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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 Igbal.

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



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,



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



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



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



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



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”



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



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



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.
References

The referred research papers and books are provided in this section.

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.

11



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 kKW 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 IGBTSs 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:

e 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.

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

(@) 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-

17



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].
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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.

Voltage Boosting
Technique

Magnetic
Coupling

Voltage
Multiplier

Cock-craft {} Snichad Coupled
Voltage Dickeo Stmucmre Transh Inductor
- ransformer
Multiplier Voltage
Multiplier
Switched Switched Switched Inductor
Capacitor (SC) R Voltage Lift (VLSI)

Inductor (SI)

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, I1S-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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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

Number of

Boosting Module Components Voltage Gain

Fig.25(0) - 2 2 - (1+D)/(1-D)
Fig.250) . 5, 5 . (1+D)/(1-D)
Fig.25W) . 5, 5 (1+D)/(1-D)
vm  F1825@) 5, 5 (2+D)/(1-D)
Fig.25(M 1 1 5 1/(1-D)

Fig. 2.6 (a), for

n level - N n - NVin
Fig. 2.6 (b),
for n level ) 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].

S St {8 s S

: L I = i S8y on

H | _IJ_II IVG T _J.__SIT .slT;

L4 - L Basic Unit

3 ]

Basic Unit

Bacie Uni

(d) (e) ()
Figure 2.7. (2), (b) basic SC, (c) SC doubler circuit, (d) SC parallel-series circuit, (e)
SC ladder circuit and (f) Fibonacci SC circuit.

Switched inductor (SI) technigue is another useful method to be used in DC-DC
converters to enhance the output voltage. Some of the Sl circuits shown in Fig. 2.8 can
be adopted in place of the inductor to enhance the level of voltage at the output. These
Sl 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 Sl 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 Sl 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 Sl 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).

L
1o BT L

(a) (b) (©) (d)
Figure 2.8. Switched inductor structure (a) basic S, (b) self lift S, (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 Sl 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
Sl 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.

.
=
L
L
>?

(@) (b)

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

Number of Components
Boosting Module Voltage Gain
L C D S

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

Fig. 2.8 (b) s 1 4 2(1-D)
sc  T9-28(0) 2 1 2 - 2/(1-D)

Fig. 2.8 (d) 2 2 4 1 (3-D)/(1-D)

Fig. 2.9 (a), forn

level N - 301 - (n-1)Vo

Fig. 2.9 (b), forn

N n-1  3n - nVo
level

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

Number of Components

Boosting Module Voltage Gain
L C D S

Fig.25(b) - 2 2 - (1+D)/(1-D)
Fig.25() 5 5 i (1+D)/(1-D)
Fig.25@) 2 2 1 (1+D)/(1-D)

oy Fig.2560) . ) ] (2+D)/(1-D)
Fig.25(0 . 4 i 1/(1-D)
Fig. 26 (a) 5 ) ] 2V
Fig.26 () , 5 ] Vo
Fig. 2.7 (a) - 1 1 1 Vin
Fig. 2.7 (b) i 2 i 2 Wi
Fig.27(c) ) ] 4 2Vin

o Fig.27() . i 3 Vin
Fig.28(a) ] 3 i (1+D)/(1-D)
Fig.28(0)  , . 4 . 2/(1-D)
Fig.28(C) 2 1 2 - 2/(1-D)
Fig.28(d) ) A 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 Sl
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 Sl 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, Sl 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 S and Sy, three diodes D1, D2, and Do, two inductors L1 and Lo,
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 L. are equal in inductance that

means L1 = L> = L (ideal case).

p, L
Nasaal
% DH +
+ kD 1
- ™ v,
' FI Lf D.‘-’ —%'ﬁ' Cn%‘qu Rﬂ

(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 L; and L> are equal and

written as

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.e., time to—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 Switches Inductors Diodes Cap.
Time
Modes S1 S, L1 L, Do D: D, Co
Model 'O  on on Chin Ch.inpn oo pB Dich
s (to—t1) parallel parallel
O T D/Ch. D/Ch.
© Mode Il (toj) OFF OFF in in FB RB FB Ch.
2 series  series
KiTs . ]
Model or Tou ON ON G- in Ch.inpn oot pB Dich
parallel parallel
(to—t1)
OKrZTS D/Ch.  DICh.
= Mode Il OFF OFF in in FB RB FB Ch.
L Torra series  series
o (ti—t2)
KsTs
Mode 111 or OFF OFF ZC ZC RB RB RB D/Ch.
Torr2
(t-ts)

3.3 Operating Principle and Small-Signal Modeling in CCM

The working of the proposed mSIBC for CCM is divided into two modes; mode
| when both switches S; and S, are turned ON (time to—t1), and mode Il when both
switches Sy and Sy are turned OFF (time ti—ty).

1) Mode | (Time to—t1): In this mode, inductor L1 is magnetized by input supply
(vi) through switch Sz, and inductor L is magnetized by input supply (vi) through diode
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D: and switches S; and Sz. The capacitor C, is discharged through the load Ro. During
this mode, diodes D, and D, are reversed biased, and diode D 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.
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Figure 3.2. Typical waveforms of mSIBC for (a) CCM and (b) DCM.
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The voltages across inductors L1 and L are obtained as

VLTV T2 Y (3.2)
The input current i; is obtained as
i=2i =2i =2, (3.3)

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

obtained as follows:

d i _di|_1 _di|_2 Y d vco Vo
dt  dt  dt dt  CoRo (34)

2) Mode Il (Time t1—t2): In this mode, both the inductors L1 and L» are demagnetized in
series with the input voltage vi to provide energy to the load R, and charge the capacitor
Co through diode D2 and Do. During this mode, diodes D2 and D, are forward biased,
and diode D; is reversed biased. The equivalent circuit of mSIBC for this mode is

shown in Fig. 3.3(b).

(@) (b)

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

The voltages across inductors L1 and L2 are obtained as
LTV TV T VitV /2 (3.5)

The input current i; is obtained as

=0 =i =10 (3.6)

The differential expression for the inductor L; and L2 and capacitor C, can be
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obtained as follows:

Vo

dip dipg dipo Vi—Vg d Vco 1.
0]

dt dt dt 2L ' dt G

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

the average equations are obtained as follows:

Ld<iL> _ <Vi> 1+d —<v0> 1-d
dt 2
ool gy v L)) nee

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,

<Vi>:Vi Jr‘7i’<"Co>:Vco Jr‘7Co'<"o>:Vo +Y

<iL>:IL+fL'<ii>:|i+fi,d=D+6 (3.9)

Where

Vi <<Vi"‘700‘ <<VCO,|\70| <<VO,|fL| << IL,|fi|<< i (3.10)

Using (3.8)—(3.10)

d 1+ Vi +V 1+D+d - VotV 1-D-d

dt )

d Vco+Vco ) R A
Co—————= I+ 1-D-d -
dt ?

(0]

i= ILHL 1+D+d

Using (3.11), the dc variable equation can be obtained as follows:
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Vi 1+D —V0 1-D Vv

0— 0=1I_1-D —2,1;=1_ 14D (3.12)
RO

2
Using (3.12), the voltage gain of the mSIBC is obtained as follows:

M :VO /Vi = 1+D / 1-D (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:

K iL  VitVo d+ 14D V- 1-D ¥,
dt 5
d VCO N a A~
— =—l d+ 1-D i — V5 /Ry (3.14)
;=1 d+ 1+D I

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

Taand Tg are ideal transformers with the turn ratio 1:(1 + D) and (1 — D):1, respectively.

Using the Laplace transform, the relation between CT(S), \7i (S) and Vo (S) s

obtained as follows:

U6(S) = M. (S)¥; (S) + M (8)d(8) (3.15)

A
L AV, Tk

A +
/.\_D- d[], | A
IL ™~ Rn v"
C(J

(1-D):1

AY|

1:(1+D)

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

%(8) |45y 1+2LS/Ro(1-D)? +2LCoS2/(1-D)

U6 (S) Vi+Vg /(1-D)—21| LS/(1-D)?
Mg (®)= d(s) T 2 2 2 (317
Gi(5)=0 L+2LS/Ro(1-D)?+2CoLS/(1-D)

3.4 Operating Principle and Analysis in DCM

2 (3.16)

The working of the proposed mSIBC for DCM is divided into three modes; one
when switches S1 and S; are turned ON (ON state), second when switches S; and S; are
turned OFF and inductor currents are non-zero, and third when switches S; and S are
turned OFF and inductor currents are zero. Let us assume the inductor current reaches
zero at time t, as shown in Fig. 3.2(b). In typical DCM characteristics [see Fig. 3.2(b)],
K1Ts or Ton is mode | time period (i.e., time tot1), K2Ts or Torr,1 (i.e., time ti—t2) is
mode Il time period, and KsTs or Torr.2 (i.e., time to—t3) is mode 111 time period.

1) Mode | (to—t1)—Switches S; and S 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 L, are magnetized in parallel by input voltage vi. At the starting
of this mode (time t, 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 L, can be obtained as follows:

IL,max - IL1,max - IL2,max =ViKy / Lfg (3.18)
Where 11 maxand l.2max are the maximum currents through inductor L and Lo,

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

L; and L2 can be obtained as

AIL:AILl:AILZ :ViKl/LfS (3.19)
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Where 4111 and 412 are the current ripples of inductor L1 and Lo, respectively.

2) Mode Il (ti—t2)—Switches S; and S, 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 Il. In this mode, inductors L; and L, are demagnetized in series
with input voltage vi to charge capacitor C, and provide energy to load Ro. At the
starting of this mode (time ty or t1 + Ts), both inductors L1 and L> 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 L; and L»

can be obtained as follows:

IL,max - IL1,max - IL2,max = Vo 7Y Kyl2Lig (3.20)

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

Al = A1 =Al = V=V K, /2L, (3.21)

3) Mode Il (t—ts)—Switches Si and Sz Are Turned off and Inductor Currents
Are Zero: The equivalent circuitry for this mode is shown in Fig. 3.5. In this mode,
switches S; and Sy 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—D> are

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

I; +Vii—- +Vi2-
Y (N,
"."' L; - Lz .o P -

i ir> ICol ’ffi,

V; Y|+ ¥
I — R § 0
—— Ve Iy,
= (‘rj - J_

Figure 3.5. Equivalent circuitry for the DCM mode.
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Using (3.19) and (3.20), the time period of mode Il i.e., KoTs or Torr,1 Can be

obtained as
K,T or TOFF,l = VK, / Vo -V f (3.22)

It is known that

Ton TTorr1 T Torr2 =5 (3.23)

The time period for mode | and mode 111 can be obtained as

Kl 1 2Vi Kl
TON =—, K3TS or TOFF,Z =1-— Kl + — (3.24)
fS fS VO —Vi

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

By using (3.22) and (3.25)

L o] 2iKe ViKi Vo
Co ™ "lvgvi Lfs | R (3.26)
0 Vi S Ro

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

Therefore, (3.26) can be rewritten as

2ViKy  ViKy 2y,
X =
Vo -V Lfg Ry (3.27)
Using (3.27), the quadratic equation is obtained as
2
2
Vo Vo Kp
v (3.28)
Vi Vi g

Where & is the normalized time constant for inductors Ly and L», and its value
is equal to Lfs/Ro. Therefore, the variation in & is based on the value of L, fs, and Ro. By

solving (3.28), the voltage gain of mSIBC for DCM (Mpcwm) can be obtained as
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1/2 o V2
1 1 KlR

=—+|-+
2 P (3.29)

0.255|_—|—K12

SL

V 1
0
M :7:*—’—
2

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)

)2
Vo 054 0.25¢ g+Kq _ 14D 230
y B 1-D (3.30)

It is known that the mode | for CCM and DCM is the same. Therefore, K1 = D,
and the normalized boundary time constant (¢.g) for inductors L1 and L can be obtained
as

{ g =0.5 p®—20°+D / 14D (3.31)

Fig. 3.6 depicts the plot of &g versus D; where DCM and CCM regions are
shown. If the value of ¢is is larger than &, then the proposed mSIBC configuration

operates in DCM.

> A A
_;g ,-aa 0.06
w3t 0.05
E 2 0.0 §
2: 0.03
E § E 0.02 §
2ol S
5 E ¢ 0.01
FAN B >
0 0.10203040.50.60.70809 1
ecmsessessscsscscsssssssssssssscsscsnasnanaanannn >
Duty Cycle

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

the values of L1 and Lo.
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A. When the Value of L, is Larger than the Value of L (L1>L>)

The characteristic waveforms of the inductor L1 and L currents are shown in
Fig. 3.7(a). In this case, the converter operates in three modes as follows.

1) Mode | (Time to—t1): In this mode, switches S; and S; are turned ON, and
equivalent circuitry is the same as mode | of CCM. In this mode, inductors L1 and L»
are magnetized by input supply vi, diodes D> and D, are reversed biased, diode D1 is
forward biased, and the capacitor C, is discharged through the load Ro. The input
current ij is equal to sum of inductor currents, i.e., ii = iL1 + iL2. The slope of the inductor

L: and L currents can be obtained as follows:

dipg vi dipo Vj

dt Ly dt Ly (3.32)

In this mode, the current through inductor L1 is smaller than the current through
inductor L2 due to Li>Lo.

2) Mode 11 (Time t1—t2): This mode occurs for short duration [YTs, as shown in
Fig. 3.7(a)] when switches S; and Sz are just turned OFF. The equivalent circuitry is
shown in Fig. 3.7(b), where diodes D; and D are forward biased. During this mode,
the currents through inductor L increase with small positive slope (approximately zero
slope) and the currents through inductor L, decreases with a large negative slope. The
inductor L1 is magnetized and inductor L> is demagnetized through path vi — L1 — D2 —
L2 — (CollRo) and vi — D1 — L2 — (ColIRo), respectively. The value of current through
inductor L is larger than the current through inductor Li. Also, the input current i is
equal to inductor Ly current, i.e., ii = iL2, and the resultant current through diode D; is
the subtraction of inductors L» and L; currents, i.e., iLo — iL1. The slope of the inductor

L: and L, currents is obtained as follows:
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dit 902 Vi
dt ' dt Ly (3.33)

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

and circuitry operates in mode IlI.

.. (I-D-Y)Ts p .
Erpdpa D, 2=y
T < [ <t

L e S

J.I.I.erf.\ [— : I.' 1’L?
. . i Rt a1 Ips - +
LL 1 min, VL2, min (# Iy
t Lo—" +
I, V S g LJ’ lfu‘ .D) f!) {{l Jri
[Py L o W
¥Ts i v,
I_ U
I t _I I 1
ty DTy ¢ 1, 4 1 Li=Lyi <ip 1 L L
(@) (b)

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

3) Mode I (Time t>—t3): In this mode, switches S; and S; are turned OFF, and
equivalent circuitry is the same as CCM mode Il. During this mode, diodes D> and Do
are forward biased, and diode D is reversed biased. Throughout this mode, inductors
L1 and L are discharged in series with input voltage vi through load Ro. In this case,
input current and the current through inductor Ly and L are equal, i.e., ii = i1 = iL2. The

voltage across inductor L1 and L is obtained as follows:

dig  Vvi—vo di2 _ vi—V
dt L1+L21 dt L+Lo (3.34)

Using small approximation and inductor volt second balance

For L2 = V; (D) + v; — v, Y+

L,—D—Y)=0
L1 L2 2( ) =0(3.36)

Solving (3.35) and (3.36), the voltage gain of mSIBC is obtained as
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Vo/Vi||_1>|_2 — 14D / 1-D (337)

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

The typical waveform of the inductor Ly 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 | (Time to-t1): In this mode, switches S; and S; are turned ON, and
equivalent circuitry is the same as mode | of CCM. In this mode, inductors L1 and L»
are magnetized by input supply vi, diodes D2 and D, are reversed biased, diode Ds is
forward biased, and the capacitor C, is discharged through the load Ro. The input
current ii is equal to the addition of inductor currents, i.e., i = iL1 + ir2. The slope of the

inductor L; and L currents can be obtained as follows:

TR vi diL2 Vj
dt L' dt L (3.38)

In this case, the current through inductor L; is larger than the current through
inductor L2 due to L1 < Lo.

2) Mode 11 (Time ti—t2): This mode occurs for short duration [YTs, as shown in
Fig. 3.8(a)] when switches S and S, are just turned OFF. The equivalent circuitry is
shown in Fig. 3.8(b), where diodes D1 and D 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 L. increases with small positive slope
(approximate zero slope). The value of current through inductor L; is larger than the
current through inductor Lz. The inductor L; is demagnetized and inductor L; is
magnetized through path vi — L1 — Ds1 — Do — (Co//Ro) and vi — L1 — D2 — L2 — Do —
(ColIRo), respectively. However, the input current i; is equal to inductor L1 current, i.e.,

Ii = iL1, and the resultant current through diode Ds; is the subtraction of inductors L; and
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Lo currents, i.e. iL1 — 2. The slope of the inductor L and L currents is obtained as

follows:

dipg  vi—vo diL2

: ~0
dt Ly dt (3.39)

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

and circuitry operates in mode IlI.

ip1,ip2 (1-D-Y)Tg
L1 max : A IIJ}l.f,J
li.l'AZ.Jm:.',\' [——" .' ------- P ------- I’J ll + vL] = D + VLZ -
N >
Ep1,min, EL2mi i i ‘ - - . .
L1,min, tL2,min L2 ¢ LI Ilh’- L2 l];' I(‘é i, H +
Vesi, Veszy, *YTE*-“ + Rt Vy
s > C7Rve
— 1 [ irg—ir2 Ds: ’ -
: ‘ t - l
et = H ]
h PTs 4 & =  L;<Lyip<iy = = =
(a) (b)

Figure 3.8. When L1 < L (a) inductor currents, and (b) Mode I1.

3) Mode I (Time t>—t3): In this mode, switches S; and S; are turned OFF, and
equivalent circuitry is the same as CCM mode Il. During this mode, diodes D, and Do
are forward biased, and diode D; is reversed biased. Throughout this mode, inductors
L1 and L are discharged in series with input voltage v; through load Ro. In this case,
input current and the current through inductor L1 and L are equal, i.e., ii = iL1 = iL2. The

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

difg _ vi—vo diL2 _ vi—vo
dt L1 +Lo odt L+Lo (3.40)

Using small approximation and inductor volt second balance

For L = v (D)+ vj =V, Y+L1 L >L@-D=Y)=0 (341)

Vi—Vo
For L, = v;(D) +
2 Ly+Lo

LpA-D-Y)=0 (3.42)
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Solving (3.41) and (3.42), the voltage gain of mSIBC is obtained as
VoMil, <, = 1D / 1-D (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 Li and L is shown by the
resistance r.. The ON-state resistance of switches S; and S is shown by the resistance
rs. The forward resistance and the threshold voltage of diodes D1, D2, and D, are shown
by resistance rp and voltage Vrp, respectively. The ESR of capacitor C, is shown by

rCo .

rad
Vip rp Dy

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 L, the anomaly arising
due to other parasitic is ignored, i.e., rs =0, rp = 0, rco = 0, and Vrp = 0. Considering

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

ON state=v, , = V.

L2 Vi T Ve BV LYo BV (3.44)

IL2 L' o Co

45



OFF state=v, , +V

Ve Vi I Tt V% (3.45)

Using (3.44) and adding voltages across inductors

vV, , +V

L1 ~2Vi—i r—i ,n (3.46)

L2 L1L L2L

Using small approximation and inductor volt-sec balance principle

Moo T P Y Tt Y% 0P (B4Y)

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

\Y 1+D — 'LlrL+'L2rL /Vi

= - (3.48)

If L1 = Lo, the currents flowing through both the inductors L; and L. are equal,
I.e., IL = iL1 = iL2. Let us assume that the voltage drop due to ESR of the inductor is V-1,

i.e., Vd-L = itre = iore. Thus, (3.48) is rewritten as

Vv 4D -2V, 1V

- b (3.49)

Equation (3.49) is graphically plotted in Fig. 3.10(a) by considering the different
values for V4-;/Viand 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 V4-rand D. This fact guides that the ESR of inductance (r.) 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., ra1 =0, ri2 =0, reo = 0, and rs = 0. Considering this

case, the voltages across inductors L and L are obtained as follows:
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ON State = v , = Vi,V , =V =i oIy =V (3.50)

OFF State=v, , +V

L1 mVi—Zi r- —2v -V (3.51)

L2 L2D FD o

Using (3.50) and adding voltages across inductors

Vi TV =2 1 o5 —Vep (3.52)

Using small approximation and inductor volt-sec balance principle
2V, —i) oty ~Vgp D=—V, =2 ,rp =2V, -V 1-D (353)

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

vO 1+D - 'L2rD +V

ED 2-D /Vi

1-D (3.54)

'"'"'o VED
Let us assume that the voltage drop due to forward resistance and the threshold

voltage of the diode is V4-p, i.€., Vd-p=iL2rp + Vrp. Thus, (3.54) is rewritten as follows:

v, 4D - vy o 2-D IV,

v D (3.55)

g, Ve

Equation (3.55) is graphically plotted in Fig. 3.10(b) by considering the
different values for V,-p/Viand 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 V4-p/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 S; and Sz, the anomaly arising due to
other parasitic is ignored, i.e., r.1 =0, r2 =0, rco = 0, rp = 0, and Vrp = 0.Considering
this case, the voltages across inductor L1 and L> are obtained as follows:
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ON State =V 4 %VI —lgole V) 5 mvi —lgqls —lgolg (3.56)

OFF State = v + Vv

L1 L2 ~Vi V% (3.57)

Using (3.56) and adding voltages across inductors

Vi, +V

L1 %ZVi—i e —2ig,r, (3.58)

L2 S1°S S2°S

Using small approximation and inductor volt-sec balance principle

2V, —lig fe —2ig,fe D=— V.=V 1-D (3.59)

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

v +D — D 'SlrS+2'82rS /Vi

LD (3.60)

Assume that the voltage drops in switches S; and Sy are the same, i.e., Vy-s=

Isirs = isars. Thus, (3.60) is rewritten as follows:

Vv 4D -3D Vy_g /V,
1D (3.61)

Equation (3.60) is graphically plotted in Fig. 3.10(c) by considering the different
values for V,-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 V4-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., rt1 =0, r2=0,rp =0, Vrp = 0, and rs = 0. Let us

assume that the voltage drop across resistance rco is Va—co. When switches are turned
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ON, the capacitor C, is discharged through load Ro. The output voltage that is the
voltage across capacitor C, is dropped down, and instantaneous output voltage can be

calculated as

lo
Yo = Vo _Vd—Co _at =V 17 RoCo t (3.62)

At the end of ON-state, change in output voltage (4V5) is

V,
AV 0

- D
olc ~ RyCof (3.63)

This fact provides the guidance that the load resistance Ro, switching frequency
f, and capacitance C, 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 Sy, and effect of ESR of capacitor C,, the voltage gain can be obtained

as follows:
2V \Y
Vy_ V' d—C
14p-—9=L 5, p H-D 3p dV_S— 0
V. 1-D (3.64)

3.7 Converter Efficiency Analysis

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

follows:

_ _ _ -1
ico = —voR0 in ON-State, i —VOR0 in OFF-State (3 ¢5)

In OFF state, the currents through inductors L1 and L> are the same, i.e., iL = i1

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

2V, . V, Y V,

[ | ldt= | IL—O]dt:>°D= I -—>|1-D 266
o (Ro DTg Ro R, R (3.66)

Using (3.66), the inductor currents are obtained as

It is considered that Psy—s; and Psy—s2 are the switching power losses due to
switching of switches S: and Sz, respectively. The total loss during switching Psp-ris

obtained as follows:

1| (1svsa ) tr—sa+tf—s1 )+

Pow-T = 2 Psw-si=
1=1,2 E ('SZXVSZ)(tr—82+tf—82)

(3.68)

Where rising and falling times of switches Sy and S; are t,—s;, t-s; and t.—s2, t-s2,
respectively; Is1, Vs1 and Is2, Vs2 are the average current and voltage through/across
switches S1 and S, respectively. The total power at the input and output ports is

obtained as follows:

:Vi{ZILD+ILl(l—D)}+PSW_T ,2
-1 -9
1) VR, Fo = (3.69)
=———(14+D) + Py _1 0
1-D

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

2V, 2-D)V4_ 3DV, Va-c
1:D_ dL_( )dD_ d-s 0

Vi Vi Vi V;

TmsiBC ~ Ra(1-D
(14D) + Py 1 0\5 v ) (3.70)
0Vl

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,

50



1+D-2Vy4 |

TmsiBc = Ra(1-D 3.71
(1+D)+O\E v ) ( )
oVi

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

Drop in voltage gain due to V. Drop in voltage gain due to V,p

Voltage Gain
Voltage Gain

(b)

Drop in voltage gain due to Vg ‘
2 <
‘= S
< =
v ]
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> =5

94
0.1 0.3 0.5 0.7 0.9
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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.
51



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

the required duty cycle is calculated as

D| _ Mt e
M=% (M 1), (4+1)090 (3.72)

The critical values of inductors L; and L are obtained as

100V:0.67 o
I‘1‘critical = Lleritical =2 5ad00kHz ~ 20°H (3.73)

Using (3.73), the critical values of inductors L: and L. are calculated by

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

‘ 100Vx0.67 ~ 2684H
Uleritical = Rlcritical = 2 BA00kHz ~ <PoH (3.74)

The inductance and current rating of the inductors L1 and L, must be higher than
critical inductance and input current, respectively. Thus, ferrite E type core inductors
with rating 700 uH/10 A, r. = 75 mQ are selected to design the prototype. The critical

capacitance of output-side capacitor C, is obtained as

Po
C0|critica| - V AVe, DTg (3.75)

The critical capacitance value of capacitor C, by considering the peak to peak
voltage ripple of the capacitor, i.e., 4 V is calculated as follows:

. 500Wx0.67
Olcritical — 400V x4V x100kHz

~ 2.1uF (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 uF/450 V (rco = 4 mQ) is

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

The voltage stresses across switches S; and S are obtained as

v B VoV v B Vo1V
Slistress = 5 ''S2lstress = 5 (3.77)

The minimum voltage ratings of the switches Sy and S; are calculated as follows:

400V 100V 400V +100V
Vgp=—— =150V, Vgp =———— =250V (37g

The current rating of selected switches S; and Sz must be greater than the input
current. Therefore, FDP19N40-ND MOSFET (rs = 200m Q) and FDP18N20-ND
MOSFET (rs = 140 mQ) are selected.

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

as follows:

Vi—Vo

Voilpry =5 VD2lpiv = Vi:VDolpiy = Vo (3.79)

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

are calculated as follows:

| — 100-400 250 00
Yoilpy = =2 Vpapyy =100

(3.80)

Voo |y = — 400V

The current rating of selected diodes D1, D2, and D, must be greater than the
input current. Therefore, diodes DPG101400PM (400 V/10 A, rp = 19.8mQ, Vrp = 0.77
V) and C3D10060AND (600 V/14 A, rp = 55.2 mQ, Vrp = 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 L 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 D: (150V), D2 (100V) and Do

(400V) voltages waveforms for the proposed converter. It is noteworthy that the voltage

across switches Sy and S, are 150V and 250V, respectively when the output voltage is

400V.
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Figure 3.11. Simulation results, (a) voltage waveforms, (b) current waveforms.

400

¥ 3995

9

I

ipr ip2 i
S e

Ip2

isy igg

o

T4 967.42
T Time (msec)

(@)

Ipo
F—i £ (—]

ic
e e

967.44

-
=
=

L1

O ——
s T ko =

-

== = & =

O T .

1]

A1.251
ai 125

T e Y

—t
v 1.249]

967.4 967.42  967.44
R S,

3.10 Controller Design

“Time (msec)

(b)

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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U5 (S) —0.027345+1250
d(S)  142.73<107°541.92:40”

8.2 (3.81)

S

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:

O (14+45)(143.3<10 Os)

E(s)  1+0.00128 —0.027345+1250 (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
64° 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. PMODADL (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 ps. The control
gate pulses of switching frequency 100 kHz are generated and fed via driver GDX

4A2S1 to control switches S; and S».
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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 Lz, respectively. The obtained waveforms of
voltage and current across/through inductors L; and L 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 L; and L, 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 S; and Sz and diode D, are shown in Fig. 3.14(c),
and inductor L 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 S; and Sy 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 S; and Sy 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
Sz is observed and shown in Fig. 3.14(d); where the voltage across switch Sz, current
through inductor Lz, and input current are also shown for reference and validation
purposes. The average currents through switches S; and S are 1.62 A and 3.10 A,

respectively. In ON-state, it is observed that the slope of current through switch Sy is
equal to the slope of inductor L, current; and the slope of current through switch S, is

equal to the slope of input current. The obtained waveform of voltage and current
across/through diodes D1 and D> is shown in Fig. 3.14(e), and inductor L> and input
currents waveforms are also shown for reference and validation purposes. It is observed
that diodes D1 and D, 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 Dy and D are 1.62 A and 2.57 A,
respectively. In ON-state, it is observed that the slope of current through diode D is
equal to the slope of inductor L. current, and in OFF state, the slope of current through

diode D is equal to the slope of inductor L current, which are expected.

58



00V /iy Yo 1 Miawa | M Vi2 = =
e Rl o et B R M T 85 ) s A Vs
100V /div s . J/ ; . - 3
i s % NN N L2 v
5 SA/diy " 2.5A/div a 2]l s2
£ / e 7 ;A - — — 200V /i
4y v/ NN & 200V (diy Vil A 3 SA /iy
< olee, AR = AL S N p= — ~ - A AR A s
# Lol | VY AW aWaWal F / N2
1] v’ o \ i v N -
1A/diy o 2.5A/div Ll ) RNl ) Vpe
A A A R ~ — CE T T
Time (Sps/div) Time (Sps'div) = Time (Sps/div)
(a) (b) (©)
(T — < . R e A T LA
~— —~— ~— ~— e lale P —_— —_ _— —_— .;‘l' ?
Y s N LS L_Vsr b~ — awag— — | P
= .‘IMIWN 'l.’ S _,hﬁ;>i‘1‘;‘,$dl'l;. - = —/_ ‘»nl
o P SA/diy ; . /- / SATdiv / 4
-» ’ - »
N NEONC Y |4 AN _,\4\//,\ li
" sA/div 10A/diy ; SN L O 12
s e R o e o /lq) & N ~ ~N ~ ~N .
o o (B o = oo ‘—i—- L S L I S— II):
= SAdiy 2 o o SAIgly e e |
P U e _.‘/_/'.\'I 2 - S A /iy . iy
* Do ccccttitecentctossrrasstessnsecastesess > YT —— ssssnssscassas sesssssssasases -
Time (Sps/div) Fime (Sps/div)
(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
L. current and voltage. (c) Bottom to top: diode D, voltage, inductor L, current, and
switches Sz and S; voltage. (d) Bottom to Top: switches S1 and S, currents, input current,
inductor L» current, and switches S: voltage. (e) Bottom to Top: diode D: and D:
currents and inductor L current, input current, diodes D1 and D> 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-kQ 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 Il and mode 111, i.e., DCM. It is observed that
the input current is nonzero in mode Il and zero in mode 111, 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 I11. The performance of the converter is also tested

with an unequal inductance (L1 =700 puH, L>=450 uH), and output voltage reference is
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set at 400 V. The obtained waveform of current through inductor L1 and L currents and
voltage across diodes D1 and D> 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 L is higher
than the current through Li. In mode II, the current through inductor L. is decreased
with a higher rate than the current through inductor L1. In mode I11, the currents through
inductors Ly and L are equal. It is investigated that the average current through inductor
Lo isa little higher (0.6 A) than L1, which is expected since L1 > Lo. Itis also investigated

that the diodes D1 and D- are forward biased in Mode 1.
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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 D> voltage and
inductor L1 and L2 currents when Li>Lo.

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., Ato B and B to
CinFig. 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., Ato 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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cyclesin 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., Ato 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., Ato 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 [Ato 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

i 97.17%.
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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.
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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 (2 Tgy ) is the sum of total voltage stresses across diode and

switches, the total current stress for semiconductor devices (X Tg¢ ) 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:

V-
V, 3M +3 >3VM > 5M +1 >2V, M +1
g vTe 2 SV (3.83)
Con.[47] Sl Proposed Con.[148]
4IM = 4IgM = 4IM > 21 M
0 0 0 0 (3.84)

Sl Con.[47] Proposed Con.[148]

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:

2Vi i 3Vi Vi 1

— M+l >—L M+1 >—"M>L M=

3 5 5 2 5 (3.85)
Con.[148] Con.[47] Sl Proposed

216M /3 > 41,M /5 =41,M /5= 41,M /5

\ ] y , (3.86)
Con.[148] Sl Con.[47] Proposed
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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.
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Figure 3.18. Comparison, (a) Switch voltages versus duty cycle, (b) Diode voltages

versus duty cycle, (c) ZTsy/V;, Ty /NV; versus voltage gain (d) ZTgc/l, ZTgc /NI

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 >~ Xg, 2 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-D>.)

Converter SIBC [122] Converter in [148] Converter in [47] Proposed Converter (D)
C//DISIT 1/2/4/1/8 1/2/1/2/6 1/2/2/3/8 1/2/3/2/8
Load Type Grounded Floating Floating Grounded
1
Voltage Gain (M) D Wb D D
1-D 1-D 1-D;-D7 1-D
a [
> Vo/2b v - Vo( /D2 -bfi-D;-D, Vs1 = Vo 5y V2/P
Vo(y/P1-M {i-D;-D;) Vso = ﬁ\/g
Vs3 = 2M
(]
o Vb _ Vo2
£ Ppeak b Vs1,2 = ﬁ Vs1 = oM
o V V. =—V
> 0 S12 = 5p VO B Vb
N VS3 = VO V82 - =
= 2M
=
(9]
Vo(b(l_Dl)_MDZ)
2V Vo S1,2 oM _ 0%
Avg. -0 Vg19 = — S1~ Mb
M +1 ! M vV
0
Vo(1-bDy-MDy ) So=

V83 - M
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Converter SIBC [122] Converter in [148] Converter in [47] Proposed Converter (D)
v Yo form
D13 = 5y VP (
bJDz) a \/E
J Vv ==V,
RMS VDZ :VfOJAZ/a, VO am +1 Vo M DL2 = >m \b ©
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Vi = Voalb Vbo =}, Vo
(]
(@)}
I
o
> aVo
g Peak Y013 " m v Vv, 12M
o ea = a s
& v Vo Vob /M \A D1,2 0
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M VDo =Vo
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VD1,2 = aVO / ZM,
Vni_q = aV, / Mb,
D1-3 0
Avg. Voal/ M V_(M-MDy+D2)/ M V. =aV, /b
0 o] Do
VDO =aV, /b
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Converter

SIBC [122] Converter in [148]

Converter in [47]

Proposed Converter (D)
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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 Sl
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 Sl
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:

SIBC
Pow = (Es +Epy +Epp +Epg + EDO) fs (3.87)

mSIBC
Pow —(Es1+Es2 +Ep1 + Ep2 +Epg ) fs (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:

mSIBC SIBC Eon,s1 * Eoff 51+ Eon,s * Eoff,s +
Pow Py = fs - fs (3.89)
Eon,s2 + Eoff 52 Eon,D3 + Eoff D3

Where Eon and Eof define the turn ON and OFF energy losses, respectively. By

solving (3.89)
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mSIBC siBC | Vsi1ls1 +Vs2ls2
Pow ~ Pow = ( (tr +iy ) fs ~Epsfs (3.90)

—Vsls
Where tr and tr are rise time and fall time, respectively. Using (3.90), the final

difference in the switching losses is obtained as

mSIBC SIBC M +1
Pow - Pgyy = - oy VOIiD(tr+tf)fS—ED3fS <0 (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 Sp, two diodes Da and Dy, two inductors
La and Ly with equal inductance rating (L), two capacitors Ca and Cy, 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.
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SLE_ iLp ica iLa C, T~ §R Vour

- ich | Low -
— +v D, ol
Vrn I “ l l j-

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=la=L (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 t, to ta is the time period for mode I (i.e. ON time).
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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 Sp are in ON state and second when both the switches Sa and
Sp are in OFF state.

1) Mode I (Time to-ta): Fig. 4.3(a) shows the equivalent circuit of TBC for mode
. In this mode, inductor Ly, is charged by input supply (Vin) through switch Sy, inductor
La is charged by input supply (Vin) through diode Da and switches Sa and Sy, capacitor
Ca is charged by input supply (Vin) through diodes Da and switch Sp. It is worth to
mention that the inductors La and Ly, and capacitor Ca are charged in parallel and the
capacitor Cy is discharged through the load R. During this mode, diodes Da and Dy 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 Switches Inductors Capacitors Diodes
Time
Modes Sa Sh La Ly Ca Co Da Dy
Model 1  on on CP- in Choin Ch in p0p g pp
s (to—ta) parallel parallel parallel
8 T D/Ch. D/Ch. D/Ch.
Mode |1 tOFi OFF OFF in in in Ch. RB FB
(ta—ts) series  series  series
Model @7  on on CP in Chin Ch in p0p g pp
(to—ta) parallel parallel parallel

D/Ch.  D/Ch.  D/Ch.

% Mode I ‘(jtZT_t) OFF OFF in in in Ch. RB FB
a A8 series  series  series
Mode 111 ((j'[?:;tc) OFF OFF zC ZC ZC D/Ch. RB RB
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vV, =V =V ~V. |V ~V 4.2)

Lo Vour

in “la Fllb Tlea e = Tour ¥ (43)

Where superscript represents the mode I and subscript represent the component.
2) Mode Il (Time ta-tg): Fig. 4.3(b) shows the equivalent circuit of TBC for
mode I1. In this mode, both the inductors La, Lb, and the capacitor C, are discharged in
series with the input voltage Vin; energy is supplied to the load R and capacitor Cp
through the diode Dy. In this mode, diodes Da and Dy, are reversed and forward biased,
respectively. The voltages across and currents through inductors and capacitors can be

expressed as,

Vv
I T out "

VL TVa Ve ®Vin T ) ’VCb NVout (4.4)
R | | LT
' Tta T'wb Thin lew BT . (4.5)

Where superscript represents the mode 1l and subscript represents the
component. Using inductor volt second balance principle, the voltage gain of TBC is

expressed as,

v - -
Gleem — , | 4 (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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Figure 4.3. Equivalent power circuitry, (a) Mode | (to-ta), (b) Mode Il (ta-tg).

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 Ly. Hence, the currents through inductors La and Ly depend on the values of La
and L. The characteristics waveform of the inductors La and Ly currents are shown in
Fig. 4.4(a) below. In this case, the converter operates in three modes as follows,

1) Mode | (time to to ta): In this mode, switches S, and Sp are turned ON and
equivalent circuitry is the same as mode | of CCM. The input current iin is the sum of
inductor currents and the current through the capacitor Ca i.e. iin=iLatiLbtica. The slope

of the inductors La and Ly currents can be obtained as follows,

diLa Vin diLp  Vin
dt  La' dt  Lb (4.7)

In this mode, the current through inductor Ly, is larger than the current through
inductor La since Lp<La.

2) Mode 11 (time ta to tg): This mode occurs for a small-time duration (yTs as
shown in Fig. 4.4(a)) when switches Sa and Sy 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 Ly decreases with a large negative slope. The value of current through inductor

Ly is larger than the current through inductor La. Also, the input current iin is equal to
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inductor Ly current i.e. iin=ip and the resultant current through diode Da is the
subtraction of inductors L, and La currents i.e. iLp-iLa. The slope of the inductors La and

Ly currents are obtained as follows,

dita  vea _Vin 9iLb  Vin—Vout

dt  La  La ' dt Lb (4.8)

This mode ends as soon as the currents through inductor La and Ly are equal,

and circuitry operates in mode Il1.
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T R— ». =t - Lo>Ly, ipa<irp
(] dl, v 1y fe - - w
(a) (b)

Figure 4.4. When La > Ly (a) inductor currents, and (b) Mode I1.

3) Mode I11 (time tg to tc): In this mode, switches Sa and Sy are turned OFF and
equivalent circuitry is the same as CCM mode Il. In this case, input current and the
current through inductor Ly and La are equal i.e. iin=iLa=iLb. The voltage across inductor

La and Ly can be obtained as follows,

dipLg _ 2Vin—Vout d iLb _ 2Vin—Vout

dt La+Lp dt La+Lp (4.9)

Using small approximation and inductor volt second balance,

2Vin—Vout _
For La:>vin(d)+vin(y)+mLa(1—d—Y)—O (4.10)

For L - (d ) MLbl d -0
or Ly = vjn(d)+ Vip —Vour ¥+ Lo tly (1-d-y)= (4.11)
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Solving (4.10)-(4.11), the voltage gain of TBC is obtained as,

Vout/Vin||_a>|_tJ =2/ 1-d (4.12)

Similarly, one can easily understand the modes of the converter when
inductance La is smaller than the value of inductance L, and the voltage gain can be

obtained as,

Vout/Vin L,<Lb =2/ 1-d (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 Sp are in ON state, second when switches Sa and Sp are in OFF state
with non-zero inductor currents, and third when switches Sa and Sy are in OFF state
with zero inductor currents. Let’s consider that, at time tg 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 | time period (i.e. time to-ta), d2T (i.e. time ta-tg) is mode Il time
period, and dsT (i.e. time ts-tc) is mode 111 time period.

1) Mode | (Time to-ta): The working of TBC and its equivalent circuit in this
mode is the same as mode | of CCM. Consequently, during this mode, inductors La and
Ly 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 Ly
started from level zero and reached to the level of maximum current in the end. The
maximum current through inductors La and Ly, and the capacitor Ca can be expressed

as,
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IL,max - ILa,max - ILb,max :I VindiT (4.14)

The maximum currents through the inductors La and Ly in mode I are I amax' and
lLb,max', respectively, where superscript denotes the mode 1. The current ripples through

the inductors L, and Ly can be expressed as,

1
Al = Al = Al = — VjdqT

L La Lb =~ | (4.15)

Where, the current ripples through the inductors La and Ly are Ala and Alyp,
respectively.

2) Mode Il (Time ta-tg): During this mode, the working of TBC and its
equivalent circuit is the same as mode Il of CCM. Consequently, during this mode,
inductors La and L, and the capacitor Ca are discharged in series with input voltage Vin
to provide energy to capacitor Cp and load R. In the beginning of this mode (at time ta
or ta+T), the current through both the inductors La and Ly started from the level of
maximum current and reached to level zero in the end (at time tg or tg+T). Another

expression for maximum current through inductors La and Ly can be obtained as,

I I I VoutdaT  VipdoT

IL,max :ILa,max :ILb,max (4.16)

2L L
The maximum currents through the inductors La and Ly in mode 11 are I amax"
and I max!, respectively, where superscript denotes the mode I1. The current ripples

through the inductors La and L can be expressed as,

V,,+dsT Vi doT
Al = Al — Al :out2_|n2

L La Lb oL L (4.17)

3) Mode I11 (Time ts-tc): Fig. 4.5 shows the equivalent circuit for this mode.

During this mode, switches Sa and Sy are turned OFF, and currents through inductors
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La and Ly and capacitor C, are zero. Consequently, the energies in the inductors La and
Ly are zero. Throughout this mode, both the diodes D, and Dy, are reversed biased and
capacitor Cy, is discharged through load R. The time period of mode Il i.e. d2T i.e. time

ta-ts can be expressed as follows by using the equations (4.8) and (4.10),

AT —2d x g _pg N 418
2 1™ Vout—2Vin 2 1™ Vout—2Vin (4.18)
Vsa +E
. S iSa E Db
Isp 7
i, T
Sb Vsh §R Yout
- vm+ +vp, — i ‘1” i"I’ A_t
Figure 4.5. DCM Equivalent power circuitry (ts-tc).
It is well known that,
d1 + d2 + d3 =1 (4.19)

The time period for mode 111 can be expressed as follows by using (4.11) and
(4.12),

~ T[Vout 1-d1 —2Vip

Voutds | _
Vout —2Vin (4.20)

Vout—2Vin

=T|1-
d3T T

With the use of geometry in Fig. 4.2(b) on the current waveform of the capacitor

Cy, the average current through capacitor Cy can be expressed as,

I max*d2 I max>d2  Vout

lep = 2 —lout = 2 - R (4.21)

Using equations (4.14), (4.20), and (4.21),
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2,2
Vin“dg"T Vout

— _
Cb L Vout—2Vin 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

Vintd'T Vout
L Vout —2Vin R (423)
Using (4.23),
2 2
Vout B Moyt B dg —0
N 4.24
Vin Vin 5|_ (4.24)

The normalized time constant for inductors La and Ly is &, which is equal to

L/TR. Therefore, & varies with the variation in the values of L, T, and R. The voltage

gain of TBC in DCM (VG |y ) can be obtained as,

oL +dp 1
T e T N Ee
o (4.25)

Velpem =~ =1 o

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),

2 U2
d1 R 2
1+(14+— = —
T 1-d (4.26)
Lfg

The mode | for CCM and DCM is the same i.e. d=di1. Hence, the normalized

boundary time constant (4L-s) for inductors La and Ly can be obtained as,
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o B = 2 (4.27)

The plot of 4.8 versus d is shown in Fig. 4.6 with DCM and CCM boundary

regions. The proposed TBC operates in DCM at a value of 4.g larger than 4.
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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 r_ is the Equivalent Series Resistance (ESR) of
inductors La and Lp. The resistance rs is the ON-state resistance of switches Sa and Sp.
The resistance rq and voltage Viq are the forward resistance and threshold voltage of

diodes Daand Dy. The ESR of the capacitors Ca and Cp is shown by resistance re.

. V .
rS SaHT lSﬂ fd f"d Db
A | | {Faw—a !
f f : |
. La i(‘}, )
T 'ca iL“ i grL § R Vout

a Lout

Isp i

Sh

Fs

@)
—
J
|
—<—

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 Sp, diodes Da and Dy,
capacitor C, and Cy are ignored (i.e. rs, rq, I'c, and Vg are neglected) to study the effect
of ESR of inductors La and Lb. With this consideration, the voltages across inductors La

and Lp in mode I and Il are expressed as follows,

Via ™ |n_|LarL’VLb Nvin ILbrL (4.28)
N (VR ~Vout SR o ~Vout
La “lin T taL T, tb TYin T bl (4.29)
By using (4.28) and (4.29),
I <oy | |
Vea Ve T %Vin T Lat T L. (4.30)
: v | | V
Via Ve Ve T 'Lat oL T Vout (4.31)

Now applying small approximation and the principle of inductor volt-sec

balance,

M ha et 9= M e e Vour @9 (432)

The voltage gain of TBC configuration with consideration of the effect of ESR

of inductors L, and Ly can be obtained as,

Vout
Vin

o= 1d (4.33)
L

It is assumed that VgL is the voltage drop across each inductor due to ESR (i.e.

ILare and Ipry are equal to Vai). Then, (4.33) is written as follows,

V,
ol1—dL

Vout Vin) _ 2 2VdL

Vin | 1—d 1-d  Viy 1-d (4.34)
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From (4.33)-(4.34), it is clear that the voltage gain decreases significantly for
greater values of Vg and d, which signifies that the inductors ESR (r.) 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 Ly, diodes Da and Dy,
capacitors Ca and Cp are ignored (i.e. ry, rq, rc, and Vi are neglected) to study the effect
of ON-state resistances of switches. With this consideration, the voltages across

inductors La and Ly in mode I and Il are expressed as follows,

~V. — | | ~V. —

Yla ®Vin ™ 'saT'sb "s:Vip ~Vin ~lsb's (4.35)
v oy _Vout vy _Vout
La “fin, Lb T inT (4.36)

Via Vb ®in— 'sa t2lsp Ts (4.37)

~ 2Vin _Vout (4.38)

Now applying small approximation and the principle of inductor volt-sec

balance,

V. — .. +2I

i Sa sp g d=- Nin ~Vout 1-—d (4.39)

The voltage gain of TBC configuration with consideration of the effect of ON-

state resistance of switches Sa and Sp can be obtained as,

I,
2_ S 1. +21. d
V.

Sa Sh

VOUt In

4.40
Vin rs 1-d ( )
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It is assumed that Vs is the voltage drops due to ON-state resistance of switches

Sa and Sp (i.e. Isars and lIsprs are equal to Vgs). Therefore, (4.40) is now expressed as

follows,
3V,
o 08 4
Vout B Vin 2 Vs d
- - B (4.42)
Vin s 1-d 1-d Vi, 1-d

From (4.40)-(4.41), it is clear that the voltage gain decreases significantly for
greater values of Vgs / 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 Ly, capacitors Ca and Ch,
and switches Sa and Sp are ignored (i.e. ri, rc, and rs are neglected) to study the effect
of diodes Da and Dy. With this consideration, the voltages across inductors La and Ly in

mode | and Il are expressed as follows,

Vi a %Vin o IDard _Vfd Vb %Vin (4.42)
o 'ob'a T Vtd T Vout
Via Ve ®Vin T ) (4.43)
By using (4.42) and (4.43),
! '~ ov I v
Via Vb ® %Vin " 'pa'd Vtd (4.44)
I v v Y,
Via Vb T %Vin " 'pb'd T Ved " Vout  (4.45)

Now applying small approximation and the principle of inductor volt-sec

balance,
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M~ Tbas Vid 9= Yin " lopy “Vid "Vout 1-d  (4.46)

The voltage gain of TBC configuration with consideration of the effect of diodes

Da and Dy, can be obtained as,

Vid g rd
2————d-"-Ipa—(-d)-"-Ipp
Vout ~ Vin Vin Vin

- 1—d (4.47)

V.
M1y Vig

It is assumed that Vq is the voltage drop due to forward resistance diodes (i.e.

Ipara and Ipprq are equal to Vq). Therefore, equation (4.47) is now expressed as follows,

1
2——— Vig V4
Vout _ Vip fd 2 VidVd

Vin

1-d 1-d  Vip 1- (4.48)
a Vid in 1-d

From (4.47)-(4.48), it is clear that the voltage gain decreases significantly for
greater values of Vg 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 C, 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 AVCa since it is discharged by the current iLa. Therefore,

t

V(:a :Vln —VrC —AVCa %Vln —?lLa (449)
a

At the end of OFF mode, the voltage across the capacitor Ca is obtained as

follows,
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T 1-d

Ve, =Vip, —— [ iy _dt =V — Ti
Ca in JIL in L )
Ca dT a Ca a (4 50)

During OFF mode, the expression for current i, can be expressed as,

. . ‘out
Iy = lout tlcp = (4.51)
1-d
By using (4.50) and (4.51),
1-d
out out
Ca = Vin c, 1-d in RC, (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,

dT 1-d T

o in =, Yout "Vin " Vca (4.53)

By considering (4.49), the equation (4.53) is re-written as,

daT 1-d T

o in =, Your %intAVca (459)

Using (4.52) - (4.54), the voltage gain is obtained as,

2Vip

Vout ‘ -
G t (4.55)
1-d 14+ ————

1-d RC,
Using (4.55), it is clear that the standard output voltage in mode Il instant is

2,

vV =
t 4.56
ou L (4.56)

Further, the output voltage is dropped and at the end of mode I,
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Vi,

V = =
outlcy 1 fRC, +1 (4.57)
1—d |1+ 1-d |——

fRCa fRCa

Thus, the voltage gain and output voltage drop can be unsurprising if the value

of fRCa >>1 as,
2V; V,
AV ‘ _ in _ Yout
out (4.58)
Q14 fRC, fRC,
Using (4.57), the voltage gain can be estimated as,
Vour|  _ 2
: 1 (4.59)
VII"I Ca 1—d [1+ ]
fRC,

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 Cy is discharged through load R. Hence, the output voltage which is the
voltage across capacitor Cy is decreased and the instantaneous output voltage can be

formulated as,

t

Veb = Yout —Vie = 1oyt & Vout
Ch

t
1_RCb] (4.60)

At the end of the mode I, the final change in output voltage (4vout) can be

expressed as,

dv,
Av out

outle, = (4.61)

fRC

This signifies that the load resistance R, switching frequency f, and capacitance

89



Cy 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

Caand Cy is as follows,

\Y

outlcy outlc, R (Ch Cp (4.62)

Av = Av

out Ca +Cb

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,

2VgL  3Vgsd  VidtVd Vi
b Vin Vin Vin Vin e
TBC R 1-d (4.63)
24— — P
Vout*Vin

Where Ps is total switching loss in the switches, and it can be calculated as,

o _p up _sa¥sallratTra)* tspVsp (T + Trp)
S~ 'sa''sp” T (4.64)

Where Psa and Psy are switching losses of switches Sa and Sy, Isa and Isy are
average currents through switches Sa and Sp, Vsa and Vsp are average voltages across
switches Sa and Sy, Tra and Ty are rise time for switches Sa and Sp, Tra and Ty, are fall
time for switches Sa and Sp.

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

. - worst
by selecting the 90% worst efficiency (77 ) as follows,

2 worst 2
= e — = —\ — ~ 9

The inductors L, and L critical inductance values can be obtained as,

dT dT
La,C = Lb,C :Vln AlL :Vln 40% of IL (466)
For the given parameters, the critical values are obtained as,

L L 40 0.82
= = X
ac — "bc 4.5A<100kHz

~72.5 uH (4.67)

The inductors La and L, 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
ImH/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 C, is obtained as follows,

L A=d)  12.5x0.18

C =

a,c :1125/“: (4.68)

fAVe,  100kHz x 2V

The capacitor C, 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

22uF/100V. The critical capacitance capacitor Cp can be obtained as follows,

Pout 500
, Vout FAVC, 400x100kHzx4 :
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The capacitor C, 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
3.3uF/450V.

4.8.2 Critical Voltage and Current of Semiconductor Devices

The critical voltage rating for switches Sa and Sy can be obtained as follows,

V, Vi V, Vi
_ Yout . Yin out . Yin

Vsac =5 O 4 Vsbe T, 1—d (4.70)

For the selected parameters, the switch voltage rating must be greater than
200V. The switches S, and S» must possess a current rating higher than the input current
1.e. Is, and Is» >Iin. Hence, to design the prototype, switches SQP90142E are selected.

The critical voltage rating for diode D, is obtained as follows,

Vout Vin
Vpac = N or d (4.71)

The critical voltage rating for diode Dy is obtained as follows,

2Vin
Vbb,e =Vout O" 4 (4.72)

For the selected parameters, the diodes Da and Dy, voltage rating must be greater
than 200V and 400V, respectively. The diodes Da and Dy must possess a current rating
higher than the input current i.e. Ipa and Ipp >lin. Hence, to design the prototype, diodes
C3D10060A-ND and DPG101400PM 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 Dy
(400V) voltages waveforms for the proposed converter. Both the inductors La and Ls
are observed to be charging in ON-state with the average voltage value of 40V, and
both the inductors L, and Ly 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 Sy 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 Ly is around 11A.

It is observed that the average current through switch Sy is 11A.
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(a) Voltage waveforms
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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 Sy 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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oyt (5) 2/1-d

G ‘ _ Vout(S) _

Vin($)lg(s)=0 ~ Vin(s) 2 Cp sk, (4.73)
(1-d)% R(1-d)2

~ Vout(s) (Vout /1-d )(1-sLI Noyt (1-d))
Un(s)=0  d(s) g2 LCp , sL (4.74)
(1-d)2 R(1-d)?

Gd(s)

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 ADL1. 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 Ly,
and capacitor C,, 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 Ly. The inductors La and Ly are observed to be
charging in ON-state with the average voltage values of 40.1V and 39.8V, respectively.
The inductors La and Ly 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 Ly

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 Sp, the current through inductor La, and the voltage across diode Dy. It
is observed that the voltages across the switches Sa and Sy 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 S, and Sp is approximately the same. It is
observed that the peak voltage across diode Dy, is -400.3V. The voltage waveform of
diode Dy validates that the diode Dy is reversed biased in ON state and forward biased
in OFF state. Fig. 4.10(e) shows the voltage and current across/through switch Sp. It is

observed that the average current through switch Sy is 11.4A.
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Figure 4.10. Experimental results (a) output- and input- voltages, and output- and input-
currents, (b) voltage and current across/through inductors La and Ly, (¢) 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 Sy, current through inductor La, and the voltage across
diode Dy, (e) voltage and current across/through switch Sy, 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.
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(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.
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‘. -"" 7
p94— / 200W 0.9%
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292,915 p Others
91.1w 99} C, and G,

. 29()
b 92.7 6.6%

LA 21 38.9%

100W™.,

34.4% Inductor

g T 19.2%

i Load Power

(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-1) [148], the proposed converter achieves a higher
voltage gain and voltage stress across the switch is also reduced. In comparison with
the Converter-1I [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, Vp is Voltage across the diode, Vou is the
output voltage, and lin is the input current. A: Conventional boost converter [26], B:
Classical SIBC [122], C: Transformer-less active switched inductor converter [148], D:
Converter —11 [148], E: converter in [47], F: Converter in [24], G: Converter in [44], H:

Converter in [29], I: Converter in [46], J: proposed converter.

99



Table 4.2. Comparison of Proposed Converter With Related Available Converters

Converter Performances A B C D E F G H | J
Total 4 8 6 8 8 10 10 8 10 8
] Switches 1 1 2 2 3 3 2 2 2 2
Number of devices ;o 1 4 1 2 2 3 4 3 3 2
and components
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
. i i i (A+d)/( 2-dy/1-di-  3-2d/1- i i i
Voltage Gain (Vg) 1/1-d 1+d/1-d 2/1-d l-didy)  do 2d 1+d/1-d 3+d/1-d  2/1-d
Yo,  (Ve-
Normalized Switch Voltage stress (+Vve) ., (1+Ve)! i 1 + 1
(Ve/Vou) 1 1 Ne L, Yo Ve, 1 NVe (1-Ve)I2  %,% Ve/3+d 12, %2
(1-
Normalized Diode Voltage stress (Ve- (1+Vg)/ Ve)/Ve (- (-
1 1)/2Ve, %, 1 1 ! Ve)/2, Ve)/2Ve, 2Ve/3+d 1,1
(VolVow) Uve1 Ve (- (1Ve)  1Ve 1
G, V)2V G G
. _ _ 21, _ _ ) lind1/2, Iin ) ) ) ) dlin/2,
Switch Current Stress lin lin T34 lin 1in/2, lin lindly G-20) dlin/2, dlin ~ 1in/2, lin dlin
Output 200 50 40 ; 100 500 200 500 200 500
Power (W)
Designed Voltage 4 7 5-8 - 10 1053 4-8 4 15 10
Prototypes Gain
(E(,Z)'C'ency 9833 9520 9270 - 93.6 93.43 95.4 97.17 9453  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 | with the help of diode Da
and switch Sy. 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.

102



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). Sl 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, Dg, and Dc, inductors La and Lg, active switches Sa and Sg, 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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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 Lg are
considered to be equal in this section that is, La = L = L (superior case). Both the

inductor La and Lg currents are equal as per the above circuit, and are expressed as,

II—=ILA=ILB (5.1)
Figure 5.2(a)-(b) presents the CCM and DCM characteristic waveforms of the
proposed converter; where Ton being the Mode | time period (time interval between to

and ta) and the overall time period is T.
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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 Sg are kept ON in Mode | (between time to and ta) while switches Sa

and Sg are kept OFF in Mode Il (between time ta and ty).

Mode | (between time to and ta): Input voltage (Vi) charges the Inductor La via

switch Sa, while input voltage (Vi) charges inductor Lg via diode Da and switch Sg, and

capacitor C is getting discharged via load Rout. Diode Da is forward biased and diodes

Dg 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 (V;) in parallel and with the same values of current. Inductors La and Lg

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 Switches Inductors Diodes Cap.
Time
Modes Sa Se La Lg Da Ds Dc C
Model 1o oN on Ch- in Chin o on pE DrCh
s (to—ta) parallel parallel
O T D/Ch.  D/Ch.
©  Mode Il (toj) OFF OFF in in RB FB FB Ch
aih series  series
Y\T or . .
Mode |  Ton oN on Ch- in Chin o on 2R DrCh
parallel  parallel
(to—ta)
YuT or D/Ch. D/Ch.
(5) Mode Il Tos, OFF OFF in in RB FB FB Ch.
A (ta—tp) series  series
YT
Mode 111 $rﬁ” OFF OFF ZC zC RB RB RB DICh.
o,
(to—tc)
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VL - LA - LB - i’ VC :VO (5'2)

II-:ILAZILB:i’ le ==lo = (5.3)

Where I; is the input current. The switches Sa and Sg voltages and currents are

expressed as,

SA S8 ., (5.4)

Mode 11 (between time ta and tp): Both the inductors La and Lg are discharging
in series having the input supply Vi for charging capacitor C via diodes Dg and D¢ and
supplying energy to the load Rout. Diode Da is reversed biased and diodes Dg and Dc
are forward biased. Figure 5.3(b) displays the proposed converter equivalent circuitry

for Mode I1. The inductors La and Lg voltages and currents are expressed as,

(@) (b)

Vi_vo
VL=V, =V, = ; Ve =V, (5.5)
V
lo=1 =1 =1,6l~=1 -2
L LA Ls i 'C L R (5.6)
out

The switches Sa and Sg voltages and currents are expressed as,

107



1 1+ D)

V. = Vi, V. = Vi,le =1_ =1_ =0
' 'S 5.7
SA (1— D) 1" "Ss (1- D) ! SA Ss (5.7)

The voltage gain of the proposed converter can be expressed as,
Mecem =Vo/Vi = 14D/ 1-D (5.8)

Where the duty cycle is denoted by D and the voltage gain is denoted by Mccwm.
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 Sg are kept ON in the first mode that is ON State, switches Sa and Sg
are kept OFF in the second mode with a non-zero value of inductor currents and
switches Sa and Sg 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 t,. Figure
5.2(b) shows the characteristic waveform for DCM, where the time period for the first
mode is indicated as YT or Ton that is the time between to and ta, the time period for the
second mode is indicated as YuT or Tofr, that is the time between ta-th, and the time
period for the third mode is indicated as YT or To,i that is the time between to-tc.

Mode | (between time to and ta}—Both Sa and Sg are kept ON: The proposed
converter’s equivalent circuitry and working in this mode are the same as that of mode
| of CCM. Both inductors La and Lg are charged in parallel by the input supply Vi. The
currents through inductors La and Lg started from zero value at the beginning of this
mode that is at the time to or to+T and attained the highest value at the end of this mode.

Inductor La and Lg maximum currents can be expressed as,

=1 = =VY, / Lf (5.9)

Lmax  LAmax  LBmax
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The maximum currents through inductor La and Lg are denoted by I amax and
ILemax, respectively, and the switching frequency is denoted by f = 1/T. The current

ripples of inductors La and Lg can be expressed as,
AIL:AILA:AILB:Vin [ Lf (5.10)

The inductor La and Lg current ripples are denoted by Ala and Als,
respectively.

Mode Il (between time ta and t,)—Both Sa and Sg 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 11 of CCM. Inductors La and Lg
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 Lg 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 ty or t,+T. Inductor

La and Ls maximum currents can also be expressed alternately as,

| =1 =1 = V-V, /oL (5.12)

Lmax  LAmax  LBmax I

The current ripples of inductors La and Lg are expressed as,

Al =A1 =Al = V, =V, Y /2Lf (5.12)

Mode Il (between tp and tc)—Both Sa and Sg are kept OFF with zero value of
inductor currents: Figure 5.4 shows the DCM mode Il equivalent circuit. Both the
switches Sa and Sg are kept OFF and currents through inductors La and Lg are zero.
Hence, the energy accumulated by inductors La and Lg is also zero, capacitor C is
discharged through load Roy, and all the three diodes are reversed biased in this mode.
Mode I1 time period which is denoted by YuT or T, can be obtained from Equations

(5.10) and (5.11), and is expressed as,
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YT or T =20 1 V-V, f (5.13)

We know that,

Ton T Tose 1 T Topgn =7 (5.14)

The time periods for Mode | and 111, respectively are expressed as,

Y, 1 2VY,
Ton =~ YT O Togg yy =11 +ﬁ (5.15)
L____ Via= +VLB - o

e [, == | '

+ Iy ™ Iipg ° IC'; IO" +
V; + v,
i N -
= C - Rtmt

Figure 5.4. DCM mode Il equivalent circuit.

The capacitor C average current can be obtained from Figure 5.2(b) and is

expressed as,
lc = 0.5 Y Xl o = 1o =0.5 VXl =Vo /Ryt (5.16)

From Equations (5.15) and (5.16),

VY| VY, Vo
'e =050 0 | (5.17)
o Vi ROut

The average current through a capacitor is always zero in a steady-state

condition. Hence, Equation (5.17) can also be written as,

0

- (5.18)
Vo _Vi Lf Rout

0y, VY, 2,
X
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The quadratic equation obtained from Equation (5.18), is calculated by using

the following expression,

2 2
Rl I - 5.19
v v (5.19)

Where inductors La and Lg normalized time constant is denoted by AL and has a
value equal to fL/Rout. Hence, L, f, and Rout Values control the variation in AL. The voltage
gain of the proposed converter for DCM denoted by Mpcm can be obtained by
simplifying the Equation (5.19) and is expressed as,

12 2 1/2

V, 1 |0.25) 4Y,2
_ 0o _I_[ LT

AL

T2 (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),

v 0.25)\ . +Y;2
020_5_|_[ Lot

Vi

AL 1-D (5.21)

We know that the CCM and DCM mode | are the same. Hence, Y| is the same
as D and inductors La and Ls normalized boundary time constant which is denoted by

ALb can be expressed as,

3 2

)‘Lb: D -2D +D /2 1+D (5.22)

The plot of Awp 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 ALp is more than /..
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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 Lg Equivalent Series Resistance (ESR) is
denoted by the resistances RL. Each of the switches” Sa and Sg ON-state resistance is
denoted by the resistances Rs. Each of the diodes Da, Dg, and D¢ threshold voltage and
forward resistance are denoted by voltage Vrp and resistances Rp, respectively; for the

capacitor C, ESR is denoted by Rc.

Vip Ry, D, R; Lg Vip Rp D¢

FwWA—b
Rﬂml
§ ¥
+ e Vo
Vil CI -
1 11

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 Lg
ESR effect on voltage gain that is by considering Rs =0, Ro =0, Rc =0, and Vrp = 0.

Hence, in this case, the voltages across the inductors La and Lg can be expressed as,

onstate:V, ~V;—1 R,V _=Vi—I RV, =V (5.23)

off state :VI_A +VLB ~ Vo — ILARL — ILBRL -V, (5.24)
From Equation (5.23) and addition of voltages across inductors,

From the inductor volt second balance method and the method of small

approximation,

V=1 R —1 R D=— V-1l R -1 R -V, 1-D (526)

From Equation (5.26), the proposed converter voltage gain is calculated by

using the following expression,

v WD — IR I RV,

vl = b (5.27)
|

Both the inductors La and Lg currents have the same value thatis I = lia = I1s
when La = Lg. If the inductor voltage drop because of ESR is denoted by Vp, then Vpr

= IL.aRL = ILgRL. Therefore, Equation (5.27) can also be expressed alternately as,

v, WD -2V 1V,

V. 1-D
1 RL

(5.28)

It is observed from (5.27)-(5.28) that for larger values of Vp. 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, Dg, and
Dc effect on voltage gain that is by considering Ria = 0, Rig = 0, Rc = 0, and Rs = 0.

Hence, in this case, the voltages across the inductors La and Lg can be expressed as,

Mode 11V =~V.,V, ~V.—1 Rp—Vg (5.29)

Mode 11:V +V ~V. =21 Ry —2Vep =V, (5.30)

From Equation (5.29) and addition of inductor voltages,

VLA +VLB ~ 2V, — ILBRD —Vep (5.31)

From the inductor volt second balance method and the method of small

approximation,

2V, =1 Ry —Vgp D=— V=2l Ry —2Vgp -V, 1-D (5.32)
From Equation (5.32), the proposed converter voltage gain is calculated by
using the following expression,

= D (5.33)

RD’ VFD

If the diode voltage drop because of the threshold voltage and forward resistance
is denoted by Vop, then Vpp = I.gRp + Vep. Therefore, Equation (5.33) can also be

expressed alternately as,

= (5.34)
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It is observed from (5.33) and (5.34) that for larger values of Vpp/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 Sg

effect on voltage gain that is by considering Ria =0, Ris =0, Re =0, Rp = 0, and Vrp

= 0. Hence, in this case, the inductors La and Lg voltages can be expressed as,

Mode | V=Y - 'sARS’VLB ~ Vo — ISBRS (5.35)
Mode I1: V, +V =V, =V, (5.36)

From Equation (5.35) and addition of inductor voltages,

VLA +VLB ~ 2V - ISARS - ISBRS (5.37)

From the inductor volt second balance method and the method of small

approximation,

2V, =1 Ry —I_ Ry D=— V-V, 1-D (5.38)

From Equation (5.38), the proposed converter voltage gain is calculated by

using the following expression,

v 4D — D IRy +I R 1V,

vl 1-D (5.39)

The switches Sa and Sg voltage drops are considered to be the same, and hence

Vbs = IsaRs = IsgRs. Therefore, Equation (5.39) can also be expressed alternately as,

v 14+D —2D Vpg 1V,

v LD (5.40)
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It is observed from (5.39)-(5.40) that for larger values of VpsVi 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 Ria =0, Ruts =0, Ro = 0, Vrp = 0, and Rs = 0.
Here, the voltage drop across resistance Rc is denoted by Vpc. 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,

ly 1
Vout =Vo ~Vbc _Et =V 1- Routct ~Vpc (5.41)

Hence, output voltage variation (4V5) at the end of ON-state is,

= D
olc =R cf (5.42)

5.5.5 Non-idealities’ integrated effect on voltage gain

The non-idealities associated with the inductors La and Lg, diodes Da, Dg, and
Dc, switches Sa and Sg, and their ESR effects on voltage gain have been considered;

the voltage gain is expressed as,

2V Y% V,
1+D-—PL_ 2 p BB _,p DS
v, v, Vi Vi
— 5.43
\ 1-D (5:43)
5.6 Evaluation of Converter Efficiency
For capacitor C, ON-state and OFF-state currents can be expressed as,
- JR— _1 - —_— _1
ON-State: I = -V Ryt -+ OFF-State:ls = 1I; =V Ryt (5.44)
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Inductors La and Lg currents are equal in the OFF state that is I. = Iia = Is.
Now, considering the capacitor charge balance principle, and the method of small

approximation, together with Equation (5.44),

DT T

Y . v, v v

J|=%dt= [ |I,—2|dt= D=1, -——>|1-D (5.45)
R R R R '

0 \ Mout DT out out out

Inductor currents are calculated by using Equation (5.45) as,

-1
VoRout
Ls — (5.46)
1-D

L= ILa

The switching power losses of switches Sa and Sg are denoted by Psw-saand Psw-
s, respectively. The total switching loss during switching is denoted by Psw.torand can

be expressed as,

R - X P _:1{(ISAXVSA)(tR—SA_HF—SA)—G—
SWTOT =0 B VS T T | (1se7Vss )(tross +E _s5 )

} (5.47)

Where, tr-sa, tr-sa, and tr-ss, tr-se being the respective rising and falling times for
the switches Sa and Sg; the switches Sa and Sg average currents are Isa and Isg, and the
average voltages across the switches Sa and Sg are Vsa, and Vsg respectively. The total

input and output power can be expressed as,

=Vi {ZILD+ ILA(l_D)}+ Psw-ToT v 2
Pin V.V_R -1 J Pout - 5.48

1-D
The proposed converter’s efficiency nero is obtained from Equations (5.43)—

(5.48), and is expressed as,
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25, (2-D)Vpp 2DVpg

v, Vi Vi

TPRO = Rout(1-D) (5.49)
t .
(14+D) + Psw _ToT OU\/T

1+D-

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 (7uworst) 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,
M -1 4-1
ccM
D = = ~ 66.67%

—90% (4.50)

worst =90% (MCCM +1) Mworst (4+1) 0.90
The inductors La and Lg critical values are calculated as,
Vi Vi

LA critical = LB critical = AIL DT = 40% Of IL DT (451)

The ripple value of peak to peak inductor currents is considered as 1A to

calculate the critical values of inductor La and Lg and are expressed as,

100V x0.67
LA critical = LB critical - m

~ 670/LH (4.52)
The inductors’ La and Lg 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 mQ.

118



The critical capacitance of capacitor C at the output side is calculated by,

| PRt
critical — AVe (4.53)
0

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,

500Wx0.67

c ~ 2 1uF
| 400V x4V <100KHz H (4.54)

critical —

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 uF/450 V (Rc =4 mQ)

rated film type capacitor.

5.7.2 Semiconductor devices

The switches Sa and Sg voltage stresses are calculated as,

V. B Vo—l-Vi V. _v
SAlstress — o ' 'SBlstress ~ 0 (4.55)

The switches Sa and S minimum voltage rating can be calculated as,

400V +100V

Vg =, = 250V, Vg, = 400V (4.56)

The selected switches Sa and Sg current ratings should be higher than the value
of input current. Thus, FDP19N40-ND (Rs = 200 mQ) MOSFET and FDP18N20-ND

(Rs = 140 mQ) MOSFET have been chosen.

The diodes Da, Dg, and D¢ Peak Inverse Voltage (PIV) rating can be obtained

as,

V-V,

0
Voalpiy =5 Voslpy = _Vi’VDC‘PIV =V (4.57)

The diodes Da, Dg, and Dc minimum PIV rating considering the given

parameters can be obtained as,
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100-400

Voulpry = 5 = 150V, |, =—100v

4.58
=—400V (4.58)

Ve ‘PIV

The selected diodes Da, Dg, and Dc current ratings should be higher than the
value of input current. Thus, DPG101400PM (400 V/10 A, Rp = 19.8 mQ, Vrp = 0.77
V) and C3D10060AND (600 V/14 A, Rp = 55.2 mQ, Vrp = 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), Dg (100V) and Dc (400V) voltages
waveforms for the proposed converter. Both the inductors La and Lg are observed to be
charging in ON-state with the average voltage value of 100V, and both the inductors
La and Lg 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 Sg 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 Sg average current values are observed as 1.5A each. The

average values of the observed currents through the inductors La and Lg is around 3A.
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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 Lg 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 Sg 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 Sg average current
values are observed as 1.54 A and 1.62 A, respectively. Both the switches Sa and Sg
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 Lg, and the voltage across the diode Dg; where the switch Sa current
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waveform is shown for reference and validation. The inductors La and Lg average
current values are observed as 2.99 and 3.1 A, respectively. The PIV across the diode
Dg is observed as 100 V. Figure 5.9(e) shows the experimentally observed waveforms
for the voltages across Switch Sg and the output diode Dc; where the switch Sg 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 Sg 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 Dg are observed to be forward

biased in ON state and reversed biased in OFF state, respectively.
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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 Sg and Sa currents, input
current, (d) diode Dg voltage, inductors Lg and La currents, switch Sa current, (e) output

voltage, diode D¢ voltage, switch Sg 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.
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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

Number of
Number of reactive
Semiconductor

components Total CCM Voltage Switch current Output
Converter devices Efficiency
components gain (M) stress port
Control
Inductor  capacitor Diodes

Switches
A 1 1 1 1 4 1/1-D li - Grounded
B 2 1 1 4 8 1+D/1-D li 95.2% at 50W  Grounded
C 2 1 2 1 6 1+D/1-D 21i/1+D 92.7% at 40W Floating
D 2 3 2 4 11 1+D/D(1-D) 21i/1+D - Grounded
E 2 3 1 2 8 2/1-D li 92.2% at 100W  Grounded
F 6 1 3 12 22 1+5D/1-D li(1+D)/(1+5D)  95.6% at 200W  Floating
G 2 1 3 2 8 1+D1/1-D1-D; 1i/2, 1 93.6% at 100W  Floating
H 2 2 3 3 10 2-D,/1-D1-D; 1iD1/2, I; D, 93.43% at 500W  Floating
I 2 1 2 3 8 1+D/1-D 1i/2,1i/2 93.12% at 500W  Grounded

A: Traditional Boost Converter, B: Conventional switched inductor based boost converter [122], C: converter-1 [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
S; and switch Sz are both being turned ON and OFF at once. There are four diodes (Do
to D3) and four capacitors (Co to Cs) 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
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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 CCM; and CCM. 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  Switches  Inductors Capacitors Diodes

Modes S: Sz L1 L, Ci C. GCs Co Di D; Ds Do

Ch. in Ch in Ch in DIC DIC
s Mo ON ON poallel parallel parallel h. <™ FB REFB RB
O DICh.  DICh.
O ccM:  OFF OFF in in DICh. o, DIC o R FB RB FB
. . in series h.
series series
Ch. in Ch. in Ch. in DIC DIC
DCMi ON ON  ovallel parallel parallel h. ¢~ 1~ FB RB FB RB
DICh.  DICh.
S DcM:  OFF OFF in in oeh en ¢ e RB FB RBFB
o series series '
DCM: OFF OFF ZzC zc zc E’C zc E’C RBE RB RB RB

CCMz: The switch Si and switch Sz 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 Sy, the capacitor C; via diode D1
and switch Sy, and inductor L via diode D1 and switch Sz, respectively. Simultaneously,
capacitor Cz is charged by capacitor C via diode D3z and switch Sy, and the energy
stored in capacitor Co is transferred to the load R. Therefore, the voltages across the

inductors L1 and L, and capacitors C; and Cs can be expressed as,
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1 2 in
Ver = Vin (6.1)
VCs VCz

Where, V1 and V> are the voltages across inductors L1 and L2, respectively; the
voltages across capacitors C; and Cs are Vc1 and Vcs, respectively. The characteristics
waveform of the proposed converter for each component in ideal condition is displayed

in Fig. 6.2.
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Figure 6.2. Characteristics waveform of the proposed converter in CCM.
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CCMz: During mode 2, switch S; and switch Sy 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 Co by inductor L1,
capacitor Cy, inductor L, and capacitor Cz via diode Do. At the same time, capacitor C»

is charged by the input supply voltage Vin, inductor L1, capacitor Cy, and inductor L»

through diode Do.

Vbs Dy
I +
Ly iy oo
H ical Cs e
+ A I +SR V.
E L 0
C, ic1 Co=
|L IrE
VSl VSZ \

(a) (b)
Figure 6.3. Modes of operation of the proposed converter (a) CCMz and (b) CCMa.
Therefore, the voltages across the inductors L1 and L can be calculated by using

equations (6.2) and (6.3),

Via TV, = Vip Vo1 TVes Vo

v — Vi VeV (6.2)
="

VitV = Vin +Ve1 — Ve,

V. = in Ve, (6.3)
UL 2

Where V11 = V12 = Vi the value of capacitor voltage for the output capacitor Co

is same as the output voltage Vo. From (6.1) and (6.3),

V,
C2 :
V|n6+ Vln —T l—O :0,
Vi (6.4)
Ve2 =15

Where ¢ is the duty ratio. From (6.1) and (6.2),
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2Vi n —|—VC 3 —VO

\'A 2

ind + 1-6 =0,

e (6.5)

Vo =15 TVe2
From (6.4) and (6.5), in the ideal condition, the output voltage and output

current are expressed as,

4V
In
Vo =15
1-6 (6.6)
lo =~ lin

Therefore, by simplifying (6.6) the voltage gain is expressed as,

Ccem =v T 15 (6.7)

6.4 Working Principle in DCM
The proposed converter works in DCM as soon as the inductor current reaches
zero level in CCM_ of CCM. Therefore, there are three different working modes in
DCM for the proposed converter: DCM;, DCMz; and DCMs.
DCM:1: The working principle of DCM; is the same as that of CCMz. The peak
values of currents through the inductors L1 and L2 can be calculated by using equation
(6.8),

I I VindTg
Wt p=l2 p="1T (6.8)

DCM_z: During mode 2, both the switches S: and S are kept OFF. The peak
values of currents through the inductors L and L2 in this mode can be calculated by
using equation (6.9),

I I Ve, Yy &

IL1 P IL2 P 2L (6.9)

DCMz: During mode 3, switch S; and switch S are both being turned OFF

simultaneously. The characteristics waveform in DCMs in ideal condition is displayed
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in Fig. 6.4 and the power circuit in DCMj3 for the proposed converter is displayed in
Fig. 6.5. Zero energy is stored in both the inductors L1 and L>. Hence, only the energy
stored in the capacitor Co connected at the output is transferred to the load R. The value
of 62 can be obtained by (6.8) and (6.9),

2,6

T Wi Ve Vo (6.10)

From the characteristics waveform, the average value of the current through the

output capacitor for one switching period is expressed as,

1
502Ts 1 p—loTs s I
lco = =-0 I p—lo (6.11)
T 2
S
Gate
1-8)T,
ﬂMeT P__STV—4£—l+F—8R—+ 1
[Vieig ]y
Vin _______ A'L

.......

(2Vin-Vc2)/2)

S N 7
»t
*
» 1
ID2 T\’: O ot
--------------- [ R
|
3
T_E """"""""""" lcz § temmemene .t
|
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4
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L —t
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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 DCMs.

From (6.8) & (6.10), under steady-state conditions

Vind 2Ts Vo
N Ve,Vo L R (6.12)

After rearranging (6.12),

0 6 1
Gpey = ——+0 +

s L2 Z (6.13)

L
Where the normalized time constant for the inductor (z) is defined as 7 = 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 Gcewm
= Gpcm. Thus, the normalized boundary time constant for the inductor (z.8) can be

obtained as,

LB T (6.14)

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 z_ is greater than z.g, the proposed

converter works in CCM.

135



>
o
o
o
3]

$ 16 i CCM Regi

5 |

~ )

g 12 ‘g g

Q10 T 2 =0.015

= 3 5 8

] T M=

2 & = 8 001

=2} £ 2

s 5 £

§ 4 7 i i Z ™ 0.005 DCM Region

.2 [2.=0.01] [z.=0.02] [w=01] v

i 0

v 0 01 02 03 04 05 06 07 08 0.1 02 03 04 05 06 07 0.8 09 1.0
R — Duty Ratio (§) === > S Duty Ratio (8) =eeseeeeee -

(@) (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 L. Hence, the currents through inductors L; and L» depend on the values of

inductors L1 and L.

A.When Value of L1 Larger than value of L

The characteristics waveform of the inductors L1 and L> currents are shown in
Fig. 6.7(a) below. In this case the converter operates in three modes as follows,

1) MODE I (6Ts): In this mode, switches Si and S, are turned ON and equivalent
circuitry is same as mode | of CCM. The input supply Vi charges inductor L via switch
Sy, the capacitor C: via diode D1 and switch Sy, and inductor L via diode D1 and switch
Sz, respectively. Simultaneously, capacitor Cz is charged by capacitor C; via diode D3
and switch Sz, and the energy stored in capacitor Co is transferred to the load R. The
input current li, is the sum of inductors currents i.e. lin=l 1+l 2+Ic1. The slope of the

inductor L; and L currents can be obtained as follows,

dt L' odt L2

(6.15)

In this mode, the current through inductor L> is larger than current through

inductor L1 since Lz < Li.
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2) MODE 11 (kTs): This mode occurs for small time duration of kTs as shown in
Fig. 6.7(a). When switches S; and S; are just turned OFF. The equivalent circuitry is
shown Fig. 6.7(b), where diode D; is forward biased. During this mode, the current
through inductor L1 increases with a positive slope and the current through inductor L»
decreases with large negative slope. The value of current through inductor L is larger
than current through inductor Li. Also, the input current lin is equal to inductor L.
current i.e. lin=I.2 and the resultant current through diode D is subtraction of inductors
Lo and Lz currents i.e. ILo-11. The slope of the inductors L1 and L> currents are obtained

as follows,

dlh  Ver Vin 912 VinVe2  VintVesVo
dt 1 L dt L2 L2 (6.16)

This mode ends as soon as the currents through inductor L; and L are equal,

and circuitry operates in mode 1l1.

IL1, 12
iL2, max lLo>10

|L1, max

1L.1/2, min

f —

Vesie

[ 8Ts [ kTs |[(1-5-K)T|

(a) (b)
Figure 6.7. When L1 > L> (a) inductor currents, and (b) Mode I1.

3) MODE IlI (1-k-Ts): In this mode, switches S; and Sy are turned OFF and
equivalent circuitry is same as CCM mode Il. In mode I11, the input supply Vin charges
the output capacitor Co, inductor L1, capacitor Cy, inductor L», and capacitor Cz via
diode Do. At the same time, capacitor C; is charged by the input supply voltage Vin,

inductor L1, capacitor Cy, and inductor L, through diode Do. In this case, input current

137



and the current through inductor L» and L, are equal i.e. lin=IL1=1L2. The voltage across

inductor L1 and L2 can be obtained as follows,

d I _ Vin—Vo d I 2 ~ inVo

dt L1+l Codt Li+Lo (6.17)
Using small approximation and inductor volt second balance,
2Vin Ve,V
For Ly = Vin(8) +Vin () + — =L L 1k —6) =0 (6.18)

L+L,

2Vin—Vo L

For L, =V, () +(V:, +V~, —V. )k +
ln() (Vln Cs 0) |—1+|—2

2 2(1—k—<5)=0 (6.19)

Solving (6.18)-(6.19), voltage gain of TBC is obtained as,

Vo 4

Vin L>L, :ﬁ (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 L»
are indicated by ri1 and rpo, respectively. Similarly, rpi, ro2, rps, and rpg are internal
resistance; the drops in forward voltages for the diodes D1, D2, D3, and Do are Ve1, Ve,
VEs, and Vro, respectively. Whereas, the forward ON state resistances of the control
switches S1 and Sy, are indicated by Rs: and Rsy, 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 p, the inductor core loss is obtained as follows:
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1.98 ,1.64
PLcore == 0338 f Aclm (622)

Where, B is the half of the ac flux swing, f is the frequency, Ac is the core cross-

sectional area, and Im is the core mean magnetic path length.

AN _|| AAA ¢ ~~~~~~~
|—1/2‘ Mg |

g
C,

IL.IE—WV ";
SXZI./Z

RSl/Z

Figure 6.8. The power circuit of the proposed converter considering the non-ideality
of different circuit components.

The RMS value of inductor L1 and L> is calculated as

-
| _lin _ Vo
L(RMS) 2 RV,
2 2
, _lin_ Vo (623
L2(RMS) 2 RVin
Thus, total inductor copper loss is calculated as
|2 ro, 4| r
Lew  Li(RMS) L1~ L2(RMS) L2
2 >
in |, (6.24)
a-5)2r| -

Thus, total inductor power loss is calculated as

139



1.98 1.64 32Vip
P =0.33B""f" Al | 11

I
e It (6.25)

6.6.2 Switch Loss

The switching power losses of S1 and S, are denoted by Psw.s1 and Psw.s2,
respectively. Where Psw.s denotes the total switching loss during switching and can be

expressed as,

1

Psw-s = %2 Psw -si = ZT{

( Is;xVs, )( tR_siHlF_s; )+}
(6.26)

(15,%Vs, )(tR_s.+F_s5)

Where, the rising and falling times of S; and S are indicated by tr-s1, tr-s1, and
trs2, tr-s2, respectively; the value of average switch current through S; and Sy are
indicated by Is1 and Is2, and the switch voltages of S; and S» are indicated by Vsi, and
Vs, respectively. The switch conduction losses of S; and S, are calculated by using
equation (6.27)

2

P | r + 1 r
con  "s3(RMS) DS1 ° "s2(rRms) DS2
2

32V (6.27)

(1-5)2R

'bs

Thus, the total loss by the switches is calculated as

Ps = Pow_s T Peon (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 (rp) which is

calculated as

Pbioss = Po(vF) T Po(rD) (6.29)

The power loss by the diode due to the forward voltage drop of Vr is calculated
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as,

Pove) = Di(avg)+1D2(avg) +1D3(avg) +!D0(avy) Vi

2 (6.30)

\Y

| 8(1=6)Vip
"l 4 o2 | F

(1-6)2R

The diode power loss caused by the internal forward resistance r is calculated

as,
2
Po(p) = 'DURMS)HID2(RMS)ID3(RMS) FIDORMS)  'p
2
_ | 4(4-38)Vin (6:31)
-s’r | D

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),

PO PO
7} = =
RntRoss Flln*‘PL‘FPS"‘PD,Ioss
- PO
RntPleore TRLcu TPow —s +Reon+Povr) +Po (1)
i 201-6)* 1RV, 2T
(1-6)*R Vi R+0.3381 98164 1
o (6.32)
F16Vi, 2l 64 1 +8%Tg +4(1-8)2Ve +(4-36)°1p
) N
Hinlin(1-0)"R” 4, GosiHr_s1 D5, GsoHr s, )i

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 L; and L are

obtained as,

di
Vb=V =g (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,

— =Aip=Ai, (6.34)

Where, the values of ripple currents for the inductor Ly and inductor L, are
indicated by AiL1 and Aivo, respectively. Therefore, for the CCM operation of the
proposed converter, the critical values of each inductor can be calculated as,

Vin(STS Vin5
Yoen T % o T AL, T B, (6.35)

Thus, the value of both the inductors can be chosen based on (6.29), where Ai.>
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 CCM; the Capacitors C; and Cs
are being charged and being discharged during CCM: with a value of current equal to

IL1. Thus, the capacitor voltage ripple for C1 and Cs can be obtained as follows,

i1 1-06 Tg 7iL1 1-¢

— AV
c3 (6.36)
C Cifs

Capacitors Co is charged in Mode | and discharged in Mode Il with a value of
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current equal to lo. Thus, the capacitor voltage ripple for Co can be obtained as,

AVeo = = (6.37)

Capacitors C; is charged in Mode 11 with a value of current equal to IL1. Thus,

the capacitor voltage ripple for C; can be obtained as,

iin 1—06 T, i 1—6

n S n

AVey = = (6.38)
2C, 2C, fS

With the help of (6.36)-(6.38), the critical values of capacitors C1, Cz, Cs, and

Co can be calculated by using equations (6.36)-(6.41),

Iin 1-6
CG=Cg=z—"—"— (6.39)
g 1-6
Co 2 (6.40)
i, 1—6
Coz———— (6.41)

Where, AVc1, AVca, and AVco are the voltage ripple contents of the capacitors
C1, Co, and Co respectively; io is the output current.
6.7.3 Selection of Diodes
It is observed that diodes D1 and D3 are only conducting in Mode | to charge the
Capacitors Cy and Cs, respectively. The diodes D2 and Do are conducting in Mode 2 to
charge the Capacitors C, and Co, respectively. The maximum value of voltage stress

across all the diodes are expressed as follows,

0, O<t<d
Diode D;:} vy

L BT (6.42)
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Vo
. —,  O<t<d
Diode D, : 2 (6.43)
0, O<t<6Ty
0 O<t<é
Diod D, :
1098 Bl Mo sty (6.44)
Vo
. -, Ot
Diode Dy : 2 (6.45)
0, 6<t<0Tg

Therefore, the diodes are selected to sustain the voltage stress shown in (6.46).

Vo Vo

Vp, 2 Z’VDz =Vbs =Vbo 2 N (6.46)

6.7.4 Selection of Switches
The switches S; and S, have been selected on the basis of their respective
voltage stress values in the circuit. The switch voltages across Si and S; are observed
to be zero in Mode I. The maximum voltage stress values of the switches S; and S; is

expressed as follows,

0, O<t<d
Switch S, :
1 Vf, 5<t<sTg (6.47)
0, O<t<d
Switch S, :
2 \/201 §<t<iTs (6.48)

Therefore, the switches S1 and Sz have been selected to sustain the voltage stress

shown in (6.49).

Vs, 2 ijs,Z = — (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 L are
observed as 3A and 3.2A, respectively. The PIV across diode Dy is 25% of the output
voltage and its value is equal to (-100V). The voltage across capacitor Cy is observed
as 30V which is almost the same as input voltage. The PIV across all the diodes D2, D3,
and Dy is the same as output voltage i.e. -200V. The value of average output current is
observed as 0.5A. The voltages across capacitors C», Cs, and Co are observed as 200V,
200V, and 400V respectively. The maximum value of switch voltage stress across Sz is

observed as 200V in CCM: which is 50% of the output voltage value.
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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 (Vi) 30V (ldeal)/32V (expt.)
Duty ratio 0.7

Output  Voltage

(Vo) 400 V

Load 800 Q

Switching Freq. 100 kHz

Inductor Ly and L2 =~ 300 pH, 20A (shell type)

Capacitor Cy ~ 50 uF, 400 V

Switches Sy, Sz Vps=900 V, ip=36 A, Ron= 65 mQ (C3M0065090)

Vrrv = 400 V, ir = 30 A, Ron = 0.01Q, VE= 0.8 V

Diodes (Do-Ds) (STTH30RO04)

Furthermore, the ultra-fast recovery diode STTH30RO04 is used for all the diodes
D1, D2, D3, and Do, and silicon carbide MOSFET C3M0065090 is used as the switches
S1 and S for high switching operation and better efficiency. The experimental results
are presented in Fig. 6.11 with the values of Vi, = 32V, Vo = 400V, fs = 100 kHz, and

Po = 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 L; and
inductor Lo, respectively. The experimentally obtained waveforms of the currents
through inductor L1 and inductor L» along with the voltages across diode D; and

capacitor C; are displayed in Fig. 6.11(b).

4 20 V/div Ve =31V

+ i I3 A
lvo (250 Vi/div) 2 I50mA/d|v
N lv.,, (50 V/div) IBOmA/dw 1,23 A
i J’ Sl i 11100 Vidivy p e T2V
/_ /_ /— ,_/_- / v v v v W
B R e B S e
(@) (b)

Figure 6.11. Experimentally resulted waveforms for the proposed converter (a)
input/output currents and voltages, and (b) inductor currents, voltage across capacitor
C: and diode Ds.

The average values of the inductor currents for inductor L; and inductor L 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
D: 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 D; due to the
practical mismatch of inductance value (L1 and L>). The voltage across capacitor Cy 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 Do,
the waveform of the output current lo is also displayed in Fig. 6.12(a). The PIV across
all the diodes D2, D3, and Do 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 Cz, Cs, and Co and waveform of
the input current li, in order to refer and validate. The voltages across capacitors C», Cs,
and Co are observed as 199V, 198V, and 398V respectively. Fig. 6.12(c) presents the
experimentally obtained waveforms of the currents through switches S; and S; and the
voltage across switch S, the output voltage is also shown for reference and validation
purposes. The maximum value of switch voltage stress across S, is observed as 200V
in CCM2 which is 50% of the output voltage value. The currents through the switches
S1 and Sy 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.

s/ dv N
. 200 V/div (Vo)o= -200 V "
T - M - M M I_zoo Vidiv Vo= 199V
i ‘ ' Vo= 398 V
200 V/div (Voo)o= -200 V
i = o — ) = lzoo Vidiv
Em— e r = | . _ V= 198V
200 V/div (Voa)e= 200 V 4 1100 Vidiv
* I 1n226.2 A
400mA/div 102480 mA - , "/"/ "/"/’
EH J, cem T sTEidv J— WAV ot T 10 ps/div
(a) (b)
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Figure 6.12. Experimental waveform of (a) voltage across diode D2, Do, D3 and output
current (b) voltage across capacitor Cz, Cs, Co and input current, (c) switch voltage and
switch current stress for S; and Sz 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

outpu.
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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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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-1 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-1 in [148], F:
modified SEPIC converter in [153], G: ZS-BCVLSI-configuration [156], H: modified

SEPIC converter (MSC) [157], I: proposed converter.

153



Table 6.3. Comparative Study of the Proposed Converter with other Existing DC-DC Converters

Reactive components Semiconductor Total Normalized Switch
CCM Voltage Output
Conv. count Components count  compo Switch current Efficiency
gain (M) port
Inductor  Capacitor ~ Switches Diodes  nents voltage stress stress
A 1 1 1 1 4 1/(1-9) 1 lin - Grounded
94.6% at
B 1 3 1 3 8 2/(1-9) 1/2 lintlca Grounded
100W
C 2 2 2 4 10 1+9)/s(1-0) 1/(1- oM 2linll+ & - Grounded
95.2%
D 2 1 1 4 8 (1+0)/(1-0) 1 lin Grounded
at 50W
92.7%
E 2 1 2 1 6 (1+9)/(1-9) (1+M)/M 20011+ & Floating
at 40W
92.2%
F 2 3 1 2 8 (1+9)/(1-9) (1+M)/2M lin Grounded
at 100w
94.4%
G 3 4 1 4 12 (3+0)/(1-9) M/(3+ J) lint+lct Floating
at 250w
91.4%
H 3 3 1 3 10 A(1-0) 1 lin+lci+lce Grounded
at 100w
Iin /2, 96.5% at
I 2 4 2 4 12 4/(1-9) 1/2,1/2 Grounded
lin 12 200W
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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.
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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%.
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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 S; and Sy,
two inductors L1 and L, diodes D1 and D-, two capacitors Cy and C», and a load R. The
switching frequency at which the switch Si and switch S 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 C> is considered to be
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large enough. The value of inductance for both the inductors L1 and L is assumed to be

equal. Therefore,

L= =1L, (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: CCM; and CCM;, for the
proposed converter. Both the switches (S1 and Sp) are ON in CCM;, while switches (S:
and Sy) are at OFF position in CCM;;.

CCM:: Fig. 7.3(a) shows the power circuit for this mode. Both the switches S;
and Sz are at ON position during this mode. The input voltage supply (Vin) charges
inductor L (via switch S1), the capacitor C; (via diode D1 and switch Sy), and inductor
L. (via D1 and Sy), and the energy of the capacitor C; is supplied to the load (R). Diode
D is forward biased, and diode D is reversed biased. It is observed that the input
voltage (Vin) charges both the inductors (L1 and L2) and the capacitor Cy in parallel.
Therefore, in this mode, the inductors L1 and L voltages/currents are indicated by the

following expressions:

VL =V =Vi2 =Ve1 =Vin: Vo2 =V (7.2)
VO
lin =1+ 12 T lers 'czz_'o%_? (7.3)
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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 Switches Inductors Capacitors Diodes
Time

Modes S: S, Ly L, C: C D, D>

ceM, Tox ON ON Ch. in Ch. in Ch. in D/IC B RB
parallel parallel parallel h.

>
8 D/Ch. D/Ch. D/Ch.
CCMH Torr OFF OFF in in in Ch. RB FB
series series series
DCM, KiTs ON ON Ch. in Ch. in Ch. in D/C B RB
parallel parallel parallel h.
s D/Ch. D/Ch. D/Ch.
o DCMy KuTs OFF OFF in in in Ch. RB FB
e

series series series

DCMy; KnTs OFF OFF ZC ZC ZC biC RB RB

Where output voltage (average) is indicated by Vo, the input current is indicated
by lin, the output current is indicated by lo, voltages across capacitors C1 and C; are
indicated by Vc1 and Vcz, and currents through capacitors C; and C; are indicated by
Ic1 and Icz, the currents through the inductors L; and Lo are indicated by 1.1 and I.2, the
voltages across inductors L1 and L. are indicated by Vi1 and V2, respectively.

The switches S; and S, voltages/currents are indicated by the following

expression:

Vs =V51 =V5p =0, Igy =13 +lcplsa =1 (7.4)

CCMi: The power circuitry of this mode is shown in Fig. 7.3(b). Both switch

S1 and switch S, are being turned OFF simultaneously during this mode. During this
mode, the output capacitor C» is charged by the series combination of input voltage
supply (Vin), inductor L1, capacitor Cy, inductor L,. Also, via diode Do, the input side

energy is supplied to the load R. In this mode, Diode D> and diode D; are forward and
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reversed biased, respectively. Therefore, in this mode, inductors L: and L»

voltages/currents are indicated by the following expressions:

N —V
In 0
VL=V =V2 =

Vo2 =Vo (7.5)

Vv
(0]
I =11 =12 = lin = lc1 ICZ%IL_F (7.6)

Ve

I‘.|-IJ>
N
Iy

—e1

(a)
Figure 7.3. Operating modes in CCM (a) CCM, and (b) CCM;,.

The switches S1 and S2 voltages/currents are indicated by the following

expressions:

Vi Vi
Vgi=—"— Vgp=——,

(1—d) (1—d) @.7)
ls1 =152 =0

Therefore, the gain in voltage for the proposed converter in CCM is shown as,

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

Mcem.
7.4 Working principle and Analysis in DCM

Discontinuous Conduction Mode (DCM) has three modes of operation: DCM;,

DCM;y;, and DCMyy; for the proposed converter. In DCM;, both the switches S; and S
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are at ON position, in DCM; switches S; and Sz are at OFF position with the inductor
currents having a non-zero value, and in DCMy, switch S; and switch S 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 DCMuyy is depicted in Fig. 7.4. The characteristic waveform of DCM is displayed in
Fig. 7.2(b), where KTs is the time period for DCM, KiTs is the time period for DCMy,,
and K Ts is the time period for DCMy; Ky, K, and Ky are the constant multiples of
the time period for DCM;, DCMy;, and DCMu, respectively.

DCM:;: The proposed converter’s operating principle and power circuit in DCM;
are the same as that in CCM;; both the switches (S: and S») are at ON position. The
input voltage (Vin) is charging both the inductors (L1 and L») and the capacitor C; in
parallel. In this mode, the inductors (L1 and L>) currents initiated at zero value and
reached a maximum value at the end. The maximum current values through L and L

can be obtained from the following expression:

I'Lmax = 'Lamax = 'L2max = VinKy / Lfg (7.9)
Where the maximum value of inductor (L1 and L) currents are indicated by
ILimax and liomax, respectively, and fs = 1/Ts indicates the switching frequency. The

inductors L1 and Lz ripple currents can be shown as,
Al = Al = Al , =V, K, /Lf (7.10)
where the inductors (L1 and L>) ripple currents are indicated by 4/.1 and A1,
respectively.

DCMi: The proposed converter’s operating principle and power circuit in
DCM;, are the same as that in CCMy; switch S; and switch S are at OFF position with
non-zero inductor currents. The output capacitor C, is charged by the series
combination of input voltage supply (Vin), inductor L1, capacitor Cy, inductor L». Via
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diode D3, energy is supplied to the load R. In this mode, the inductors L1 and L. currents
started initially from a maximum value and reached a zero value at the end. The

maximum currents flowing through inductors L; and L2 can be obtained from the

following expression:

=1 =1 2V, =V, Ky /2L (7.11)

I L2max — 0

L max L1max

The inductors L1 and L> ripple currents can be shown as,
Al =Al =Al, = 2V, -V, K /2Lf (7.12)

DCMui: The equivalent circuit of the proposed converter in DCMyy, is displayed

in Fig. 7.4. In this mode, switches S1 and S are at the OFF position with zero inductor

current values.

V
|. —ee VDl L2 — V
+ |Ll% J:l_ILg | ' o;
CZ‘.:'" R

+
Vo
VSl :VSZ ?
i l IL1=12=0 A A

Figure 7.4. Power circuitry of the proposed converter in DCMy.

Therefore, both the inductors L1 and L2 are completely de-energized. Both the
diodes (D1 and D) are reversed biased in this mode and the energy stored in the output
capacitor C; only is supplied to the load R. From Egs. (7.9) and (7.11) Ky, is shown by

the following expression:

2V, K,
U vawvay (7.13)
The average current through the output capacitor Cz for one switching period

can be obtained as follows,
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1 \Y/

'cz:;Kll'l_max*'o:*Kll'l_max** (7.14)

2 Ry

From Egs. (7.9), (7.13), & (7.14)
2
Vinki Ts Vv,

_ _Yo
'c2 = Vi,-Vo 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
VieKi T Vo
N,-V, L R (7.16)

From (7.16), the quadratic equation obtained is as follows,

V 2 V K2
[ 0] N (7.17)

Where normalized time constant (&) for the inductor L1 and inductor L» and is
expressed as & = L/RTs. Hence, the value of (¢1) changes with the change in L, R, and
Ts. The gain in voltage for the proposed converter in DCM is indicated by Mpcm and

can be expressed as,

0
Mpem = —

in

1/2
2 12 K|2R
S =1+|1+ (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 Egs. (7.8) and (7.18),

o U2
K| R 2
1—|—[1—|— =14 (7.19)

L1,

Now, as we know that the mode CCM,; is the same as that of mode DCM; i.e. d

165



= K. Therefore, the normalized time constant at the boundary conditions (&) for the

inductors (L1 and L>) is shown by the following expression,

1+d%—2d
fp = dx———— (7.20)

Fig. 7.5 illustrates the variation of (&) 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 (&) greater than (&wb).
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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 L; and L, is denoted as r.. The non-ideality of the diodes is
represented by their internal resistance (rp) and the threshold voltage (Vrp). Hence, the
non-ideality of diodes D1 and D is represented with their respective internal resistance
and forward voltage drop as shown in Fig. 7.6. Similarly, switches S; and S; are
represented with their internal resistance rs. The ESR for the capacitors C; and C> 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. r.1 = r2 = ro. Therefore, the
inductors L1 and L> voltages in CCM, and CCM;; can be obtained by using the following

expressions,

CCM 1V =Vip =1 Ve =Vip = 1on (7.21)
Vo Vo
COM L MY T la T e P LT
(7.22)
From (7.21) and (7.22),
CCM,| V4 +V o =2V, =14 =l (7.23)
CCMy| Vg +V o =2V, =1 —1on =V, (7.24)

Considering inductor volt second balance principle and small approximation

technique,

ip =l — 1o d == =l —1pn =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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n
2—=la+lL2

Vin
1-d (7.26)

Vo

Vin

.
Now, on the assumption of VpL as the ESR voltage drop across the inductors

(i.e. lere and Iory are equal to VL), (7.26) can be expressed as,

o|1-YoL
Vol _ Vin) _ 2 2VpL
Vin |y, 1—d 1-d Vi 1-d (7.27)

It is noticed from (7.26)—(7.27) that, with greater values of Vp_ 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: rp1 = rp2 = rp and Vrpz
~ Vrp2 = Vep. Therefore, the voltages across the inductors Ly and L2 in CCM; and CCM;,

can be obtained by using the following expressions,

CCM | V1 =Vip, Vo =Viy = Ipi1'b —VED (7.28)

lnoty +Ven +V
Ny p2'> TVFD Vo
CCMyy 1V =V # Vi — , (7.29)

From (7.28) and (7.29),
CCM, V1 +Vi 5 =2V, —Ipip —Vep (7.30)
CCM | 1V +V o = 2V, —Ipoip —Vep =V (7.31)

Considering inductor-volt-second-balance principle and smallapproximation

technique,
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i =lptp ~Vep 0=~ 2V, ~Ipofp ~Vep —V (1-0) (7.32)
The voltage gain expression for the proposed converter by considering the effect
of diodes (D1 and D7) ESR can be obtained as,
VeD D D
2———=—d-=lp;—(1-d)-=Ip;
Vi in Vin

1-d (7.33)
VFD

Vo

Vin

o
Now, on the assumption of Vp as the forward resistance voltage drop across the

diodes (i.e. Ip1rp and Ip2rp are equal to Vp), (7.33) can be shown as,

1
2—— Vgp+V,
Vo _ Vin P 2 Vep Vb

1—d T 1-d Vi, 1-d (7.34)

Vin I, Vip

It is noticed from (7.33)—(7.34) that, with greater values of Vp and d the voltage

gain declines drastically. It indicates that the threshold voltage (Vrp) 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. rsi = sz = Ts.

Therefore, the voltages across the inductors Li and L2 in CCM; and CCMy; can be

obtained by using the following expressions,

CCM, V1 =V, —Igl5. V5 = Vi, —Igals (7.35)
VO VO
CCMyy 2V = Vi, _?’VLZ ~Vin T, (7.36)

From (7.35) and (7.36),
CCM, 1V +V o, =2V, = lgy + gy T3 (7.37)
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CCM | 1V 1 +V o =2V, =V, (7.38)

Considering inductor volt second balance principle and small approximation

technique,

2Vin_ |81+|82 I d =— 2Vin —Vo 1—d (7.39)

The expression of voltage gain for the proposed converter with consideration of

the effect of switches S; and S; ESR can be obtained as,

I's
v 2——— lgg+1lgp d
0 Vin

7.40
Vin Iy 1—d (7.40)

Now, on the assumption of Vps as the ESR voltage drop across the switches (i.e.

Isirs and Iszrs are equal to Vps), (7.40) can be expressed as,

2V
2 DS g

Vo Vin 2 2Vpsd

Vin o 1—d 1-d Viy 1-d (7.41)

It is noticed from (7.40)—(7.41) that, with greater values of Vps/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 Vpc.

7.5.4.1 Effect of ESR of Intermediate Capacitor
The input voltage supply (Vin) charges the capacitor C1 in CCM;. The capacitor
C: is being discharged by the current IL1 in CCMy;, Hence, it experiences a drop in

voltage which is indicated by AVcy,
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t
Vog =Vio —Vpe —AVeq = Vi — — |
C1 DC C1
in in Cl L (7.42)

The voltage across the capacitor C; at the end of CCM;, is expressed as,

Vg =V ! fs Iy dt =V 1-d T 1
=V —— t=V., ——
C1 In In s L1 4

The current .1 during CCM;; can be shown by the following expression,

0
lyg=1,+1lny =
L1 Cc2 .
0 1 d (7.44)
From (7.43) and (7.44),
1-d I V
0 0
Vaq =Vio ——— T, —— =V —
C1 in S in
¢, 1-d (RC, (7.49)

As we know that the currents through the inductors in CCM, and CCM;; modes
increase and decrease, respectively. The comparison of the ripples in CCM,; and CCM;,

shows that,

dTS 1—d TS
L in = L Vo =Vin —Ve1 (7.46)

From (7.42), Eq. (7.46) can be written as

dTS 1—d TS
L Vin = L Vo = 2Vin + AV, (7.47)

From (7.45)—(7.47), the voltage gain can be expressed as,

(7.48)
1-d RC,

From (7.8), the output voltage at the beginning of CCM;; is expressed as,
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0 (7.49)

Also, the output voltage at the end of CCM; is dropped down and expressed as,

AV AV
1 1 stcl +1 (7.50)
1—-d |1+ 1-d |/
stcl f,RC,

Hence, the gain in voltage and the drop in output voltage is predictable for fsSRC;

>>1

2V. \Y/
AVole = > - (7.51)
1 1—d fsRCy f,RCy
From (7.51), the gain in voltage gain can be expected as,
v, 2
Vin lc - 1 (7.52)

1 1-d |1t

From the above expression, the values of switching frequency, load, and
capacitor Cz can be selected appropriately.

7.5.4.2 Effect of ESR of Output Capacitor

The voltage drop across the capacitor C, due to internal resistance (rc) is
indicated as (Vboc). In CCM,, the energy of capacitor C is being released through (R).
Therefore, the capacitor C. voltage being the same as the output voltage, also drops

down and can be expressed as,

t t
—V_ — -~V |[I——
VC2 Vo VDC Io Vo [ Rcz] (7.53)
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The final expression at the end of CCM,; is indicated by (475) and can be written

as,
R dv,
V =
°I¢, ~ 1re, (7.54)

It indicates that the switching frequency fs, load R, and capacitance C. should
be selected appropriately. The variation in the output voltage caused by the combination
of both the capacitors C1 and C: is expressed as,

Y/ 1 d
AV, — AV, |. +AV, =2 —+—
oley e, = Vol +avele, =15 [cl ., ] (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,

0 2 2 Vp_ Vep+Vp 2Vpgd

1-d  Vip, 1— Vin 1—
Vin in 1-d in 1-d Vin 1—d

2f,RC,C, (7.56)
1-d fRC,C, +dC, +C,

From Eg. (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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2VpL  2Vpsd  Vep+tVp  Vpe
Vi Vin Vi Vin DC
R 1-d (7.57)
oo Pew
VoXVin

2

7 =

2+

Where, Psw indicates the overall switching loss during switching; Pspy—s; and
Psw-s2 indicate the switching power losses for the switches S; and Sz, respectively. For
switch S; and switch Sy, the rising and falling times are indicated by trsi2, and trsiz,
respectively; Is1 and Isz indicate the average currents through the switch S; and switch
S2; Vst and Vs indicate the voltages across the switch S; and switch Sy, respectively.

The overall input/output power is obtained by using the following expressions,

Is1Vs1(trs1Htrs1)+152Vs 2 (trs 2 HEs 2)

Psw = Pow-s1+Fsw-s2 = (7.58)

Ts

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 n(worst) has been selected to calculate the duty cycle.

2
1-—n(worst) =1— (10 x 0.90) ~ 82% (7.59)

d =1-
17(worst)=90% Mcem
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Table 7.2. Experimental Parameters

Parameters Experimental Values

Power 500 W

Input Voltage (Vin) 36Vto48V

Duty ratio 0.8 (for 40V to 400V conversion)
Output voltage (Vo) 400 V

Load 320 Q

Switching frequency 100 kHz

Inductor L1 and L» ~ 1mH, 20A (ferrite E core)
Capacitor Cy, C» ~ 22 uF/100 V, 3.3uF/450V

Vps=900 V, ip=36 A,

Ron = 65 mQ (C3M0065090)

VrrM =400 V, ir=30 A, Ron=0.01Q,
VF=0.8 V (STTH30R06)

Switches Si, Sz

Diodes (D1, D2)

The critical values of the inductors L1 and L2 can be obtained as follows,

.\ T v
fie =ltec = ATt T 20% of I xf, (7.60)

Therefore, using the given parameters, the critical values can be calculated as,

] 0.82x40
e =l = 4.5Ax100kHz

~ 72.89 uH (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 41, and switching frequency
for the switch control is indicated by fs. The inductance values and the current rating of
the inductors L1 and L 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 C: is observed to be maximum when

the switches are turned ON. Thus, the value of critical capacitance for the capacitor C;

can be calculated as follows,
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l,(1—d)  12x0.18
Cic = =
1C

= 10.8uF

N 7.62
f(AVe;  100kHzx 2V (7.62)

The capacitor C; voltage rating must be more than the input voltage value (40
V). Hence, a capacitor (film-type: rated at 22 pF/100 V) has been selected for the
designed prototype. The value of critical capacitance for the capacitor C> can be

calculated as follows,

dp, 0.82x500
2C T Vo fAVg,  400x100kHzx4

~ 2.56uF (7.63)

The capacitor C; voltage rating must be more than the output voltage value (i.e.
400 V). Hence, a capacitor (film-type: rated at 3.3 uF/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,

V :V—O or —Vin
D1,C 2 1—d (7.64)

The critical value of diode D> voltage rating can be calculated as,

2Vin
Vb2,c =Vo OF 17 (7.65)

The voltage ratings of the diodes D1 and D> should be more than 200 V and 400
V, respectively for the selected parameters. The current ratings of the diodes D1 and D>
should be more than the input current i.e. Ip1 and Ip2 > lin. Therefore, diodes
STTH30RO06 have been selected for the designed prototype.

7.7.4 Switch Selection

The critical values of switches S1 and S voltage ratings can be calculated as,

vV _Vo Vin vV —V 2Vin
si.c =5 O T4 Vs2c TVYo OF T (7.66)
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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 S; and switch S,
should be less than the input current value i.e. Isy and Isz < lin. 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 L; and L are observed to be charging in ON-
state with the average voltage value of 40V, and both the inductors L: and L, are
discharging in OFF-state with the average voltage value of -150V. The maximum
switch voltage across the switches S1 and S» are observed as 200 V and 400 V,
respectively. The voltage across the input capacitor C; 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 L> 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 S; and S; is

observed as 6A, which is approximately equal to half of the input current value.
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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. STTH30RO06 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.

178



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 CCM,; due to the charging of the inductors L1 and L. While the input current
slope is negative in mode CCM;y, due to the discharging of the inductor L1 and inductor
Lo. The peak value of efficiency for the proposed converter is observed as 96.9% at
500Wpower. The waveforms for the inductors Li and L 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 L; and L are 6.72 A and

6.63 A, respectively.
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Figure 7.9. Experimental results for (a) input voltage, output current, output voltage,
and input current (b) inductor L1 and inductor L currents, input current, and output
voltage.

The diodes D1 and D» 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 CCM,; the diode
D is forward biased whereas diode D> is reversed biased and vice-versa during the
mode CCMy. The diodes D: and D2 PIV values are —200.1 V and —400.3 V,
respectively. The fluctuations are observed in the PIV of diode D; and D, due to the
parasitic capacitance of the switches and the practical mismatch of the inductor L1 and
inductor L,. The waveform of the voltage for the capacitor Cy, and the voltages across
both the switches S; and Sz, 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 Cy is found to be nearly equal to the input voltage (i.e. 42.4 V). The maximum
switch voltage across the switches S1 and S, are observed as 200.3 V and 399.4 V,
respectively. The switch current waveforms of both the switches S; and S, 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 S; and S 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 Q 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%.
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Figure 7.10. The experimentally obtained waveform for (a) the diodes Di, and D>
voltages, output voltage, and input current (b) switch voltage for S; and Sy, the voltage
across capacitor Cy, and input current, (c) switch current for S; and S, 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).
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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

Number of Reactive Semiconductor Normalized Switch
Conv. components Components count Total  Voltage gain (M) Switch current Efficiency  Output port
Inductor Capacitor Switches Diodes voltage stress stress
98.33% at
A 1 1 1 1 4 1/(1-d) 1 lin Grounded
200W
93.43% at
B 2 2 3 3 10 (2-dp)/(1-d1-d2) 172, (M-1)IM  1ind1/2, lind2 Floating
500W
97.17% at
C 2 1 2 3 8 (1+d)/(2-d) 1/2,1/2 dlin /2, dlin Grounded
500W
93.12%
D 2 1 2 3 8 (1+d)/(2-d) (1+M)12M, 1 linf2, linf2 Grounded
at 500w
95.4%
E 1 3 2 4 10 (3-2d)/(1-2d) (1-M)/2 lin/(3-2d) Floating
at 200w
2lind1/((1+3
(1+3d1+d2)/(1- d1+d2), 94.69%
F 4 1 3 8 16 (1+M)/12M, 1 Floating
di-d2) 2lind2/((1+3 at 500W
di+dy)
94.53%
G 2 3 2 3 10 (3+d)/(1-d) M/(3+d) lin/2, lin/2 Floating
at 200w
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Number of Reactive Semiconductor Normalized Switch

Conv. components Components count Total  Voltage gain (M) Switch current Efficiency  Output port
Inductor Capacitor Switches Diodes voltage stress stress
93.60%
H 2 1 3 2 8 (1+dy)/(1-d1-d2)  (1+M)/2M, 1 lin 12, lin Floating
at 100w
(2+M)/3M,
I 2 1 2 4 9 (1+2d)/(1-d) 93-95% Floating
(1+2M)/3M
at 200W
J 4 1 2 7 14 (1+3d)/(1-d) (1+M)/2M Floating
lin 12, 96.9% at
K 2 2 2 2 8 2/(1-d) (1+M)/2M, 1 Grounded
|in /2 500W

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:

e Simulation of a full Nanogrid with active and reactive power control
incorporating these DC-DC Converter topologies and implementation in RTDS.
e A complete closed-loop hardware realization by implementing MPPT control

to these DC-DC Converter topologies for Solar PV application.
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e Analyzing Smart features of these DC-DC Converter topologies by adding
communications module to transfer data from one to the other converter like the

voItage, current, etc.
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