is observed that the 

voltage gain of mSIBC and classical SIBC is the same. By neglecting second-order 

term in (3.11), the small-signal ac equations are obtained as follows: 

                           

ˆˆ ˆ ˆ1 1

2

ˆ
ˆ ˆ ˆ /1

ˆˆ ˆ1

V V d v vDd Di i oL i o
L

dt

d vCo
C I d i v RDo o oL Ldt

i I d iDi L L

                     (3.14) 

Using (3.14), the small-signal model is obtained and shown in Fig. 3.4, in which 

TA and TB are ideal transformers with the turn ratio 1:(1 + D) and (1 − D):1, respectively. 

Using the Laplace transform, the relation between
ˆ( )d S , ˆ ( )v Si  and ˆ ( )v So  is 

obtained as follows: 

                                        
ˆˆ ˆ( ) ( ) ( ) ( ) ( )v S M S v S M S d So ii d                   (3.15) 

 

      Figure 3.4. Small-signal model of the proposed mSIBC converter (L1 = L2 = L). 
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Where Mi(S) and Md(S) are expressed as follows: 

              

(1 )/(1 )ˆ ( )
( )

2 2 2ˆ ( ) 1 2 / (1 ) 2 /(1 )ˆ( ) 0

D Dv SoM S
i v S LS Ro D LC S Di od S

(3.16) 

                    

2
/(1 ) 2 /(1 )ˆ ( )

( )
ˆ 2 2 2( ) 1 2 / (1 ) 2 /(1 )ˆ ( ) 0

V V D I LS Dv S i o LoM S
d d S LS Ro D C LS Dov Si

      (3.17) 

3.4 Operating Principle and Analysis in DCM 

The working of the proposed mSIBC for DCM is divided into three modes; one 

when switches S1 and S2 are turned ON (ON state), second when switches S1 and S2 are 

turned OFF and inductor currents are non-zero, and third when switches S1 and S2 are 

turned OFF and inductor currents are zero. Let us assume the inductor current reaches 

zero at time t2, as shown in Fig. 3.2(b). In typical DCM characteristics [see Fig. 3.2(b)], 

K1TS or TON is mode I time period (i.e., time t0–t1), K2TS or TOFF,1 (i.e., time t1–t2) is 

mode II time period, and K3TS or TOFF,2 (i.e., time t2–t3) is mode III time period. 

1) Mode I (t0–t1)—Switches S1 and S2 Are Turned on: For this mode, the 

operation of mSIBC and equivalent circuitry is the same as CCM mode I. In this mode, 

both inductors L1 and L2 are magnetized in parallel by input voltage vi. At the starting 

of this mode (time to or to + Ts), both inductors L1 and L2 currents started from zero level 

and reached the maximum level at the end of this mode. The maximum current through 

inductors L1 and L2 can be obtained as follows: 

                                  ,max 1,max 2,max 1
/I I I V K Lf

L L L i s             (3.18) 

Where IL1,max and IL2,max are the maximum currents through inductor L1 and L2, 

respectively, and fs = 1/TS is the switching frequency. The current ripples of inductors 

L1 and L2 can be obtained as 

                                      /
1 2 1

I I I V K Lf
L L L i s                    (3.19) 
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 Where ΔIL1 and ΔIL2 are the current ripples of inductor L1 and L2, respectively. 

2) Mode II (t1–t2)—Switches S1 and S2 Are Turned off and Inductor Currents 

Are Non-zero: For this mode, the operation of mSIBC and equivalent circuitry is the 

same as CCM mode II. In this mode, inductors L1 and L2 are demagnetized in series 

with input voltage vi to charge capacitor Co and provide energy to load Ro. At the 

starting of this mode (time t1 or t1 + Ts), both inductors L1 and L2 currents started from 

the maximum current level and reached zero level at the end of this mode (time t2 or t2 

+ Ts). Another expression for the maximum current level through inductor L1 and L2 

can be obtained as follows: 

                / 2
,max 1,max 2,max 2

I I I V V K Lf
L L L o i s            (3.20) 

The current ripples of inductors L1 and L2 can be obtained as 

                        / 2
1 2 2

I I I V V K Lf
L L L o i s                            (3.21) 

3) Mode III (t2–t3)—Switches S1 and S2 Are Turned off and Inductor Currents 

Are Zero: The equivalent circuitry for this mode is shown in Fig. 3.5. In this mode, 

switches S1 and S2 are turned OFF and inductors L1 and L2 currents are at zero level. 

Therefore, stored energies of inductors L1 and L2 are zero. All the diodes Do–D2 are 

reversed biased, and capacitor Co is discharged through load Ro.  

 

Figure 3.5. Equivalent circuitry for the DCM mode. 
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Using (3.19) and (3.20), the time period of mode II i.e., K2Ts or TOFF,1 can be 

obtained as 

                                      2 /
2 ,1 1

K T or T V K V V f
s OFF i o i s                               (3.22) 

 It is known that   

                                          ,1 ,2
T T T T
ON OFF OFF s                                            (3.23) 

 The time period for mode I and mode III can be obtained as 

                         

21 11
,   1

3 ,2 1

V KK
i

T K T or T K
ON s OFF

f f V V
s s o i

               (3.24) 

 From Fig. 3.2(b), the average current through capacitor Co can be obtained as 

                          0.5 0.5 /2 ,max 2 ,maxI K I I K I V RL Lo oCo o        (3.25) 

By using (3.22) and (3.25) 

                                             

2 1 10 .5
VV K V K oi iI

Co V V Lfo i s Ro
                           (3.26) 

 Under steady-state condition, any capacitor average current is always zero. 

Therefore, (3.26) can be rewritten as 

                                                       

2 21 1V K V K Vi i o

V V L f Ro i s o
                                  (3.27) 

 Using (3.27), the quadratic equation is obtained as 

                                                        

2 2
1

0
KV Vo o

V Vi i L

                                    (3.28) 

 Where L is the normalized time constant for inductors L1 and L2, and its value 

is equal to Lfs/Ro. Therefore, the variation in L is based on the value of L, fs, and Ro. By 

solving (3.28), the voltage gain of mSIBC for DCM (MDCM) can be obtained as 
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1/21/2 221 1 10.25 11

2 2 4

K RV K oo LM
DCM

V L Lfi s
     (3.29) 

 Suppose that the proposed mSIBC configuration is operated at the boundary of 

CCM and DCM, then the voltage gain of CCM and DCM is same. Therefore, by using 

(3.13) and (3.29) 

                                         

1/2
2 10.25 10.5

1

V DKo LB

DV LBi
                       (3.30) 

It is known that the mode I for CCM and DCM is the same. Therefore, K1 = D, 

and the normalized boundary time constant (ξLB) for inductors L1 and L2 can be obtained 

as 

                                           
3 2

0 .5 2 / 1D D D DLB                          (3.31) 

 Fig. 3.6 depicts the plot of ξLB versus D; where DCM and CCM regions are 

shown. If the value of ξLB is larger than ξL, then the proposed mSIBC configuration 

operates in DCM. 

 

Figure 3.6. Normalized boundary time constant versus duty cycle. 

3.5 Effect of Unequal Inductances on Voltage Gain 

 The operation of the proposed converter depends on the values of the inductors 

L1 and L2. Mainly, the current waveforms through inductor L1 and L2 are dependent on 

the values of L1 and L2. 
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A. When the Value of L1 is Larger than the Value of L2 (L1>L2) 

The characteristic waveforms of the inductor L1 and L2 currents are shown in 

Fig. 3.7(a). In this case, the converter operates in three modes as follows.  

1) Mode I (Time t0–t1): In this mode, switches S1 and S2 are turned ON, and 

equivalent circuitry is the same as mode I of CCM. In this mode, inductors L1 and L2 

are magnetized by input supply vi, diodes D2 and Do are reversed biased, diode D1 is 

forward biased, and the capacitor Co is discharged through the load Ro. The input 

current ii is equal to sum of inductor currents, i.e., ii = iL1 + iL2. The slope of the inductor 

L1 and L2 currents can be obtained as follows: 

                                          
1 2

,
1 2

d di iL L

dt dt

v vi i

L L                                        (3.32) 

 In this mode, the current through inductor L1 is smaller than the current through 

inductor L2 due to L1>L2. 

 2) Mode II (Time t1–t2): This mode occurs for short duration [YTs, as shown in 

Fig. 3.7(a)] when switches S1 and S2 are just turned OFF. The equivalent circuitry is 

shown in Fig. 3.7(b), where diodes D1 and D2 are forward biased. During this mode, 

the currents through inductor L1 increase with small positive slope (approximately zero 

slope) and the currents through inductor L2 decreases with a large negative slope. The 

inductor L1 is magnetized and inductor L2 is demagnetized through path vi − L1 − D2 − 

L2 − (Co//Ro) and vi − D1 − L2 − (Co//Ro), respectively. The value of current through 

inductor L2 is larger than the current through inductor L1. Also, the input current ii is 

equal to inductor L2 current, i.e., ii = iL2, and the resultant current through diode D1 is 

the subtraction of inductors L2 and L1 currents, i.e., iL2 − iL1. The slope of the inductor 

L1 and L2 currents is obtained as follows: 
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1 2

0,
2

d di i v vL L i o

dt dt L                                (3.33) 

 This mode ends as soon as the currents through inductor L1 and L2 are equal, 

and circuitry operates in mode III. 

                     

                                (a)                                                                             (b) 

Figure 3.7. When L1 > L2. (a) Inductor currents (b) Mode II. 

3) Mode III (Time t2–t3): In this mode, switches S1 and S2 are turned OFF, and 

equivalent circuitry is the same as CCM mode II. During this mode, diodes D2 and Do 

are forward biased, and diode D1 is reversed biased. Throughout this mode, inductors 

L1 and L2 are discharged in series with input voltage vi through load Ro. In this case, 

input current and the current through inductor L1 and L2 are equal, i.e., ii = iL1 = iL2. The 

voltage across inductor L1 and L2 is obtained as follows: 

                                     
1 2

,
1 2 1 2

d di iv v v vL Li o i o

dt L L dt L L                               (3.34) 

 Using small approximation and inductor volt second balance 

                           ( ) (1 ) 0 11
1 2

v vi o
For L v D L D Yi L L                          (3.35) 

                           ( ) (1 ) 022
1 2

v vi o
For L v D v v Y L D Yi i o L L (3.36) 

 Solving (3.35) and (3.36), the voltage gain of mSIBC is obtained as 
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                                             / /1 1
1 2

V V D Do i L L                              (3.37) 

B. When the Value of L1 is smaller than the Value of L2 (L1<L2) 

The typical waveform of the inductor L1 and L2 currents are shown in Fig. 3.8(a). 

In this case, the converter operates in three modes as discussed in the following 

sections, 

1) Mode I (Time t0–t1): In this mode, switches S1 and S2 are turned ON, and 

equivalent circuitry is the same as mode I of CCM. In this mode, inductors L1 and L2 

are magnetized by input supply vi, diodes D2 and Do are reversed biased, diode D1 is 

forward biased, and the capacitor Co is discharged through the load Ro. The input 

current ii is equal to the addition of inductor currents, i.e., ii = iL1 + iL2. The slope of the 

inductor L1 and L2 currents can be obtained as follows: 

                                               
1 2

,
1 2

d di iL L

dt dt

v vi i

L L                                 (3.38) 

 In this case, the current through inductor L1 is larger than the current through 

inductor L2 due to L1 < L2. 

 2) Mode II (Time t1–t2): This mode occurs for short duration [YTs, as shown in 

Fig. 3.8(a)] when switches S1 and S2 are just turned OFF. The equivalent circuitry is 

shown in Fig. 3.8(b), where diodes D1 and D2 are reversed and forward biased, 

respectively. During this mode, the currents through inductor L1 decreases with a large 

negative slope, and the currents through inductor L2 increases with small positive slope 

(approximate zero slope). The value of current through inductor L1 is larger than the 

current through inductor L2. The inductor L1 is demagnetized and inductor L2 is 

magnetized through path vi − L1 − DS1 − Do − (Co//Ro) and vi − L1 − D2 − L2 − Do − 

(Co//Ro), respectively. However, the input current ii is equal to inductor L1 current, i.e., 

ii = iL1, and the resultant current through diode DS1 is the subtraction of inductors L1 and 
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L2 currents, i.e. iL1 − iL2. The slope of the inductor L1 and L2 currents is obtained as 

follows: 

                                             
1 2

, 0
1

d di iv vL Li o

dt L dt                              (3.39) 

 This mode end as soon as the currents through inductors L1 and L2 are equal, 

and circuitry operates in mode III.  

                 

                                (a)                                                                      (b) 

Figure 3.8. When L1 < L2 (a) inductor currents, and (b) Mode II. 

 3) Mode III (Time t2–t3): In this mode, switches S1 and S2 are turned OFF, and 

equivalent circuitry is the same as CCM mode II. During this mode, diodes D2 and Do 

are forward biased, and diode D1 is reversed biased. Throughout this mode, inductors 

L1 and L2 are discharged in series with input voltage vi through load Ro. In this case, 

input current and the current through inductor L1 and L2 are equal, i.e., ii = iL1 = iL2. The 

voltage across inductor L1 and L2 can be obtained as follows: 

                                          
1 2

,
1 2 1 2

d di iv v v vL Li o i o

dt L L dt L L                       (3.40) 

 Using small approximation and inductor volt second balance 

                           ( ) (1 ) 011
1 2

v vi o
For L v D v v Y L D Yi i o L L      (3.41) 

                          ( ) (1 ) 0 22
1 2

v vi o
For L v D L D Yi L L                          (3.42) 
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 Solving (3.41) and (3.42), the voltage gain of mSIBC is obtained as 

                                                / /1 1
1 2

V V D Do i L L                            (3.43) 

 Therefore in case of unequal inductances, inductor average current is changed. 

However, voltage gain is (1 + D)/(1 − D), which remains the same as (3.13).  

3.6 Effect of Non-idealities on Voltage Gain 

 To analyze the effect of the non-idealities of components and devices on the 

output voltage, the non-idealities are considered in the power circuit, as shown in Fig. 

3.9. The equivalent series resistance (ESR) of inductors L1 and L2 is shown by the 

resistance rL. The ON-state resistance of switches S1 and S2 is shown by the resistance 

rS. The forward resistance and the threshold voltage of diodes D1, D2, and Do are shown 

by resistance rD and voltage VFD, respectively. The ESR of capacitor Co is shown by 

rCo. 

  

Figure 3.9. Equivalent circuit of mSIBC configuration with non-idealities. 

3.6.1 Effect of ESR of Inductors on Voltage Gain 

 In order to analyze the effect of ESR of inductors L1 and L2, the anomaly arising 

due to other parasitic is ignored, i.e., rS = 0, rD = 0, rCo = 0, and VFD = 0. Considering 

this case, the voltages across inductors L1 and L2 are obtained as follows: 

        ON state ,
1 1 2 2

,v V i r v V i r V v
L i L L L i L L o Co              (3.44) 
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        OFF state
1 2 1 2

v v V i r i r V
L L i L L L L o                              (3.45) 

 Using (3.44) and adding voltages across inductors 

                                  2
1 2 1 2

v v V i r i r
L L i L L L L                                 (3.46) 

Using small approximation and inductor volt-sec balance principle 

                            2 1
1 2 1 2

V i r i r D V i r i r V D
i L L L L i L L L L o   (3.47) 

 Using (3.47), the voltage gain of mSIBC is obtained as follows: 

                                         

1 /
1 2

1

D i r i r VV L L L L io

V D
i rL

                      (3.48) 

If L1 = L2, the currents flowing through both the inductors L1 and L2 are equal, 

i.e., iL = iL1 = iL2. Let us assume that the voltage drop due to ESR of the inductor is Vd−L, 

i.e., Vd−L = iL1rL = iL2rL. Thus, (3.48) is rewritten as 

                                      

1 2

1

/V D V
o d L

V D
i rL

V
i

                                     (3.49) 

Equation (3.49) is graphically plotted in Fig. 3.10(a) by considering the different 

values for Vd−L/Vi and duty cycle D; and the effect of ESRs of inductors on voltage gain 

is shown. It is observed that there is a decrement in the voltage gain for higher values 

of Vd−L and D. This fact guides that the ESR of inductance (rL) and duty cycle (D) should 

not be too large. 

3.6.2 Effect of Diodes on Voltage Gain 

 In order to analyze the effect of diodes D1, D2, and Do, the anomaly arising due 

to other parasitic is ignored, i.e., rL1 = 0, rL2 = 0, rCo = 0, and rS = 0. Considering this 

case, the voltages across inductors L1 and L2 are obtained as follows:  



 

47 

                          ON State ,
1 2 2

v V v V i r V
L i L i L D FD                 (3.50) 

              OFF State 2 2
1 2 2

v v V i r V V
L L i L D FD o       (3.51) 

Using (3.50) and adding voltages across inductors 

                           2
1 2 2

v v V i r V
L L i L D FD                  (3.52) 

Using small approximation and inductor volt-sec balance principle 

             2 2 2 1
2 2

V i r V D V i r V V D
i L D FD i L D FD o (3.53)                                                              

 Using (3.53), the voltage gain of mSIBC is obtained as follows: 

                                  

1 2- /
2

1-
, 

D i r V D VV L D FD io

V D
i r VD FD

 (3.54) 

 Let us assume that the voltage drop due to forward resistance and the threshold 

voltage of the diode is Vd−D, i.e., Vd−D =iL2rD + VFD. Thus, (3.54) is rewritten as follows: 

                                    

1 2 /

1
, 

D V D VV
d D io

V D
i r VD FD

                    (3.55) 

 Equation (3.55) is graphically plotted in Fig. 3.10(b) by considering the 

different values for Vd−D/Vi and D, and the effect of diodes on voltage gain is shown. It 

is observed that there is a decrement in the voltage gain for higher values of Vd−D/Vi 

and D. This fact guides that the forward resistance and the threshold voltage of diodes 

should not be too large. 

3.6.3 Effect of Switches on Voltage Gain 

 In order to analyze the effect of switches S1 and S2, the anomaly arising due to 

other parasitic is ignored, i.e., rL1 = 0, rL2 = 0, rCo = 0, rD = 0, and VFD = 0.Considering 

this case, the voltages across inductor L1 and L2 are obtained as follows: 
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                     ON State ,
1 2 2 1 2

v V i r v V i r i r
L i S S L i S S S S                    (3.56) 

                     OFF State
1 2

v v V V
L L i o                                         (3.57) 

 Using (3.56) and adding voltages across inductors 

                                    2 2
1 2 1 2

v v V i r i r
L L i S S S S                                (3.58) 

 Using small approximation and inductor volt-sec balance principle 

                              2 2 1
1 2

V i r i r D V V D
i S S S S i o                  (3.59) 

 Using (3.59), the voltage gain of mSIBC is obtained as follows: 

                               

1 2 /
1 2

1

D D i r i r VV S S S S io

V D
i rS

                    (3.60) 

 Assume that the voltage drops in switches S1 and S2 are the same, i.e., Vd−S = 

iS1rS = iS2rS. Thus, (3.60) is rewritten as follows: 

                               

1 3 /

1

V D D V Vd So i

V D
i rS

                                     (3.61) 

 Equation (3.60) is graphically plotted in Fig. 3.10(c) by considering the different 

values for Vd−S/Vi and D; and the effect of ON-state resistance of switches on voltage 

gain is shown. It is observed that there is a decrement in the voltage gain for higher 

values of Vd−S/Vi and D. This fact guides that the ON-state resistance of switches should 

not be too large. 

3.6.4 Effect of Capacitor and its ESR on Voltage Gain 

 In order to analyze the effect of ESR of capacitor Co, the anomaly arising due 

to other parasitic is ignored, i.e., rL1 = 0, rL2 = 0, rD = 0, VFD = 0, and rS = 0. Let us 

assume that the voltage drop across resistance rCo is Vd−Co. When switches are turned 
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ON, the capacitor Co is discharged through load Ro. The output voltage that is the 

voltage across capacitor Co is dropped down, and instantaneous output voltage can be 

calculated as 

                             

1
1

Io
v V V t V t
o o d C oC Co o oRo

                         (3.62) 

 At the end of ON-state, change in output voltage (ΔVo) is 

                                               
Vo

V D
o C fC oRo

                                              (3.63) 

 This fact provides the guidance that the load resistance Ro, switching frequency 

f, and capacitance Co should not be too small, and ESR and duty ratio should not be too 

large. 

3.6.5 Combined Effect of Non-idealities on Voltage Gain 

 By considering the non-idealities of inductors L1 and L2, diodes D1, D2, and Do, 

switches S1 and S2, and effect of ESR of capacitor Co, the voltage gain can be obtained 

as follows: 

                      

2

1 2 3

1

VV d CV Vd L od D d S
D D D

V VV i iV Vo i i

V Di
         (3.64) 

3.7 Converter Efficiency Analysis 

 The currents through capacitor Co in ON-state and OFF-state are obtained as 

follows: 

          
1 1

   in ON-State,   in OFF-Statei v R i v Ro i oCo o o      (3.65)   

 In OFF state, the currents through inductors L1 and L2 are the same, i.e., iL = iL1 

= iL2. Using (3.65), small approximation, and capacitor charge balanced principle 
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1

0

DT TS S V VV V o oo odt I dt D I DL L
R Ro o R RDTS o o

    (3.66) 

 Using (3.66), the inductor currents are obtained as 

                                            

1

1 2
1

V Ro o
I I IL LL

D
                                    (3.67) 

 It is considered that PSW−S1 and PSW−S2 are the switching power losses due to 

switching of switches S1 and S2, respectively. The total loss during switching PSW−T is 

obtained as follows: 

                         

  

  

1 1 1 11

1,2 2 2 2 2

I V t tS S r S f S
P PSW SiSW T TS I V t ti S S r S f S

   
 

   

 
 
 
 
 

         (3.68) 

 Where rising and falling times of switches S1 and S2 are tr−S1, tf−S1 and tr−S2, tf−S2, 

respectively; IS1, VS1 and IS2, VS2 are the average current and voltage through/across 

switches S1 and S2, respectively. The total power at the input and output ports is 

obtained as follows: 

                                   

  

 

2 1 21

1 ,

1

1

V I D I D PL SW Ti L
Vo

P Pi oV V Ro Ri o
D P oSW T

D

    

 

   








              (3.69) 

Using (3.64)–(3.69), the efficiency is obtained as follows: 

             

 

 
 

2 2 3
1

1
1

VV D V d CDVd Dd L od S
D

V Vi iV Vi i

mSIBC R Do
D PSW T V Vo i



  
    




  

         (3.70)                                                 

 In order to analyze the effect of load and inductors on the efficiency of the 

converter, the anomaly arising due to other parasitic effects is ignored. Therefore, 
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 

 

1 2

1
1

D Vd L

mSIBC R Do
D

V Vo i


  




 
                                  (3.71) 

 Fig. 3.10(d) shows the efficiency plot versus the duty cycle for different values 

of load cases. 

                 

                                      (a)                                                                         (b) 

                 

                                      (c)                                                                             (d) 

Figure 3.10. Effect of non-idealities on voltage gain and duty cycle. (a) Non-idealities 

of inductors. (b) Non-idealities of diodes. (c) Non-idealities of switches. (d) Efficiency 

versus duty cycle. 

3.8 Design of Circuit Parameters 

 The mSIBC converter is designed by considering the typical input voltage of 

100 V, output power of 500 W, output voltage of 400 V, and switching frequency of 

100 kHz to validate functionality and performance. 



 

52 

3.8.1 Design and Selection of Reactive Components 

 In order to have good performance, the reactive components are designed by 

considering the worst efficiency (ηw). Thus, by considering the worst efficiency 90%, 

the required duty cycle is calculated as 

                                  

1 4 1
66.67%

90%
1 4 1 0.90

M
D

w M w




 
  


 

                  (3.72) 

 The critical values of inductors L1 and L2 are obtained as 

                              1 2
100 0.67

268
2.5 100

L L
critical critical

V
H

A kHz          (3.73) 

 Using (3.73), the critical values of inductors L1 and L2 are calculated by 

considering the peak to peak ripple of inductor currents (=2.5A) as follows: 

                            1 2
100 0.67

268
2.5 100

L L
critical critical

V
H

A kHz            (3.74) 

 The inductance and current rating of the inductors L1 and L2 must be higher than 

critical inductance and input current, respectively. Thus, ferrite E type core inductors 

with rating 700 μH/10 A, rL = 75 mΩ are selected to design the prototype. The critical 

capacitance of output-side capacitor Co is obtained as 

                                             
Po

C DTo crit ical SV VCo o
                                  (3.75) 

 The critical capacitance value of capacitor Co by considering the peak to peak 

voltage ripple of the capacitor, i.e., 4 V is calculated as follows: 

                              
500 0.67

2.1
400 4 100

W
C Fo critical V V kHz                      (3.76) 

 The voltage rating of the capacitor Co must be greater than output voltage i.e., 

400 V. Therefore, a film-type capacitor with rating 2.2 μF/450 V (rCo = 4 mΩ) is 

selected to design the prototype. 
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3.8.2 Design and Selection of Semiconductor Devices 

 The voltage stresses across switches S1 and S2 are obtained as 

                                  ,1 2
2 2

V V V Vo i o i
V VS Sstress stress                     (3.77) 

 The minimum voltage ratings of the switches S1 and S2 are calculated as follows: 

                        
400 100 400 100

150 , 2501 22 2

V V V V
V V V VS S         (3.78) 

 The current rating of selected switches S1 and S2 must be greater than the input 

current. Therefore, FDP19N40-ND MOSFET (rs = 200m Ω) and FDP18N20-ND 

MOSFET (rs = 140 mΩ) are selected. 

 The peak inverse voltage (PIV) ratings of diodes D1, D2, and Do are calculated 

as follows: 

                       , ,1 2
2

V Vi o
V V V V VD D Doi oPIV PIV PIV             (3.79) 

 For the given parameters, the minimum PIV ratings of diodes D1, D2, and Do 

are calculated as follows: 

                        

100 400
250 , 1001 22

400

V V V VD DPIV PIV

V VDo PIV

           (3.80) 

 The current rating of selected diodes D1, D2, and Do must be greater than the 

input current. Therefore, diodes DPG10I400PM (400 V/10 A, rD = 19.8mΩ, VFD = 0.77 

V) and C3D10060AND (600 V/14 A, rD = 55.2 mΩ, VFD = 0.91 V) are selected. 

3.9 Simulation Results and Discussion 

 The proposed mSIBC converter topology is devised for 500W power, an output 

voltage of 400V, and an input voltage of 100V. Initially, the design and circuitry of 

proposed converter is validated through simulation. The obtained voltage and current 
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waveforms across/through each component is shown in Fig. 3.11(a)-(b), respectively. 

The obtained waveforms are matched with the typical waveforms discussed in Section 

3.2. The average input current drawn by the proposed converter is nearly equal to 5A. 

However, the output current and both inductor's L1 and L2 currents are nearly equal to 

the 1.25A and 3A respectively as shown in Fig. 3.11(b). Fig. 3.11(a) displays the input 

voltage (100V), output voltage (400V), and diodes D1 (150V), D2 (100V) and Do 

(400V) voltages waveforms for the proposed converter. It is noteworthy that the voltage 

across switches S1 and S2 are 150V and 250V, respectively when the output voltage is 

400V.  

                

                                             (a)                                                    (b) 

Figure 3.11. Simulation results, (a) voltage waveforms, (b) current waveforms. 

3.10 Controller Design 

 The transfer function between the output voltage and duty cycle for the designed 

values as shown in (3.7) – (3.17), is obtained as 
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ˆ ( ) 0.02734 1250

5 8 2ˆ 1 2.73 10 1.92 10( )

v S So

S Sd S
                        (3.81) 

 The Bode plot for the open-loop transfer function is shown in Fig. 3.12(a). It is 

observed that the converter is inherently unstable. In order to operate the converter in 

closed loop, the open-loop transfer function is given with the proportional–integral 

controller, and the stability is analyzed using the Bode plot. The tuning of the controller 

is done with the help of the SISO toolbox. The controller is realized using the following 

controller transfer function: 

                                       

6( ) (1 4 )(1 3.3 10 )

1 0.0012 0.02734 1250( )

C S S S

S SE S
                     (3.82) 

 The stability of the system increases due to the placement of zero and poles at 

the left side of the S plane. The closed-loop transfer function Bode plot is shown in Fig. 

3.12(b), and it can be concluded that the system is stable at 100 kHz with phase margin 

64º and infinite gain margin. The tuned system with controller operates at the desired 

point with enough phase margin (PM) and infinite gain margin (GM) at the desired 

frequency (100 kHz) of operation. The control scheme is designed with the help of 

FPGA, as shown in Fig. 3.12(c). The lower and upper saturation limits (0.2–0.9 duty 

cycle) are set to incorporate the physical restriction of the converter. PMODAD1 (12 

Bit, 2 channel) analog-to-digital converter is used for the sensing load voltage signal. 

Sensing capability of 1 Mega samples for the 12-bit converter and Sallen Key filter 

with poles set to 500 kHz avoid any aliasing effect. The step size of 100 ns is selected 

for FPGA to achieve at least 100 steps in each switching period of 10 μs. The control 

gate pulses of switching frequency 100 kHz are generated and fed via driver GDX 

4A2S1 to control switches S1 and S2. 
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                                    (a)                                                                      (b) 

  

            (c) 

Figure 3.12. Control Scheme. (a) Bode plot in open loop. (b) Bode plot in closed loop. 

(c) Controller blocks. 

3.11 Hardware Implementation, Experimental Results, and Discussion 

 The performance and functionality of the proposed converter are tested 

experimentally. The prototype of the mSIBC is implemented in the laboratory to 

validate the theoretical analysis and performance of the converter. The designed 

prototype is shown in Fig. 3.13. 
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Figure 3.13. Designed 500 W mSIBC prototype. 

The obtained waveforms of output and input voltages and output and input 

currents are shown in Fig. 3.14(a). The observed average values of output voltage, input 

voltage, output current, and input current are 401.9 V, 100.1 V, 1.24 A, and 5.13 A, 

respectively. It is observed that input current is continuous, and the slope of the input 

current in ON-state and OFF-state is increasing and decreasing due to magnetizing and 

demagnetizing of both inductors L1 and L2, respectively. The obtained waveforms of 

voltage and current across/through inductors L1 and L2 are shown in Fig. 3.14(b). It is 

observed that both the inductors are magnetizing in ON-state with an input voltage of 

99.8 V (approx.), and both the inductors L1 and L2 are demagnetizing in OFF-state with 

a voltage −151.3 V approximately. The observed average value of current through 

inductors L1 and L2 are 3.17 A and 3.19 A, respectively. In practice, the average value 

of voltage across inductors L1 and L2 is 0.57 V and 0.43 V, respectively. The obtained 

waveforms of voltage across switches S1 and S2 and diode Do are shown in Fig. 3.14(c), 

and inductor L2 current waveform is also shown for reference and validation purpose. 

It is observed that both switches are turned-ON and -OFF simultaneously. The average 
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and peak values of voltage across switches S1 and S2 are 56.9 V and 94.46 V, 151.3 V 

and 251.2V, respectively. Therefore, it is notable that the voltage stress for both 

switches S1 and S2 is lower than the output voltage. It is observed that the diode Do is 

forward biased when switches conducted. The average value of voltage across diodes 

Do is −249.1 V and PIV is −402.1 V. The waveform of current through switches S1 and 

S2 is observed and shown in Fig. 3.14(d); where the voltage across switch S1, current 

through inductor L2, and input current are also shown for reference and validation 

purposes. The average currents through switches S1 and S2 are 1.62 A and 3.10 A, 

respectively. In ON-state, it is observed that the slope of current through switch S1 is 

equal to the slope of inductor L2 current; and the slope of current through switch S2 is 

equal to the slope of input current. The obtained waveform of voltage and current 

across/through diodes D1 and D2 is shown in Fig. 3.14(e), and inductor L2 and input 

currents waveforms are also shown for reference and validation purposes. It is observed 

that diodes D1 and D2 are forward and reversed biased in ON and OFF states, 

respectively. The average value of voltage across diodes D1 is −57.91 V and PIV is 

−150.3 V. The average value of voltage across diodes D2 is −61.03 V and PIV is −99.8 

V. The average value of currents through diodes D1 and D2 are 1.62 A and 2.57 A, 

respectively. In ON-state, it is observed that the slope of current through diode D1 is 

equal to the slope of inductor L2 current, and in OFF state, the slope of current through 

diode D2 is equal to the slope of inductor L2 current, which are expected. 
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                     (a)                                       (b)                                           (c) 

          

                                       (d)                                                 (e) 

Figure 3.14. Experimental results. (a) Bottom to top: output current, input current, input 

voltage, and output voltage. (b) Bottom to top: inductor L1 current and voltage, inductor 

L2 current and voltage. (c) Bottom to top: diode Do voltage, inductor L2 current, and 

switches S2 and S1 voltage. (d) Bottom to Top: switches S1 and S2 currents, input current, 

inductor L2 current, and switches S1 voltage. (e) Bottom to Top: diode D1 and D2 

currents and inductor L2 current, input current, diodes D1 and D2 voltage.  

In order to test the performance of the designed converter in the DCM mode, 

the converter operates at low power (40 W) by connecting to 1-kΩ resistive load and 

output voltage reference is set to 200 V. The obtained input voltage and current and 

output voltage and current are shown in Fig. 3.15(a). In the presented waveforms, the 

OFF mode is split into two parts: mode II and mode III, i.e., DCM. It is observed that 

the input current is nonzero in mode II and zero in mode III, which confirms that the 

converter operates in DCM mode. It is observed that 200.7 V output voltage is achieved, 

and the input current is zero in mode III. The performance of the converter is also tested 

with an unequal inductance (L1 = 700 μH, L2= 450 μH), and output voltage reference is 
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set at 400 V. The obtained waveform of current through inductor L1 and L2 currents and 

voltage across diodes D1 and D2 are shown in Fig. 3.15(b). One switching period is split 

into three modes. It is observed that in mode I, the current through inductor L2 is higher 

than the current through L1. In mode II, the current through inductor L2 is decreased 

with a higher rate than the current through inductor L1. In mode III, the currents through 

inductors L1 and L2 are equal. It is investigated that the average current through inductor 

L2 is a little higher (0.6 A) than L1, which is expected since L1 > L2. It is also investigated 

that the diodes D1 and D2 are forward biased in Mode II. 

                       

                             (a)                                                                          (b) 

Figure 3.15. Experimental results. (a) Bottom to Top: input voltage, input current, 

output current, output voltage in DCM. (b) Bottom to top: diode D1 and D2 voltage and 

inductor L1 and L2 currents when L1>L2. 

In order to test the performance of the converter under a perturbed condition, 

the perturbation is introduced from load and source sides. Fig. 3.16(a) shows that 

constant 401.1 V is achieved at the load when the input voltage is constant i.e., 100 V, 

and load power decreased from 500 to 400 W and 400 to 320 W [i.e., A to B and B to 

C in Fig. 3.16(a)]. Fig. 3.16(b) shows that constant 401.2 V is achieved at the load when 

the input voltage is constant, i.e., 100 V and even when load power is increased from 

320 to 400 W and 400 to 500 W [i.e., A to B and B to C in Fig. 3.16(b)]. The zoomed 

waveform at P, Q, and R is shown in Fig. 3.16(a) and (b), and it is observed that duty 
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cycles in A, B, and C are the same; however, the magnitude of input and output current 

is changed accordingly to maintain power balance at the input and output side. Fig. 

3.16(c) shows that constant 400.9 V is achieved at the load when load power is constant, 

i.e., 500 W and input voltage decreased from 105 to 90 V and 90 to 85 V [i.e., A to B 

and B to C in Fig. 3.16(c)]. Fig. 3.16(d) shows that constant 400.7 V is achieved at the 

load when load power is constant, i.e., 500 W and input voltage is increased from 85 to 

90V and 90 to 105 V [i.e., A to B and B to C in Fig. 3.16(d)]. The zoomed waveforms 

at P and Q are shown in Fig. 3.16(c) and (d), and it is observed that the duty cycle is 

adjusted according to the input voltage to maintain the constant output voltage. 

Moreover, it is also observed that there is no change in output current even input current 

changed according to the input voltage. In order to investigate the dynamics of the 

converter in the initial starting condition, the load power and input voltage is set at 500 

W and 100 V, respectively, and the converter is suddenly turned ON from OFF (rest) 

mode [A to B in Fig. 3.16(e)]. The observed waveforms are shown in Fig. 3.16(e). It is 

investigated that the steady state 401.7 V is achieved at the output and the settling time 

of the converter is approx. 0.12 s.  

The performance of the converter is investigated at various power levels to 

investigate the efficiency of the designed prototype. The plot of efficiency versus power 

and loss distribution at 500W is shown in Fig. 3.17. It is found that most of the power 

loss takes place in the diodes. At power 500 W, the efficiency of the designed prototype 

is 97.17%. 

               

                               (a)                                                                       (b) 
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                       (c)                                              (d)                                          (e) 

Figure 3.16. Experimental results (input and output voltages, input and output currents) 

of the proposed converter with perturbation. (a) When load power decreased. (b) When 

load power increased. (c) When input voltage decreased. (d) When input voltage 

increased. (e) Initial starting condition.  

                       

                                 (a)                                                                     (b) 

Figure 3.17. Experimental test plots. (a) Efficiency versus power. (b) Loss distribution 

at 500 W. 

3.12 Comparison of different topologies 

 Recently numerous converters are proposed to achieve high output voltage with 

additional boosting techniques. In this section, the proposed converter is compared with 

recently suggested converters whose voltage gain is equal to the proposed converter. 

The detailed comparison in terms of number of components, voltage and current 

stresses, efficiency, etc., is shown in Table 3.2. 

 The total number of components required for the classical SIBC [see Fig. 3.1(a)] 

[122] and suggested converters in [148] and [47] are 8, 6, and 8, respectively. It is 

observed that the total requirement of components for the proposed mSIBC is the same 
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as SIBC and suggested converter in [47]. In converters presented in [148] and [47], 

input and outputs are not at common ground, thus these converters are suitable only for 

floating loads. The efficiency of the converters is dependent on several factors, e.g., 

total number of components, voltage and current ratings, and their types. The plot of 

normalized voltage stress across switches and diodes is shown in Fig. 3.18(a) and (b), 

respectively. In Fig. 3.18(a) and (b), converters are also compared in terms of total 

voltage stress across switches and diodes, respectively. The total voltage stress across 

semiconductor devices ( TSV ) is the sum of total voltage stresses across diode and 

switches, the total current stress for semiconductor devices ( TSC ) is the sum of total 

current stresses of diode and switches. The comparison plot of total voltage and current 

stress for converters is shown in Fig. 3.18(c) and (d), respectively. The relation between 

total voltage and current stress for converters is as follows: 
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 Notably, the cost of the components is increasing in a parabolic way with 

components ratings, i.e., high rating, higher cost, and high ON-state resistance The total 

voltage and current stress per components is calculated as follows: 
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 The comparison plots of total voltage and current stress per semiconductor 

devices of converters are shown in Fig. 3.18(c) and (d), respectively. 

 

                       

                              (a)                                                                            (b) 

                       

                              (c)                                                                          (d) 

Figure 3.18. Comparison, (a) Switch voltages versus duty cycle, (b) Diode voltages 

versus duty cycle, (c) T /V , T /NVSV SVi i  versus voltage gain (d) T /I , T /NISC SC oo
   

versus voltage gain. Note: A represents SIBC [122], B represents converter [148], C 

represents converter [47], D represents proposed converter. (In general X(Z) mean 

voltage stress across Z of converter X , and , DSX X  are total voltage stress across 

switches and diodes for converter X).
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Table 3.2. Comparison of Converters (Note: M = voltage gain, a = M-1, b = M+1, P = 1-D1-D2.) 
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D
io

d
e 

V
o
lt

ag
e 

RMS 

2/1,3 2

2/ ,
2

/

,
aVo

V bD M

Vo
V a

D M

V V a boDo







 
1M

Vo M

a 
 

 2

1 1 2

D

V Mo

D D

b

  

 
 
 
 
 

 

 

2
V Vo1,2 2

Vo

,
a

D M

V
Do

b

a

b





 

 

 

Peak 

 

 

 

 

aVo
V ,1,3 2

Vo
,

2

Vo

D M

V
D M

V
Do







 

Vo /b M  Vo  

 

V aV / 2 ,o1,2

Vo

MD

V
Do




 

Avg. 
V aV / ,o1 3

V /o

MbD

V a b
Do




 /Voa M    /1 2M MD DV M

o
   

 

V aV / 2 ,o1,2

V /o

MD

V a b
Do




 

 

 

 



 

67 

S
w

it
ch

 C
u
rr

en
t 

RMS 
23 3

12

12

Va a i
Ii

Lfb b


    
     
     

 

3

1,2 23

2

4

2 3

a Ii

b
I
S

Va i

Lfb





 
 
 

  
   
   

 

 

23 2
1

1,2 4 12

2
13 2

23 448

Va I iiI
S Lfb

Vi
I D IiS Lf

 

 

 
       

    
 

 
  
 

  
 

 

 

23 2
1

1 4 12

23
12

2 12

Va I iiI
S Lfb

Va i
I IiS Lfb

 

 

 
       

    
 

 
       

    
 

 

 

Peak 

 

 

 2

a Vi
Ii Lfb

   1,2 2 2

a I Vi i
I
S b Lf

   

1 1
1,2 2 2

2
3 2 4

,
I D V Di i

I
S Lf

V Di
I I DiS Lf

 

 

 

1 2

2 2

,
2

V Di
I
S Lf

V Di
I I DiS Lf

I Di
 

 

 

Avg. /I a b
i  

/ 2
1,2

I I a biS
  

/ 2,11,2

3 2

I I DiS

I I DiS




 

/ ,
2

/ 2
1

I I a biS

I I biS
a




 

Converter SIBC [122] Converter in [148] Converter in [47] Proposed Converter (D) 

In
d
u
ct

o
r 

C
u
rr

en
t RMS 

22
1

2 124

2 V Db i
Ii

LfM


 
 
 

 

22
1

2 124

2 Vb i
Ii

LfM

D


 
 
 

 

 

  

2
2

2
4

2
21 1 2

48

b
Ii

M

V D Di

Lf




 

22
12

2 124

V Db i
Ii

LfM


 
 
 

 

 

Peak 

 

 
22

aVi

Lfb

bIi

M
  22

aVi

Lfb

bIi

M
  

 2 1 2

2 4

V D Da i

M Lf

Ii 
  22

aVi

Lfb

bIi

M
  

Avg. / 2Iib M  / 2Iib M  / 2Iib M  / 2Iib M  



 

68 

Converter SIBC [122] Converter in [148] Converter in [47] Proposed Converter (D) 

D
io

d
es

 C
u
rr

en
t 

RMS 

 

 

 

22

1,3 4 2 3

2
1 8 12

2, 24

a a I Vi i
I
D b b Lf

V ao
I IiD o b b M Lf

 

 

 
 
 

 

 

2
1

2 12

Vb i
Ii

LfM

D


 
 
 

  
  

2
2

4

3

3

V Vi o
Ii

Lf

p
p


  

 

 

22

1 4 2 3

2
1 8 12

2, 24

a a I Vi i
I
D b b Lf

V ao
I IiD o b b M Lf

 

 

 
 
 

 

 

Peak 

 

 

 

 

1,3 2 2

2

2, 4

,
aI Vi i

I
D b bLf

V VI i oi
I
D o b Lfb

a

a

 


 

 

 

22

aVi

Lfb

bIi

M
  

 
4

V Vi o
Ii Lf

p
p


   

1 2 2

2

2, 4

,
I a V ai i

I
D b Lbf

V V aI i oi
I
D o b Lfb

 


 

 

Avg. 

 

/ 2 ,
1,3

/ 2
2,

I I a biD

I I biD o




 

 

2 /Ii b  Ii P  

/ 2 ,
1

/ 2
2,

I I a biD

I I biD o



  

Efficiency 95.2% 92.7% 93.1% 97.1% 



 

69 

Based on the relations (3.85) and (3.86), on an average, the proposed converter 

required lower rating components, and hence, the total cost of the converter is less than 

classical SIBC and converters presented in [148] and [47]. The proposed mSIBC 

configuration is transformer-less and simply derived by replacing one diode of the SI 

network of classical SIBC with an active switch. As a result, the total output voltage is 

distributed among the two active switches. Therefore, low-voltage rating switches can 

be employed to design the power circuit of the proposed mSIBC configuration. In 

general, the ON-state resistance of any devices increases with their ratings. It is 

analyzed that the proposed converter required lower rating components. The 

efficiencies of the classical SIBC and suggested converter in [148], and [47] are 95.2%, 

92.7%, and 93.1%, respectively, and the proposed converter efficiency is 97.17%. 

Therefore, the proposed converter provides higher efficiency compared with SI 

converter and converters presented in [148] and [47]. The total switching losses of 

classical SIBC [see Fig. 3.1(a)] and proposed mSIBC [see Fig. 3.1(b)] are obtained as 

follows: 

                                  1 2 3
SIBC

P E E E E E fsDoSw S D D D                            (3.87) 

                                  1 2 1 2
mSIBC

P E E E E E fsDoSw S S D D                        (3.88) 

Where E is energy loss during switching, and its subscript defines the 

components. The difference between switching losses of the proposed mSIBC and 

classical SIBC is obtained as follows: 
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 Where Eon and Eoff define the turn ON and OFF energy losses, respectively. By 

solving (3.89) 
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 Where tr and tf are rise time and fall time, respectively. Using (3.90), the final 

difference in the switching losses is obtained as 

                     
1

0
3
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MmSIBC SIBC
P P V I D t t f E fo i r sSw Sw Sf D

M


             (3.91)                                                       

 The solution of (3.91) is always negative. Therefore, it can be concluded that 

the switching losses in mSIBC are lesser than classical SIBC. It is also notable that the 

proposed converter switches are simultaneously turned ON and OFF and arranged in 

half-bridge structure, as a result, a single half-bride driver module is suitable to drive 

switches. Hence, no additional driver is required to control switches of the proposed 

converter. It is observed that the mSIBC provides a viable solution to achieve given 

voltage gain with reduced voltage stress, low cost, and higher efficiency. 

3.13 Summary 

 In this chapter, the mSIBC with reduced voltage stress across switches was 

presented. The voltage gain of the mSIBC is higher than the classical boost converter 

and equal to the classical SI boost converter. Compared with the classical SIBC, the 

proposed converter requires lesser number of diodes and voltage stress across switches 

is low compared with the output voltage. Therefore, the requirement of high-voltage 

rating active switches is eliminated. Furthermore, the cost of the converter can be 

reduced due to the utilization of lower rating active switches and the elimination of one 

diode. The detailed CCM and DCM operating principle, voltage gain, boundary 

conditions, and effect of non-idealities were discussed. The proposed converter was 

compared with a similar converter and found that the proposed converter provides a 

viable solution to achieve higher voltage gain with low-voltage rating switches. The 
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experimental results were presented, which validated the theoretical analysis and 

functionality, and the efficiency of the designed converter was 97.17%. 
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CHAPTER 4: TRANSFORMER-LESS BOOST CONVERTER (TBC) WITH 

REDUCED VOLTAGE STRESS 

4.1 Introduction 

 In this chapter, a new Transformer-less Boost Converter (TBC) is presented 

which is proposed to achieve high step-up voltage with a reduced voltage across 

switches. The proposed topology has the advantage of providing a high voltage gain, 

the low voltage stress on the active switches, simplified control, and high efficiency. 

The structure is derived by modifying the classical Switched Inductor Boost Converter 

(SIBC) by replacing two of the diodes with a capacitor and a control switch, which 

results in a total output voltage equally shared by the two switches. Thus, the proposed 

converter needs a lesser number of diodes than the conventional SIBC, where the two 

active switches equally share the total output voltage and thereby reducing the voltage 

stress across the switches to half. Hence, low voltage rating switches can be used to 

design the proposed TBC structure. Also, a higher voltage gain is achieved using TBC 

without increasing the number of components of the existing SIBC. Furthermore, the 

proposed converter provides the common ground connection of source and load. The 

detailed analysis, effect of non-idealities, design, and comparison are presented. The 

experimental results of the proposed TBC are presented to validate its functionality and 

theoretical analysis. 

4.2 Power Circuit Topology 

 A higher voltage conversion ratio than the conventional boost converter can be 

obtained by using the classical SIBC [152], in which additional switched inductor 

circuitry is incorporated. However, the voltage stress across the switches is significantly 

increased with a voltage gain, which in turn leads to developing the total output voltage 

across the switch. In transformer-less active switched inductor converter [122], two 
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switches are employed and the voltage stress across switches is reduced. However, the 

converter is suitable only for floating loads. To overcome these drawbacks 

Transformer-less Boost Converter (TBC) is proposed and the circuitry is shown in Fig. 

4.1. In proposed TBC, voltage stress across the switches is reduced and higher voltage 

gain is achieved. The circuitry is derived by modifying the power circuitry of the 

classical SIBC without increasing the number of components. The circuitry of proposed 

TBC comprises of two control switches Sa and Sb, two diodes Da and Db, two inductors 

La and Lb with equal inductance rating (L), two capacitors Ca and Cb, and load R. The 

intermediate diodes of the classical SIBC are replaced by capacitor and control switch. 

The proposed TBC follows the principle of parallel charging of reactive components 

and series discharging of reactive components. Therefore, in ON state, two inductors 

and a capacitor are charged in parallel; and in OFF state, discharged in series to charge 

the load side capacitor and to provide energy to load. 

 

Figure 4.1. The Power circuit of the proposed Transformer-less Boost Converter (TBC). 

 In proposed TBC, the total output voltage is equally shared by the two active 

switches and hence reducing the voltage stress across the switches to half. Therefore, 

the power circuitry of the proposed TBC can be designed by using switches with a low 

voltage rating. It is important to note that the total number of components in TBC is the 

same as the classical SIBC converter and a higher voltage gain is achieved. For the 

proposed circuit, 
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                                               L L La b                                                           (4.1) 

 To study Continuous Conduction Mode (CCM) and Discontinuous Conduction 

Mode (DCM) characteristics, all the circuit components are considered to be ideal by 

neglecting the voltage drop across semiconductor devices or inductors due to internal 

resistance and having a capacitor that is too large to produce a constant voltage. Fig. 

4.2(a)-(b) shows the typical TBC characteristics waveforms for CCM and DCM modes, 

respectively; where time to to tA is the time period for mode I (i.e. ON time).  

                 

                                        (a)                                                   (b) 

Figure 4.2. Characteristics waveform of proposed TBC (a) CCM, (b) DCM. 
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4.3 Working Principle and Analysis in CCM 

 The CCM operation of the proposed TBC is split into two modes; first when 

both the switches Sa and Sb are in ON state and second when both the switches Sa and 

Sb are in OFF state. 

 1) Mode I (Time to-tA): Fig. 4.3(a) shows the equivalent circuit of TBC for mode 

I. In this mode, inductor Lb is charged by input supply (Vin) through switch Sb, inductor 

La is charged by input supply (Vin) through diode Da and switches Sa and Sb, capacitor 

Ca is charged by input supply (Vin) through diodes Da and switch Sb. It is worth to 

mention that the inductors La and Lb, and capacitor Ca are charged in parallel and the 

capacitor Cb is discharged through the load R. During this mode, diodes Da and Db are 

forward and reverse biased, respectively. The voltages across and currents through 

inductors and capacitors can be expressed as,  

 Table 4.1 briefly summarizes the Operating Principle in both CCM and DCM 

(*Ch.: Chraged, D/Ch.: Discharged, ZC: Zero current, FB: Forward Biased, RB: 

Reversed Biased). 

Table 4.1. Operating Principle in CCM and DCM 

Operating 

Modes 

Time  

Switches Inductors Capacitors Diodes 

Sa Sb La Lb Ca Cb Da Db 

C
C

M
 Mode I 

TON 

(t0–tA) 
ON ON 

Ch. in 

parallel 

Ch. in 

parallel 

Ch. in 

parallel 
D/Ch. FB RB 

Mode II 
TOFF 

(tA–tB) 
OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

Ch. RB FB 

D
C

M
 

Mode I 
d1T 

(t0–tA) 
ON ON 

Ch. in 

parallel 

Ch. in 

parallel 

Ch. in 

parallel 
D/Ch. FB RB 

Mode II 
d2T 

(tA–tB)  
OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

Ch. RB FB 

Mode III 
d3T 

(tB–tC) 
OFF OFF ZC ZC ZC D/Ch. RB RB 
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                                ,  
I I I I

v v v V V V
L La Lb in Cb out                             (4.2) 

                     ,  

V
I I I I I out

i i i i i i
in La Lb Ca Cb out

R
                (4.3) 

 Where superscript represents the mode I and subscript represent the component. 

 2) Mode II (Time tA-tB): Fig. 4.3(b) shows the equivalent circuit of TBC for 

mode II. In this mode, both the inductors La, Lb, and the capacitor Ca are discharged in 

series with the input voltage Vin; energy is supplied to the load R and capacitor Cb 

through the diode Db. In this mode, diodes Da and Db are reversed and forward biased, 

respectively. The voltages across and currents through inductors and capacitors can be 

expressed as, 

                      ,  

2

V
II II II IIout

v v v V V V
L La Lb in Cb out                         (4.4) 

                         ,

V
II II II II II II out

i i i i i i
L La Lb in Cb L

R
                         (4.5) 

 Where superscript represents the mode II and subscript represents the 

component. Using inductor volt second balance principle, the voltage gain of TBC is 

expressed as, 

                                              

2

1

V
outV

G CCM V d
in

                                       (4.6) 

 Where the voltage gain and duty cycle is represented by VG, and d, respectively. 

Equation (4.6) validates that the voltage gain of TBC is higher than the classical SIBC 

and transformer-less active switched inductor converter. 
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                          (a)                                                                           (b) 

Figure 4.3. Equivalent power circuitry, (a) Mode I (to-tA), (b) Mode II (tA-tB). 

4.4 Effect of Unequal Inductances on Voltage Gain in CCM 

 The operation of the proposed converter depends on the values of the inductors 

La and Lb. Hence, the currents through inductors La and Lb depend on the values of La 

and Lb. The characteristics waveform of the inductors La and Lb currents are shown in 

Fig. 4.4(a) below. In this case, the converter operates in three modes as follows,  

 1) Mode I (time t0 to tA): In this mode, switches Sa and Sb are turned ON and 

equivalent circuitry is the same as mode I of CCM. The input current iin is the sum of 

inductor currents and the current through the capacitor Ca i.e. iin=iLa+iLb+iCa. The slope 

of the inductors La and Lb currents can be obtained as follows, 

                                   ,
a

a b

d id i LbL

dt dt

v vin in

L L                                           (4.7) 

 In this mode, the current through inductor Lb is larger than the current through 

inductor La since Lb<La.  

2) Mode II (time tA to tB): This mode occurs for a small-time duration (yTs as 

shown in Fig. 4.4(a)) when switches Sa and Sb are just turned OFF. The equivalent 

circuitry is shown in Fig. 4.4(b), where diode Da is forward biased. During this mode, 

the current through inductor La increases with a positive slope and the current through 

inductor Lb decreases with a large negative slope. The value of current through inductor 

Lb is larger than the current through inductor La. Also, the input current iin is equal to 
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inductor Lb current i.e. iin=iLb and the resultant current through diode Da is the 

subtraction of inductors Lb and La currents i.e. iLb-iLa. The slope of the inductors La and 

Lb currents are obtained as follows, 

                            ,
Ca

a a b

d i d iv v v vLa Lbin in out

dt L L dt L                             (4.8) 

 This mode ends as soon as the currents through inductor La and Lb are equal, 

and circuitry operates in mode III. 

                

                                   (a)                                                                  (b) 

Figure 4.4. When La > Lb (a) inductor currents, and (b) Mode II. 

3) Mode III (time tB to tC): In this mode, switches Sa and Sb are turned OFF and 

equivalent circuitry is the same as CCM mode II. In this case, input current and the 

current through inductor Lb and La are equal i.e. iin=iLa=iLb. The voltage across inductor 

La and Lb can be obtained as follows, 

                          

2 2
,

d i d iv v v vLa Lbin out in out

dt L L dt L La b a b
                           (4.9) 

 Using small approximation and inductor volt second balance, 

               

2
 ( ) ( ) (1 ) 0 a a

a b

v vin out
For L v d v y L d yin in L L      (4.10) 

                

2
 ( ) (1 ) 0b

v vin out
For L v d v v y L d yin in outb L La b

        (4.11) 
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 Solving (4.10)-(4.11), the voltage gain of TBC is obtained as, 

                                           / 2 / 1b
a

v v dout in L L                                   (4.12) 

 Similarly, one can easily understand the modes of the converter when 

inductance La is smaller than the value of inductance Lb and the voltage gain can be 

obtained as, 

                                            
/ 2 / 1b

a
v v dout in L L                                (4.13) 

 Therefore, in the case of unequal inductances, the inductor average current is 

changed. However, voltage gain is still the same i.e. 2/(1-d). 

4.5 Working and Analysis in DCM 

 The DCM operation of the proposed TBC is split into three modes; first when 

switches Sa and Sb are in ON state, second when switches Sa and Sb are in OFF state 

with non-zero inductor currents, and third when switches Sa and Sb are in OFF state 

with zero inductor currents. Let’s consider that, at time tB the inductor current reaches 

to zero value as indicated in Fig. 4.2(b). In a particular DCM characteristics (Fig. 

4.2(b)), d1T is mode I time period (i.e. time to-tA), d2T (i.e. time tA-tB) is mode II time 

period, and d3T (i.e. time tB-tC) is mode III time period.  

1) Mode I (Time to-tA): The working of TBC and its equivalent circuit in this 

mode is the same as mode I of CCM. Consequently, during this mode, inductors La and 

Lb and the capacitor Ca are charged in parallel by the input voltage Vin. At the beginning 

of this mode (at the time to or to+T), the current through both the inductors La and Lb 

started from level zero and reached to the level of maximum current in the end. The 

maximum current through inductors La and Lb, and the capacitor Ca can be expressed 

as, 



 

80 

                           

1
1,max ,max ,max

I I I
V d TI I I inL La Lb

L
                  (4.14) 

 The maximum currents through the inductors La and Lb in mode I are ILa,max
I and 

ILb,max
I, respectively, where superscript denotes the mode I. The current ripples through 

the inductors La and Lb can be expressed as, 

                                 

1
1V d TI I I iL La Lb

L
                                (4.15) 

 Where, the current ripples through the inductors La and Lb are ΔILa and ΔILb, 

respectively. 

2) Mode II (Time tA-tB): During this mode, the working of TBC and its 

equivalent circuit is the same as mode II of CCM. Consequently, during this mode, 

inductors La and Lb, and the capacitor Ca are discharged in series with input voltage Vin 

to provide energy to capacitor Cb and load R. In the beginning of this mode (at time tA 

or tA+T), the current through both the inductors La and Lb started from the level of 

maximum current and reached to level zero in the end (at time tB or tB+T). Another 

expression for maximum current through inductors La and Lb can be obtained as, 

            
2 2

,max ,max ,max
2

V d T V d TII II II out in
I I I
L La Lb

L L
             (4.16) 

 The maximum currents through the inductors La and Lb in mode II are ILa,max
II 

and ILb,max
II, respectively, where superscript denotes the mode II. The current ripples 

through the inductors La and Lb can be expressed as, 

                        
2 2

2

V d T V d Tout in
I I I
L La Lb

L L
                        (4.17) 

3) Mode III (Time tB-tC): Fig. 4.5 shows the equivalent circuit for this mode. 

During this mode, switches Sa and Sb are turned OFF, and currents through inductors 
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La and Lb and capacitor Ca are zero. Consequently, the energies in the inductors La and 

Lb are zero. Throughout this mode, both the diodes Da and Db are reversed biased and 

capacitor Cb is discharged through load R. The time period of mode II i.e. d2T i.e. time 

tA-tB can be expressed as follows by using the equations (4.8) and (4.10), 

                            2  2
2 1 2 12 2

V T Vin in
d T d d d

V V V Vout in out in
           (4.18) 

 

Figure 4.5. DCM Equivalent power circuitry (tB-tC). 

 It is well known that, 

                                                       1
1 2 3

d d d                                        (4.19) 

The time period for mode III can be expressed as follows by using (4.11) and 

(4.12), 

                      

21 111
3 2 2

T V VdV d out inout
d T T

V V V Vout in out in
                     (4.20) 

 

 With the use of geometry in Fig. 4.2(b) on the current waveform of the capacitor 

Cb, the average current through capacitor Cb can be expressed as, 

                       
,max 2 ,max 2

2 2

I d I d VL L out
I IoutCb

R
                 (4.21) 

 Using equations (4.14), (4.20), and (4.21), 



 

82 

                                          

2 2
1

2

VV d T outin
I
Cb L V Vout in R

                                    (4.22) 

 Since any capacitor average current is always zero under steady-state condition, 

equation (4.22) can now be expressed as, 

                                                    

2 2
1

2

VV d T outin

L V Vout in R
                                   (4.23) 

 Using (4.23), 

                                                  

2 2
2 1

0
dV Vout out

V Vin in L
                         (4.24) 

 The normalized time constant for inductors La and Lb is L, which is equal to 

L/TR. Therefore, L varies with the variation in the values of L, T, and R. The voltage 

gain of TBC in DCM ( VG DCM ) can be obtained as, 

                        

1/21/2 22
111 1 1

d RV dout LVG DCM
V L Lfin

            (4.25) 

 Where f is the switching frequency. If the proposed TBC is working at the 

boundary of CCM and DCM, the voltage gain of CCM and DCM operations will be the 

same. Hence, by using equations (4.6) and (4.25), 

                                                

1/22
21

1 1
1

d R

dLfs
                                   (4.26) 

 The mode I for CCM and DCM is the same i.e. d=d1. Hence, the normalized 

boundary time constant (L-B) for inductors La and Lb can be obtained as, 
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2
1 2

4

d d d

L B                                    (4.27) 

 The plot of L-B versus d is shown in Fig. 4.6 with DCM and CCM boundary 

regions. The proposed TBC operates in DCM at a value of L-B larger than L. 

 

Figure 4.6. Normalized boundary time constant versus duty cycle. 

4.6 Investigation of Impact of Non-idealities 

 The effects of non-idealities of different components and devices on the output 

voltage are studied by taking into account the non-idealities in the power circuit as 

depicted in Fig. 4.7. The resistance rL is the Equivalent Series Resistance (ESR) of 

inductors La and Lb. The resistance rS is the ON-state resistance of switches Sa and Sb. 

The resistance rd and voltage Vfd are the forward resistance and threshold voltage of 

diodes Da and Db. The ESR of the capacitors Ca and Cb is shown by resistance rc. 

 

Figure 4.7. The power circuit of TBC with non-idealities. 
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4.6.1 Effect of Inductors on Voltage Gain 

 The anomaly caused by non-idealities of switches Sa and Sb, diodes Da and Db, 

capacitor Ca and Cb are ignored (i.e. rS, rd, rc, and Vfd are neglected) to study the effect 

of ESR of inductors La and Lb. With this consideration, the voltages across inductors La 

and Lb in mode I and II are expressed as follows, 

                                  ,
I I

v V I r v V I r
La in La L Lb in Lb L                       (4.28) 

                              ,

2 2

V V
II IIout out

v V I r v V I r
La in La L Lb in Lb L     (4.29) 

By using (4.28) and (4.29), 

                                  2
I I

v v V I r I r
La Lb in La L Lb L                          (4.30) 

                                2
II II

v v V I r I r V
La Lb in La L Lb L out          (4.31) 

 Now applying small approximation and the principle of inductor volt-sec 

balance, 

            2 2 (1 )V I r I r V I r I r Vd d
in La L Lb L in La L Lb L out      (4.32)                                 

 The voltage gain of TBC configuration with consideration of the effect of ESR 

of inductors La and Lb can be obtained as, 

                                           

2

1

rL I ILa Lb
V Vout in

V din rL
                                   (4.33) 

 It is assumed that VdL is the voltage drop across each inductor due to ESR (i.e. 

ILarL and ILbrL are equal to VdL). Then, (4.33) is written as follows, 

                                    

12
22

1 1 1

VdL

V VVout dLin

V d d V din inrL
                     (4.34) 
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 From (4.33)-(4.34), it is clear that the voltage gain decreases significantly for 

greater values of VdL and d, which signifies that the inductors ESR (rL) and duty cycle 

(d) should not have a large value. 

4.6.2 Effect of ON-state Resistances of Switches on Voltage Gain 

 The anomaly caused by non-idealities of inductors La and Lb, diodes Da and Db, 

capacitors Ca and Cb are ignored (i.e. rL, rd, rc, and Vfd are neglected) to study the effect 

of ON-state resistances of switches. With this consideration, the voltages across 

inductors La and Lb in mode I and II are expressed as follows, 

                          ,
I I

I Iv V r v V I r
Sa SbLa in S Lb in Sb S             (4.35) 

                                        ,

2 2

V V
II IIout out

v V v V
La in Lb in                 (4.36) 

 By using (4.35) and (4.36), 

                                            22
I I

I Iv v V r
Sa SbLa Lb in S                  (4.37) 

                                                 2
II II

v v V V
La Lb in out                          (4.38) 

 Now applying small approximation and the principle of inductor volt-sec 

balance, 

                      2 22 1I I V VV r d dSa Sb in outin S        (4.39) 

 The voltage gain of TBC configuration with consideration of the effect of ON-

state resistance of switches Sa and Sb can be obtained as, 

                                       

22

1

r
S

I I d
Sa Sb

V V
out in

V din rS

                            (4.40) 
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 It is assumed that Vds is the voltage drops due to ON-state resistance of switches 

Sa and Sb (i.e. ISarS and ISbrS are equal to VdS). Therefore, (4.40) is now expressed as 

follows, 

                                    

3
2

32

1 1 1

VdS
d

V V V dout in dS

V Vd d din inrS

                (4.41) 

 From (4.40)-(4.41), it is clear that the voltage gain decreases significantly for 

greater values of VdS / Vin and d, which signifies that the ON-state resistance of switches 

should not have a large value. 

4.6.3 Effect of Diodes on Voltage Gain 

The anomaly caused by parasitic of inductors La and Lb, capacitors Ca and Cb, 

and switches Sa and Sb are ignored (i.e. rL, rC, and rS are neglected) to study the effect 

of diodes Da and Db. With this consideration, the voltages across inductors La and Lb in 

mode I and II are expressed as follows, 

                                  ,
I I

v V I r V v V
La in Da d fd Lb in                     (4.42) 

                                   
2

I r V V
Db d fd outII II

v v V
La Lb in                (4.43) 

 By using (4.42) and (4.43), 

                                          2
I I

v v V I r V
La Lb in Da d fd                  (4.44) 

                                         2
II II

v v V I r V V
La Lb in Db d fd out       (4.45) 

 Now applying small approximation and the principle of inductor volt-sec 

balance, 



 

87 

         2 2 1V I r V V I r V Vd din Da d fd in Db d fd out     (4.46)                        

 The voltage gain of TBC configuration with consideration of the effect of diodes 

Da and Db can be obtained as, 

                              

2 (1 )

1, 

V r rfd d dd I d IDa Db
V V V Vout in in in

V din r Vd fd
                (4.47) 

 It is assumed that Vd is the voltage drop due to forward resistance diodes (i.e. 

IDard and IDbrd are equal to Vd). Therefore, equation (4.47) is now expressed as follows, 

                               

1
2

2

1 1 1, 

V Vfd d V VV fd dVout in

V d d V din inr Vd fd
          (4.48) 

 From (4.47)-(4.48), it is clear that the voltage gain decreases significantly for 

greater values of Vd and d, which signifies that the forward resistance and the threshold 

voltage of diodes should not have a large value. 

4.6.4 Effect of Capacitors on Voltage Gain 

 

4.6.4.1 Effects of Intermediate Capacitor  

In ON mode, capacitor Ca is charged by input voltage source Vin. Let’s assume 

the voltage drop across resistance rC is VrC. In the OFF state, the capacitor Ca voltage 

should be dropped down by ΔVCa since it is discharged by the current iLa. Therefore, 

                             

t
v V Vr V V iin in LCa C Ca a

Ca
                         (4.49) 

 At the end of OFF mode, the voltage across the capacitor Ca is obtained as 

follows, 
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1 1T d
v V i dt V T iLin in LCa a a

C CdTa a
                     (4.50) 

 During OFF mode, the expression for current iLa can be expressed as, 

                                            
1

Iout
i I ioutL Cba

d
                                       (4.51) 

 By using (4.50) and (4.51), 

                                     

1

1

I Vd out out
v V T Vin inCa

C d fRCa a
                       (4.52) 

 It is well known that the inductor currents are increasing and decreasing in ON 

and OFF mode, respectively. By comparing ON and OFF mode ripples, 

                                         
1dT Td

V V vV Caout ininL La a
                    (4.53) 

 By considering (4.49), the equation (4.53) is re-written as, 

                                         
1

2
dT Td

V V VV Caout ininL La a
                  (4.54) 

 Using (4.52) - (4.54), the voltage gain is obtained as, 

                                          

2

1
11

1

Vin
V

out C t

d
RCd

a

                         (4.55) 

 Using (4.55), it is clear that the standard output voltage in mode II instant is 

                                                               

2

1

Vin
V

out
d

                                      (4.56) 

 Further, the output voltage is dropped and at the end of mode II, 
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2 2

1 1
11 1

V Vin inV
out Ca fRC

d d
fRC fRC

a

a a

          (4.57) 

 Thus, the voltage gain and output voltage drop can be unsurprising if the value 

of fRCa >>1 as, 

                                                  

2

1 1

V Vin out
V

out C
fRC fRCd a a

                     (4.58) 

 Using (4.57), the voltage gain can be estimated as, 

                                                     

2

1
11

V
out

Vin Ca d
fRC

a

                        (4.59) 

 This gives the proper selection of the value of the load, switching frequency, 

and capacitance Ca. 

4.6.4.2 Effects of Load Side Capacitor 

Let’s assume VrC is the voltage drop across resistance rC. In Mode I, the 

capacitor Cb is discharged through load R. Hence, the output voltage which is the 

voltage across capacitor Cb is decreased and the instantaneous output voltage can be 

formulated as, 

                                 
1

t t
v V Vr I Vout outCCb out RCbCb

            (4.60) 

 At the end of the mode I, the final change in output voltage (Δvout) can be 

expressed as, 

                                                          

d Vout
vout Cb f R Cb

                                     (4.61) 

 This signifies that the load resistance R, switching frequency f, and capacitance 
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Cb should be properly selected. 

4.6.4.3 Combined Effects of Capacitors 

The total output variation due to the combined effect caused by both capacitors 

Ca and Cb is as follows, 

                      

1 dVout
v v vout out outC C C Ca a C Cb b fR a b

    (4.62) 

4.7 The Efficiency of the converter 

 By considering the impact of anomaly caused by non-idealities of all the circuit 

components on voltage gain, the efficiency of the converter can be obtained as, 

                     

2 3
2

1
2

V V VV fd dV d rdL dS c
V

rV V V V cin in in in
TBC R d

P
SV Vout in

            (4.63) 

 Where PS is total switching loss in the switches, and it can be calculated as, 

                  

( ) ( )I V T T I V T TraSa Sa fa Sb Sb rb fb
P P P
S Sa Sb T

  

                (4.64) 

 Where PSa and PSb are switching losses of switches Sa and Sb, ISa and ISb are 

average currents through switches Sa and Sb, VSa and VSb are average voltages across 

switches Sa and Sb, Tra and Trb are rise time for switches Sa and Sb, Tfa and Tfb are fall 

time for switches Sa and Sb. 

4.8 Design of Circuit Parameters 

 To verify the working operation and performance of the proposed circuitry, a 

prototype of TBC configuration is developed in the laboratory. This prototype is 

developed by considering the parameters with a typical input voltage of 40 V, output 

power of 500 W, an output voltage of 400 V, and the switching frequency of 100 kHz. 
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4.8.1 Critical Inductances and Capacitances 

 The inductors and capacitors are designed with consideration of the worst-case 

scenario to obtain a good performance. Therefore, the required duty cycle is calculated 

by selecting the 90% worst efficiency (
worst ) as follows, 

                   2 2
1 1 82%0.90

90% 10

worst
d worst

VG CCM




    
             (4.65) 

 The inductors La and Lb critical inductance values can be obtained as, 

                            , , 40% of 

dT dT
L L V Va c in inb c I IL L

                            (4.66) 

 For the given parameters, the critical values are obtained as, 

                             
0.82

40 72.5 , , 4.5 100
L L Ha c b c A kHz                 (4.67) 

 The inductors La and Lb must possess a higher inductance and current rating 

than the obtained critical inductance values and input current, respectively. Hence, the 

prototype is designed by selecting the ferrite E type core inductors with a rating of 

1mH/18A. It is observed that at the instant when switches are turned ON, maximum 

current is flowing through capacitor Ca. Therefore, the critical capacitance of the 

capacitor Ca is obtained as follows, 

                              

) 12 .5 0 .18
11 .25

,
100 2

(1I d
in

C F
a c

f V kHz VCa
                         (4.68) 

 The capacitor Ca must possess a voltage rating higher than the input voltage i.e. 

40V. Hence, the prototype is designed by selecting a film type capacitor rated at 

22μF/100V. The critical capacitance capacitor Cb can be obtained as follows, 

                     
500

0 .82 2 .56, 400 100 4

Pout
C d Fb c V f V kHzCout b

          (4.69) 
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 The capacitor Cb must possess a voltage rating higher than the output voltage 

i.e. 400V. Hence, the prototype is designed by selecting a film type capacitor rated at 

3.3μF/450V. 

4.8.2 Critical Voltage and Current of Semiconductor Devices 

 The critical voltage rating for switches Sa and Sb can be obtained as follows, 

                        or  ,  or  , ,2 1 2 1
  

V V V Vout in out in
V VSa c Sb cd d

                      (4.70) 

 For the selected parameters, the switch voltage rating must be greater than 

200V. The switches Sa and Sb must possess a current rating higher than the input current 

i.e. ISa and ISb >Iin. Hence, to design the prototype, switches SQP90142E are selected. 

The critical voltage rating for diode Da is obtained as follows, 

                                           or  , 2 1
 

V Vout in
VDa c d

                                             (4.71) 

 The critical voltage rating for diode Db is obtained as follows, 

                                            
2

 or  , 1

Vin
V VoutDb c d

                                          (4.72) 

 For the selected parameters, the diodes Da and Db voltage rating must be greater 

than 200V and 400V, respectively. The diodes Da and Db must possess a current rating 

higher than the input current i.e. IDa and IDb >Iin. Hence, to design the prototype, diodes 

C3D10060A-ND and DPG10I400PM are selected. 

4.9 Simulation Results and Discussion 

 The theoretical characteristics waveforms represent the voltage and current 

behavior of the different circuit components. However, in practical or real conditions 

non-idealities in the circuit components does exist. Therefore, the experimental 

waveforms are slightly different than the theoretical waveforms. Some simulation 

results are shown below for the confirmation. Initially, the design and circuitry of the 
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proposed TBC is validated through simulation for a 500W power, an output voltage of 

400V, and an input voltage of 40V. The obtained voltage and current waveforms 

across/through each component is shown in Fig. 4.8(a)-(b), respectively. The obtained 

waveforms are matched with the typical waveforms discussed in Section 4.2. Fig. 4.8(a) 

displays the input voltage (40V), output voltage (400V), and diodes Da (200V) and Db 

(400V) voltages waveforms for the proposed converter. Both the inductors La and Lb 

are observed to be charging in ON-state with the average voltage value of 40V, and 

both the inductors La and Lb are discharging in OFF-state with the average voltage value 

of -150V. It is noteworthy that the voltage across each of the switches Sa and Sb is 200V 

when the output voltage is 400V. Voltage across capacitor Ca is around 39V i.e. 

approximately equal to the input voltage. The average input current drawn by the 

proposed converter is nearly equal to 13A. However, the output current is nearly equal 

to the 1.25A as shown in Fig. 4.8(b). The average current through diode Da is 5A. The 

average values of the observed currents through the inductors La and Lb is around 11A. 

It is observed that the average current through switch Sb is 11A.  

 

(a) Voltage waveforms 
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(b) Current waveforms 

Figure 4.8. Simulation results 

4.10 Hardware Implementation, Experimental Results, and Discussion 

 The prototype of the TBC is implemented in the laboratory to validate the 

theoretical analysis and performance of the converter. The switches Sa and Sb are 

controlled with the switching frequency 100kHz using Field Programmable Gate Array 

(FPGA) and supplied through drivers GDX4A2S1. The designed prototype is shown in 

Fig. 4.9.  

 

Figure 4.9. Designed 500 W TBC hardware prototype. 

The transfer function of the proposed converter is calculated as follows, 
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ˆ ( ) 2/1
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                       (4.73) 
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 


 

 

          (4.74) 

The basic PI controller has been implemented to control the output voltage by 

using the system generator in the Xilinx. The sensed output voltage is converted to the 

digital signal with the help of the PMOD AD1. The desired voltage reference can be 

given in the per-unit form (1PU=400V). The suitable minimum and maximum duty 

ratios have been selected at 0.2 and 0.7 for the safe operation of the proposed converter. 

Sallen key filters are used to smoothen the signals flowing into and out of the FPGA.  

Fig. 4.10(a) shows the obtained experimental waveforms of output- and input 

voltages, and output- and input- currents. The average values of the observed output 

voltage, input voltage, output current, and input current are 399.6V, 40.3V, 1.24A, and 

13.3A, respectively. Due to the charging and discharging of both inductors La and Lb, 

and capacitor Ca, the input current is observed to be continuous, and the ON-state and 

OFF-state slope of the input current is found to be increasing and decreasing, 

respectively. Fig. 4.10(b) shows the obtained experimental waveforms of voltage and 

current across/through inductors La and Lb. The inductors La and Lb are observed to be 

charging in ON-state with the average voltage values of 40.1V and 39.8V, respectively. 

The inductors La and Lb are discharging in OFF-state with the average voltage value of 

-159.7V and -159.7V, respectively. During the OFF state, the slight slope is observed 

in inductor voltages due to little practical difference in the values of both the 

inductances. The average values of the observed currents through inductors La and Lb 

are 11.1A and 10.9A, respectively. Fig. 4.10(c) shows the voltage across diode Da, the 
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voltage across the capacitor Ca, input current, and current through inductor La. It is 

observed that the peak voltage across diode Da is - 200.4V i.e. approximately half of 

the output voltage. It is observed that the voltage across capacitor Ca is 40.1V i.e. equal 

to the input voltage. Fig. 4.10(d) shows the experimentally observed voltages across 

switches Sa and Sb, the current through inductor La, and the voltage across diode Db. It 

is observed that the voltages across the switches Sa and Sb are 200.7 and 200.4V, 

respectively i.e. approximately half of the output voltage. Moreover, it is also observed 

that the voltage stress for both the switches Sa and Sb is approximately the same. It is 

observed that the peak voltage across diode Db is -400.3V. The voltage waveform of 

diode Db validates that the diode Db is reversed biased in ON state and forward biased 

in OFF state. Fig. 4.10(e) shows the voltage and current across/through switch Sb. It is 

observed that the average current through switch Sb is 11.4A. 

        

                            (a)                                      (b)                                         (c) 

           

                                          (d)                                                    (e) 

Figure 4.10. Experimental results (a) output- and input- voltages, and output- and input- 

currents, (b) voltage and current across/through inductors La and Lb, (c) voltage across 

diode Da, voltage across capacitor Ca, input current, and current through inductor La, 
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(d) voltage across switches Sa and Sb, current through inductor La, and the voltage across 

diode Db, (e) voltage and current across/through switch Sb, input current, and current 

through inductor La. 

A disturbance is initiated from the load and source sides to analyze the proposed 

converter’s performance in a disturbed condition. The reference of the output voltage 

is set at 400V and the dynamic response of the system by varying the input voltage has 

been presented in Fig.4.11 (a) and the step-change in the load current in Fig. 4.11(b). 

As seen from Fig. 4.11(a), constant output voltage of 400V is achieved even when the 

input voltage varies from the 25V to 45V. The respective variations in the input current 

to balance the power in the proposed topology and variation in the duty cycle of the 

converter are observed and the zoomed waveform is shown in Fig. 4.11(a). Similarly, 

in Fig. 4.11(b) the load is changed and the constant output voltage of 400V is achieved. 

Here, the load current is varying from 0.7A to 1.24A to 1.34A and the change in the 

input current can assure the power balance between the input and the output. All the 

zoomed waveforms have been presented in Fig. 4.11(b) for clarity.  

                 

                                (a)                                                                       (b) 

Figure 4.11. Proposed converter TBC Experimental results (input/output voltages and 

currents) with disturbance, (a) Variation in the input voltage, (b) step change in the load 

current. 
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To analyze the efficiency of the developed prototype, the performance of TBC 

is examined at different power levels (100W to 500W). Fig. 4.12(a) shows the graphical 

plot of efficiency versus power. The efficiency of the developed prototype is observed 

to be 92.43%, at a power of 500W and voltage gain 10. The loss breakdown is shown 

in Fig. 4.12(b). It is observed that the power loss due to switches, diodes, inductor, and 

capacitors are 38.9%, 34.4%, 19.2%, and 6.6%, respectively. The power loss due to 

switches and diodes is higher compared to other elements. 

                

                            (a)                                                                  (b) 

Figure 4.12. Plots (a) Efficiency versus power at voltage gain = 10, (b) Loss breakdown 

at 500W. 

4.11 Comparison of different topologies 

 A comparison of the proposed TBC and other related converters is presented in 

Table 4.2 to highlight the advantages of the proposed converter. It can be noticed that 

the voltage stress across switches is reduced to half as well as a higher voltage 

conversion ratio is obtained with the TBC without increasing the number of 

components in the circuit. Furthermore, the converter’s output terminal is grounded. 

The proposed converter has a lower input current ripple and a higher voltage gain as 

compared to the conventional high-boost dc-dc converters. The proposed converter 

uses two diodes lesser than the Classical switched Inductor Boost converter in [122]. 
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Furthermore, the switch voltage stress is reduced to half of the output voltage by 

employing one more switch in the circuit. 

 Thus, low voltage rating active switches are suitable to design the proposed 

TBC configuration. The total required number of components is the same as the number 

of components in classical SIBC. Compared with the Transformer-less active switched 

inductor converter (Converter-I) [148], the proposed converter achieves a higher 

voltage gain and voltage stress across the switch is also reduced. In comparison with 

the Converter-II [148], the proposed converter’s output terminal is grounded. The 

converters in [24], [44], and [47], required additional voltage lift networks and complex 

control. The voltage gain can be increased by using multiple stages but the number of 

circuit components increase, which results in complex power and control circuit. 

Moreover, the cost of these circuits is high and efficiency decreases as the number of 

stages increase to achieve higher voltage as compared to the proposed converter. As 

compared to the Converter in [29], it can be noticed that a higher voltage conversion 

ratio is obtained with the proposed TBC without increasing the number of components 

in the circuit. Also, the proposed TBC uses a lesser number of components as compared 

to the converter in [46]. Furthermore, the proposed TBC converter provides the 

common ground connection of source and load, while there is no common ground 

connection between the source and the load for the converters in [24], [44], [46], [47], 

and [148]. 

*Vs is Voltage across the switch, VD is Voltage across the diode, Vout is the 

output voltage, and Iin is the input current. A: Conventional boost converter [26], B: 

Classical SIBC [122], C: Transformer-less active switched inductor converter [148], D: 

Converter –II [148], E: converter in [47], F: Converter in [24], G: Converter in [44], H: 

Converter in [29], I: Converter in [46], J: proposed converter.
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 Table 4.2. Comparison of Proposed Converter With Related Available Converters 

Converter Performances A B C D E F G H I J 

Number of devices 

and components 

Total 4 8 6 8 8 10 10 8 10 8 

Switches 1 1 2 2 3 3 2 2 2 2 

Diodes 1 4 1 2 2 3 4 3 3 2 

Inductors 1 2 2 2 2 2 1 2 2 2 

Capacitors 1 1 1 2 1 2 3 1 3 2 

Suitable Load Type Ground Floating G F G 

Voltage Gain (VG) 1/1-d 1+d/1-d 2/1-d 
(1+d1)/(

1-d1-d2) 

2-d2/1-d1-

d2 

3-2d/1-

2d 
1+d/1-d 3+d/1-d 2/1-d 

Normalized Switch Voltage stress 

(VS/Vout) 
1 1 

(1+VG)/

2VG 
½, ½ 

(1+VG)/

2VG, 1 

½, (VG-

1)/VG 
(1-VG)/2 ½, ½ VG/3+d ½,½ 

Normalized Diode Voltage stress 

(VD/Vout)   
1 

(VG-

1)/2VG, 

1/ VG, 1 

(1+VG)/

VG 
½, 1 1 

(1-

VG)/VG, 

(1-

VG)/2VG 

(1-

VG)/2, 

(1-VG) 

(1-

VG)/2VG, 

1/ VG, 1 

2VG/3+d ½, 1 

Switch Current Stress Iin Iin 
2𝐼𝑖𝑛
1 + 𝑑

 Iin Iin/2, Iin  
Iind1/2, 

Iind2 

𝐼𝑖𝑛
(3 − 2𝑑)

 dIin/2, dIin Iin/2, Iin 
dIin/2, 

dIin 

Designed 

Prototypes 

Output 

Power (W) 
200 50 40 - 100 500 200 500 200 500 

Voltage 

Gain 
4 7 5-8 - 10 10.53 4-8 4 15 10 

Efficiency 

(%) 
98.33 95.20 92.70 - 93.6 93.43 95.4 97.17 94.53 92.43 
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Therefore, for these converters to be used in PV systems, there will be a 

requirement of common-mode voltage and leakage current reduction techniques. 

4.12 Summary 

 A new TBC configuration is proposed for step-up applications with reduced 

voltage stress across the switch. The total number of components required is the same 

as the number of components in classical SIBC. However, the voltage gain of the TBC 

is higher than the classical boost converter and SIBC. The proposed converter needs a 

lesser number of diodes than the conventional SIBC, and voltage stress across switches 

are half of the output voltage. Thus, low voltage rating active switches are suitable to 

design the proposed TBC configuration. The CCM and DCM modes’ working 

principle, voltage gain, boundary conditions, the effect of non-idealities, comparison 

with the related converters, and design are presented. It is observed that a higher voltage 

gain can be achieved by incorporating lower voltage rating switches. The theoretical 

analysis and operation of the proposed TBC are verified by the experimental 

investigations and the efficiency is found to be 92.43% at a voltage gain of 10 and 

output power 500W. The limitation of the proposed converter topology is that the 

capacitor is directly connected to the input supply in Mode I with the help of diode Da 

and switch Sb. Therefore, transient high peak current will flow through the capacitor Ca 

and the current will decrease with time since it is directly connected across the input 

voltage. However, the average current through any capacitor is zero. 
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CHAPTER 5: MODELING, ANALYSIS, AND IMPLEMENTATION OF A 

SWITCHED-INDUCTOR BASED DC-DC CONVERTER WITH REDUCED 

SWITCH CURRENT STRESS 

5.1 Introduction 

 This chapter presents a technique for switch current stress reduction in a 

Switched Inductor DC-DC Boost Converter (SIBC). The proposed technique comes up 

with a low cost design, high voltage conversion ratio with a less duty cycle value, and 

lower current stress without increasing the component count. This topology is basically 

a transformer-less design where one diode of the traditional switched inductor 

configuration has been replaced with a switch, which is in parallel with the existing 

switch, resulting in a design that can incorporate active switches with a low current 

rating, since the total input current is equally shared by them. The detailed modes of 

operation in both continuous conduction mode (CCM) and discontinuous conduction 

mode (DCM) and steady-state analysis, the non-idealities’ effect on voltage gain, 

design approach, and a comparative study with other DC-DC converters for some 

significant performance characteristics are provided. The experimental validations for 

the performance and working of the 500 W designed prototype are presented. 

 To achieve a high voltage gain, derived from the typical switched inductor boost 

converter (SIBC) design, this chapter presents an improved converter topology with 

reduced current stress for active switches to provide a stable constant boosted DC 

voltage. The proposed topology has the advantage of providing a high voltage gain, low 

current stress, and low conduction loss on the active switches, simplified control, and 

high efficiency. The current is equally shared by both the switches and thereby reducing 

the conduction loss. The proposed converter topology is a transformer-less design. Both 

the switches are connected in parallel and thereby reducing the switch current stress. 
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Therefore, the power circuit of the proposed converter can be designed by using low 

current rating switches. The proposed converter is more appropriate and a better option 

for PV applications because of its properties of achieving high voltage gain, operation 

in a wide duty range, and unidirectional power flow. As required for the PV 

applications, the proposed converter is able to draw a continuous input current with low 

ripples from the input source. The proposed converter is a viable solution for solar PV 

applications where a high overall output voltage can be obtained by incorporating the 

proposed converter with each PV panel.  

5.2 Power Circuit Topology 

 The power circuit of the typical SIBC [122] is shown in Figure 5.1(a). SI circuit 

is incorporated in the SIBC to attain a voltage gain higher than the conventional boost 

converter. Nonetheless, current stress on the switch increases significantly with voltage 

gain due to the total input current flowing through the switch. Hence, the power 

circuitry of the typical SIBC has been improved without increasing the component 

count to reduce the switch current stress. To attain a high voltage gain, the fundamental 

concept of switched inductor structures that is charging of inductors in parallel and 

discharging in series has been exploited. An extra switch is added in place of one diode, 

which reduces the switch current stress to half of the current stress on the active switch 

of the SIBC. The current is equally shared by both the active switches. 

 The power circuitry of the proposed converter is shown in Figure 5.1(b) 

comprising of diodes DA, DB, and DC, inductors LA and LB, active switches SA and SB, C 

as capacitor, and Rout as load. The converter topology put forward is basically a 

transformer-less design and is originated from the typical Switched Inductor Boost 

Converter (SIBC) structure by substituting a diode with a switch in the switched 

inductor circuit.  
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                              (a)                                                                         (b) 

Figure 5.1. Power circuit (a) Typical SIBC [122], (b) Proposed converter. 

 Both the switches are connected in parallel and thereby reducing the switch 

current stress to half of the current stress on the active switch of the SIBC. Therefore, 

the power circuit of the proposed converter can be designed by using low current rating 

switches. It is important to note that the components count of the proposed converter is 

the same as that of the typical SIBC and the voltage gain is improved. Firstly, all the 

circuit elements of the proposed converter topology are considered to be ideal for 

studying the CCM steady-state characteristics. The capacitance value is sufficiently 

large to achieve a ripple free voltage, and the ON-state resistance voltage drop across 

semiconductor devices is ignored. The inductance value of the inductors LA and LB are 

considered to be equal in this section that is, LA = LB = L (superior case). Both the 

inductor LA and LB currents are equal as per the above circuit, and are expressed as, 

                                             A BL L L
I I I                                                        (5.1) 

 Figure 5.2(a)-(b) presents the CCM and DCM characteristic waveforms of the 

proposed converter; where Ton being the Mode I time period (time interval between t0 

and ta) and the overall time period is T. 
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                              (a)                                                                  (b) 

Figure 5.2. Characteristic plots of proposed converter. (a) Continuous conduction 

mode (CCM). (b) Discontinuous conduction mode (DCM) 
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5.3 Principle of Operation and Analysis in CCM 

 There are two CCM operation modes of the proposed converter; both the 

switches SA and SB are kept ON in Mode I (between time t0 and ta) while switches SA 

and SB are kept OFF in Mode II (between time ta and tb). 

 Mode I (between time t0 and ta): Input voltage (Vi) charges the Inductor LA via 

switch SA, while input voltage (Vi) charges inductor LB via diode DA and switch SB, and 

capacitor C is getting discharged via load Rout. Diode DA is forward biased and diodes 

DB and DC are reversed biased. Figure 5.3(a) shows the equivalent circuit of the 

proposed converter for Mode I. Both the inductors are observed to be charged by the 

input voltage (Vi) in parallel and with the same values of current. Inductors LA and LB 

voltages and currents are expressed as,  

 Table 5.1 briefly summarizes the Operating Principle in both CCM and DCM 

(*Ch.: Chraged, D/Ch.: Discharged, ZC: Zero current, FB: Forward Biased, RB: 

Reversed Biased). 

Table 5.1. Operating Principle in CCM and DCM 

Operating 

Modes 

Time  

Switches Inductors Diodes Cap. 

SA SB LA LB DA DB DC C 

C
C

M
 Mode I 

Ton 

(t0–ta) 
ON ON 

Ch. in 

parallel 

Ch. in 

parallel 
FB RB RB D/Ch. 

Mode II 
TOFF 

(ta–tb) 
OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

RB FB FB Ch. 

D
C

M
 

Mode I 

YIT or 

Ton 

(t0–ta) 

ON ON 
Ch. in 

parallel 

Ch. in 

parallel 
FB RB RB D/Ch. 

Mode II 

YIIT or 

Toff,I 

(ta–tb)  

OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

RB FB FB Ch. 

Mode III 

YIIIT 

or 

Toff,II 

(tb–tc) 

OFF OFF ZC ZC RB RB RB D/Ch. 
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                                 ,  
A BL i C oL L

V V V V V V                                      (5.2) 

                              
,  

2
A B

i o
L C oL L

out

I V
I I I I I

R
                         (5.3) 

 Where Ii is the input current. The switches SA and SB voltages and currents are 

expressed as, 

                              
0,  

2
A B A B

i
S SS S S S

I
V V V I I I

                      (5.4) 

 Mode II (between time ta and tb): Both the inductors LA and LB are discharging 

in series having the input supply Vi for charging capacitor C via diodes DB and DC and 

supplying energy to the load Rout. Diode DA is reversed biased and diodes DB and DC 

are forward biased. Figure 5.3(b) displays the proposed converter equivalent circuitry 

for Mode II. The inductors LA and LB voltages and currents are expressed as, 

               

                                (a)                                                                        (b) 

Figure 5.3. Diagram of equivalent circuitry. (a) Mode I, (b) Mode II 

                                    ,  

2
A B

i o
L C oL L

V V
V V V V V                             (5.5) 

                                    
,  

A B

o
L i C LL L

out

V
I I I I I I

R
                      (5.6) 

 The switches SA and SB voltages and currents are expressed as, 
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                            ,
1 (1 )

,  0

(1 ) (1 )
A B A Bi i SS S S S

D
V V V V I I I

D D
             (5.7) 

 The voltage gain of the proposed converter can be expressed as, 

                                           / /1 1o iM V V D D
CCM                                  (5.8) 

 Where the duty cycle is denoted by D and the voltage gain is denoted by MCCM. 

The proposed converter’s voltage gain is observed to be equal to that of the typical 

SIBC. 

5.4 Principle of Operation and Analysis in DCM 

 There are three modes of operation of the proposed converter for DCM; 

switches SA and SB are kept ON in the first mode that is ON State, switches SA and SB 

are kept OFF in the second mode with a non-zero value of inductor currents and 

switches SA and SB are kept OFF with zero inductor currents during the third mode. 

Figure 5.2(b) shows that the inductor current comes to zero, let us say at time tb. Figure 

5.2(b) shows the characteristic waveform for DCM, where the time period for the first 

mode is indicated as YIT or Ton that is the time between t0 and ta, the time period for the 

second mode is indicated as YIIT or Toff,I that is the time between ta-tb, and the time 

period for the third mode is indicated as YIIIT or Toff,II that is the time between tb-tc. 

 Mode I (between time t0 and ta)—Both SA and SB are kept ON: The proposed 

converter’s equivalent circuitry and working in this mode are the same as that of mode 

I of CCM. Both inductors LA and LB are charged in parallel by the input supply Vi. The 

currents through inductors LA and LB started from zero value at the beginning of this 

mode that is at the time t0 or t0+T and attained the highest value at the end of this mode. 

Inductor LA and LB maximum currents can be expressed as, 

                                   
max max max

/
A B i IL L L

I I I V Y Lf                        (5.9) 



 

109 

 The maximum currents through inductor LA and LB are denoted by ILAmax and 

ILBmax, respectively, and the switching frequency is denoted by f = 1/T. The current 

ripples of inductors LA and LB can be expressed as, 

                                   /
A BL i IL L

I I I V Y Lf                                (5.10) 

 The inductor LA and LB current ripples are denoted by ΔILA and ΔILB, 

respectively. 

 Mode II (between time ta and tb)—Both SA and SB are kept OFF with non-zero 

value of inductor currents: The equivalent circuit and working of the proposed 

converter for this mode are the same as that of mode II of CCM. Inductors LA and LB 

are discharged in series by the input supply Vi, and the capacitor C is charged to supply 

energy to load Rout. The currents through inductors LA and LB started from the maximum 

value at the beginning of this mode that is at time ta or ta+T and zero value is reached 

by the inductor currents at the end of this mode that is at the instant tb or tb+T. Inductor 

LA and LB maximum currents can also be expressed alternately as, 

                           
max max max

/ 2
A B o i IIL L L

I I I V V Y Lf                      (5.11) 

 The current ripples of inductors LA and LB are expressed as, 

                           / 2
A BL o i IIL L

I I I V V Y Lf                           (5.12) 

 Mode III (between tb and tc)—Both SA and SB are kept OFF with zero value of 

inductor currents: Figure 5.4 shows the DCM mode III equivalent circuit. Both the 

switches SA and SB are kept OFF and currents through inductors LA and LB are zero. 

Hence, the energy accumulated by inductors LA and LB is also zero, capacitor C is 

discharged through load Rout, and all the three diodes are reversed biased in this mode. 

Mode II time period which is denoted by YIIT or Toff,I can be obtained from Equations 

(5.10) and (5.11), and is expressed as, 
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                                          ,
  2 /II i I o iof f I

Y T or T V Y V V f                      (5.13) 

 We know that, 

                                            , ,on off I of f II
T T T T                                        (5.14) 

 The time periods for Mode I and III, respectively are expressed as, 

                        ,

21
,   1

i II
on III Iof f II

o i

V YY
T Y T or T Y

f f V V
             (5.15) 

 

Figure 5.4. DCM mode III equivalent circuit. 

 The capacitor C average current can be obtained from Figure 5.2(b) and is 

expressed as, 

                      max max0.5 0.5 /II L II LC o o outI Y I I Y I V R      (5.16) 

 From Equations (5.15) and (5.16), 

                                         

2
0 .5

oi I i I
C

o i out

VV Y V Y
I

V V Lf R
                              (5.17) 

 The average current through a capacitor is always zero in a steady-state 

condition. Hence, Equation (5.17) can also be written as, 

                                                 

2 2i I i I o

o i out

V Y V Y V

V V L f R
                                      (5.18) 
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 The quadratic equation obtained from Equation (5.18), is calculated by using 

the following expression, 

                                                    

2 2

0
o o I

i i L

V V Y

V V
                                        (5.19) 

 Where inductors LA and LB normalized time constant is denoted by λL and has a 

value equal to fL/Rout. Hence, L, f, and Rout values control the variation in λL. The voltage 

gain of the proposed converter for DCM denoted by MDCM can be obtained by 

simplifying the Equation (5.19) and is expressed as, 

               

1/21/2 221 1 10.25

2 2 4

o I outL I
DCM

Li

V Y RY
M

V Lf
         (5.20) 

 The CCM and DCM voltage gains are observed to be the same when the CCM 

and DCM boundary is considered as the proposed converter’s operating point. Hence, 

from the Equations (5.8) and (5.20), 

                                   

1/2
2 10.25

0.5
1

b

b

o L I

Li

V DY

DV
                          (5.21) 

 We know that the CCM and DCM mode I are the same. Hence, YI is the same 

as D and inductors LA and LB normalized boundary time constant which is denoted by 

λLb can be expressed as, 

                                    
3 2

2 / 2 1
bL D D D D                               (5.22) 

 The plot of λLb versus D is shown in Figure 5.5 indicating the DCM and CCM 

regions. It indicates that the proposed converter works in DCM mode when the value 

of λLb is more than λL. 
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Figure 5.5. Normalized boundary condition w.r.t. duty cycle. 

5.5 Effects of Non-idealities on Voltage Gain 

 Figure 5.6 displays the power circuitry of the proposed converter by taking into 

account the non-idealities of different circuit elements for analyzing their effect on the 

output voltage. Each of the inductors LA and LB Equivalent Series Resistance (ESR) is 

denoted by the resistances RL. Each of the switches’ SA and SB ON-state resistance is 

denoted by the resistances RS. Each of the diodes DA, DB, and DC threshold voltage and 

forward resistance are denoted by voltage VFD and resistances RD, respectively; for the 

capacitor C, ESR is denoted by RC. 

 

Figure 5.6. Equivalent circuit including non-idealities of the proposed topology 
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5.5.1 Effect of ESR of Inductors on Voltage Gain 

 Other parasitic irregularities are neglected for analyzing the inductors LA and LB 

ESR effect on voltage gain that is by considering RS = 0, RD = 0, RC = 0, and VFD = 0. 

Hence, in this case, the voltages across the inductors LA and LB can be expressed as, 

                 on state : ,,
A A B Bi L i L o CL L L L

V V I R V V I R V V         (5.23) 

                 off state :
A B A Bi L L oL L L L

V V V I R I R V                    (5.24) 

 From Equation (5.23) and addition of voltages across inductors, 

                            2
A B A Bi L LL L L L

V V V I R I R                                    (5.25) 

 From the inductor volt second balance method and the method of small 

approximation, 

      2 1
A B A Bi L L i L L oL L L L

V I R I R D V I R I R V D   (5.26) 

            From Equation (5.26), the proposed converter voltage gain is calculated by 

using the following expression, 

                                    

1 /

1

A BL L iL Lo

i

D I R I R VV

V D
RL

                    (5.27) 

 Both the inductors LA and LB currents have the same value that is IL = ILA = ILB 

when LA = LB. If the inductor voltage drop because of ESR is denoted by VDL, then VDL 

= ILARL = ILBRL. Therefore, Equation (5.27) can also be expressed alternately as, 

                                                  

1 2

1

/
DLo

i
L

D VV

V D
R

V
i

                             (5.28)

 It is observed from (5.27)-(5.28) that for larger values of VDL and D, the voltage 
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gain is decreasing. Hence, moderate values of the duty cycle (D) and the ESR of 

inductance (RL) should be considered. 

5.5.2 Effect of Diodes on Voltage Gain 

 Other parasitic irregularities are neglected for analyzing the diodes DA, DB, and 

DC effect on voltage gain that is by considering RLA = 0, RLB = 0, RC = 0, and RS = 0. 

Hence, in this case, the voltages across the inductors LA and LB can be expressed as, 

                         Mode I : ,
A B B DL L L

V V V V I R V
i i FD                    (5.29) 

                         Mode II : 2 2
A B B D FD oL L L

V V V I R V V
i               (5.30) 

 From Equation (5.29) and addition of inductor voltages, 

                                      2
A B Bi D FDL L L

V V V I R V                                 (5.31) 

 From the inductor volt second balance method and the method of small 

approximation, 

            2 2 2 1
B Bi D FD i D FD oL L

V I R V D V I R V V D      (5.32) 

 From Equation (5.32), the proposed converter voltage gain is calculated by 

using the following expression, 

                                 

1 2 /

1
, 

B D FD iLo

i
D FD

D I R V D VV

V D
R V

           (5.33) 

 If the diode voltage drop because of the threshold voltage and forward resistance 

is denoted by VDD, then VDD = ILBRD + VFD. Therefore, Equation (5.33) can also be 

expressed alternately as, 

                               
1 2 /

1
, 

DD io

i
FD

D V D VV

V D
R VD

                            (5.34) 
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 It is observed from (5.33) and (5.34) that for larger values of VDD∕Vi and D, the 

voltage gain is decreasing. Hence, moderate values of threshold voltage and forward 

resistance should be considered. 

5.5.3 Effect of Switches on Voltage gain 

 Other parasitic irregularities are neglected for analyzing the switches SA and SB 

effect on voltage gain that is by considering RLA = 0, RLB = 0, RC = 0, RD = 0, and VFD 

= 0. Hence, in this case, the inductors LA and LB voltages can be expressed as, 

                        Mode I : ,
A A B Bi S i SL S L S

V V I R V V I R                  (5.35) 

                         Mode II: 
A B i oL L

V V V V                                            (5.36) 

 From Equation (5.35) and addition of inductor voltages, 

                                       2
A B A Bi S SL L S S

V V V I R I R                              (5.37) 

 From the inductor volt second balance method and the method of small 

approximation, 

                        2 1
A Bi S S i oS S

V I R I R D V V D                  (5.38) 

 From Equation (5.38), the proposed converter voltage gain is calculated by 

using the following expression, 

                                      

1 /

1

A BS S iS So

i
S

D D I R I R VV

V D
R

                  (5.39) 

 The switches SA and SB voltage drops are considered to be the same, and hence 

VDS = ISARS = ISBRS. Therefore, Equation (5.39) can also be expressed alternately as, 

                                   

1 2 /

1

DS io

i
S

D D V VV

V D
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                                     (5.40) 
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 It is observed from (5.39)-(5.40) that for larger values of VDS∕Vi and D, the 

voltage gain is decreasing. Hence, moderate values of the switches ON-state resistance 

should be considered. 

5.5.4 Effect of capacitor on Voltage Gain  

 Other parasitic irregularities are neglected for analyzing capacitor C, ESR effect 

on voltage gain that is by considering RLA = 0, RLB = 0, RD = 0, VFD = 0, and RS = 0. 

Here, the voltage drop across resistance RC is denoted by VDC. The capacitor C is being 

discharged via load Rout when the switches are kept at ON position. There is a decrement 

in voltage across the capacitor C which is the same as the output voltage and the 

instantaneous value of output voltage is obtained as follows, 

                       

1
1

o
out o DC o DC

out

I
v V V t V t V

CC R                         (5.41) 

 Hence, output voltage variation (ΔVo) at the end of ON-state is, 

                                                       
o

o
out

V
V D

C CfR
                                          (5.42) 

5.5.5 Non-idealities’ integrated effect on voltage gain 

 The non-idealities associated with the inductors LA and LB, diodes DA, DB, and 

DC, switches SA and SB, and their ESR effects on voltage gain have been considered; 

the voltage gain is expressed as, 

                                 

2
1 2 2

1

DL DD DS

i i
o i

i

V V V
D D D

V VV V

V D
                         (5.43) 

5.6 Evaluation of Converter Efficiency 

 For capacitor C, ON-state and OFF-state currents can be expressed as, 

               
1 1

ON-Sta te : ,  OFF-S ta te :  C o out C i o outI V R I I V R (5.44)                               
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 Inductors LA and LB currents are equal in the OFF state that is IL = ILA = ILB. 

Now, considering the capacitor charge balance principle, and the method of small 

approximation, together with Equation (5.44), 

            1

0
L

o oo o
L

out out out out

DT V VV V
dt I dt D I D

R R R RD

T

T
        (5.45) 

 Inductor currents are calculated by using Equation (5.45) as, 

                                          

1

1
A B

o out
L L L

V R
I I I

D
                                      (5.46) 

 The switching power losses of switches SA and SB are denoted by PSW-SA and PSW-

SB, respectively. The total switching loss during switching is denoted by PSW-TOT and can 

be expressed as, 

               
  

  
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          (5.47) 

 Where, tR-SA, tF-SA, and tR-SB, tF-SB being the respective rising and falling times for 

the switches SA and SB; the switches SA and SB average currents are ISA and ISB, and the 

average voltages across the switches SA and SB are VSA, and VSB respectively. The total 

input and output power can be expressed as, 

                     

  

 

2 1 2

1 ,

1

1
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                  (5.48) 

 The proposed converter’s efficiency ⴄPRO is obtained from Equations (5.43)–

(5.48), and is expressed as, 
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5.7 Design of Circuit Parameters 

 To validate the operation and performance of the proposed converter it is 

designed by taking into account the typical values of input voltage as 100 V, output 

voltage as 400 V, power output as 500 W, and the switching frequency as 100 kHz. 

5.7.1 Reactive components 

 The worst possible efficiency (𝜂worst) has been taken into account for the design 

of the reactive components to obtain a good performance. Therefore, the required duty 

cycle can be calculated by considering the worst efficiency as 90%, and is expressed 

as, 

                             90%

1 4 1
66.67%

1 4 1 0.90worst

CCM

CCM worst

M
D

M





 
  

 
               (4.50) 

 The inductors LA and LB critical values are calculated as, 

                            40% of critical criticalA B
L

V Vi i
L L DT DT

I IL
                  (4.51) 

 The ripple value of peak to peak inductor currents is considered as 1A to 

calculate the critical values of inductor LA and LB and are expressed as, 

                         
100 0.67

670
1 100critical criticalA BL L

V
H

A kHz                             (4.52) 

 The inductors’ LA and LB current rating and inductance value should be more 

than the value of input current and critical inductance values, respectively. Therefore, 

the prototype is designed by selecting 1 mH/10 A rated core inductors of ferrite E type 

having RL = 75 mΩ. 
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 The critical capacitance of capacitor C at the output side is calculated by, 

                                    
out

critical
C

o

P
C DT

V V                                                 (4.53) 

 The peak to peak ripple value of the capacitor voltage is considered as 4 V to 

calculate the capacitor C critical capacitance and is obtained as, 

                             
500 0.67

2.1
400 4 100critical

W
C F

V V kHz                       (4.54) 

 The capacitor C voltage rating should be more than the value of output voltage 

that is 400 V. Thus, the prototype is designed by selecting a 2.2 μF/450 V (RC = 4 mΩ) 

rated film type capacitor. 

5.7.2 Semiconductor devices 

 The switches SA and SB voltage stresses are calculated as, 

                                      2
,A B

o i
S S ostress stress

V V
V V V                          (4.55) 

 The switches SA and SB minimum voltage rating can be calculated as, 

                                   
400 100

250 , 400
2A BS S

V V
V V V V                   (4.56) 

 The selected switches SA and SB current ratings should be higher than the value 

of input current. Thus, FDP19N40-ND (Rs = 200 mΩ) MOSFET and FDP18N20-ND 

(Rs = 140 mΩ) MOSFET have been chosen.  

 The diodes DA, DB, and DC Peak Inverse Voltage (PIV) rating can be obtained 

as, 

               , ,
2

A B C

i o
D D Di oPIV PIV PIV

V V
V V V V V                      (4.57) 

 The diodes DA, DB, and DC minimum PIV rating considering the given 

parameters can be obtained as, 
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100 400
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2

400

A B

C

D DPIV PIV

D PIV

V V V V

V V
                  (4.58) 

 The selected diodes DA, DB, and DC current ratings should be higher than the 

value of input current. Thus, DPG10I400PM (400 V/10 A, RD = 19.8 mΩ, VFD = 0.77 

V) and C3D10060AND (600 V/14 A, RD = 55.2 mΩ, VFD = 0.91 V) diodes have been 

chosen. 

5.8 Simulation Results and Discussion 

 The theoretical characteristics waveforms represent the voltage and current 

behavior of the different circuit components. However, in practical or real conditions 

non-idealities in the circuit components does exist. Therefore, the experimental 

waveforms are slightly different than the theoretical waveforms. Some simulation 

results are shown below for the confirmation. 

 Initially, the design and circuitry of the proposed TBC is validated through 

simulation for 500W power, an output voltage of 400V, and an input voltage of 100V. 

The obtained voltage and current waveforms across/through each component is shown 

in Fig. 5.7(a)-(b), respectively. The obtained waveforms are matched with the typical 

waveforms discussed in Section 5.2. Fig. 5.7(a) displays the input voltage (100V), 

output voltage (400V), and diodes DA (150V), DB (100V) and DC (400V) voltages 

waveforms for the proposed converter. Both the inductors LA and LB are observed to be 

charging in ON-state with the average voltage value of 100V, and both the inductors 

LA and LB are discharging in OFF-state with the average voltage value of -100V. It is 

noteworthy that the voltage across the switch SA is 250V and SB is 400V when the output 

voltage is 400V. The average input current drawn by the proposed converter is nearly 

equal to 5A. However, the output current is nearly equal to the 1.25A as shown in Fig. 
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5.7(b). The switches SA and SB average current values are observed as 1.5A each. The 

average values of the observed currents through the inductors LA and LB is around 3A.  

 

(a) Voltage waveforms 

 

(b) Current waveforms 

Figure 5.7. Simulation results. 

5.9 Hardware Implementation, Experimental Results, and Discussion 

 The proposed converter’s operation and performance have been experimentally 

verified. The prototype of the proposed converter is implemented in the laboratory to 

validate the theoretical analysis and performance of the converter. The designed 

prototype is shown in Fig. 5.8. 
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Figure 5.8. Designed 500 W laboratory prototype of the proposed converter. 

 Figure 5.9(a) displays the input and output voltages and currents waveforms 

obtained experimentally. The output voltage, output current, input current, and input 

voltage average values are observed as 398 V, 1.2 A, 5.35 A, and 100 V, respectively. 

The input current is observed to be continuous in nature; charging and discharging of 

the inductors LA and LB during ON-state and OFF-state causes the input current slope 

to be increasing and decreasing, respectively. Figure 5.9(b) demonstrates the effect of 

the step change in load on input/output voltages and currents that is the dynamic 

behavior of the input/output voltages and currents for the proposed converter with a 

change in load at a constant duty ratio. It is observed from the experimentally obtained 

results, that the proposed system is developing stable input/output voltages and 

currents. The experimentally obtained waveforms of the currents through switches SA 

and SB are shown in Figure 5.9(c); where the output voltage and input current 

waveforms are included to refer and validate. The switches SA and SB average current 

values are observed as 1.54 A and 1.62 A, respectively. Both the switches SA and SB 

current slopes are observed to be the same as the input current slope during the ON-

state. Figure 5.9(d) shows the experimentally observed waveforms of currents through 

inductors LA and LB, and the voltage across the diode DB; where the switch SA current 
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waveform is shown for reference and validation. The inductors LA and LB average 

current values are observed as 2.99 and 3.1 A, respectively. The PIV across the diode 

DB is observed as 100 V. Figure 5.9(e) shows the experimentally observed waveforms 

for the voltages across Switch SB and the output diode DC; where the switch SB current 

and the output voltage waveforms are shown to refer and validate. Both switches are 

observed to be turned ON and turned OFF together at the same time. The peak value of 

switch voltage across the switch SB is observed as 399.4 V. When the switches are 

conducted, the output diode DC is observed to be forward biased. The PIV across the 

diode DC is observed as -399.2 V. The diodes DA and DB are observed to be forward 

biased in ON state and reversed biased in OFF state, respectively. 

       

                         (a)                                        (b)                                      (c) 

           

                                         (d)                                                 (e) 

Figure 5.9. Experimentally obtained results. (a) Output voltage, output current, input 

current, input voltage, (b) effect of step change in load: output voltage, output current, 

input current, input voltage, (c) output voltage, switches SB and SA currents, input 

current, (d) diode DB voltage, inductors LB and LA currents, switch SA current, (e) output 

voltage, diode DC voltage, switch SB voltage and current. 
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 To study the efficiency of the developed prototype, the converter’s performance 

is studied at different power levels and input voltage. Figure 5.10(a) shows the 

efficiency of the designed prototype with variation in power and input voltage. The 

efficiency of the developed prototype is 93.12% when the input voltage is 100 V and 

output power is 500 W. The power loss distribution is given in Figure 5.10(b) when 

load power is 500 W and the input voltage is 100 V. It is investigated that power loss 

across switches is high compared to other elements of the converter. 

 

             

                               (a)                                                                    (b) 

Figure 5.10. Plots. (a) Efficiency versus power for different input voltage. (b) Loss 

distribution at load power 500 W and input voltage 100 V. 

5.10 Comparison of Different Topologies 

 To achieve a high voltage gain and an improved efficiency several DC-DC 

boost converters have been proposed in the past decade. This section presents a 

comparison of the proposed converter with some similar high gain DC-DC converters. 

The converters are compared for the voltage gain, switch current stress, components 

count, and efficiency and presented in Table 5.2. The components count for the 

proposed converter is observed to be the same as that of the converters discussed in 

[122, 153], and [47], while the components count for the converter presented in [148] 

is lesser than the converter proposed here. However, the proposed converter’s 
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efficiency is more than the converter in [148]. Furthermore, the output and input of the 

proposed converter and the converters in [122, 154], and [153] are on common ground, 

while the rest of the converters are only suitable in the conditions of floating load. The 

converter’s efficiency depends on different factors such as the components count, their 

types, and voltage/current ratings. The comparison with regards to switch current stress 

among the different converters indicates that the proposed converter has the lowest 

current stress across the active switches and is equal to half of the input current. The 

proposed topology is based on a transformer-less design and it is developed by 

substituting a diode of the traditional switched inductor configuration with a switch in 

parallel with the existing switch. Hence, low current rating switches can be 

incorporated, as the total input current is equally shared by the two switches. Generally, 

the increase in the rating of a device leads to an increment in its ON-state resistance. 

Components with lower rating are required for the proposed converter topology and 

hence it comes up with a low-cost design and generates a high efficiency with the same 

number of components used in the traditional SIBC. The efficiency of the proposed 

converter is 93.12%, which is higher than the efficiency of the converters presented in 

[153] and [148] which are 92.2% and 92.7%, respectively. The proposed converter’s 

efficiency is nearly equal to the converters in [24] and [47], while the proposed 

converter’s efficiency is lesser than the converters in [26] and [122]. 

 Therefore, the converter proposed is highly suitable for high voltage gain with 

reduced switch current stress and less duty cycle, high efficiency, and low-cost 

applications. 
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Table 5.2. Comparison of DC-DC Converters 

Converter 

Number of reactive 

components 

Number of 

Semiconductor 

devices 
Total 

components 

CCM Voltage 

gain (M) 

Switch current 

stress 

Efficiency  

Output 

port 

Inductor capacitor 

Control 

Switches 

Diodes 

A 1 1 1 1 4 1/1-D Ii - Grounded 

B 2 1 1 4 8 1+D/1-D Ii 95.2% at 50W Grounded 

C 2 1 2 1 6 1+D/1-D 2Ii /1+D 92.7% at 40W Floating 

D 2 3 2 4 11 1+D/D(1-D) 2Ii /1+D - Grounded 

E 2 3 1 2 8 2/1-D Ii 92.2% at 100W Grounded 

F 6 1 3 12 22 1+5D/1-D Ii(1+D)/(1+5D) 95.6% at 200W Floating 

G 2 1 3 2 8 1+D1/1-D1-D2 Ii /2, Ii  93.6% at 100W Floating 

H 2 2 3 3 10 2-D2/1-D1-D2 Ii D1/2, Ii D2 93.43% at 500W Floating 

I 2 1 2 3 8 1+D/1-D Ii /2, Ii /2 93.12% at 500W Grounded 

  

 A: Traditional Boost Converter, B: Conventional switched inductor based boost converter [122], C: converter-I [148], D: 

Non-isolated voltage lift converter [154], E: modified SEPIC converter [153], F: Active-passive switched inductor converter 

[26], G: High gain converter [47], H: DDTM converter [24], I: proposed converter.
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5.11 Summary 

 A high gain DC-DC converter with reduced switch current stress has been 

successfully developed through this study. The proposed converter has a higher gain in 

voltage in comparison to the traditional boost converter and is equal to the gain in 

voltage of the conventional SIBC at a small duty cycle value. The proposed converter 

offers the advantage of common ground, continuous input current, and reduced current 

stress on the active switches using the same number of components as that of a 

conventional SIBC. Therefore, low current stress active switches can be employed, 

leading to reduction in losses. Resulting in a low cost and highly efficient converter 

because of the use of active switches with lower current rating and elimination of a 

diode. The operating principle in both CCM and DCM including the boundary 

conditions, the voltage gain, and the effect of non-idealities have been discussed in 

detail. The comparison of the proposed converter with other similar converters has been 

presented, which indicates that the proposed converter is feasible to attain a high 

voltage gain by incorporating low current rating switches. The principle of operation 

and theoretical analysis have been validated by the experimental results of the 

developed laboratory prototype, the efficiency at 500 W load power was observed to 

be 93.12%. Hence, the proposed converter topology provides a viable solution for an 

efficient renewable energy conversion which can easily be extended further to other 

power conversion systems for applications where high voltage is required. 
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CHAPTER 6: A NOVEL HIGH GAIN ACTIVE SWITCHED NETWORK-BASED 

CONVERTER 

6.1 Introduction 

 This chapter deals with an active switched inductor network-based high gain 

boost converter. By using less number of components in circuit topology, a higher gain 

in voltage can be attained at a small duty cycle value by using the proposed converter, 

which helps in reducing the switch voltage stress and conduction loss. In addition, it 

draws continuous input current, has lower diode voltage stress, and lower passive 

component voltage ratings. The operating principles and key waveforms in Continuous 

Conduction Mode (CCM) and Discontinuous Conduction Mode (DCM) are presented. 

Parameter design, power loss calculation, characteristics, and comparative study with 

other non-isolated converters have been presented. Finally, a 200W hardware prototype 

is constructed and the viability of the proposed converter is verified through the 

experimentally obtained results. 

 To achieve a high gain in voltage, a novel converter topology with reduced 

current stress across active switches to provide a stable constant dc voltage is presented 

in this chapter. The proposed topology has the advantage of providing a high voltage 

gain, low current stress, and low conduction loss on the active switches, simplified 

control, and high efficiency. The current is equally shared by both the switches and 

thereby reducing the conduction loss. The proposed converter topology is a 

transformer-less design. Both the switches are connected in parallel and thereby 

reducing the switch current stress. Therefore, the power circuit of the proposed 

converter can be designed by using low current rating switches. The proposed converter 

is more appropriate and a better option for PV applications because of its properties of 

achieving high voltage gain, operation in a wide duty range, and unidirectional power 
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flow. As required for the PV applications, the proposed converter is able to draw a 

continuous input current with low ripples from the input source. To step-up the voltage, 

the stages of diode/capacitor are cascaded together which in turn limits the switches, 

diodes, and capacitors voltage stresses. The proposed converter is a viable solution for 

solar PV applications where a high overall output voltage can be obtained by 

incorporating the proposed converter with each PV panel.  

6.2 Power Circuit Topology 

 The power circuit of the proposed converter is displayed in Fig. 6.1. It is 

consisting of two inductors L1 and L2 which have the same inductance value and switch 

S1 and switch S2 are both being turned ON and OFF at once. There are four diodes (D0 

to D3) and four capacitors (C0 to C3) in the circuit. The working principles and the 

steady-state analysis of the proposed converter in both CCM and DCM are discussed 

below. 

 

Figure 6.1. Power circuit of the proposed converter. 

 The analysis of the steady-state characteristics for the proposed converter has 

been carried out on the basis of certain assumptions. First of all, considering all the 

circuit components to be ideal. Neglecting the ON-state resistance of the active 

switches, the forward voltages drop of the diodes and the effective series resistance 

(ESR) of the inductors and capacitors. However, it is assumed that both the inductors 

L1

D1

C2

S2

R

L2

C1

D2

D3 D0

C3

C0

Vin

S1
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have equal inductance value and all the capacitors are large enough, and the capacitor 

voltages are considered to be constant. 

6.3 Working Principle in CCM 

 The proposed converter is consisting of two switches that are operating at the 

same time with the same duty pulse and duty ratio. Therefore, the proposed converter 

has two operating modes in CCM as CCM1 and CCM2. Table 6.1 briefly summarizes 

the Operating Principle in both CCM and DCM (*Ch.: Chraged, D/Ch.: Discharged, 

ZC: Zero current, FB: Forward Biased, RB: Reversed Biased) 

Table 6.1. Operating Principle in CCM and DCM 

Operating 

Modes 

Switches Inductors Capacitors Diodes 

S1 S2 L1 L2 C1 C2 C3 C0 D1 D2 D3 D0 

C
C

M
 CCM1 ON ON 

Ch. in 

parallel 

Ch. in 

parallel 

Ch. in 

parallel 

D/C

h. 
Ch.  

D/C

h. 
FB RB FB RB 

CCM2 OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

D/Ch. 

in series 
Ch. 

D/C

h.  
Ch. RB FB RB FB 

D
C

M
 

DCM1 ON ON 
Ch. in 

parallel 

Ch. in 

parallel 

Ch. in 

parallel 

D/C

h. 
Ch.  

D/C

h. 
FB RB FB RB 

DCM2 OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

D/Ch. 

in series 
Ch. 

D/C

h.  
Ch. RB FB RB FB 

DCM3 OFF OFF ZC ZC ZC 
D/C

h. 
ZC 

D/C

h. 
RB RB RB RB 

 

CCM1: The switch S1 and switch S2 both are kept ON during mode 1. The 

equivalent circuit of the proposed converter for this mode is displayed in Fig. 6.3(a). 

The input supply Vin charges inductor L1 via switch S1, the capacitor C1 via diode D1 

and switch S1, and inductor L2 via diode D1 and switch S2, respectively. Simultaneously, 

capacitor C3 is charged by capacitor C2 via diode D3 and switch S2, and the energy 

stored in capacitor C0 is transferred to the load R. Therefore, the voltages across the 

inductors L1 and L2, and capacitors C1 and C3 can be expressed as, 
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1 2
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                                                     (6.1) 

 Where, VL1 and VL2 are the voltages across inductors L1 and L2, respectively; the 

voltages across capacitors C1 and C3 are VC1 and VC3, respectively. The characteristics 

waveform of the proposed converter for each component in ideal condition is displayed 

in Fig. 6.2. 

 

Figure 6.2. Characteristics waveform of the proposed converter in CCM. 
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CCM2: During mode 2, switch S1 and switch S2 are both being turned OFF 

simultaneously. Mode 2 equivalent circuit of the proposed converter is displayed in Fig. 

6.3(b). In mode 2, the input supply Vin charges the output capacitor C0 by inductor L1, 

capacitor C1, inductor L2, and capacitor C3 via diode D0. At the same time, capacitor C2 

is charged by the input supply voltage Vin, inductor L1, capacitor C1, and inductor L2 

through diode D2.  

           

                                     (a)                                                         (b) 

Figure 6.3. Modes of operation of the proposed converter (a) CCM1 and (b) CCM2. 

Therefore, the voltages across the inductors L1 and L2 can be calculated by using 

equations (6.2) and (6.3), 
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 Where VL1 = VL2 = VL; the value of capacitor voltage for the output capacitor C0 

is same as the output voltage V0. From (6.1) and (6.3), 
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 Where δ is the duty ratio. From (6.1) and (6.2), 
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From (6.4) and (6.5), in the ideal condition, the output voltage and output 

current are expressed as, 
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1
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Vin
V

I Iin

                                                             (6.6) 

 Therefore, by simplifying (6.6) the voltage gain is expressed as, 

                                       
40

1

V
GCCM Vin

                                                       (6.7) 

6.4 Working Principle in DCM 

 The proposed converter works in DCM as soon as the inductor current reaches 

zero level in CCM2 of CCM. Therefore, there are three different working modes in 

DCM for the proposed converter: DCM1, DCM2; and DCM3. 

DCM1: The working principle of DCM1 is the same as that of CCM1. The peak 

values of currents through the inductors L1 and L2 can be calculated by using equation 

(6.8), 

                                        1 2

V Tin S
I IL L LP P

I I
                                          (6.8) 

 DCM2: During mode 2, both the switches S1 and S2 are kept OFF. The peak 

values of currents through the inductors L1 and L2 in this mode can be calculated by 

using equation (6.9), 
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 DCM3: During mode 3, switch S1 and switch S2 are both being turned OFF 

simultaneously. The characteristics waveform in DCM3 in ideal condition is displayed 
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in Fig. 6.4 and the power circuit in DCM3 for the proposed converter is displayed in 

Fig. 6.5. Zero energy is stored in both the inductors L1 and L2. Hence, only the energy 

stored in the capacitor C0 connected at the output is transferred to the load R. The value 

of δ2 can be obtained by (6.8) and (6.9), 
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 From the characteristics waveform, the average value of the current through the 

output capacitor for one switching period is expressed as, 
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Figure 6.4. Characteristics waveform of the proposed converter in DCM. 
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Figure 6.5. Power circuitry in DCM3.  

From (6.8) & (6.10), under steady-state conditions 
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 After rearranging (6.12), 
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 Where the normalized time constant for the inductor (τL) is defined as L
S

L

RT

. Fig. 6.6(a) shows the variation of the voltage gain of the proposed converter in DCM 

with the change in duty ratio. Boundary conditions can be obtained by equating GCCM 

= GDCM. Thus, the normalized boundary time constant for the inductor (τLB) can be 

obtained as, 

                                              

2 21

4 2
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Fig. 6.6(b) shows the boundary condition of CCM and DCM of the proposed 

converter w.r.t. duty ratio. It is also observed that, if τL is greater than τLB, the proposed 

converter works in CCM. 
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                                          (a)                                                           (b) 

Figure 6.6. (a) Gain in Voltage and (b) DCM boundary condition w.r.t. duty ratio for 

the proposed converter. 

6.5 Effect of Mismatching of Inductors 

 The operation of proposed converter depends on the values of the inductors L1 

and L2. Hence, the currents through inductors L1 and L2 depend on the values of 

inductors L1 and L2. 

A.When Value of L1 Larger than value of L2  

The characteristics waveform of the inductors L1 and L2 currents are shown in 

Fig. 6.7(a) below. In this case the converter operates in three modes as follows, 

1) MODE I (δTS): In this mode, switches S1 and S2 are turned ON and equivalent 

circuitry is same as mode I of CCM. The input supply Vin charges inductor L1 via switch 

S1, the capacitor C1 via diode D1 and switch S1, and inductor L2 via diode D1 and switch 

S2, respectively. Simultaneously, capacitor C3 is charged by capacitor C2 via diode D3 

and switch S2, and the energy stored in capacitor C0 is transferred to the load R. The 

input current Iin is the sum of inductors currents i.e. Iin=IL1+IL2+IC1. The slope of the 

inductor L1 and L2 currents can be obtained as follows, 
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 In this mode, the current through inductor L2 is larger than current through 

inductor L1 since L2 < L1. 
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2) MODE II (kTS): This mode occurs for small time duration of kTs as shown in 

Fig. 6.7(a). When switches S1 and S2 are just turned OFF. The equivalent circuitry is 

shown Fig. 6.7(b), where diode D1 is forward biased. During this mode, the current 

through inductor L1 increases with a positive slope and the current through inductor L2 

decreases with large negative slope. The value of current through inductor L2 is larger 

than current through inductor L1. Also, the input current Iin is equal to inductor L2 

current i.e. Iin=IL2 and the resultant current through diode D1 is subtraction of inductors 

L2 and L1 currents i.e. IL2-IL1.  The slope of the inductors L1 and L2 currents are obtained 

as follows, 

               
1 2 3

1 1 2 2

1 2
,

C C Cd dI IV V V V V V VL Lin in in o

dt L L dt L L                     (6.16) 

 This mode ends as soon as the currents through inductor L1 and L2 are equal, 

and circuitry operates in mode III. 

                

                              (a)                                                                    (b) 

Figure 6.7. When L1 > L2 (a) inductor currents, and (b) Mode II. 

3) MODE III (1-k-TS): In this mode, switches S1 and S2 are turned OFF and 

equivalent circuitry is same as CCM mode II. In mode III, the input supply Vin charges 
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and the current through inductor L2 and L1 are equal i.e. Iin=IL1=IL2. The voltage across 

inductor L1 and L2 can be obtained as follows, 

                              
2 21 2

,
1 2 1 2

d dI IV V V VL Lin o in o

dt L L dt L L
                                 (6.17) 

 Using small approximation and inductor volt second balance, 
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  (6.19)                                

Solving (6.18)-(6.19), voltage gain of TBC is obtained as, 
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4
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Vo

Vin L L
                                                (6.20) 

6.6 Efficiency Analysis 

 The total power loss for the proposed converter comprises of the loss in the 

inductors, loss in the switches, and loss in the diodes. The power circuit of the proposed 

converter considering the non-ideality of different circuit components is displayed in 

Fig. 6.8. Where Equivalent Series Resistance (ESR) for the inductor L1 and inductor L2 

are indicated by rL1 and rL2, respectively. Similarly, rD1, rD2, rD3, and rD0 are internal 

resistance; the drops in forward voltages for the diodes D1, D2, D3, and D0 are VF1, VF2, 

VF3, and VF0, respectively. Whereas, the forward ON state resistances of the control 

switches S1 and S2, are indicated by RS1 and RS2, respectively. 

6.6.1 Inductor Loss 

 The power loss in the inductor includes the core loss and the copper loss. 

                                    PL = Core Loss + Copper Loss                                           (6.21) 

 For an MPP of 125 μ, the inductor core loss is obtained as follows: 
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1.98 1.64

0.33
core C mL

B fP A l                                                (6.22) 

 Where, B is the half of the ac flux swing, f is the frequency, AC is the core cross-

sectional area, and lm is the core mean magnetic path length. 

 

 

Figure 6.8. The power circuit of the proposed converter considering the non-ideality 

of different circuit components. 
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 Thus, total inductor copper loss is calculated as 
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 Thus, total inductor power loss is calculated as 
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6.6.2 Switch Loss 

 The switching power losses of S1 and S2 are denoted by PSW-S1 and PSW-S2, 

respectively. Where PSW-S denotes the total switching loss during switching and can be 

expressed as, 
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 Where, the rising and falling times of S1 and S2 are indicated by tR-S1, tF-S1, and 

tR-S2, tF-S2, respectively; the value of average switch current through S1 and S2 are 

indicated by IS1 and IS2, and the switch voltages of S1 and S2 are indicated by VS1, and 

VS2 respectively. The switch conduction losses of S1 and S2 are calculated by using 

equation (6.27) 
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                       (6.27) 

 Thus, the total loss by the switches is calculated as 

                                                    P P P
S SW S con                                               (6.28) 

6.6.3 Diode Loss 

 The power loss contributed by the diode is the addition of loss by internal 

forward voltage drop (VF) and loss by internal forward resistance (rD) which is 

calculated as 

                                                 
, ( ) ( )

P P P
D loss D VF D rD

                                    (6.29) 

 The power loss by the diode due to the forward voltage drop of VF is calculated 
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as, 
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 The diode power loss caused by the internal forward resistance rL is calculated 

as, 
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6.6.4 Overall Efficiency 

 Therefore, the efficiency of the proposed converter can be calculated by using 

equations (6.25)-(6.31) as (6.32),  
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6.7 Design of Circuit Components 

 The inductor and capacitor design is an essential element of the converter 

design. The selection of inductors is done on the basis of the inductor current, while the 

capacitor is selected on the basis of the capacitor voltage. 
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6.7.1 Inductor Design 

 The equivalent voltage developed across both the inductors L1 and L2 are 

obtained as, 

                                               1 2L L

di
V V L

dt                                                     (6.33) 

 The inductor value is selected on the basis of the average value of charging 

current, its ripples, duty ratio, and switching frequency. The ripple current through each 

inductor in the charging condition is obtained as follows, 

                                               1 2

V Tin S
i iL LL                                                  (6.34) 

 Where, the values of ripple currents for the inductor L1 and inductor L2 are 

indicated by ∆iL1 and ∆iL2, respectively. Therefore, for the CCM operation of the 

proposed converter, the critical values of each inductor can be calculated as, 

                                  
1/2 1/2

1 2
in S in

Cri Cri L L S

V T V
L L

i i f                                   (6.35) 

 Thus, the value of both the inductors can be chosen based on (6.29), where ∆iL2 

is 20-40% of the average inductor current value and fs is the switching frequency to 

control the switch. 

6.7.2 Capacitor Design 

 The capacitor value is controlled by its charging current, the voltage ripple 

across it, duty ratio, and switching frequency. During CCM1 the Capacitors C1 and C3 

are being charged and being discharged during CCM2 with a value of current equal to 

IL1. Thus, the capacitor voltage ripple for C1 and C3 can be obtained as follows, 
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                         (6.36) 

 Capacitors C0 is charged in Mode I and discharged in Mode II with a value of 
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current equal to I0. Thus, the capacitor voltage ripple for C0 can be obtained as, 

                                     

1 10 0
0

0 0

i T iS
VC

C C fS

                                   (6.37) 

 Capacitors C2 is charged in Mode II with a value of current equal to IL1. Thus, 

the capacitor voltage ripple for C2 can be obtained as, 
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 With the help of (6.36)-(6.38), the critical values of capacitors C1, C2, C3, and 

C0 can be calculated by using equations (6.36)-(6.41), 
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 Where, ∆VC1, ∆VC2, and ∆VC0 are the voltage ripple contents of the capacitors 

C1, C2, and C0 respectively; i0 is the output current. 

6.7.3 Selection of Diodes 

 It is observed that diodes D1 and D3 are only conducting in Mode I to charge the 

Capacitors C1 and C3, respectively. The diodes D2 and D0 are conducting in Mode 2 to 

charge the Capacitors C2 and C0, respectively. The maximum value of voltage stress 

across all the diodes are expressed as follows, 
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 Therefore, the diodes are selected to sustain the voltage stress shown in (6.46). 
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6.7.4 Selection of Switches 

 The switches S1 and S2 have been selected on the basis of their respective 

voltage stress values in the circuit. The switch voltages across S1 and S2 are observed 

to be zero in Mode I. The maximum voltage stress values of the switches S1 and S2 is 

expressed as follows, 
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 Therefore, the switches S1 and S2 have been selected to sustain the voltage stress 

shown in (6.49). 
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6.8 Simulation Results and Discussion 

 The proposed converter topology is devised for 200W power, an output voltage 

of 400V, and an input voltage of 30V with a duty cycle value of 0.7. The proposed 

converter has been simulated in MATLAB and the simulation results are shown in 

Fig.6.9. The average values of output voltage and output current are observed as 400V 

and 0.5A, while the input voltage and input current average values are observed as 30V 

and 6A. The average values of the inductor currents for inductor L1 and inductor L2 are 

observed as 3A and 3.2A, respectively. The PIV across diode D1 is 25% of the output 

voltage and its value is equal to (-100V). The voltage across capacitor C1 is observed 

as 30V which is almost the same as input voltage. The PIV across all the diodes D2, D3, 

and D0 is the same as output voltage i.e. -200V. The value of average output current is 

observed as 0.5A. The voltages across capacitors C2, C3, and C0 are observed as 200V, 

200V, and 400V respectively. The maximum value of switch voltage stress across S2 is 

observed as 200V in CCM2 which is 50% of the output voltage value. 

 

(a) Voltage waveforms 
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(b) Diodes D2, D3 and Capacitors C2, C3Voltage waveforms 

 

(c) Current waveforms 

Figure 6.9. Simulation results 

6.9 Hardware Implementation, Experimental Results, and Discussion 

 A 200W prototype of the proposed converter is developed and implemented in 

the laboratory to validate the theoretical analysis and performance of the converter. The 

designed prototype is shown in Fig. 6.10. A list of specifications for the different circuit 

components of the prototype is presented in Table 6.1. 
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Figure 6.10. Designed 200 W prototype of the proposed converter.   

Table 6.2. Design Considerations for the Proposed Converter 

Parameters Prototype 

Power  200 W 

Input Voltage (Vin) 30 V (Ideal)/32V (expt.)  

Duty ratio 0.7 

Output Voltage 

(V0) 
400 V 

Load 800 Ω 

Switching Freq. 100 kHz 

Inductor L1 and L2 ≈ 300 μH, 20A (shell type) 

Capacitor C1 ≈ 50 μF, 400 V 

Switches S1, S2 VDS = 900 V, iD = 36 A, RON = 65 mΩ (C3M0065090) 

Diodes (D0-D3) 
VRRM = 400 V, iF = 30 A, RON = 0.01Ω, VF = 0.8 V 

(STTH30R04) 

  

Furthermore, the ultra-fast recovery diode STTH30R04 is used for all the diodes 

D1, D2, D3, and D0, and silicon carbide MOSFET C3M0065090 is used as the switches 

S1 and S2 for high switching operation and better efficiency. The experimental results 

are presented in Fig. 6.11 with the values of Vin = 32V, V0 = 400V, fs = 100 kHz, and 

P0 = 200W. The experimentally obtained waveforms of input/output voltages and 
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currents are displayed in Fig. 6.11(a). The average values of output voltage and output 

current are observed as 399V and 480mA, while the input voltage with non-ideality and 

input current average values are observed as 31.5V and 6.3A. The input current is 

observed to be continuous and increasing with a constant slope in the ON-state and 

decreasing in the OFF-state because of charging and discharging of inductor L1 and 

inductor L2, respectively. The experimentally obtained waveforms of the currents 

through inductor L1 and inductor L2 along with the voltages across diode D1 and 

capacitor C1 are displayed in Fig. 6.11(b).  

                  

                                  (a)                                                                (b) 

Figure 6.11. Experimentally resulted waveforms for the proposed converter (a) 

input/output currents and voltages, and (b) inductor currents, voltage across capacitor 

C1 and diode D1. 

The average values of the inductor currents for inductor L1 and inductor L2 are 

observed as 3A and 3.2A, respectively. The experimentally obtained results for the 

inductor currents have an offset of 3.5A to show the inductor current ripples. The diode 

D1 is observed to be forward-biased in the ON state and reversed biased in the OFF 

state. The PIV across diode D1 is 25% of the output voltage and its value is equal to (-

100V). Fluctuations in voltage waveform are observed for the diode D1 due to the 

practical mismatch of inductance value (L1 and L2). The voltage across capacitor C1 is 

observed as 31V which is almost the same as input voltage. In order to refer and validate 
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the experimentally obtained waveforms of the voltages across diodes D2, D3, and D0, 

the waveform of the output current I0 is also displayed in Fig. 6.12(a). The PIV across 

all the diodes D2, D3, and D0 is 50% of the output voltage i.e. -200V. The value of 

average output current is observed as 480mA. Fig. 6.12(b) displays the experimentally 

obtained waveforms of the voltages across capacitors C2, C3, and C0 and waveform of 

the input current Iin in order to refer and validate. The voltages across capacitors C2, C3, 

and C0 are observed as 199V, 198V, and 398V respectively. Fig. 6.12(c) presents the 

experimentally obtained waveforms of the currents through switches S1 and S2 and the 

voltage across switch S2, the output voltage is also shown for reference and validation 

purposes. The maximum value of switch voltage stress across S2 is observed as 200V 

in CCM2 which is 50% of the output voltage value. The currents through the switches 

S1 and S2 are observed to be almost same. Fig. 6.12(d) shows the dynamic behavior of 

the proposed converter with a change in input voltage at the constant duty ratio and 

load. It is observed from the experimentally obtained results, that the proposed system 

gives stable output voltage and current.  

                 

(a)                                                                   (b) 
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                              (c)                                                                       (d) 

Figure 6.12. Experimental waveform of (a) voltage across diode D2, D0, D3 and output 

current (b) voltage across capacitor C2, C3, C0 and input current, (c) switch voltage and 

switch current stress for S1 and S2 and (d) dynamic variation of input-output voltage 

and current with change in duty ratio from 0.6 to 0.5 to 0.6.  

A disturbance is initiated from the load and source sides to analyze the proposed 

converter's performance in disturbed condition. The reference of output voltage is set 

at 400V and the dynamic response of the system is verified by varying the input voltage 

and the step change in the load resistance as shown in Fig. 6.13(a) and Fig. 6.13(b), 

respectively. As seen from Fig. 6.13(a), constant output voltage 400V is achieved even 

when the input voltage varies from the 32V to 40V at the constant power (fixed load 

resistance). It is observed that, there is no spike in input current during the transition. 

Similarly, the load resistance is changed to examine the stability of the proposed 

converter in closed loop to achieve the constant output voltage 400.19V as shown in 

Fig. 6.13(b). Here, the load current is varying from 0.03mA to 0.48mA to 0.6mA and 

the change in the input current can assure the power balance between the input and the 

output.  
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                              (a)                                                                     (b) 

Figure 6.13. Dynamic variation of input-output voltage and current with change in (a) 

input voltage at constant load and (b) change in load at constant input voltage. 

The theoretically and experimentally achieved voltage gain of the proposed 

converter is shown in Fig. 6.14(a). The parasitic internal resistance of different circuit 

components is the main cause of the difference between theoretical and experimentally 

achieved voltage gain values. It can be observed from the mathematical analysis, that 

the drop in voltage gain is inversely proportional to the input voltage. Hence with 

increase in the input voltage, the drop in the output voltage is decreasing. The 

conduction loss in the proposed converter depends on the current through each of the 

components and most of the current through each component directly depends on the 

input current. Hence at a constant power, the input current is decreasing with increase 

in the input voltage. Therefore, from mathematical analysis at different input voltages 

with constant power, the proposed converter is experimentally verified and the 

observed efficiency at different input voltages is plotted in the Fig. 6.14(b). It can be 

observed that, the maximum efficiency achieved by the proposed converter is 96.5% at 

the 200W power with 32V as input voltage. 
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                               (a)                                                                      (b) 

Figure 6.14. (a) Voltage gain comparison between theoretical and experimental value 

and (b) efficiency with respect to output power for the proposed converter. 

6.10 Comparison of Different Topologies 

 In this section, a comparative study of the proposed converter with other similar 

high gain converter structures is presented, such as the multilevel boost converter [155], 

non-isolated DC-DC boost converter with voltage-lift technique [154], Traditional 

switched inductor based DC-DC boost converter [122], converter-I in [148], modified 

SEPIC converter in [153], ASL-SU2C-VO-conguration [156], and modified SEPIC 

converter (MSC) [157]. The number of components, normalized voltage stress across 

the switches, switch current stress, efficiency at rated power, and the gain in voltage for 

these converters are presented in Table 6.3.  

 The proposed converter achieves a higher voltage gain as compared to 

the topologies presented in [154], [122], [148], [153], [156], [157] and [155] for the 

same duty cycle range. Therefore, small voltage rating active switches having small 

ON-state resistance can be used in the circuit, which leads to the reduction of cost. The 

converters presented in [122], [153], and [157] utilizes only one power switch. 

However, high voltage stress has been generated across the switch and the voltage gain 

is lower than the topology proposed. The number of diodes used in the converters [154] 

and [122] is the same as the proposed converter. However, their voltage gain is lower 
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and the switch voltage stress is higher than the proposed converter. Table 6.3 indicates 

that the proposed converter provides a lesser switch voltage stress as compared to the 

converters in [154], [122], [148], [153], [156], and [157]. The efficiency of the proposed 

converter is observed to be higher than all the other converters. The efficiency of a 

converter depends on different factors such as the components count, their types, and 

voltage/current ratings. The comparison with regards to switch current stress among the 

different converters indicates that the proposed converter has the lowest switch current 

stress through the active switches and the value is half the value of input current. Hence, 

active switches with low current rating are required as the total input current is shared 

by these two active switches. Generally, the increase in the rating of a device leads to 

an increment in its ON-state resistance. The proposed converter topology requires lower 

rating components and hence it comes up with a low-cost design and generates higher 

efficiency. 

A: Traditional Boost Converter, B: multilevel boost converter [155], C: non-

isolated DC-DC boost converter with voltage-lift technique [154], D: Traditional 

switched inductor based DC-DC boost converter [122], E: converter-I in [148], F: 

modified SEPIC converter in [153], G: qZS-BCVLSI-configuration [156], H: modified 

SEPIC converter (MSC) [157], I: proposed converter. 
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Table 6.3. Comparative Study of the Proposed Converter with other Existing DC-DC Converters 

Conv. 

Reactive components 

count 

Semiconductor 

Components count 

Total 

compo

nents 

CCM Voltage 

gain (M) 

Normalized 

Switch 

voltage stress 

Switch 

current 

stress 

Efficiency 

Output 

port 

Inductor Capacitor Switches Diodes 

A 1 1 1 1 4 1/(1-𝛿) 1 Iin - Grounded 

B 1 3 1 3 8 2/(1-𝛿) 1/2 Iin+IC1 

94.6% at 

100W 

Grounded 

C 2 2 2 4 10 (1+𝛿)/𝛿 (1-𝛿) 1/(1- 𝛿)M 2Iin /1+ 𝛿 - Grounded 

D 2 1 1 4 8 (1+𝛿)/(1-𝛿) 1 Iin 

95.2%  

at 50W 

Grounded 

E 2 1 2 1 6 (1+𝛿)/(1-𝛿) (1+M)/M 2Iin /1+ 𝛿 

92.7%  

at 40W 

Floating 

F 2 3 1 2 8 (1+𝛿)/(1-𝛿) (1+M)/2M Iin 

92.2%  

at 100W 

Grounded 

G 3 4 1 4 12 (3+𝛿)/(1-𝛿) M/(3+ 𝛿) Iin+IC1 

94.4%  

at 250W 

Floating 

H 3 3 1 3 10 𝛿/(1-𝛿)2 1 Iin+IC1+IC2 

91.4%  

at 100W 

Grounded 

I 2 4 2 4 12 4/(1-𝛿) 1/2, 1/2 

Iin /2,  

Iin /2 

96.5% at 

200W 

Grounded 
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 From Fig. 6.15, the proposed converter is observed to be providing a higher gain 

in voltage in comparison with the converters presented in [122], [148], [153], [156], 

[157] and [155]. Furthermore, the output and input of the proposed converter and the 

converters in [154], [122], [153], and [155] are at common ground, while the rest of the 

other converters are suitable for floating load conditions only.  

 

Figure 6.15. A Comparative graphical representation of the proposed converter with 

different converters for the voltage gain with respect to duty ratio. 

 From the comparative analysis, the proposed converter is observed to be 

providing a reduced value of switch voltage and switch current stresses in comparison 

with the other converters. Hence, small voltage rating active switches having small ON-

state resistance can be used in the circuit. The proposed converter can attain a high 

voltage gain and an improved efficiency as compared to the other converters. 

Furthermore, the common ground connection of source and load in the proposed 

converter circuit makes it highly suitable for solar PV applications. 

6.11 Summary 

 The DC-DC high gain boost converter with active switched inductor network 

has been presented in this chapter. The proposed converter has utilized two switches to 

reduce the current stress. The active switched inductor network and voltage multiplier 
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structure have been effectively arranged to boost the output voltage and for the equal 

distribution of capacitor voltage stress. Furthermore, the presented topology drains a 

continuous current from the input supply. Hence, high-voltage boost ability and 

continuous input current make it suitable for PV and fuel cell applications. A detailed 

CCM and DCM analysis of the proposed converter has been presented along with the 

discussion about their boundary conditions. The theoretical and mathematical analysis 

has been validated by the experimental results. The converter has been regulated at 

different duty cycle values to test and verify its performance and the peak efficiency is 

achieved by the proposed converter at 200 W and its value is 96.5%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

157 

CHAPTER 7: DOUBLE STAGE CONVERTER WITH LOW CURRENT STRESS 

FOR NANOGRID 

7.1 Introduction 

 A low to high voltage conversion technique using double stages of switched 

inductors for Nanogrid applications has been presented in this chapter. The proposed 

converter topology utilizes fewer components, achieves high voltage gain at a small 

value of duty ratio, and has high efficiency. Moreover, the proposed converter provides 

a reduced switch current stress to obtain a stable constant boosted DC voltage. 

Therefore, it requires low-current rating switches and hence leads to cost reduction. 

Additionally, the load and the source end are connected to the same ground. The 

principle of operation, theoretical waveforms in Continuous Conduction Mode (CCM), 

and Discontinuous Conduction Mode (DCM) with steady-state analysis are discussed. 

A detailed discussion about the effect of non-idealities on the high voltage conversion, 

the design of components, and a comparison of the performance characteristics such as 

the number of components, Voltage Gain in CCM, switch current stress, normalized 

switch voltage stress, and efficiency of the proposed converter topology with other 

converters are presented. The experimental results of the 500W laboratory prototype 

are also shown to validate the operation of the proposed converter. 

 The proposed converter utilizes a very simple structure incorporating very few 

components and provides very high efficiency. The proposed converter draws a 

continuous input current from the input source with low ripple and achieves a higher 

voltage gain at a small value of duty ratio. The proposed converter provides a reduced 

switch current stress to obtain a constant DC step-up voltage. Therefore, it requires 

switches with low-current rating, since the two switches equally share the total input 

current. Normally, as the rating of a device increases its ON-state resistance increases. 
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It is observed that lower rating components are required for the proposed converter and 

hence it is a low-cost design. The active switches of the proposed converter have low 

conduction loss, its design is transformer-less, and has a simplified control. Moreover, 

the load and source end of the proposed converter has a common ground connection. 

Therefore, for this converter to be used in PV systems, common-mode voltage and 

leakage reduction techniques are not required, and hence making the proposed 

converter is highly suitable for integration of solar PV panels with the DC Nanogrid 

system at the 400 V bus. 

7.2 Power Circuit Topology 

 Fig. 7.1 shows the proposed double stage converter power circuitry for 

Nanogrid low to high voltage conversion. It comprises two active switches S1 and S2, 

two inductors L1 and L2, diodes D1 and D2, two capacitors C1 and C2, and a load R. The 

switching frequency at which the switch S1 and switch S2 are being turned ON and OFF 

is indicated by fS.  

 

Figure 7.1. Power circuitry of the proposed converter. 

 To discuss the steady-state operational theory of the proposed converter, the 

circuit elements are considered ideal. The equivalent series resistance (ESR) effects of 

the inductors and capacitors, ON-state switch resistance, and forward voltage drop 

across the diodes have not been taken into account. Also, for the output voltage to 

remain constant, the capacitance value of the output capacitor C2 is considered to be 

R

D1

Vin

L1

L2 D2

S1

S2

Vo

C1

C2
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large enough. The value of inductance for both the inductors L1 and L2 is assumed to be 

equal. Therefore, 

                                               1 2L L L                                                               (7.1) 

 The steady-state mathematical analysis in CCM and DCM and the principle of 

operation are discussed below. The CCM and DCM characteristics waveforms for the 

proposed converter are displayed in Fig. 7.2. 

7.3 Working principle and analysis in CCM 

 The two working modes involved in the Continuous Conduction Mode (CCM) 

of the proposed converter are explained in this section, and the equivalent circuit is 

depicted in Fig. 7.3. During one switching period TS, both the switches of the proposed 

converter are simultaneously operated using the same values of duty pulse as well as 

the duty ratio. Hence, there are two working modes in CCM: CCMI and CCMII for the 

proposed converter. Both the switches (S1 and S2) are ON in CCMI, while switches (S1 

and S2) are at OFF position in CCMII. 

 CCMI: Fig. 7.3(a) shows the power circuit for this mode. Both the switches S1 

and S2 are at ON position during this mode. The input voltage supply (Vin) charges 

inductor L1 (via switch S1), the capacitor C1 (via diode D1 and switch S1), and inductor 

L2 (via D1 and S2), and the energy of the capacitor C2 is supplied to the load (R). Diode 

D1 is forward biased, and diode D2 is reversed biased. It is observed that the input 

voltage (Vin) charges both the inductors (L1 and L2) and the capacitor C1 in parallel. 

Therefore, in this mode, the inductors L1 and L2 voltages/currents are indicated by the 

following expressions: 

                 1 2 1 2,  L L L C in C oV V V V V V V                                  (7.2) 

                1 2 1 2,  
o

in L L C C o

V
I I I I I I

R
                                   (7.3) 
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                             (a)                                                                 (b) 

Figure 7.2. Typical characteristics waveforms indicating the variations in voltages and 

currents for different circuit components with respect to time in (a) CCM, (b) DCM. 

*The units for all the given voltages are Volts, for all the given currents are Ampere, 

and for all the given times are Second. 

 Table 7.1 briefly summarizes the Operating Principle in both CCM and DCM 

(*Ch.: Chraged, D/Ch.: Discharged, ZC: Zero current, FB: Forward Biased, RB: 

Reversed Biased). 
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Table 7.1. Operating Principle in CCM and DCM 

Operating 

Modes 

Time  

Switches Inductors Capacitors Diodes 

S1 S2 L1 L2 C1 C2 D1 D2 
C

C
M

 CCMI TON  ON ON 
Ch. in 

parallel 

Ch. in 

parallel 

Ch. in 

parallel 

D/C

h. 
FB RB 

CCMII TOFF  OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

Ch. RB FB 

D
C

M
 

DCMI KITS  ON ON 
Ch. in 

parallel 

Ch. in 

parallel 

Ch. in 

parallel 

D/C

h. 
FB RB 

DCMII KIITS  OFF OFF 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

D/Ch. 

in 

series 

Ch. RB FB 

DCMIII KIIITS  OFF OFF ZC ZC ZC 
D/C

h. 
RB RB 

 

 Where output voltage (average) is indicated by Vo, the input current is indicated 

by Iin, the output current is indicated by Io, voltages across capacitors C1 and C2 are 

indicated by VC1 and VC2, and currents through capacitors C1 and C2 are indicated by 

IC1 and IC2, the currents through the inductors L1 and L2 are indicated by IL1 and IL2, the 

voltages across inductors L1 and L2 are indicated by VL1 and VL2, respectively. 

 The switches S1 and S2 voltages/currents are indicated by the following 

expression: 

                      1 2 1 1 1 2 20,  ,S S S S L C S LV V V I I I I I                                (7.4) 

 CCMII: The power circuitry of this mode is shown in Fig. 7.3(b). Both switch 

S1 and switch S2 are being turned OFF simultaneously during this mode. During this 

mode, the output capacitor C2 is charged by the series combination of input voltage 

supply (Vin), inductor L1, capacitor C1, inductor L2. Also, via diode D2, the input side 

energy is supplied to the load R. In this mode, Diode D2 and diode D1 are forward and 
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reversed biased, respectively. Therefore, in this mode, inductors L1 and L2 

voltages/currents are indicated by the following expressions: 

                                           
2

,  1 2 2
2

V Vin o
V V V V VoL L L C                            (7.5) 

                                    ,  1 2 1 2

Vo
I I I I I I IinL LL L C C

R
                    (7.6) 

       

                                  (a)                                                                     (b) 

Figure 7.3. Operating modes in CCM (a) CCMI and (b) CCMII.  

 The switches S1 and S2 voltages/currents are indicated by the following 

expressions: 

                                              

2
,  ,1 2

(1 ) (1 )

01 2

V Vin in
V VS S

d d

I IS S

                                 (7.7) 

 Therefore, the gain in voltage for the proposed converter in CCM is shown as, 

                                                 / 2 / 1M V V do inCCM                                      (7.8) 

 Where (d) is the duty cycle of the proposed converter and (M) is the gain in 

voltage and the voltage gain for CCM (Continuous Conduction Mode) is indicated as 

MCCM. 

7.4 Working principle and Analysis in DCM 

 Discontinuous Conduction Mode (DCM) has three modes of operation: DCMI, 

DCMII, and DCMIII for the proposed converter. In DCMI, both the switches S1 and S2 
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are at ON position, in DCMII switches S1 and S2 are at OFF position with the inductor 

currents having a non-zero value, and in DCMIII, switch S1 and switch S2 are at OFF 

position with inductor current values equal to zero. The three working modes involved 

in the DCM of the proposed converter are explained in this section, and power circuitry 

for DCMIII is depicted in Fig. 7.4. The characteristic waveform of DCM is displayed in 

Fig. 7.2(b), where KITS is the time period for DCMI, KIITS is the time period for DCMII, 

and KIIITS is the time period for DCMIII; KI, KII, and KIII are the constant multiples of 

the time period for DCMI, DCMII, and DCMIII, respectively. 

 DCMI: The proposed converter’s operating principle and power circuit in DCMI 

are the same as that in CCMI; both the switches (S1 and S2) are at ON position. The 

input voltage (Vin) is charging both the inductors (L1 and L2) and the capacitor C1 in 

parallel. In this mode, the inductors (L1 and L2) currents initiated at zero value and 

reached a maximum value at the end. The maximum current values through L1 and L2 

can be obtained from the following expression: 

                         max 1max 2max /L L L in I sI I I V K Lf                           (7.9) 

 Where the maximum value of inductor (L1 and L2) currents are indicated by 

IL1max and IL2max, respectively, and fS = 1/TS indicates the switching frequency. The 

inductors L1 and L2 ripple currents can be shown as, 

                                  1 2 /L L L in I sI I I V K Lf                                   (7.10) 

 where the inductors (L1 and L2) ripple currents are indicated by ΔIL1 and ΔIL2, 

respectively. 

 DCMII: The proposed converter’s operating principle and power circuit in 

DCMII are the same as that in CCMII; switch S1 and switch S2 are at OFF position with 

non-zero inductor currents. The output capacitor C2 is charged by the series 

combination of input voltage supply (Vin), inductor L1, capacitor C1, inductor L2. Via 
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diode D2, energy is supplied to the load R. In this mode, the inductors L1 and L2 currents 

started initially from a maximum value and reached a zero value at the end. The 

maximum currents flowing through inductors L1 and L2 can be obtained from the 

following expression: 

                  max 1max 2max 2 / 2L L L in o II sI I I V V K Lf             (7.11) 

 The inductors L1 and L2 ripple currents can be shown as, 

                          1 2 2 / 2L L L in o II sI I I V V K Lf                        (7.12) 

 DCMIII: The equivalent circuit of the proposed converter in DCMIII is displayed 

in Fig. 7.4. In this mode, switches S1 and S2 are at the OFF position with zero inductor 

current values.  

 

Figure 7.4. Power circuitry of the proposed converter in DCMIII. 

 Therefore, both the inductors L1 and L2 are completely de-energized. Both the 

diodes (D1 and D2) are reversed biased in this mode and the energy stored in the output 

capacitor C2 only is supplied to the load R. From Eqs. (7.9) and (7.11) KII is shown by 

the following expression: 

                                                    

2

2

in I

in o

V K
KII V V                                                (7.13) 

 The average current through the output capacitor C2 for one switching period 

can be obtained as follows, 

Vin L1
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Vo
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                                 2 max max

1 1

2 2

o
C II L o II L

o

V
I K I I K I

R
                       (7.14) 

 From Eqs. (7.9), (7.13), & (7.14) 

                                                2

2

2

in I S o
C

in o

V K T V
I

V V L R                                        (7.15) 

 In steady-state conditions, the average current flowing through a capacitor is 

always zero, hence Eq. (7.15) can also be written as, 

                                                      

2

2

in I S o

in o

V K T V

V V L R                                              (7.16) 

 From (7.16), the quadratic equation obtained is as follows, 

                                                    

2 2

0
o o I

in in L

V V K

V V
                                       (7.17) 

 Where normalized time constant (ξL) for the inductor L1 and inductor L2 and is 

expressed as ξL = L/RTS. Hence, the value of (ξL) changes with the change in L, R, and 

TS. The gain in voltage for the proposed converter in DCM is indicated by MDCM and 

can be expressed as, 

                                 

1/21/2 22

1 1 1
o IL I

Lin s

V K RK
M DCM

V Lf
         (7.18) 

 The switching frequency is indicated by fS. When the gain in CCM is equal to 

the gain in DCM, a boundary condition is reached. Thus, from Eqs. (7.8) and (7.18), 

                                              

1/22
2

1 1
1

K RI

dL fs

                                           (7.19)

 Now, as we know that the mode CCMI is the same as that of mode DCMI i.e. d 
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= KI. Therefore, the normalized time constant at the boundary conditions (ξLb) for the 

inductors (L1 and L2) is shown by the following expression, 

                                              

2
1 2

4Lb

d d

d                                             (7.20) 

 Fig. 7.5 illustrates the variation of (ξLb) with the variation in duty cycle (d) for 

the proposed converter. It is important to note that, the proposed converter works in 

CCM for the values of (ξL) greater than (ξLb). 

 

Figure 7.5. Normalized boundary condition. 

7.5 Effects of Non-idealities on Voltage Gain 

 The proposed converter’s power circuit with consideration of the non-idealities 

of the circuit elements to study their effect on voltage gain is shown in Fig. 7.6. The 

ESR of inductors L1 and L2 is denoted as rL. The non-ideality of the diodes is 

represented by their internal resistance (rD) and the threshold voltage (VFD). Hence, the 

non-ideality of diodes D1 and D2 is represented with their respective internal resistance 

and forward voltage drop as shown in Fig. 7.6. Similarly, switches S1 and S2 are 

represented with their internal resistance rS. The ESR for the capacitors C1 and C2 are 

represented with their internal resistance rC. 
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Figure 7.6. Proposed converter with non-ideality characteristics. 

7.5.1. Effect of ESR of Inductors on Voltage Gain 

 The effect of the inductor’s ESR on voltage gain is analyzed by neglecting the 

parasitic irregularities caused by the other components. For the mathematical analysis, 

the ESR of both the inductors is assumed to be equal i.e. rL1 ≈ rL2 ≈ rL. Therefore, the 

inductors L1 and L2 voltages in CCMI and CCMII can be obtained by using the following 

expressions, 

                       1 1 2 2: ,I L in L L L in L LCCM V V I r V V I r                             (7.21) 

                      

: ,
1 1 2 2

2 2
II

V V
o o

CCM V V I r V V I r
L in L L L in L L

              (7.22) 

 From (7.21) and (7.22), 

                          1 2 1 2: 2I L L in L L L LCCM V V V I r I r                               (7.23) 

                          1 2 1 2: 2II L L in L L L L oCCM V V V I r I r V                      (7.24) 

 Considering inductor volt second balance principle and small approximation 

technique,  

                  1 2 1 22 2 (1 )in L L L L in L L L L oV I r I r d V I r I r V d       (7.25) 

 The expression of voltage gain for the proposed converter with consideration of 

the effect of the inductor’s ESR is expressed as, 
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 Now, on the assumption of VDL as the ESR voltage drop across the inductors 

(i.e. IL1rL and IL2rL are equal to VDL), (7.26) can be expressed as, 
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22

1 1 1
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o in DL

in in
L

V

V V V

V d d V dr
                          (7.27)

 It is noticed from (7.26)–(7.27) that, with greater values of VDL and d the voltage 

gain declines drastically. It indicates that the duty cycle and inductor’s ESR should have 

a small value. 

7.5.2. Effect of ESR of Diodes on Voltage Gain 

 The effect of the non-ideality of the diode on voltage gain is analyzed by 

neglecting the parasitic irregularities caused by the other components. For the 

mathematical analysis, the following non-idealities are assumed: rD1 ≈ rD2 ≈ rD and VFD1 

≈ VFD2 ≈ VFD. Therefore, the voltages across the inductors L1 and L2 in CCMI and CCMII 

can be obtained by using the following expressions, 

                          1 2 1: ,I L in L in D D FDCCM V V V V I r V                          (7.28) 

                           
2

1 2:

2

D D FD o
II L L in

I r V V
CCM V V V                      (7.29) 

 From (7.28) and (7.29), 

                        1 2 1: 2I L L in D D FDCCM V V V I r V                                 (7.30) 

                        1 2 2: 2II L L in D D FD oCCM V V V I r V V                        (7.31) 

 Considering inductor-volt-second-balance principle and smallapproximation 

technique, 
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                 1 22 2 (1 )in D D FD in D D FD oV I r V d V I r V V d             (7.32) 

 The voltage gain expression for the proposed converter by considering the effect 

of diodes (D1 and D2) ESR can be obtained as, 
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FD D D
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                      (7.33) 

 Now, on the assumption of VD as the forward resistance voltage drop across the 

diodes (i.e. ID1rD and ID2rD are equal to VD), (7.33) can be shown as, 
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 It is noticed from (7.33)–(7.34) that, with greater values of VD and d the voltage 

gain declines drastically. It indicates that the threshold voltage (VFD) and the internal 

forward resistance of the diodes should have a small value. 

7.5.3. Effect of ESR of Switches on Voltage gain 

 The effect of ESR of switches on voltage gain is analyzed by neglecting the 

parasitic irregularities caused by the other components. For the mathematical analysis, 

the internal forward resistance of switches is assumed to be equal i.e. rS1 ≈ rS2 ≈ rS. 

Therefore, the voltages across the inductors L1 and L2 in CCMI and CCMII can be 

obtained by using the following expressions, 

                               1 1 2 2: ,I L in S S L in S SCCM V V I r V V I r                       (7.35) 

                               1 2: ,
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V V
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 From (7.35) and (7.36), 

                                 1 2 1 2: 2I L L in S S SCCM V V V I I r                   (7.37) 
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                                 1 2: 2II L L in oCCM V V V V                                         (7.38) 

 Considering inductor volt second balance principle and small approximation 

technique, 

                         1 22 2 1in S S S in oV I I r d V V d          (7.39) 

 The expression of voltage gain for the proposed converter with consideration of 

the effect of switches S1 and S2 ESR can be obtained as, 
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 Now, on the assumption of VDS as the ESR voltage drop across the switches (i.e. 

IS1rS and IS2rS are equal to VDS ), (7.40) can be expressed as, 
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 It is noticed from (7.40)–(7.41) that, with greater values of VDS/Vin and d the 

voltage gain declines drastically. It indicates that the inductor’s ESR should have a 

small value. 

7.5.4. Effect of ESR of Capacitors 

 The voltage drop across the capacitor’s internal resistance rC is assumed as VDC. 

7.5.4.1 Effect of ESR of Intermediate Capacitor 

 The input voltage supply (Vin) charges the capacitor C1 in CCMI. The capacitor 

C1 is being discharged by the current IL1 in CCMII. Hence, it experiences a drop in 

voltage which is indicated by ΔVC1, 
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 The voltage across the capacitor C1 at the end of CCMII is expressed as, 
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 The current IL1 during CCMII can be shown by the following expression, 
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 From (7.43) and (7.44), 
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 As we know that the currents through the inductors in CCMI and CCMII modes 

increase and decrease, respectively. The comparison of the ripples in CCMI and CCMII 

shows that, 
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 From (7.42), Eq. (7.46) can be written as 
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 From (7.45)–(7.47), the voltage gain can be expressed as, 
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 From (7.8), the output voltage at the beginning of CCMII is expressed as, 
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 Also, the output voltage at the end of CCMII is dropped down and expressed as, 
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 Hence, the gain in voltage and the drop in output voltage is predictable for fSRC1 

>> 1, 
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 From (7.51), the gain in voltage gain can be expected as, 
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 From the above expression, the values of switching frequency, load, and 

capacitor C1 can be selected appropriately. 

7.5.4.2 Effect of ESR of Output Capacitor 

 The voltage drop across the capacitor C2 due to internal resistance (rC) is 

indicated as (VDC). In CCMI, the energy of capacitor C2 is being released through (R). 

Therefore, the capacitor C2 voltage being the same as the output voltage, also drops 

down and can be expressed as, 
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C o DC o o

t t
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                        (7.53) 
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 The final expression at the end of CCMI is indicated by (ΔVo) and can be written 

as, 

                                              2
2

o
o

s

dV
V

C
f RC

                                              (7.54) 

 It indicates that the switching frequency fS, load R, and capacitance C2 should 

be selected appropriately. The variation in the output voltage caused by the combination 

of both the capacitors C1 and C2 is expressed as, 

                               
1 2 1 2

1 2

1
o

o o o

s

dV
V V V

C C C C C Cf R
             (7.55) 

7.5.5. Overall effect of Non-idealities on voltage gain 

 The non-idealities associated with the inductors, diodes, the capacitors, and 

switches’ ESR effect have been taken into account; the gain in voltage can be shown 

by using the following expression, 
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          (7.56) 

 From Eq. (7.56), the gain in voltage is observed to be decreasing with the 

increasing values of voltage drop caused by each ESR and duty ratio. Therefore, for the 

proposed converter it is advisable to select semiconductor devices with the lower 

internal resistance and the duty ratio moderate values. 

7.6 Evaluation of efficiency 

 The proposed converter’s overall efficiency can be expressed as, 
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 Where, PSW indicates the overall switching loss during switching; PSW−S1 and 

PSW−S2 indicate the switching power losses for the switches S1 and S2, respectively. For 

switch S1 and switch S2, the rising and falling times are indicated by tRS1/2, and tFS1/2, 

respectively; IS1 and IS2 indicate the average currents through the switch S1 and switch 

S2; VS1 and VS2 indicate the voltages across the switch S1 and switch S2, respectively. 

The overall input/output power is obtained by using the following expressions, 

        

1 1 1 1 2 2 2 2

1 2

( ) ( )
S S RS FS S S RS FS

SW SW S SW S

s

I V t t I V t t

P P P

T
 

  

      (7.58) 

7.7 Design of Circuit Components 

 A laboratory prototype of the proposed topology is developed to validate its 

operating principle and performance, where the typical input and output parameters are 

considered as follows: input voltage is 40 V, output voltage as 400 V, output power as 

500 W, and the switching frequency as 100 kHz. The inductors are selected based on 

the current through the inductors, whereas the selection of capacitors is done based on 

the voltage across them. To obtain a better performance, the worst-case scenario has 

been considered to design the inductors and capacitors. Table 7.2 shows the specific 

values of various circuit components for the designed prototype. 

7.7.1 Design of Inductors 

 The 90% worst efficiency η(worst) has been selected to calculate the duty cycle. 

          2 2
1 ( ) 1 82%0.90

( ) 90% 10CCM

d worst
worst M




    
    (7.59) 
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Table 7.2. Experimental Parameters 

Parameters Experimental Values 

Power 500 W 

Input Voltage (Vin) 36 V to 48 V 

Duty ratio  0.8 (for 40V to 400V conversion) 

Output voltage (V0) 400 V  

Load 320 Ω 

Switching frequency 100 kHz 

Inductor L1 and L2 ≈ 1mH, 20A (ferrite E core) 

Capacitor C1, C2 ≈ 22 μF/100 V, 3.3µF/450V   

Switches S1, S2 
VDS = 900 V, iD = 36 A, 

RON = 65 mΩ (C3M0065090) 

Diodes (D1, D2) 
VRRM = 400 V, iF = 30 A, RON = 0.01Ω, 

VF = 0.8 V (STTH30R06) 

 

 The critical values of the inductors L1 and L2 can be obtained as follows, 

                                 1, 2, 40% of 

in in
C C

L s L s

dV dV
L L

I f I f
                  (7.60) 

 Therefore, using the given parameters, the critical values can be calculated as, 

                                 1, 2,

0.82 40
72.89 

4.5 100C CL L H
A kHz                   (7.61) 

 Therefore, both the inductor values are selected based on (7.61), where 20% to 

40% of the inductor current (average value) is indicated by ΔIL and switching frequency 

for the switch control is indicated by fS. The inductance values and the current rating of 

the inductors L1 and L2 should be more than the respective calculated values of input 

current and critical inductance. Therefore, inductors with the core of ferrite E-type rated 

at 1 mH/18 A have been selected for the designed prototype. 

7.7.2 Design of Capacitors 

 The current flowing through the capacitor C1 is observed to be maximum when 

the switches are turned ON. Thus, the value of critical capacitance for the capacitor C1 

can be calculated as follows, 
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 The capacitor C1 voltage rating must be more than the input voltage value (40 

V). Hence, a capacitor (film-type: rated at 22 μF/100 V) has been selected for the 

designed prototype. The value of critical capacitance for the capacitor C2 can be 

calculated as follows, 
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V f V kHz              (7.63) 

 The capacitor C2 voltage rating must be more than the output voltage value (i.e. 

400 V). Hence, a capacitor (film-type: rated at 3.3 μF/450 V) has been selected for the 

designed prototype. 

7.7.3 Diode Selection 

 The critical value of diode D1 voltage rating can be calculated as, 

                                          1,  or  
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 The critical value of diode D2 voltage rating can be calculated as, 
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 The voltage ratings of the diodes D1 and D2 should be more than 200 V and 400 

V, respectively for the selected parameters. The current ratings of the diodes D1 and D2 

should be more than the input current i.e. ID1 and ID2 > Iin. Therefore, diodes 

STTH30R06 have been selected for the designed prototype. 

7.7.4 Switch Selection 

 The critical values of switches S1 and S2 voltage ratings can be calculated as, 
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 The voltage ratings of the switches should be more than 200 V and 400 V, 

respectively for the chosen parameters. The current ratings of switch S1 and switch S2 

should be less than the input current value i.e. IS1 and IS2 < Iin. Therefore, switches 

C3M0065090 have been selected for the designed prototype. 

7.8 Simulation Results and Discussion 

 The theoretical characteristics waveforms represent the voltage and current 

behavior of the different circuit components. However, in practical or real conditions 

non-idealities in the circuit components does exist. Therefore, the experimental 

waveforms are slightly different than the theoretical waveforms. Some simulation 

results are shown below in Fig. 7.7 for the confirmation. 

 Initially, the design and circuitry of the proposed TBC is validated through 

simulation for 500W power, an output voltage of 400V, and an input voltage of 40V. 

The obtained voltage and current waveforms across/through each component is shown 

in Fig. 7.7(a)-(b), respectively. The obtained waveforms are matched with the typical 

waveforms discussed in Section 7.2. Fig. 7.7(a) displays the input voltage (40V), output 

voltage (400V), and diodes D1 (200V) and D2 (400V) voltages waveforms for the 

proposed converter. Both the inductors L1 and L2 are observed to be charging in ON-

state with the average voltage value of 40V, and both the inductors L1 and L2 are 

discharging in OFF-state with the average voltage value of -150V. The maximum 

switch voltage across the switches S1 and S2 are observed as 200 V and 400 V, 

respectively. The voltage across the input capacitor C1 is found to be nearly equal to 

the input voltage (i.e. 39 V). The average input current drawn by the proposed converter 

is nearly equal to 12A. However, the output current is nearly equal to the 1.25A as 

shown in Fig. 7.7(b). It is important to note that the values of the average currents 

flowing through the inductors L1 and L2 are observed as 6.5 A and 6.8 A, respectively. 
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The maximum value of switch current through each of the switches S1 and S2 is 

observed as 6A, which is approximately equal to half of the input current value. 

 

(a) Voltage waveforms 

 

(b) Current waveforms 

Figure 7.7. Simulation results  

7.9 Hardware Implementation, Experimental Results, and Discussion 

 The working theory for the proposed converter is verified by developing a 500 

W laboratory prototype. STTH30R06 is used for all the diodes, which is an ultra-fast 

recovery diode. To achieve higher efficiency and high switching operation, 

C3M0065090 silicon carbide MOSFET is used for the switches. The prototype of the 

proposed converter is implemented in the laboratory to validate the theoretical analysis 

and performance of the converter. The designed prototype is shown in Fig. 7.8. 



 

179 

 

Figure 7.8. Designed 500 W laboratory prototype of the proposed converter. 

 Fig. 7.9(a) shows the output/input voltages and input/output currents waveforms 

obtained experimentally. It indicates that 400 V, 43 V, 1.25 A, and 12 A are the output 

voltage, input voltage, output current, and input current average values, respectively. It 

is important to note that the input current is continuous, and its slope is positive in the 

mode CCMI due to the charging of the inductors L1 and L2. While the input current 

slope is negative in mode CCMII due to the discharging of the inductor L1 and inductor 

L2. The peak value of efficiency for the proposed converter is observed as 96.9% at 

500Wpower. The waveforms for the inductors L1 and L2 currents obtained 

experimentally are presented in Fig. 7.9(b). The output voltage and input current 

waveforms are also shown for reference and to validate. It is important to note that the 

values of the average currents flowing through the inductors L1 and L2 are 6.72 A and 

6.63 A, respectively. 
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                                (a)                                                                        (b) 

Figure 7.9. Experimental results for (a) input voltage, output current, output voltage, 

and input current (b) inductor L1 and inductor L2 currents, input current, and output 

voltage.  

 The diodes D1 and D2 voltage waveforms obtained experimentally are displayed 

in Fig. 7.10(a). The waveforms of input current and output voltage are also shown for 

reference and to validate. It is important to note that, during the mode CCMI the diode 

D1 is forward biased whereas diode D2 is reversed biased and vice-versa during the 

mode CCMII. The diodes D1 and D2 PIV values are −200.1 V and −400.3 V, 

respectively. The fluctuations are observed in the PIV of diode D1 and D2 due to the 

parasitic capacitance of the switches and the practical mismatch of the inductor L1 and 

inductor L2. The waveform of the voltage for the capacitor C1, and the voltages across 

both the switches S1 and S2, obtained experimentally are shown in Fig. 7.10(b); the input 

current waveform is also shown for reference and to validate. The voltage across the 

capacitor C1 is found to be nearly equal to the input voltage (i.e. 42.4 V). The maximum 

switch voltage across the switches S1 and S2 are observed as 200.3 V and 399.4 V, 

respectively. The switch current waveforms of both the switches S1 and S2, obtained 

experimentally are shown in Fig. 7.10(c); the waveforms of the output voltage and input 

current are displayed for reference and to validate. The maximum value of switch 

current through each of the switches S1 and S2 are observed as 6.61 A and 6.41 A, which 
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is approximately equal to half of the input current value. Therefore, switches with a 

lesser current rating can be used in the proposed circuit. The utilization of lower rating 

components in the proposed circuit offers a lesser ON-state resistance and a low cost 

design as well. The mathematical analysis shows that the decrease in voltage gain is in 

reverse proportion to the input voltage. Therefore, as the input voltage increases, the 

drop in output voltage automatically decreases. The conduction loss of the proposed 

converter is directly proportional to the current through each of the components, and 

these currents are directly proportional to the input current. Therefore, at a constant 

value of power, as the input voltage increases the input current decreases. The 

efficiency of the developed prototype is analyzed by studying the converter’s 

performance at different values of input voltage and power. The efficiency curve of the 

developed prototype with the values of power varying from 100 W to 500 W, and 

variation in input voltage from 20 V to 43 V when the load is set at 320 Ω is shown in 

Fig. 7.10(d). When the input voltage is at 43 V, and the output power value is 500 W, 

the efficiency achieved by the designed prototype is 96.9%. 

          

                                     (a)                                                                (b) 
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                                       (c)                                                                  (d) 

Figure 7.10. The experimentally obtained waveform for (a) the diodes D1, and D2 

voltages, output voltage, and input current (b) switch voltage for S1 and S2, the voltage 

across capacitor C1, and input current, (c) switch current for S1 and S2, output voltage, 

and input current (d) Efficiency curve. 

 Fig. 7.11(a) shows the experimentally obtained waveform for the dynamically 

varying input and output voltage/current with the duty cycle variation from 0.5 to 0.8. 

The output voltage values are observed as 172 V, 215 V, 286 V, and 400 V 

approximately at the duty cycle values of 0.5, 0.6, 0.7, and 0.8, respectively. The 

experimentally obtained waveform for dynamically varying input and output 

voltage/current with the load variation is shown in Fig. 7.11(b).  

          

                                    (a)                                                                  (b) 

Figure 7.11. The experimental waveforms for (a) dynamically varying input and output 

voltage/current with the duty cycle variation from 0.5 to 0.8, and (b) dynamically 

varying input and output voltage/current with the load variation. 
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 The experimental results show that the converter topology proposed here can 

develop steady input and output voltages/currents values. 

7.10 Comparison of different topologies 

 This section provides a detailed comparison of various high gain DC–DC 

converters with the proposed converter topology, like DDTM in [24], mSIBC in [29], 

converter in [42], Switched-Capacitor-Based Dual- Switch High-Boost DC–DC 

Converter (SCDS) [44], High Gain Switched-Inductor-Double-Leg Converter (HG-

SIDL) [45], Non-isolated High-Step-Up DC–DC Converter Derived from Switched-

Inductors and Switched-Capacitors (ASL-SU2C-VO) [46], Converter in [47], and H-

SLCs in [149]. Table 7.3 presents the number of components, Voltage gain in CCM, 

switch current stress, normalized switch voltage stress, and efficiency for the various 

DC–DC converters being compared. 

 Only one switch is used in the classical boost converter. However, the switch 

voltage stress is higher, and the voltage conversion ratio is lesser than the proposed 

topology. The proposed converter utilizes fewer diodes than all the other converters 

except the converter proposed in [47] and the classical boost converter. It leads to lesser 

losses in the proposed circuit. Moreover, the total components count of the proposed 

converter is lesser than the converters proposed in [24], [44], [45], [46], and [149], 

leading to an overall cost reduction of the circuit. The proposed converter achieves a 

higher voltage conversion ratio at a small value of duty cycle as compared to the 

traditional boost converter and the converter topologies presented in [29], [42], [44], 

and [149]; while the gain in voltage is the same as the topology proposed in [45] and 

[47]. The source and load end of the converter in [29] and [42] are connected with the 

same ground, whereas all other converters are appropriate only for floating loads. It is 

observed from Table 7.3 that a lesser switch current stress is offered by the proposed 
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converter topology in comparison to the rest of the converters except [42] and [46], and 

its value is half of the input current value. Therefore, lower current rating switches can 

be incorporated into the proposed circuit. The utilization of lower rating components in 

the proposed circuit offers a lesser ON-state resistance and a low-cost design as well. 

The efficiency of the proposed converter is greater than the converters in [24], [42], 

[44], [45], [46], [47], and [149]. Several factors influence the efficiency of a converter, 

such as voltage/current ratings of the components, their count, and types. Commonly, 

the device’s ON-state resistance increases with an increase in its rating. 

 The converter topology proposed here develops a design with low cost and 

improved efficiency due to the usage of lower rating components. It is observed from 

the detailed comparative study that a high voltage conversion ratio, reduced current 

stress through the switches, and improved efficiency can be attained by the proposed 

converter topology by using fewer components. Moreover, the source and load end of 

the proposed converter has a common ground connection. Suppose we do not have a 

common ground between the source and load. In that case, there will be a potential 

difference between load and source ground, which will initiate a circulating current that 

is not suitable for the PV application. Therefore, for the proposed converter to be used 

in PV systems, common-mode voltage and leakage current reduction techniques are not 

required, and hence making the proposed converter highly suitable for integration of 

solar PV panels with the DC Nanogrid system at the 400 V bus.
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Table 7.3. Comparison Table 

Conv. 

Number of Reactive 

components  

Semiconductor 

Components count Total  Voltage gain (M) 

Normalized 

Switch 

voltage stress 

Switch 

current 

stress 

Efficiency Output port 

Inductor Capacitor Switches Diodes 

A 1 1 1 1 4 1/(1-d) 1 Iin 

98.33% at 

200W 

Grounded 

B 2 2 3 3 10 (2-d2)/(1-d1-d2) 1/2, (M-1)/M  Iind1/2, Iind2 

93.43% at 

500W 

Floating 

C 2 1 2 3 8 (1+d)/(1-d) 1/2, 1/2 dIin /2, dIin 

97.17% at 

500W 

Grounded 

D 2 1 2 3 8 (1+d)/(1-d) (1+M)/2M, 1 Iin/2, Iin/2 

93.12%  

at 500W 

Grounded 

E 1 3 2 4 10 (3-2d)/(1-2d) (1-M)/2 Iin /(3-2d) 

95.4%  

at 200W 

Floating 

F 4 1 3 8 16 

(1+3d1+d2)/(1-

d1-d2) 

(1+M)/2M, 1 

2Iind1/((1+3

d1+d2), 

2Iind2/((1+3

d1+d2)  

94.69%  

at 500W 

Floating 

G 2 3 2 3 10 (3+d)/(1-d) M/(3+d) Iin/2, Iin/2 

94.53%  

at 200W 

Floating 
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Conv. 

Number of Reactive 

components  

Semiconductor 

Components count Total  Voltage gain (M) 

Normalized 

Switch 

voltage stress 

Switch 

current 

stress 

Efficiency Output port 

Inductor Capacitor Switches Diodes 

H 2 1 3 2 8 (1+d1)/(1-d1-d2) (1+M)/2M, 1 Iin /2, Iin 

93.60%  

at 100W 

Floating 

I 2 1 2 4 9 (1+2d)/(1-d) 

(2+M)/3M, 

(1+2M)/3M 

- 93-95%  

at 200W 

Floating 

J 4 1 2 7 14 (1+3d)/(1-d) (1+M)/2M - Floating 

K 2 2 2 2 8 2/(1-d) (1+M)/2M, 1 

Iin /2, 

Iin /2 

96.9% at 

500W 

Grounded 

 

 A: Traditional Boost Converter [26], B: DDTM Converter [24], C: modified SIBC (mSIBC) [29], D: converter in [42], 

E: SCDS converter [44], F: HG-SIDL converter [45], G: ASL-SU2C-VO converter [46], H: converter in [47], I: ASH-SLC in 

[149], J: SH-SLC in [149], K: proposed converter 
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7.11 Summary 

 A new double stage converter with low switch current stress for 400 V DC 

Nanogrid low to high voltage conversion has been presented in this chapter. One of the 

main advantages of the proposed converter is that the switch current stress is reduced, 

as the current through both the switches is approximately half of the input current. 

Therefore, the proposed converter topology incorporates low current rating switches 

leading to cost reduction. The proposed converter topology utilizes fewer components, 

achieves high voltage gain at a small value of duty ratio, and provides high efficiency. 

Also, the source and load end of the proposed converter circuit connected with a 

common ground makes it highly suitable for solar PV to be integrated with DC 

Nanogrid. The theoretical and mathematical analysis in both CCM and DCM is carried 

out for the proposed converter, and a formula for the voltage gain is obtained. 

Furthermore, a 500 W laboratory prototype is developed for the proposed converter and 

analyzed experimentally for its performance validation. With consideration of the 

physical constraints of the designed converter, the lower and upper limits of the duty 

cycle are set as 0.3–0.8. The direct connection of the pair of the diode and intermediate 

capacitor to the input supply and switch set a limitation on the proposed converter. Due 

to this direct connection of the diode and intermediate capacitor with the input supply, 

it will experience a high transient peak current at the starting of the converter. The 

converter operation at different duty cycles and turn-on delay effect on the performance 

of the converter can be analyzed as future research work. Furthermore, there are 

multiple ways to extend the proposed configuration by using multiple switched 

inductors. 
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CHAPTER 8: CONCLUSION AND FUTURE DIRECTION 

 In this research work, a new class of two switches, uni-directional, non-isolated, 

non-coupled step-up, high voltage conversion ratio DC-DC power converter 

configurations with reduced switch voltage/current stress based on switched inductor 

circuitry are articulated for Nanogrid Applications. In the Nanogrid applications, the 

DC-DC converter is an integral part of the energy conversion process due to its high 

voltage conversion capability before feeding to the grid. A general classification of the 

DC-DC converters with a brief discussion on isolated and non-isolated converters, uni-

directional and bi-directional converters has been presented in the literature review. It 

was found that, a conventional DC-DC converter is not suitable for high voltage 

applications, which leads to the design of various new topologies of DC-DC converters 

that can achieve a high voltage conversion ratio. The various boosting techniques have 

been analyzed and explained in the literature survey to develop high-voltage capability 

DC-DC converters. 

 By adopting the feature of boosting techniques, five novel high voltage gain 

DC-DC converters namely modified Switched Inductor Boost Converter (mSIBC), 

Transformer-less Boost Converter (TBC), a Switched-Inductor based DC-DC converter 

with reduced switch current stress, a Novel High Gain Active Switched Network-Based 

Converter, and Double Stage Converter with low current stress for Nanogrid are 

developed. The key feature of these DC-DC Converters is reducing the switch 

voltage/current stress to achieve a high step-up DC voltage. Hence, the proposed 

converters are designed and developed by using low voltage/current rating switches and 

hence lead to cost reduction. The operating principle, theoretical/characteristic 

waveforms in CCM, and DCM including steady-state analysis are presented for each 

of these DC-DC Converter topologies. A comprehensive analysis discussing the effect 
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of non-idealities on the voltage gain of each of the proposed converter configurations, 

the design of their components, and a comparison considering the number of 

components, their CCM voltage gain, normalized switch voltage stress, switch current 

stress, and their efficiency with other converters are presented.  

 Each of the five proposed converters has its own drawbacks and advantages. 

The modified Switched Inductor Boost Converter (mSIBC) (Converter 1) is good for 

reduced voltage stress, but the drawback is unequal ratings of the switches. Whereas, 

the Transformer-less Boost Converter (TBC) (Converter 2) has a high voltage gain and 

equal switch ratings, but suffers from transients in the input current due to the presence 

of capacitor. Similarly, the Switched-Inductor-based DC-DC converter with reduced 

switch current stress (Converter 3) is good for reduced switch current stress and hence 

the same switch current ratings, while different voltage ratings of the two switches. On 

the other hand, the Double Stage Converter with low current stress (Converter 5) has a 

higher voltage gain and the same current ratings of the two switches. However, as the 

capacitor is directly connected with the input supply, it experiences a high transient 

peak current. As far as the Novel High Gain Active Switched Network-Based Converter 

(Converter 4) is concerned, it is good for reduced switch voltage/current stress. 

However, the number of components is higher than the other four converters. 

 Furthermore, for future work, this research opens up the path for several 

motivating tasks such as: 

 Simulation of a full Nanogrid with active and reactive power control 

incorporating these DC-DC Converter topologies and implementation in RTDS. 

 A complete closed-loop hardware realization by implementing MPPT control 

to these DC-DC Converter topologies for Solar PV application.  
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 Analyzing Smart features of these DC-DC Converter topologies by adding 

communications module to transfer data from one to the other converter like the 

voltage, current, etc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

191 

REFERENCES 

[1] “U.S. Energy Information Administration (EIA),” Eia.gov. [Online]. Available: 

https://www.eia.gov/outlooks/aeo/pdf/AEO_Narrative_2021.  

 

[2] A. S. Aziz, M. F. Naim Tajuddin, S. Padmanaban, L. Mihet-Popa, M. R. 

Adzman, and M. A. M. Ramli, “Evaluating the impacts of ground and 

atmospheric conditions on the efficiency of solar energy system and its 

economic analysis,” Preprints, 2018. 

 

[3] F. Mansouri Kouhestani, J. Byrne, D. Johnson, L. Spencer, P. Hazendonk, and 

B. Brown, “Evaluating solar energy technical and economic potential on 

rooftops in an urban setting: the city of Lethbridge, Canada,” Int. J. Energy 

Environ. Eng., vol. 10, no. 1, pp. 13–32, 2019. 

 

[4] A. K. Saxena, S. Saxena, and K. Sudhakar, “Energy, economic and 

environmental performance assessment of a grid-tied rooftop system in 

different cities of India based on 3E analysis,” Clean energy, vol. 5, no. 2, pp. 

288–301, 2021. 

 

[5] A. S. Aziz, M. F. N. Tajuddin, M. R. Adzman, and M. A. M. Ramli, “Impacts 

of albedo and atmospheric conditions on the efficiency of solar energy: a case 

study in temperate climate of Choman, Iraq,” Environ. Dev. Sustain., vol. 23, 

no. 1, pp. 989–1018, 2021.  

 



 

192 

[6] International Renewable Energy Agency (IRENA), “World Energy Transition 

Outlook-1.5°C Pathway,” 2021/Jun.  

 

[7] F. Blaabjerg, Y. Yang, K. Ma and X. Wang, "Power electronics - the key 

technology for renewable energy system integration," 2015 International 

Conference on Renewable Energy Research and Applications (ICRERA), 2015, 

pp. 1618-1626, doi: 10.1109/ICRERA.2015.7418680.  

 

[8] B. K. Bose, Ed., Power electronics in renewable energy systems and smart grid: 

Technology and applications. Wiley, 2019. 

 

[9] T. G. Wilson, "The evolution of power electronics," in IEEE Transactions on 

Power Electronics, vol. 15, no. 3, pp. 439-446, May 2000, doi: 

10.1109/63.844503. 

 

[10] B. K. Bose, "The past, present, and future of power electronics [Guest 

Introduction]," in IEEE Industrial Electronics Magazine, vol. 3, no. 2, pp. 7-

11, 14, June 2009, doi: 10.1109/MIE.2009.932709.  

 

[11] M. H. Rashid, Power Electronics Handbook: Devices Circuits and 

Application, 3rd ed. Burlington, MA, USA: Elsevier, 2011.  

 

[12] M. K. Kazimierczuk, Pulse-width modulated DC-DC power converters, 2nd ed. 

Nashville, TN: John Wiley & Sons, 2015.  

 



 

193 

[13] R. W. Erickson and D. Maksimovic, Fundamentals of power electronics, 2nd 

ed. New York, NY: Kluwer Academic/Plenum, 2001.  

 

[14] J. Y. Yong, V. K. Ramachandaramurthy, K. M. Tan, and N. Mithulananthan, 

“A review on the state-of-the-art technologies of electric vehicle, its impacts 

and prospects,” Renew. Sustain. Energy Rev., vol. 49, pp. 365–385, 2015. 

 

[15] T. Skouras, P. Gkonis, C. Ilias, P. Trakadas, E. Tsampasis, and T. Zahariadis, 

“Electrical vehicles: Current state of the art, future challenges, and 

perspectives,” Clean technol., vol. 2, no. 1, pp. 1–16, 2019. 

 

[16] S. G. Chalk and J. F. Miller, “Key challenges and recent progress in batteries, 

fuel cells, and hydrogen storage for clean energy systems,” J. Power Sources, 

vol. 159, no. 1, pp. 73–80, 2006.  

 

[17] U. S. Department of Energy,“Spotlight: Solving Challenges in Energy 

Storage,” July 2019, 

https://www.energy.gov/sites/default/files/2019/07/f64/2018-OTT-Energy-

Storage-Spotlight 

 

[18] A. A. Elbaset, S. A. M. Abdelwahab, H. A. Ibrahim, and M. A. E. Eid, 

Performance analysis of photovoltaic systems with energy storage systems, 1st 

ed. Cham, Switzerland: Springer Nature, 2020.  

 



 

194 

[19] A. S. Joshi, I. Dincer, and B. V. Reddy, “Performance analysis of photovoltaic 

systems: A review,” Renew. Sustain. Energy Rev., vol. 13, no. 8, pp. 1884–1897, 

2009.  

 

[20] R. Teodorescu, M. Liserre, and P. Rodriguez, Grid converters for photovoltaic 

and wind power systems: Teodorescu/grid converters for photovoltaic and 

wind power systems. Hoboken, NJ: Wiley-Blackwell, 2011.  

 

[21] F. Blaabjerg, M. S. Bhaskar, and S. Padmanaban, Non-isolated DC-DC 

converters for renewable energy applications. London, England: CRC Press, 

2021.  

 

[22] W. Hassan, D. D. -C. Lu and W. Xiao, "Single-Switch High Step-Up DC–DC 

Converter With Low and Steady Switch Voltage Stress," in IEEE Transactions 

on Industrial Electronics, vol. 66, no. 12, pp. 9326-9338, Dec. 2019, doi: 

10.1109/TIE.2019.2893833.  

 

[23] I. Askarian, M. Pahlevani and A. M. Knight, "Three-Port Bidirectional DC/DC 

Converter for DC Nanogrids," in IEEE Transactions on Power Electronics, 

vol. 36, no. 7, pp. 8000-8011, July 2021, doi: 10.1109/TPEL.2020.3046453. 

 

[24] M. Sagar Bhaskar, M. Meraj, A. Iqbal, S. Padmanaban, P. Kiran Maroti and R. 

Alammari, "High Gain Transformer-Less Double-Duty-Triple-Mode DC/DC 

Converter for DC Microgrid," in IEEE Access, vol. 7, pp. 36353-36370, 2019, 

doi: 10.1109/ACCESS.2019.2902440. 



 

195 

 

[25] M. Forouzesh, Y. P. Siwakoti, S. A. Gorji, F. Blaabjerg and B. Lehman, "Step-

Up DC–DC Converters: A Comprehensive Review of Voltage-Boosting 

Techniques, Topologies, and Applications," in IEEE Transactions on Power 

Electronics, vol. 32, no. 12, pp. 9143-9178, Dec. 2017, doi: 

10.1109/TPEL.2017.2652318.  

 

[26] E. Babaei, H. Mashinchi Maheri, M. Sabahi and S. H. Hosseini, "Extendable 

Nonisolated High Gain DC–DC Converter Based on Active–Passive Inductor 

Cells," in IEEE Transactions on Industrial Electronics, vol. 65, no. 12, pp. 

9478-9487, Dec. 2018, doi: 10.1109/TIE.2018.2807367. 

 

[27] M. Bhaskar, S. Padmanaban, and F. Blaabjerg, “A multistage DC-DC step-up 

self-balanced and magnetic component-free converter for photovoltaic 

applications: Hardware implementation,” Energies, vol. 10, no. 5, p. 719, 2017.  

 

[28] A. Ioinovici and H. Chung, Power electronics and energy conversion systems: 

Fundamentals and hard-switching converters. Hoboken, NJ: Wiley-

Blackwell, 2013.  

 

[29] S. Sadaf, M. S. Bhaskar, M. Meraj, A. Iqbal and N. Al-Emadi, "A Novel 

Modified Switched Inductor Boost Converter With Reduced Switch Voltage 

Stress," in IEEE Transactions on Industrial Electronics, vol. 68, no. 2, pp. 

1275-1289, Feb. 2021, doi: 10.1109/TIE.2020.2970648. 

 



 

196 

[30] G. Xu, D. Sha, Y. Xu and X. Liao, "Dual-Transformer-Based DAB Converter 

With Wide ZVS Range for Wide Voltage Conversion Gain Application," in 

IEEE Transactions on Industrial Electronics, vol. 65, no. 4, pp. 3306-3316, 

April 2018, doi: 10.1109/TIE.2017.2756601. 

 

[31] V. R. K. Kanamarlapudi, B. Wang, N. K. Kandasamy and P. L. So, "A New 

ZVS Full-Bridge DC–DC Converter for Battery Charging With Reduced 

Losses Over Full-Load Range," in IEEE Transactions on Industry 

Applications, vol. 54, no. 1, pp. 571-579, Jan.-Feb. 2018, doi: 

10.1109/TIA.2017.2756031. 

 

[32] M. E. Azizkandi, F. Sedaghati, H. Shayeghi and F. Blaabjerg, "A High Voltage 

Gain DC–DC Converter Based on Three Winding Coupled Inductor and 

Voltage Multiplier Cell," in IEEE Transactions on Power Electronics, vol. 35, 

no. 5, pp. 4558-4567, May 2020, doi: 10.1109/TPEL.2019.2944518. 

 

[33] R. Moradpour, H. Ardi and A. Tavakoli, "Design and Implementation of a New 

SEPIC-Based High Step-Up DC/DC Converter for Renewable Energy 

Applications," in IEEE Transactions on Industrial Electronics, vol. 65, no. 2, 

pp. 1290-1297, Feb. 2018, doi: 10.1109/TIE.2017.2733421. 

 

[34] G. Xu, D. Sha, Y. Xu and X. Liao, "Hybrid-Bridge-Based DAB Converter 

With Voltage Match Control for Wide Voltage Conversion Gain Application," 

in IEEE Transactions on Power Electronics, vol. 33, no. 2, pp. 1378-1388, 

Feb. 2018, doi: 10.1109/TPEL.2017.2678524.. 



 

197 

 

[35] C. Richard, K. McDonald, X. F. St-Onge and S. Saleh, "A New Isolated DC–

DC Converter for Discontinuous Input and Continuous Output," in IEEE 

Transactions on Industry Applications, vol. 55, no. 4, pp. 4215-4224, July-

Aug. 2019, doi: 10.1109/TIA.2019.2901567. 

 

[36] S. Sadaf, M. S. Bhaskar, M. Meraj, A. Iqbal and N. Al-Emadi, "Transformer-

Less Boost Converter With Reduced Voltage Stress for High Voltage Step-Up 

Applications," in IEEE Transactions on Industrial Electronics, vol. 69, no. 2, 

pp. 1498-1508, Feb. 2022, doi: 10.1109/TIE.2021.3055166. 

 

[37] F. L. Tofoli, D. de C. Pereira, W. Josias de Paula, and D. de S. Oliveira Júnior, 

“Survey on non‐isolated high‐voltage step‐up dc–dc topologies based on the 

boost converter,” IET power electron., vol. 8, no. 10, pp. 2044–2057, 2015. 

 

[38] M. Sagar Bhaskar et al., "Survey of DC-DC Non-Isolated Topologies for 

Unidirectional Power Flow in Fuel Cell Vehicles," in IEEE Access, vol. 8, pp. 

178130-178166, 2020, doi: 10.1109/ACCESS.2020.3027041. 

 

[39] N. Mukherjee and D. Strickland, "Control of Cascaded DC–DC Converter-

Based Hybrid Battery Energy Storage Systems—Part I: Stability Issue," in 

IEEE Transactions on Industrial Electronics, vol. 63, no. 4, pp. 2340-2349, 

April 2016, doi: 10.1109/TIE.2015.2509911. 

 



 

198 

[40] A. M. S. S. Andrade and M. L. d. S. Martins, "Quadratic-Boost With Stacked 

Zeta Converter for High Voltage Gain Applications," in IEEE Journal of 

Emerging and Selected Topics in Power Electronics, vol. 5, no. 4, pp. 1787-

1796, Dec. 2017, doi: 10.1109/JESTPE.2017.2706220. 

 

[41] S. Lee and H. Do, "Quadratic Boost DC–DC Converter With High Voltage 

Gain and Reduced Voltage Stresses," in IEEE Transactions on Power 

Electronics, vol. 34, no. 3, pp. 2397-2404, March 2019, doi: 

10.1109/TPEL.2018.2842051. 

 

[42] S. Sadaf, N. Al‐Emadi, A. Iqbal, M. S. Bhaskar, and M. Meraj, “Modelling, 

analysis, and implementation of a switched‐inductor based DC/DC converter 

with reduced switch current stress,” IET power electron., vol. 14, no. 8, pp. 

1504–1514, 2021. 

 

[43] Y. Wang, Q. Bian, X. Hu, Y. Guan and D. Xu, "A High-Performance 

Impedance-Source Converter With Switched Inductor," in IEEE Transactions 

on Power Electronics, vol. 34, no. 4, pp. 3384-3396, April 2019, doi: 

10.1109/TPEL.2018.2853581. 

 

[44] M. Nguyen, T. Duong and Y. Lim, "Switched-Capacitor-Based Dual-Switch 

High-Boost DC–DC Converter," in IEEE Transactions on Power Electronics, 

vol. 33, no. 5, pp. 4181-4189, May 2018, doi: 10.1109/TPEL.2017.2719040. 

 



 

199 

[45] M. Samiullah, M. S. Bhaskar, M. Meraj, A. Iqbal, I. Ashraf and H. Komurcugil, 

"High Gain Switched-Inductor-Double-Leg Converter With Wide Duty Range 

for DC Microgrid," in IEEE Transactions on Industrial Electronics, vol. 68, 

no. 10, pp. 9561-9573, Oct. 2021, doi: 10.1109/TIE.2020.3028794. 

 

[46] M. A. Salvador, J. M. de Andrade, T. B. Lazzarin and R. F. Coelho, 

"Nonisolated High-Step-Up DC–DC Converter Derived from Switched-

Inductors and Switched-Capacitors," in IEEE Transactions on Industrial 

Electronics, vol. 67, no. 10, pp. 8506-8516, Oct. 2020, doi: 

10.1109/TIE.2019.2949535. 

 

[47] M. Lakshmi and S. Hemamalini, "Nonisolated High Gain DC–DC Converter 

for DC Microgrids," in IEEE Transactions on Industrial Electronics, vol. 65, 

no. 2, pp. 1205-1212, Feb. 2018, doi: 10.1109/TIE.2017.2733463. 

 

[48] M. Meraj, M. S. Bhaskar, A. Iqbal, N. Al-Emadi and S. Rahman, "Interleaved 

Multilevel Boost Converter With Minimal Voltage Multiplier Components for 

High-Voltage Step-Up Applications," in IEEE Transactions on Power 

Electronics, vol. 35, no. 12, pp. 12816-12833, Dec. 2020, doi: 

10.1109/TPEL.2020.2992602. 

 

[49] T. Nouri, N. Vosoughi Kurdkandi and M. Shaneh, "A Novel ZVS High-Step-

Up Converter With Built-In Transformer Voltage Multiplier Cell," in IEEE 

Transactions on Power Electronics, vol. 35, no. 12, pp. 12871-12886, Dec. 

2020, doi: 10.1109/TPEL.2020.2995662. 



 

200 

 

[50] B. Zhu, S. Chen, Y. Zhang and Y. Huang, "An Interleaved Zero-Voltage Zero-

Current Switching High Step-Up DC-DC Converter," in IEEE Access, vol. 9, 

pp. 5563-5572, 2021, doi: 10.1109/ACCESS.2020.3048387. 

 

[51] S. Sadaf, N. Al-Emadi, P. K. Maroti and A. Iqbal, "A New High Gain Active 

Switched Network-Based Boost Converter for DC Microgrid Application," in 

IEEE Access, vol. 9, pp. 68253-68265, 2021, doi: 

10.1109/ACCESS.2021.3077055. 

 

[52] D. Dong, D. Boroyevich, R. Wang and I. Cvetkovic, "A two-stage high power 

density single-phase ac-dc bi-directional PWM converter for renewable energy 

systems," 2010 IEEE Energy Conversion Congress and Exposition, 2010, pp. 

3862-3869, doi: 10.1109/ECCE.2010.5617767. 

 

[53] W. W. A. G. Silva, P. F. Donoso-Garcia, S. I. Seleme, T. R. Oliveira, C. H. G. 

Santos and A. S. Bolzon, "Study of the application of bidirectional dual active 

bridge converters in dc nanogrid energy storage systems," 2013 Brazilian 

Power Electronics Conference, 2013, pp. 609-614, doi: 

10.1109/COBEP.2013.6785178. 

 

[54] D. Burmester, R. Rayudu, W. Seah, and D. Akinyele, “A review of nanogrid 

topologies and technologies,” Renew. Sustain. Energy Rev., vol. 67, pp. 760–

775, 2017. 

 



 

201 

[55] I. Cvetkovic et al., “CPES Initiative on Sustainable Buildings and Nanogrids,” 

Psma.com. Available: https://www.psma.com/sites/default/files/uploads/tech-

forums-alternative-energy/presentations/2011-apec-sp-157-cpes-initiative-

sustainable-buildings-and-nanogrids.pdf. 

 

[56] M. Zaid et al., “A transformerless high gain dc–dc boost converter with 

reduced voltage stress,” Int. trans. electr. energy syst., 2021. 

 

[57] T. Arunkumari, V. Indragandhi, G. Arunkumar, P. Sanjeevikumar, and J. B. 

Holm-Nielsen, “Implementation of high‐gain nonisolated DC‐DC converter 

for PV‐fed applications,” Int. trans. electr. energy syst., vol. 30, no. 1, 2020.  

 

[58] M. N. O. Sadiku, P. O. Adebo, S. M. Musa, and A. Ajayi-Majebi, “Nanogrid: 

An Introduction,” Int. J. Eng. Res. Technol. (Ahmedabad), vol. 10, no. 3, 2021. 

 

[59] W. Wu, H. Wang, Y. Liu, M. Huang and F. Blaabjerg, "A Dual-Buck–Boost 

AC/DC Converter for DC Nanogrid With Three Terminal Outputs," in IEEE 

Transactions on Industrial Electronics, vol. 64, no. 1, pp. 295-299, Jan. 2017, 

doi: 10.1109/TIE.2016.2598804. 

 

[60] R. Georgious, J. García, Á. Navarro-Rodríguez and P. García, "A Study on the 

Control Design of Nonisolated Converter Configurations for Hybrid Energy 

Storage Systems," in IEEE Transactions on Industry Applications, vol. 54, no. 

5, pp. 4660-4671, Sept.-Oct. 2018, doi: 10.1109/TIA.2018.2838086. 

 



 

202 

[61] S. Jalbrzykowski and T. Citko, “A bidirectional DC-DC converter for 

renewable energy systems,” Bull. Pol. Acad. Sci. Tech. Sci., vol. 57, no. 4, pp. 

363–368, 2009. 

 

[62] P. C. Heris, Z. Saadatizadeh and F. Blaabjerg, "A Novel Single-Switch High 

Step-Up DC-DC Converter with Low Voltage Stress on Active Components," 

2020 IEEE Energy Conversion Congress and Exposition (ECCE), 2020, pp. 

4788-4793, doi: 10.1109/ECCE44975.2020.9235395. 

 

[63] L. E. Zubieta and P. W. Lehn, "A high efficiency unidirectional DC/DC 

converter for integrating distributed resources into DC microgrids," 2015 IEEE 

First International Conference on DC Microgrids (ICDCM), 2015, pp. 280-

284, doi: 10.1109/ICDCM.2015.7152054. 

 

[64] H.-L. Jou, K.-D. Wu, J.-C. Wu, Y.-Z. Lin, and L.-W. Su, “Asymmetric isolated 

unidirectional multi-level DC-DC power converter,” Eng. Sci. Technol. Int. J., 

vol. 22, no. 3, pp. 894–898, 2019. 

 

[65] X. Zhang and T. C. Green, "The Modular Multilevel Converter for High Step-

Up Ratio DC–DC Conversion," in IEEE Transactions on Industrial 

Electronics, vol. 62, no. 8, pp. 4925-4936, Aug. 2015, doi: 

10.1109/TIE.2015.2393846. 

 



 

203 

[66] D. Ravi, B. Mallikarjuna Reddy, Shimi, and P. Samuel, “Bidirectional dc to dc 

Converters: An Overview of Various Topologies, Switching Schemes and 

Control Techniques,” Int. j. eng. technol., vol. 7, no. 4.5, p. 360, 2018. 

 

[67] S. A. Gorji, H. G. Sahebi, M. Ektesabi and A. B. Rad, "Topologies and Control 

Schemes of Bidirectional DC–DC Power Converters: An Overview," in IEEE 

Access, vol. 7, pp. 117997-118019, 2019, doi: 

10.1109/ACCESS.2019.2937239. 

 

[68] H. R., H. Daneshpajooh, A. Safaee, P. Jain, and A. Bakhshai, “Bidirectional 

DC - DC converters for energy storage systems,” in Energy Storage in the 

Emerging Era of Smart Grids, R. Carbone, Ed. London, England: InTech, 

2011. 

 

[69] Z. Rehman, I. Al-Bahadly, and S. Mukhopadhyay, “Multiinput DC–DC 

converters in renewable energy applications – An overview,” Renew. Sustain. 

Energy Rev., vol. 41, pp. 521–539, 2015. 

 

[70] S. Khosrogorji, M. Ahmadian, H. Torkaman, and S. Soori, “Multi-input 

DC/DC converters in connection with distributed generation units – A review,” 

Renew. Sustain. Energy Rev., vol. 66, pp. 360–379, 2016. 

 

[71] M. F. de Melo, A. L. Kirsten, M. A. Dalla Costa, J. Garcia and P. J. Quintana, 

"Bidirectional Flyback converter connected to the grid and applied to a 

distributed microgeneration and street lighting system," 2014 IEEE Industry 



 

204 

Application Society Annual Meeting, 2014, pp. 1-6, doi: 

10.1109/IAS.2014.6978428. 

 

[72] B. Mangu, S. Akshatha, D. Suryanarayana and B. G. Fernandes, "Grid-

Connected PV-Wind-Battery-Based Multi-Input Transformer-Coupled 

Bidirectional DC-DC Converter for Household Applications," in IEEE Journal 

of Emerging and Selected Topics in Power Electronics, vol. 4, no. 3, pp. 1086-

1095, Sept. 2016, doi: 10.1109/JESTPE.2016.2544789. 

 

[73] K. Rajashekara, "Present Status and Future Trends in Electric Vehicle 

Propulsion Technologies," in IEEE Journal of Emerging and Selected Topics 

in Power Electronics, vol. 1, no. 1, pp. 3-10, March 2013, doi: 

10.1109/JESTPE.2013.2259614. 

 

[74] J. M. Miller, "Hybrid electric vehicle propulsion system architectures of the e-

CVT type," in IEEE Transactions on Power Electronics, vol. 21, no. 3, pp. 

756-767, May 2006, doi: 10.1109/TPEL.2006.872372. 

 

[75] R.-J. Wai, R.-Y. Duan, and K.-H. Jheng, “High-efficiency bidirectional dc–dc 

converter with high-voltage gain,” IET power electron., vol. 5, no. 2, p. 173, 

2012. 

 

[76] M. Marchesoni and C. Vacca, "New DC–DC Converter for Energy Storage 

System Interfacing in Fuel Cell Hybrid Electric Vehicles," in IEEE 



 

205 

Transactions on Power Electronics, vol. 22, no. 1, pp. 301-308, Jan. 2007, doi: 

10.1109/TPEL.2006.886650. 

  

[77] L. Ni, D. J. Patterson and J. L. Hudgins, "High Power Current Sensorless 

Bidirectional 16-Phase Interleaved DC-DC Converter for Hybrid Vehicle 

Application," in IEEE Transactions on Power Electronics, vol. 27, no. 3, pp. 

1141-1151, March 2012, doi: 10.1109/TPEL.2011.2165297. 

 

[78] J. Ahmad et al., “A new high-gain DC-DC converter with continuous input 

current for DC microgrid applications,” Energies, vol. 14, no. 9, p. 2629, 2021. 

 

[79] V. C. Mummadi and M. R. Khuntia, "Design and Analysis of Two-switch 

Based Enhanced Gain Buck-Boost Converters," in IEEE Transactions on 

Industrial Electronics, doi: 10.1109/TIE.2021.3071696. 

 

[80] J. Yang and H. Do, "Bridgeless SEPIC Converter With a Ripple-Free Input 

Current," in IEEE Transactions on Power Electronics, vol. 28, no. 7, pp. 3388-

3394, July 2013, doi: 10.1109/TPEL.2012.2226607. 

 

[81] J. Lee, K. Park, J. Kim, H. Youn and G. Moon, "A New Center-Tapped Half-

Bridge Zeta Converter With Small Transformer DC-Offset Current and Low 

Voltage Stress," in IEEE Transactions on Power Electronics, vol. 30, no. 12, 

pp. 6593-6603, Dec. 2015, doi: 10.1109/TPEL.2015.2390254. 

 



 

206 

[82] I.-M. Pop-Calimanu, M. Balint, and D. Lascu, “A new hybrid Ćuk DC-DC 

converter with coupled inductors,” Electronics (Basel), vol. 9, no. 12, p. 2188, 

2020. 

 

[83] J. Zeng, W. Qiao and L. Qu, "An Isolated Three-Port Bidirectional DC–DC 

Converter for Photovoltaic Systems With Energy Storage," in IEEE 

Transactions on Industry Applications, vol. 51, no. 4, pp. 3493-3503, July-

Aug. 2015, doi: 10.1109/TIA.2015.2399613. 

 

[84] H. Wu, J. Lu, W. Shi and Y. Xing, "Nonisolated Bidirectional DC–DC 

Converters With Negative-Coupled Inductor," in IEEE Transactions on Power 

Electronics, vol. 27, no. 5, pp. 2231-2235, May 2012, doi: 

10.1109/TPEL.2011.2180540. 

 

[85] Y. Yang, J. Ma, C. N. Ho and Y. Zou, "A New Coupled-Inductor Structure for 

Interleaving Bidirectional DC-DC Converters," in IEEE Journal of Emerging 

and Selected Topics in Power Electronics, vol. 3, no. 3, pp. 841-849, Sept. 

2015, doi: 10.1109/JESTPE.2015.2443178. 

 

[86] S. M. Fardahar and M. Sabahi, "New Expandable Switched-

Capacitor/Switched-Inductor High-Voltage Conversion Ratio Bidirectional 

DC–DC Converter," in IEEE Transactions on Power Electronics, vol. 35, no. 

3, pp. 2480-2487, March 2020, doi: 10.1109/TPEL.2019.2932325. 

 



 

207 

[87] Y. P. Siwakoti, F. Blaabjerg, P. C. Loh, and G. E. Town, “High‐voltage boost 

quasi‐Z‐source isolated DC/DC converter,” IET power electron., vol. 7, no. 9, 

pp. 2387–2395, 2014. 

 

[88] X. Hu and C. Gong, "A High Gain Input-Parallel Output-Series DC/DC 

Converter With Dual Coupled Inductors," in IEEE Transactions on Power 

Electronics, vol. 30, no. 3, pp. 1306-1317, March 2015, doi: 

10.1109/TPEL.2014.2315613. 

 

[89] W. Li, X. He, D. Xu, B. Wu, Y. Zhao, and H. Yang, “Zero-voltage-switching 

dual-boost converter with multi-functional inductors and improved 

symmetrical rectifier for distributed generation systems,” IET power electron., 

vol. 5, no. 7, pp. 969–977, 2012. 

 

[90] A. Chub, D. Vinnikov, F. Blaabjerg and F. Z. Peng, "A Review of Galvanically 

Isolated Impedance-Source DC–DC Converters," in IEEE Transactions on 

Power Electronics, vol. 31, no. 4, pp. 2808-2828, April 2016, doi: 

10.1109/TPEL.2015.2453128. 

 

[91] D. Vinnikov and I. Roasto, "Quasi-Z-Source-Based Isolated DC/DC 

Converters for Distributed Power Generation," in IEEE Transactions on 

Industrial Electronics, vol. 58, no. 1, pp. 192-201, Jan. 2011, doi: 

10.1109/TIE.2009.2039460. 

 



 

208 

[92] C. Yao, X. Ruan, X. Wang and C. K. Tse, "Isolated Buck–Boost DC/DC 

Converters Suitable for Wide Input-Voltage Range," in IEEE Transactions on 

Power Electronics, vol. 26, no. 9, pp. 2599-2613, Sept. 2011, doi: 

10.1109/TPEL.2011.2112672. 

 

[93] M. M. Jovanovic, "A technique for reducing rectifier reverse-recovery-related 

losses in high-power boost converters," in IEEE Transactions on Power 

Electronics, vol. 13, no. 5, pp. 932-941, Sept. 1998, doi: 10.1109/63.712314. 

 

[94] Y. Gu, D. Zhang and Z. Zhao, "Input/Output Current Ripple Cancellation and 

RHP Zero Elimination in a Boost Converter using an Integrated Magnetic 

Technique," in IEEE Transactions on Power Electronics, vol. 30, no. 2, pp. 

747-756, Feb. 2015, doi: 10.1109/TPEL.2014.2307571. 

 

[95] Y. Deng, Q. Rong, W. Li, Y. Zhao, J. Shi and X. He, "Single-Switch High 

Step-Up Converters With Built-In Transformer Voltage Multiplier Cell," in 

IEEE Transactions on Power Electronics, vol. 27, no. 8, pp. 3557-3567, Aug. 

2012, doi: 10.1109/TPEL.2012.2183620. 

 

[96] K. Park, G. Moon and M. Youn, "Nonisolated High Step-Up Stacked 

Converter Based on Boost-Integrated Isolated Converter," in IEEE 

Transactions on Power Electronics, vol. 26, no. 2, pp. 577-587, Feb. 2011, doi: 

10.1109/TPEL.2010.2066578. 

 



 

209 

[97] H. Do, "A Soft-Switching DC/DC Converter With High Voltage Gain," in 

IEEE Transactions on Power Electronics, vol. 25, no. 5, pp. 1193-1200, May 

2010, doi: 10.1109/TPEL.2009.2039879. 

 

[98] S. Padmanaban, G. Grandi, F. Blaabjerg, P. Wheeler, P. Siano, and M. 

Hammami, “A comprehensive analysis and hardware implementation of 

control strategies for high output voltage DC-DC boost power converter,” Int. 

J. Comput. Intell. Syst., vol. 10, no. 1, p. 140, 2017. 

 

[99] K. N., S. Dash, S. Padmanaban, P. S., and P. Morati, “Maximum power point 

tracking implementation by dspace controller integrated through Z-source 

inverter using particle swarm optimization technique for photovoltaic 

applications,” Appl. Sci. (Basel), vol. 8, no. 1, p. 145, 2018. 

 

[100] N. Priyadarshi, S. Padmanaban, P. Kiran Maroti and A. Sharma, "An 

Extensive Practical Investigation of FPSO-Based MPPT for Grid Integrated 

PV System Under Variable Operating Conditions With Anti-Islanding 

Protection," in IEEE Systems Journal, vol. 13, no. 2, pp. 1861-1871, June 

2019, doi: 10.1109/JSYST.2018.2817584. 

 

[101] P. dos Santos Garcia Giacomini, J. S. Scholtz and M. Mezaroba, "Step-

Up/Step-Down DC–DC ZVS PWM Converter With Active Clamping," in 

IEEE Transactions on Industrial Electronics, vol. 55, no. 10, pp. 3635-3643, 

Oct. 2008, doi: 10.1109/TIE.2008.927234. 

 



 

210 

[102] Z. H. Shi, K. W. E. Cheng, and S. L. Ho, “Static performance and parasitic 

analysis of tapped‐inductor converters,” IET power electron., vol. 7, no. 2, pp. 

366–375, 2014. 

 

[103] B. W. Williams, "Unified Synthesis of Tapped-Inductor DC-to-DC 

Converters," in IEEE Transactions on Power Electronics, vol. 29, no. 10, pp. 

5370-5383, Oct. 2014, doi: 10.1109/TPEL.2013.2291561. 

 

[104] N. Selvaraju, P. Shanmugham, and S. Somkun, “Two-phase interleaved boost 

converter using coupled inductor for fuel cell applications,” Energy Procedia, 

vol. 138, pp. 199–204, 2017. 

 

[105] K. Park, G. Moon and M. Youn, "High Step-up Boost Converter Integrated 

With a Transformer-Assisted Auxiliary Circuit Employing Quasi-Resonant 

Operation," in IEEE Transactions on Power Electronics, vol. 27, no. 4, pp. 

1974-1984, April 2012, doi: 10.1109/TPEL.2011.2170223. 

 

[106] N. Zhang, D. Sutanto, K. M. Muttaqi, B. Zhang, and D. Qiu, “High‐voltage‐

gain quadratic boost converter with voltage multiplier,” IET power electron., 

vol. 8, no. 12, pp. 2511–2519, 2015. 

 

[107] Y. Hsieh, J. Chen, T. Liang and L. Yang, "Novel High Step-Up DC–DC 

Converter for Distributed Generation System," in IEEE Transactions on 

Industrial Electronics, vol. 60, no. 4, pp. 1473-1482, April 2013, doi: 

10.1109/TIE.2011.2107721. 



 

211 

 

[108] S. Chen, T. Liang, L. Yang and J. Chen, "A Cascaded High Step-Up DC–DC 

Converter With Single Switch for Microsource Applications," in IEEE 

Transactions on Power Electronics, vol. 26, no. 4, pp. 1146-1153, April 2011, 

doi: 10.1109/TPEL.2010.2090362. 

 

[109] D. Wang, X. He and R. Zhao, "ZVT Interleaved Boost Converters with Built-

In Voltage Doubler and Current Auto-Balance Characteristic," in IEEE 

Transactions on Power Electronics, vol. 23, no. 6, pp. 2847-2854, Nov. 2008, 

doi: 10.1109/TPEL.2008.2003985. 

 

[110] M. Forouzesh, K. Yari, A. Baghramian, and S. Hasanpour, “Single‐switch 

high step‐up converter based on coupled inductor and switched capacitor 

techniques with quasi‐resonant operation,” IET power electron., vol. 10, no. 

2, pp. 240–250, 2017. 

 

[111] W. Li, W. Li, and X. He, “Zero-voltage transition interleaved high step-up 

converter with built-in transformer,” IET power electron., vol. 4, no. 5, p. 523, 

2011. 

 

[112] A. K. Rathore, D. R. Patil and D. Srinivasan, "Non-isolated Bidirectional Soft-

Switching Current-Fed LCL Resonant DC/DC Converter to Interface Energy 

Storage in DC Microgrid," in IEEE Transactions on Industry Applications, 

vol. 52, no. 2, pp. 1711-1722, March-April 2016, doi: 

10.1109/TIA.2015.2498127. 



 

212 

 

[113] H. Chung, S. Y. R. Hui and K. K. Tse, "Reduction of power converter EMI 

emission using soft-switching technique," in IEEE Transactions on 

Electromagnetic Compatibility, vol. 40, no. 3, pp. 282-287, Aug. 1998, doi: 

10.1109/15.709428. 

 

[114] M. G. Ortiz-Lopez, J. Leyva-Ramos, E. E. Carbajal-Gutierrez, and J. A. 

Morales-Saldaña, “Modelling and analysis of switch-mode cascade 

converters with a single active switch,” IET power electron., vol. 1, no. 4, p. 

478, 2008. 

 

[115] J. Leyva-Ramos, L. H. Diaz-Saldierna, J. A. Morales-Saldaña, and M. G. 

Ortiz-Lopez, “Switching regulator using a quadratic boost converter for wide 

DC conversion ratios,” IET power electron., vol. 2, no. 5, pp. 605–613, 2009. 

 

[116] D. S. Wijeratne and G. Moschopoulos, "Quadratic Power Conversion for 

Power Electronics: Principles and Circuits," in IEEE Transactions on Circuits 

and Systems I: Regular Papers, vol. 59, no. 2, pp. 426-438, Feb. 2012, doi: 

10.1109/TCSI.2011.2163976. 

 

[117] Y.-M. Ye and K. W. Eric Cheng, “Quadratic boost converter with low buffer 

capacitor stress,” IET power electron., vol. 7, no. 5, pp. 1162–1170, 2014. 

 

[118] X. Hu and C. Gong, "A High Voltage Gain DC–DC Converter Integrating 

Coupled-Inductor and Diode–Capacitor Techniques," in IEEE Transactions 



 

213 

on Power Electronics, vol. 29, no. 2, pp. 789-800, Feb. 2014, doi: 

10.1109/TPEL.2013.2257870. 

 

[119] A. Shahin, M. Hinaje, J. Martin, S. Pierfederici, S. Rael and B. Davat, "High 

Voltage Ratio DC–DC Converter for Fuel-Cell Applications," in IEEE 

Transactions on Industrial Electronics, vol. 57, no. 12, pp. 3944-3955, Dec. 

2010, doi: 10.1109/TIE.2010.2045996. 

 

[120] M. Prudente, L. L. Pfitscher, G. Emmendoerfer, E. F. Romaneli, and R. Gules, 

“Voltage Multiplier Cells Applied to Non-Isolated DC–DC Converters,” in 

IEEE Trans. on Power Electronics, vol. 23, no. 2, pp. 871–887, Mar. 2008. 

 

[121] E. H. Ismail, M. A. Al-Saffar, A. J. Sabzali and A. A. Fardoun, "A Family of 

Single-Switch PWM Converters With High Step-Up Conversion Ratio," in 

IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 55, no. 4, 

pp. 1159-1171, May 2008, doi: 10.1109/TCSI.2008.916427. 

 

[122] B. Axelrod, Y. Berkovich and A. Ioinovici, "Switched-Capacitor/Switched-

Inductor Structures for Getting Transformerless Hybrid DC–DC PWM 

Converters," in IEEE Transactions on Circuits and Systems I: Regular Papers, 

vol. 55, no. 2, pp. 687-696, March 2008, doi: 10.1109/TCSI.2008.916403. 

 

[123] F. H. Khan and L. M. Tolbert, "Multiple-Load–Source Integration in a 

Multilevel Modular Capacitor-Clamped DC–DC Converter Featuring Fault 



 

214 

Tolerant Capability," in IEEE Transactions on Power Electronics, vol. 24, no. 

1, pp. 14-24, Jan. 2009, doi: 10.1109/TPEL.2008.2006055. 

 

[124] Y. P. Siwakoti, F. Blaabjerg and P. C. Loh, "Quasi-Y-Source Boost DC–DC 

Converter," in IEEE Transactions on Power Electronics, vol. 30, no. 12, pp. 

6514-6519, Dec. 2015, doi: 10.1109/TPEL.2015.2440781. 

 

[125] F. L. Tofoli, D. de Souza Oliveira, R. P. Torrico-Bascopé and Y. J. A. Alcazar, 

"Novel Nonisolated High-Voltage Gain DC–DC Converters Based on 3SSC 

and VMC," in IEEE Transactions on Power Electronics, vol. 27, no. 9, pp. 

3897-3907, Sept. 2012, doi: 10.1109/TPEL.2012.2190943. 

 

[126] T. Nouri, S. H. Hosseini, E. Babaei, and J. Ebrahimi, “Generalised 

transformerless ultra step‐up DC–DC converter with reduced voltage stress 

on semiconductors,” IET power electron., vol. 7, no. 11, pp. 2791–2805, 2014. 

 

[127] S. Lee, P. Kim and S. Choi, "High Step-Up Soft-Switched Converters Using 

Voltage Multiplier Cells," in IEEE Transactions on Power Electronics, vol. 

28, no. 7, pp. 3379-3387, July 2013, doi: 10.1109/TPEL.2012.2227508. 

 

[128] L. Müller and J. W. Kimball, "High Gain DC–DC Converter Based on the 

Cockcroft–Walton Multiplier," in IEEE Transactions on Power Electronics, 

vol. 31, no. 9, pp. 6405-6415, Sept. 2016, doi: 10.1109/TPEL.2015.2505678. 

 



 

215 

[129] C. Young, M. Chen, T. Chang, C. Ko and K. Jen, "Cascade Cockcroft–Walton 

Voltage Multiplier Applied to Transformerless High Step-Up DC–DC 

Converter," in IEEE Transactions on Industrial Electronics, vol. 60, no. 2, pp. 

523-537, Feb. 2013, doi: 10.1109/TIE.2012.2188255. 

 

[130] S. Kouro et al., "Recent Advances and Industrial Applications of Multilevel 

Converters," in IEEE Transactions on Industrial Electronics, vol. 57, no. 8, 

pp. 2553-2580, Aug. 2010, doi: 10.1109/TIE.2010.2049719. 

 

[131] J. C. Rosas-Caro, J. C. Mayo-Maldonado, R. S.-C. A. Gonzalez-Rodriguez, 

E. N. Salas-Cabrera, and R. Castillo-Ibarra, “A family of DC-DC multiplier 

converters,” Engineeringletters.com. [Online]. Available: 

http://www.engineeringletters.com/issues_v19/issue_1/EL_19_1_10.pdf. 

 

[132] W. Li, W. Li, Y. Deng and X. He, "Single-Stage Single-Phase High-Step-Up 

ZVT Boost Converter for Fuel-Cell Microgrid System," in IEEE Transactions 

on Power Electronics, vol. 25, no. 12, pp. 3057-3065, Dec. 2010, doi: 

10.1109/TPEL.2010.2079955.. 

 

[133] S. Padmanaban, M. Bhaskar, P. Maroti, F. Blaabjerg, and V. Fedák, “An 

original transformer and switched-capacitor (T & SC)-based extension for 

DC-DC boost converter for high-voltage/low-current renewable energy 

applications: Hardware implementation of a new T & SC boost converter,” 

Energies, vol. 11, no. 4, p. 783, 2018. 

 



 

216 

[134] M. D. Seeman and S. R. Sanders, "Analysis and Optimization of Switched-

Capacitor DC–DC Converters," in IEEE Transactions on Power Electronics, 

vol. 23, no. 2, pp. 841-851, March 2008, doi: 10.1109/TPEL.2007.915182. 

 

[135] S. Li, W. Xie and K. M. Smedley, "A Family of an Automatic Interleaved 

Dickson Switched-Capacitor Converter and Its ZVS Resonant 

Configuration," in IEEE Transactions on Industrial Electronics, vol. 66, no. 

1, pp. 255-264, Jan. 2019, doi: 10.1109/TIE.2018.2829682. 

 

[136] K. Eguchi, “Design of a Dickson-type adder/subtractor DC-DC converter,” 

Energy Procedia, vol. 14, pp. 1207–1212, 2012. 

 

[137] G. Palumbo and D. Pappalardo, "Charge Pump Circuits: An Overview on 

Design Strategies and Topologies," in IEEE Circuits and Systems Magazine, 

vol. 10, no. 1, pp. 31-45, First Quarter 2010, doi: 

10.1109/MCAS.2009.935695. 

 

[138] L. Müller and J. W. Kimball, "Effects of Stray Inductance on Hard-Switched 

Switched Capacitor Converters," in IEEE Transactions on Power Electronics, 

vol. 29, no. 12, pp. 6276-6280, Dec. 2014, doi: 10.1109/TPEL.2014.2332815. 

 

[139] R. Guo, Z. Liang and A. Q. Huang, "A Family of Multimodes Charge Pump 

based DC–DC Converter With High Efficiency over Wide Input and Output 

Range," in IEEE Transactions on Power Electronics, vol. 27, no. 11, pp. 

4788-4798, Nov. 2012, doi: 10.1109/TPEL.2012.2189023. 



 

217 

 

[140] H.-G. Yeo, “Design of Voltage Multiplier based on Charge Pump using 

Modified Voltage Doubler Circuit,” J. Korean Inst. Inf. Commun. Eng., vol. 

16, no. 8, pp. 1741–1746, 2012. 

 

[141] W. Qian, D. Cao, J. G. Cintron-Rivera, M. Gebben, D. Wey and F. Z. Peng, 

"A Switched-Capacitor DC–DC Converter With High Voltage Gain and 

Reduced Component Rating and Count," in IEEE Transactions on Industry 

Applications, vol. 48, no. 4, pp. 1397-1406, July-Aug. 2012, doi: 

10.1109/TIA.2012.2199731. 

 

[142] Y. Lei and R. C. N. Pilawa-Podgurski, "A General Method for Analyzing 

Resonant and Soft-Charging Operation of Switched-Capacitor Converters," in 

IEEE Transactions on Power Electronics, vol. 30, no. 10, pp. 5650-5664, Oct. 

2015, doi: 10.1109/TPEL.2014.2377738. 

 

[143] B. Wu, S. Li, K. Ma Smedley and S. Singer, "A Family of Two-Switch 

Boosting Switched-Capacitor Converters," in IEEE Transactions on Power 

Electronics, vol. 30, no. 10, pp. 5413-5424, Oct. 2015, doi: 

10.1109/TPEL.2014.2375311. 

 

[144] Y. Tang, T. Wang and D. Fu, "Multicell Switched-Inductor/Switched-

Capacitor Combined Active-Network Converters," in IEEE Transactions on 

Power Electronics, vol. 30, no. 4, pp. 2063-2072, April 2015, doi: 

10.1109/TPEL.2014.2325052. 



 

218 

 

[145] Y. Ye and K. W. E. Cheng, "A Family of Single-Stage Switched-Capacitor–

Inductor PWM Converters," in IEEE Transactions on Power Electronics, vol. 

28, no. 11, pp. 5196-5205, Nov. 2013, doi: 10.1109/TPEL.2013.2245918. 

 

[146] K. W. E. Cheng and Y. Ye, “Duality approach to the study of switched‐

inductor power converters and its higher‐order variations,” IET power 

electron., vol. 8, no. 4, pp. 489–496, 2015. 

 

[147] Y. Jiao, F. L. Luo, and M. Zhu, “Generalised modelling and sliding mode 

control for n-cell cascade super-lift DC–DC converters,” IET power electron., 

vol. 4, no. 5, p. 532, 2011. 

 

[148] L. Yang, T. Liang and J. Chen, "Transformerless DC–DC Converters With 

High Step-Up Voltage Gain," in IEEE Transactions on Industrial Electronics, 

vol. 56, no. 8, pp. 3144-3152, Aug. 2009, doi: 10.1109/TIE.2009.2022512. 

 

[149] Y. Tang, D. Fu, T. Wang and Z. Xu, "Hybrid Switched-Inductor Converters 

for High Step-Up Conversion," in IEEE Transactions on Industrial 

Electronics, vol. 62, no. 3, pp. 1480-1490, March 2015, doi: 

10.1109/TIE.2014.2364797. 

 

[150] H. Liu and F. Li, "A Novel High Step-up Converter With a Quasi-active 

Switched-Inductor Structure for Renewable Energy Systems," in IEEE 



 

219 

Transactions on Power Electronics, vol. 31, no. 7, pp. 5030-5039, July 2016, 

doi: 10.1109/TPEL.2015.2480115. 

 

[151] H. Liu and F. Li, "Novel High Step-Up DC–DC Converter With an Active 

Coupled-Inductor Network for a Sustainable Energy System," in IEEE 

Transactions on Power Electronics, vol. 30, no. 12, pp. 6476-6482, Dec. 

2015, doi: 10.1109/TPEL.2015.2429651. 

 

[152] M. S. Bhaskar, S. Padmanaban, F. Blaabjerg and P. W. Wheeler, "An 

Improved Multistage Switched Inductor Boost Converter (Improved M-

SIBC) for Renewable Energy Applications: A key to Enhance Conversion 

Ratio," 2018 IEEE 19th Workshop on Control and Modeling for Power 

Electronics (COMPEL), 2018, pp. 1-6, doi: 

10.1109/COMPEL.2018.8459958. 

 

[153] R. Gules, W. M. dos Santos, F. A. dos Reis, E. F. R. Romaneli and A. A. 

Badin, "A Modified SEPIC Converter With High Static Gain for Renewable 

Applications," in IEEE Transactions on Power Electronics, vol. 29, no. 11, 

pp. 5860-5871, Nov. 2014, doi: 10.1109/TPEL.2013.2296053. 

 

[154] F. Mohammadzadeh Shahir, E. Babaei, and M. Farsadi, “Analysis and design 

of voltage‐lift technique‐based non‐isolated boost dc–dc converter,” IET 

power electron., vol. 11, no. 6, pp. 1083–1091, 2018. 

 



 

220 

[155] A. Iqbal, M. Sagar Bhaskar, M. Meraj and S. Padmanaban, "DC-Transformer 

Modelling, Analysis and Comparison of the Experimental Investigation of a 

Non-Inverting and Non-Isolated Nx Multilevel Boost Converter (Nx MBC) 

for Low to High DC Voltage Applications," in IEEE Access, vol. 6, pp. 70935-

70951, 2018, doi: 10.1109/ACCESS.2018.2881391. 

 

[156] S. Padmanaban, P. K. Maroti, J. B. Holm-Nielsen, F. Blaabjerg, Z. Leonowicz 

and V. Yaramasu, "Quazi Z-Source Single Stage High Step-Up DC-DC 

Converter for Grid-connected PV Application," 2019 IEEE International 

Conference on Environment and Electrical Engineering and 2019 IEEE 

Industrial and Commercial Power Systems Europe (EEEIC / I&CPS Europe), 

2019, pp. 1-6, doi: 10.1109/EEEIC.2019.8783239. 

 

[157] P. K. Maroti, S. Padmanaban, J. B. Holm-Nielsen, M. Sagar Bhaskar, M. 

Meraj and A. Iqbal, "A New Structure of High Voltage Gain SEPIC Converter 

for Renewable Energy Applications," in IEEE Access, vol. 7, pp. 89857-

89868, 2019, doi: 10.1109/ACCESS.2019.2925564. 

 

 



 

221 

APPENDIX: RESEARCH CONTRIBUTION AND PUBLICATION DETAILS 

 In this section, the details of the student’s research contribution and publication 

during the Ph.D. are provided.  

Transaction and Journal Articles 

 

1. S. Sadaf, M. S. Bhaskar, M. Meraj, A. Iqbal and N. Al-Emadi, "A Novel Modified 

Switched Inductor Boost Converter With Reduced Switch Voltage Stress," in IEEE 

Transactions on Industrial Electronics, vol. 68, no. 2, pp. 1275-1289, Feb. 2021, 

doi: 10.1109/TIE.2020.2970648. 

2. S. Sadaf, M. S. Bhaskar, M. Meraj, A. Iqbal and N. Al-Emadi, "Transformer-Less 

Boost Converter With Reduced Voltage Stress for High Voltage Step-Up 

Applications," in IEEE Transactions on Industrial Electronics, vol. 69, no. 2, pp. 

1498-1508, Feb. 2022, doi: 10.1109/TIE.2021.3055166. 

3. S. Sadaf, N. Al-Emadi, P. K. Maroti and A. Iqbal, "A New High Gain Active 

Switched Network-Based Boost Converter for DC Microgrid Application," in 

IEEE Access, vol. 9, pp. 68253-68265, 2021, doi: 

10.1109/ACCESS.2021.3077055. 

4. S. Sadaf, N. Al‐Emadi, A. Iqbal, M. S. Bhaskar, and M. Meraj, “Modelling, 

analysis, and implementation of a switched‐inductor based DC/DC converter with 

reduced switch current stress,” IET power electron., vol. 14, no. 8, pp. 1504–1514, 

2021. 

5. S. Sadaf, N. Al-Emadi, A. Iqbal, and M. S. Bhaskar, “Double stage converter with 

low current stress for low to high voltage conversion in nanogrid,” Energy rep., 

vol. 7, pp. 5710–5721, 2021. 

 



 

222 

Conference Proceedings 

 

1. S. Sadaf, N. A. Al-Emadi, A. Iqbal, M. S. Bhaskar and M. Meraj, "New High 

Gain 2LC-Y Multilevel-Boost-Converter (2LC-Y MBC) Topologies for 

Renewable Energy Conversion: Members of X-Y Converter Family," 2019 

IEEE 28th International Symposium on Industrial Electronics (ISIE), 2019, pp. 

2647-2652, doi: 10.1109/ISIE.2019.8781355. 

2. S. Sadaf, N. Al-Emadi, M. S. Bhaskar, and A. Iqbal, “Triple-switch DC-to-DC 

converter for high-voltage boost application—Revista,” in Lecture Notes in 

Electrical Engineering, Singapore: Springer Singapore, 2021, pp. 197–204. 

 

Patent 

 

1. A. Iqbal, S. Sadaf, N. Al-Emadi, M. S. Bhaskar and M. Meraj, "DC TO DC 

SWITCHED INDUCTOR BOOST CONVERTER". US Patent, US 2021-

0313890 A1, 9 October 2021. 

 


