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Abstract 

    The thesis focuses on the development and analysis of advanced DC-DC 

converters, incorporating coupled inductors and interleaved PWM switching schemes 

to enhance efficiency and compactness. The proposed converters address key 

challenges in power conversion, including minimizing current ripples, reducing filter 

inductor size, and improving overall reliability. By leveraging high-frequency 

operation, these converters achieve smaller passive components and eliminate reverse 

recovery issues associated with MOSFET body diodes, enabling high-efficiency 

performance. A family of non-isolated converters was designed with features such as 

the doubling of effective switching frequency, common ground between input and 

output terminals, and the elimination of short-circuit risks. Furthermore, a novel 

single-phase non-isolated buck converter prototype demonstrated low current ripples 

and enhanced efficiency. Additionally, an isolated DC-DC buck converter was 

developed for renewable energy applications, incorporating phase-shift interleaving 

to reduce voltage stress and further optimize inductor size. The experimental results 

validate the proposed converters, showcasing their potential to significantly improve 

efficiency, reliability, and size for energy storage and electric vehicle battery charging 

systems. 
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Chapter I   

Introduction 

 

1.1. Introduction 

     With the growing demand for clean and sustainable energy, and the increasing 

environmental concerns associated with fossil fuel consumption, the world is witnessing a 

rapid shift towards renewable energy sources (RES) [1].This transition is essential for 

addressing global challenges such as greenhouse gas emissions, climate change, and the 

depletion of natural resources. Renewable energy sources like solar, wind, and fuel cells are 

increasingly being integrated into energy grids and storage systems. These renewable sources 

are environmentally sustainable and align with the 2030 Sustainable Development Goals 

(SDGs). Fig.1.1 illustrates a block diagram of a renewable energy system. In this system, 

renewable energy sources like photovoltaics and wind power supply a stable voltage to a DC 

bus via DC-DC converters. The batteries serve as energy storage units, providing energy when 

the renewable resources are insufficient to fulfill load demand.  

      Similarly, Electrified transportation is essential for reducing fossil fuel reliance and 

minimizing environmental impacts, such as greenhouse gas (GHG) emissions and air 

pollution. Electric vehicles (EVs) offer a reliable, efficient, and low-maintenance zero-

emission alternative to internal combustion engine (ICE) vehicles[2]. Additionally, EVs 

facilitate the integration of renewable energy sources (RESs) and energy storage systems 

(ESSs), further reducing road transport's dependence on fossil fuels and can supply back to 

grids in times of need[3]. A Typical EV system consist of power converters and battery storage. 

Power electronics, particularly DC-DC converters, play a pivotal role in enabling the efficient 

use and integration of RES, energy storage systems (ESS), and EVs. These converters are 

responsible for transforming energy between different voltage levels, ensuring that the power 
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generated by renewable sources or stored in batteries can be utilized effectively. [4] 

Unidirectional converters allow energy flow in only one direction, typically from the power 

source to the load. In contrast, bidirectional converters (BDCs) enable energy transfer in both 

directions, making them crucial for applications involving energy storage, such as in vehicle-

to-grid (V2G) systems, where energy can be both supplied to and drawn from the grid. BDCs 

are increasingly favored in various domains, including smart grids, hybrid EVs, and renewable 

energy systems, due to their versatility and efficiency. 

 

Fig.1. 1. Applicatrions of power converters in renewable energy systems. 

 

However, conventional DC-DC converters face several challenges, such as high inductor 

current ripples, short-circuit risks, and increased stress on switching components, which can 

lead to reduced efficiency, higher power losses, and compromised reliability. Moreover, the 

need for dead-time in switching signals to prevent short circuits can cause distortions in output 

voltage waveforms, further impacting performance. Addressing these issues is crucial for 
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improving the efficiency and reliability of DC-DC converters, particularly in applications 

requiring compact, high-density power solutions. 

 

1.2. DC-DC Converter 

    DC-DC converters are essential components in power electronics, enabling the 

conversion of direct current (DC) from one voltage level to another. These converters are 

widely used in applications such as renewable energy systems, electric vehicles, and battery 

management systems, where efficient power conversion is critical. DC-DC converters are 

categorized into unidirectional and bidirectional converters[5]. 

 

1.2.1. Unidirectional DC-DC Converters 

   These converters are designed to transfer energy in a single direction, typically from a 

higher voltage source to a lower voltage load, or vice versa. Common topologies include buck 

converters, which step down the voltage, and boost converters, which step up the voltage. 

Unidirectional converters are widely used in applications such as power supplies, battery 

charging, and renewable energy systems[6]. 

 

1.2.2. Bidirectional DC-DC Converters (BDCs) 

    BDCs have gained significant attention due to their ability to transfer energy in both 

directions. In renewable energy applications, BDCs are used to store energy in batteries when 

generation exceeds demand and to supply energy during periods of high demand. Similarly, 

in electric vehicles, BDCs manage energy flow between the battery and the motor, enabling 

efficient energy use during driving and regenerative braking. 

    Bidirectional converters (BDCs), in particular, gained significant attention in power 

electronics due to their widespread application in renewable energy conversion domains[5]. 
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In [6] a bidirectional converter is derived from the unidirectional converter by replacing the 

diodes with switches. A bidirectional converter eliminates the need of using an extra converter 

for forward/reverse operations; this reduces the overall size and cost. 

   Based on the operating mode, the BDCs can supply power in either direction; for example, 

in [7] and [8] the BDCs are used to charge the battery under the condition of excess power 

generations. This stored energy is then used to supply power under extreme load conditions. 

Similarly, [2] discussed the utilization of BDCs in smart grids and plug-in hybrid electric 

vehicle (PHEV) charging stations. BDCs play a crucial role in the vehicle-to-grid (V2G) and 

grid-to-vehicle (G2V) modes. In G2V mode, the batteries are charged from the grid and in 

V2G mode the stored power is transferred back to the grid when needed.  

 

1.2.3. Classification of Bidirectional Converters 

    BDCs are normally categorized as isolated or non-isolated converters as shown in Fig.1.2. 

Isolated converters have transformers in power train which provides necessary electrical 

isolation needed for safety purpose and common mode current reduction. In addition, the 

turn’s ratio of the transformers can be adjusted to step-up or step-down the voltage. However, 

the transformer makes the circuit bulky, costly, lossy and the high turn ratios also  cause high 

leakage inductance [9]. On the other hand the non-isolated converters lack the advantage of 

galvanic isolation. However, the non-isolated converters are preferred to achieve higher 

efficiency and reduce size, weight, and cost. For example, the non-isolated type is the more 

favorable choice in high-power applications and applications relating to spacecraft power 

systems, where minimizing weight and size are primary considerations. For common mode 

leakage reduction and safety purpose the non-isolated converters need to have a common 

ground[10].where isolation is not required. 
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Fig.1. 2. Classification of Bidirectional DC-DC Converter 

 

1.2.3. Challenges and development in Bidirectional DC-DC converters 

    The design and development of DC-DC converters have been explored in the literature, 

with a focus on improving efficiency, reliability, and power density. Recent research has 

concentrated on bidirectional converters due to their applicability in energy storage systems, 

renewable energy integration, and electric vehicles. 

Conventional BDCs, such as buck, boost, and buck-boost converters, are well-known for their 

simplicity and cost-effectiveness. However, these converters face challenges related to high 

current ripples [11], [12], which can lead to electromagnetic interference (EMI), increased 

power losses, and reduced battery life. Additionally, conventional BDCs require dead-time in 

switching signals to prevent short circuits, which can cause output voltage distortions and 

reduce overall efficiency. 
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    Current ripple can be decreased by increasing the inductance of the inductors. However, 

the large inductor size slows down the dynamic response of the converter [13]. Interleaving 

technique is used to reduce the inductor ripple. The inductor current ripple can be decreased 

by introducing a phase shift between the switching instant of the interleaved channels. 

However, the number of switches and inductors are increased, which increases the control 

complexity and cost of the converter. Furthermore, Cascaded converter with phase shifts can 

be used to decrease the inductor ripples, but it can increase the number of switches and 

inductors[14].  

    The use of coupled inductors in DC-DC converters has also been investigated to enhance 

efficiency and reduce component size. Coupled inductors can improve the voltage conversion 

ratio and reduce switching losses, making them suitable for high-frequency applications. 

However, the challenge of leakage inductance and voltage spikes on switches remains a 

concern, often requiring additional snubber circuits to mitigate these issues 

 

1.3. Problem Statement and Motivations 

    The increasing adoption of renewable energy sources and electric vehicles has 

underscored the need for advanced DC-DC converters that can provide high efficiency, low 

ripple, and minimal component stress while maintaining compactness and reliability. 

Conventional bidirectional DC-DC converters, despite their widespread use, often suffer from 

several limitations, including high current ripples, short-circuit risks, and significant stress on 

switching components. These challenges not only reduce the efficiency and lifespan of the 

converters but also make them less suitable for applications requiring high power density and 

reliability. Furthermore, the health and efficiency of energy storage system is dependent on 

the output of the charging current. Ripples in charging current can cause heating and reduce 

the lifetime of batteries.  
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    To address these challenges, there is a need to develop innovative DC-DC converter 

designs that eliminate short-circuit risks, reduce current ripples, and operate at high switching 

frequencies without the drawbacks associated with traditional designs.  

 

1.4. Research Objectives   

  This research aims to propose novel bidirectional and unidirectional DC-DC converter 

topologies that incorporate coupled inductors, interleaving techniques, and advanced control 

strategies to enhance performance. These converters aim to achieve high efficiency, low 

voltage and current stress, reduced component count, and improved power density, making 

them ideal for applications in energy storage systems, renewable energy integration, and 

electric vehicle battery management. 

This thesis aims to design and analyze novel bidirectional DC-DC converters family topology 

focusing on buck and boost converters, and a novel unidirectional DC-DC Buck Converter for 

low voltage on board charging converters, to address voltage sag/swell, foundations, voltage 

gain and quality. The specific objectives of this research are as follows: 

 Design and analyze advanced DC-DC Converters for battery charging 

applications. 

 Mathematical modeling, analysis, loss analysis and simulation of proposed 

converters. 

 Hardware prototype and analysis and verifications of results. 

 

1.5. Thesis Overview   

 This thesis is structured into four main chapters, each addressing a specific aspect of DC-DC 

converter design and analysis: 

 Chapter 1: This chapter introduces the research by highlighting the importance of 
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power conversion systems for renewable energy storage systems and electric vehicles 

(EVs). It discusses the development and challenges in DC-DC converters, identify 

the problem statement for the need for efficient converters and explains research 

objectives.  

 Chapter 2: This chapter introduces a novel family of bidirectional DC-DC converters 

focused on boost conversion. The proposed converters feature no short-circuit issues, 

no dead time in switching signals, and no reverse recovery problems in MOSFETs, 

making them highly efficient and suitable for high-frequency operation. The chapter 

concludes with the advantages of the proposed converters in terms of component 

stress reduction and common ground maintenance. 

 Chapter 3: This chapter presents a non-isolated bidirectional DC-DC Buck converter 

designed for battery charging, focusing on buck conversion. The proposed converter 

minimizes output ripple, reduces inductor size, and eliminates the need for additional 

snubber circuits, making it an effective solution for low-voltage on-board charging 

applications. 

 Chapter 4: This chapter discusses a unidirectional isolated DC-DC buck converter 

suitable for battery charging applications. The proposed design operates the output 

inductor at four times the switching frequency, allowing for a much smaller inductor 

and reduced diode stress. The chapter demonstrates how this design enhances 

efficiency and reliability in EV and renewable energy system (RES) applications. 

 Chapter 5: The final chapter summarizes the key findings of the research, highlights 

the contributions made to the field of DC-DC converter design, and suggests 

directions for future research. 
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Chapter II  

A Family of Couple inductor based Bidirectional Converter (Boost 

Converter) 
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Abstract 

   This article presents a family of non-isolated bidirectional dc-dc converters using coupled 

inductors and interleaved PWM scheme. The effective switching frequency of the filter 

inductors is twice of the actual switching frequency and the filter inductors have less voltages; 

as a result the input/output current ripples can be much smaller. In addition, the size of the 

filter inductors can be much decreased which makes the converter efficient. The body didoes 

of switches do not show any reverse recovery issues which enabled the utilization of 

MOSFETs along with fast external diodes for high-switching and high-efficiency operation. 

The proposed converters can be operated at high frequency to reduce the size of passive 

components. Moreover, the proposed converters have no short-circuit issues which leads to a 

high reliability. Furthermore, the proposed converters do not require dead time which leads to 

a better output voltage gain and good quality waveforms with less distortion. The proposed 

converters preserve a common ground between the input and output terminals, this eliminates 

the issue of common mode current. In this article the boost type converter is analyzed in detail 

and the same analysis can be extended into the other converters. 
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2.1. Introduction 

    With the increase in energy demands and growing concern for the global environment, 

there has been rapid growth in obtaining clean and sustainable energy using renewable energy 

sources (RES). Improvements in power converters have further contributed to this growth [1], 

[2]. Bidirectional converters (BDCs), in particular, gained significant attention in power 

electronics due to their widespread application in renewable energy conversion domains[3]. 

Unlike conventional unidirectional converters, bidirectional converters allow current flow in 

both directions, that is, from source to load and vice versa [4]. In [5] a bidirectional converter 

is derived from the unidirectional converter by replacing the diodes with switches. A 

bidirectional converter eliminates the need of using an extra converter for forward/reverse 

operations; this reduces the overall size and cost. The general configuration of a bidirectional 

converter is shown in Fig. 2.1.[5], where 𝑉1  is input voltage, 𝑉2  is output voltage, 𝐼1  is 

input current and 𝐼2 is input current. The application of these converters are but not limited 

to smart grids [6], [7], hybrid electric vehicles (EVs) [8], uninterrupted power supplies (UPS) 

[9], space craft’s [10], and renewable energy systems [11] such as photovoltaic (PVs) [12], 

wind turbines [13], and fuel cells [14].  

Based on the operating mode, the BDCs can supply power in either direction; for example, in 

[15] and [16] the BDCs are used to charge the battery under the condition of excess power 

generations. This stored energy is then used to supply power under extreme load conditions . 

Similarly, [17] discussed the utilization of BDCs in smart grids and plug-in hybrid electric 

vehicle (PHEV) charging stations. BDCs play a crucial role in the vehicle-to-grid (V2G) and 

grid-to-vehicle (G2V) modes. In G2V mode, the batteries are charged from the grid and in 

V2G mode the stored power is transferred back to the grid when needed.  
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Fig.2. 1. General configuration of a dc-dc bidirectional converter. 

    BDCs are normally categorized as isolated or non-isolated converters. Isolated converters 

have transformers in power train which provides necessary electrical isolation needed for 

safety purpose and common mode current reduction. In addition, the turn’s ratio of the 

transformers can be adjusted to step-up or step-down the voltage. However, the transformer 

makes the circuit bulky, costly, lossy and the high turn ratios also  cause high leakage 

inductance [18]. On the other hand the non-isolated converters lack the advantage of galvanic 

isolation. However, the non-isolated converters are preferred to achieve higher efficiency and 

reduce size, weight, and cost. For example, the non-isolated type is the more favorable choice 

in high-power applications and applications relating to spacecraft power systems, where 

minimizing weight and size are primary considerations. For common mode leakage reduction 

and safety purpose the non-isolated converters need to have a common ground[19]. 

    Conventional BDCs such as simple buck, boost, inverting buck-boost and non-inverting 

buck-boost converters are the famous non-isolated converters. However, they suffer from 

several drawbacks as discussed below. The switches of BDCs in the same leg operates at 

complementary PWM strategy, when one switch is ON the other is OFF but both cannot be 

ON at the same time. Therefore, conventional BDCs have short circuit risk and requires finite 

Bidirectional 

DC-DC Converter

Control

Signal

Forward Mode Reverse Mode

𝑉1 

𝐼1 

𝑉2 

𝐼2 
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dead-time in the switching signals. But inserting dead-time causes distortions in the output 

voltage waveforms and leading to a reduced voltage gain. This issue becomes more severe as 

the converter switching frequency increases. 

Furthermore, in hard switching converters, the switching loss increases, and the reverse 

recovery of the body diode becomes more severe. MOSFETs can effectively decrease 

switching and conduction losses due to their faster switching capability, lack of turn-off tail 

current, and absence of fixed voltage drops [20]–[22]. However, MOSFETs are not designed 

with high reverse recovery features and can suffer device failure, which can further lead to 

EMI problems. On the other hand IGBTs can be used to solve device failure issue due to its 

relatively fast body diodes, but it has low switching speed and fixed voltage drop [23], [24].  

    Moreover, the conventional BDCs have higher inductor current ripples. The effects of 

current ripples on energy storage devices are discussed in [25], [26]. The current ripple causes 

EMI noise, and internal heating which leads to poor battery life and higher power losses. 

Current ripples can be minimized using the following techniques. 

1. Current ripple can be decreased by increasing the inductance of the inductors. However, 

the large inductor size slows down the dynamic response of the converter [27]. 

2. Increasing the switching frequency can reduce the ripple current and inductor size. 

However, the switching frequency is limited by the gate drive circuit, switching losses, 

and electromagnetic compliance requirements. 

3. The discontinuous conduction mode (DCM) in converters can reduce the inductance of the 

input inductors. However, the large input inductor current in the DCM mode increases the 

switch current, leading to increased power loss, higher EMI noise, and increases filtering 

requirements. 

4. Interleaving technique is used to reduce the inductor ripple. The inductor current ripple can 

be decreased by introducing a phase shift between the switching instant of the interleaved 
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channels. However, the number of switches and inductors are increased, which increases 

the control complexity and cost of the converter. 

5. Cascaded converter with phase shifts can be used to decrease the inductor ripples, but it 

can increase the number of switches and inductors.  

    In order to improve the dynamic response of the non-isolated BDCs, coupled inductors 

are utilized in [32] and [33]. The switching frequencies of the converters are rapidly increasing 

with the development of wideband gap devices. Therefore, the need for converters that can 

operate at high frequencies and exhibit high power density and efficiency has increased.  

    This paper presents a family of non-isolated coupled inductor-based BDCs as shown in 

Fig. 2.2. The proposed topologies use interleaved switching scheme and have mitigated the 

issues associated with conventional BDCs. The proposed BDCs have the following main 

benefits.  

1. No short-circuit issues. 

2. No dead-time is required in the switching signals. 

3. The body diodes of the switching device do not conduct in the given configuration. 

Therefore, MOSFETs do not show any reverse recovery issues and can be operated at 

higher switching frequencies. 

4. The effective switching frequency of the filter inductors is twice of the actual switching 

frequency, this minimizes the size of the filter inductors, which could increase the dynamic 

response. 

5. The proposed converters preserves a common ground between the input and output 

terminal, eliminating the common-mode current.  

6. Due to no reverse recovery issues and absence of dead time in the switching signals the 

converter can be operated at high switching frequency and high efficiency can be realized. 
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(d) 

Fig. 2.2 Family of the proposed converters without magnetic integration. (a) Boost converter. (b) Buck 

converter. (c) Inverting buck-boost converter. (d) Non-inverting buck-boost converter.  
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2.2. Proposed Circuit Topology 

    A family of the proposed BDCs is shown in Fig. 2.2. Figs. 2.2(a), (b), (c) and (d) show 

the proposed boost, buck, inverting buck-boost and non-inverting buck-boost converters, 

respectively. The proposed buck converter generates output dc voltage lower or equal to input 

dc voltage. The proposed boost converter generates output dc voltage higher or equal to input 

dc voltage. The proposed inverting buck-boost converter generates output dc voltage higher 

or equal to input dc voltage but opposite in polarity to the input voltage. The proposed non-

inverting buck-boost converter generates output dc voltage higher or equal to input dc voltage 

and in the same polarity as the input voltage. As shown in the switching legs of the converters 

have one MOSFET and one external diode connected in series which eliminates the risk of 

short-circuit. For example, the proposed boost converter in Fig. 2.2(a) has two power 

MOSFETs (S1, S2), two freewheeling diodes (D1, D2), one coupled inductor (LC), one input 

filter inductor (𝐿𝑖𝑛 ) and an output capacitor (𝐶𝑜 ). The freewheeling diodes can be chosen 

externally with fast recovery features and low turn-on resistance. The coupled inductor is used 

to limit short-circuit, stop the flow of current through the body diodes of MOSFETs and 

increase effective switching frequency of the input inductor by twice. 

 

2.3. Modulation Strategy of the Proposed Converter 

    The proposed converter utilizes inverted-interleaved PWM switching scheme as 

shown in Fig. 2.3. The PWM switching scheme is created by comparing two triangular 

waves, vtr1 and vtr2, which are 180 degrees out of phase, with a reference voltage vref. 

It is important to highlight that S2 is the complement of signal produced by vtr2 and vref. 

It has both dead time and overlap time operation mode.   
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Fig. 2.3. Interleaved switching scheme of the proposed converter. 

 

2.4. Operation Principle of the Proposed Converter 

    The boost converter shown in Fig. 2.2(a) is selected and analyzed in this paper and similar 

analysis can be extended to the other converters. The proposed topologies have four 

continuous conduction modes as shown in Fig. 2.4. 

In Fig. 2.4(a). , there are two distinct current components: the input inductor current (Ilin) and 

the common mode current (Icm), also known as circulating current. The common mode current 

is calculated as the average of the winding currents (IL1 and IL2), while the input inductor 

current is determined as the difference between the winding currents. From Fig. 2.5. the 

equation for common mode current and Input inductor current is given by 

{
𝐼𝑐𝑚 =

𝐼𝐿1 + 𝐼𝐿2
2

𝐼𝐿𝑖𝑛 = 𝐼𝐿1 − 𝐼𝐿2

                           (2.1) 

    In this section the couple inductor is assumed with unity coupling and zero leakage 

inductance. As shown in Fig. 4, the duty cycle D is defined as the time interval when S1 is on 
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during one switching period Ts. 
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Fig. 2.4. Operation modes of the proposed converter. (a) Mode 1. (b) Mode 2. (c) 

Mode 3. 

 

𝐿𝑖𝑛  
𝐼𝑐𝑚  

𝐼𝐿𝑖𝑛  

𝑉𝐿𝑖𝑛  

𝐼𝐿𝑖𝑛  

2
 

𝐼𝐿𝑖𝑛  

2
 

𝑉𝐶𝐿  

𝐼𝐿1
 

𝐼𝐿2
 

 

Fig.2.5. Common mode and input inductor current. 
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Mode 1 [0 - (𝟏 − 𝑫)𝑻𝒔]    

   As depicted in Fig. 2.4(a), in this operating mode, both switches S1 and S2 are active, and 

the diodes D1, and D2 are in a  reverse-biased condition. In this mode, Input Inductor Lin stores 

energy, and the output voltage is provided by capacitor Co. By applying KVL across the input 

current path, voltage across input inductor is given by 

𝑉𝐿𝑖𝑛 = 𝑉𝑖𝑛 − 𝑉𝐿1                                    (2.2) 

    Similarly, applying KVL across the common mode current path, we obtain 

𝑉𝐿1 = 𝑉𝐶𝑜 − 𝑉𝐿2                                      (2.3) 

    Since, for tight coupling, 

{
𝑉𝐿1 = 𝑉𝐿2
𝑉𝐶𝑜 = 𝑉𝑜

                                         (2.4) 

    Substituting (2.4) into (2.1), (2.2) and (2.3) results in 

{
 
 

 
 
𝑉𝐿1 = 𝑉𝑜 − 𝑉𝐿1  

𝑉𝐿1 =
𝑉𝑜
2

 𝑉𝐿𝑖𝑛 = 𝑉𝑖𝑛 − 
𝑉𝑜
2  

                                  (2.5) 

𝑉𝐿𝑖𝑛 = 𝐿𝐼𝑛
𝑑𝐼𝐿𝑖𝑛
𝑑𝑡

                                   (2.6) 

Mode 2 [(𝟏 − 𝑫)𝑻𝒔) - 𝑻𝒔/2)] 

    Mode 2 is shown in Fig. 2.4(b). The switch S1 is turned OFF, and S2 is ON, the diode D1 

is conducting only the circulating current due to freewheeling action, and D2 remain OFF. 

{

𝑉𝑖𝑛 = 𝑉𝐿𝑖𝑛 + 𝑉𝐿1
 

𝑉𝑖𝑛 = 𝑉𝐿𝑖𝑛 − 𝑉𝐿1

                                 (2.7) 

    From the above equation we get                    

                         𝑉𝐿𝑖𝑛 = 𝑉𝑖𝑛                                   (2.8) 
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Mode 3 [𝐓𝐬/2-(𝟏. 𝟓 − 𝐃)𝐓𝐬]   

    Mode 3 is shown in Fig. 2.4(c). Both the switches S1 and S2 are inactive and both diodes 

D1 and D2 are conducting. 

Mode 4 [(𝟏. 𝟓 − 𝑫)𝑻𝒔- 𝑻𝒔] 

    Mode 4 is the same as Mode 2 as shown in Fig.2.4(b).  

       The gain equation for the proposed converter is obtained by using equations (2.5) and 

(2.7) and applying Volt-Sec balance condition on the input inductor (𝐿𝐼𝑛) as below. 

𝑉𝑜
𝑉𝑖𝑛

=
1

1 − 𝐷
                                   (2.9) 

 

2.5. Design Specifications and ripple analysis 

2.5.1. Input Inductor Ripples  

  The Current ripple Δ𝐼𝑖𝑛  of the input inductor  𝐿𝐼𝑛  can be calculated from (2.5) 

and (2.6) 

𝐿𝐼𝑛  
𝑑𝐼𝐿𝑖𝑛
𝑑𝑡

= 𝑉𝑖𝑛 − 
𝑉𝑜
2
                       (2.10) 

    By putting the values of 𝑉𝑖𝑛 from (2.9), equation (2.12) become  

       

{
 
 

 
 𝐿𝐼𝑛  

𝑑𝐼𝐿𝑖𝑛
𝑑𝑡

= 𝑉𝑜(1 − 𝐷) − 
𝑉𝑜

2

𝛥𝐼𝐿𝑖𝑛 =
2𝑉𝑜(1−𝐷)−𝑉𝑜

2𝐿𝐼𝑛 
𝐷. 𝑇𝑠

𝛥𝐼𝐿𝑖𝑛 =
𝑉𝑜(𝐷−2𝐷

2)𝑇𝑠

2𝐿𝐼𝑛 
   

                 (2.11) 

    From (2.11), maximum ripples in the inductor current occur at D = 0.25 where 𝑉𝑜 =

𝑉𝑜(max) and 𝑇𝑠 =
1

𝑓𝑠
 is the switching period of the converter. Equation (2.11), in terms of 

input voltage, can be written as 
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Δ𝐼𝑖𝑛 =
𝑉𝑖𝑛(𝐷 − 2𝐷

2)𝑇𝑠
2(1 − 𝐷)𝐿𝐼𝑛 

                     (2.12) 

2.5.2. Input Inductor Design  

      From equation (2.9) and (2.10), the input inductor equation can be derived as 

𝐿𝐼𝑛
𝑑𝐼𝐿𝑖𝑛
𝑑𝑡

=
(𝑉𝑖𝑛−2𝑉𝑖𝑛𝐷)

2(1−D) 
                       (2.13)                     

    From equation (2.12)  

{
 
 

 
 𝐿𝐼𝑛 ≥

(𝑉𝑖𝑛 − 2𝑉𝑖𝑛𝐷)𝐷𝑇𝑠
2(1 − D) Δ𝐼

𝐿𝑖𝑛 ≥
𝑉𝑖𝑛(𝐷 − 2𝐷

2)

∆I𝑓𝑠𝑤

                     (2.14) 

   ∆I = x%𝐼𝑖𝑛, with x% denoting the maximum allowable current ripple for the inductors. 

𝐿𝑖𝑛 ≥
𝑉𝑖𝑛

2𝐷(1 − 2𝐷)

2(1 − D)x%𝐼𝑖𝑛𝑓𝑠
                      (2.15) 

  Assume that the converter is lossless, i.e.  𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛. Equation (2.14) can be written as  

𝐿𝑖𝑛 ≥
𝑉𝑖𝑛

2𝐷(1−2𝐷)

2(1−D)x%𝑃𝑜𝑢𝑡𝑓𝑠
                         (2.16)   

 

2.5.3. Coupled Inductor Design 

     Equation for the common mode current is obtained by applying KVL along the current   

path as given below 

𝐿
𝑑𝐼𝑐𝑚
𝑑𝑡

= 𝑉𝑐𝑜                              (2.17) 

   Where L is the inductance of coupled inductor, common mode current can be written in 

terms of mutual inductance(𝐿𝑀) as below 

{
 

 
𝑑𝐼𝑐𝑚
𝑑𝑡

=
𝑉𝑐𝑜
4𝐿𝑀

  

Δ𝐼𝑐𝑚 =
𝑉𝑐0𝐷𝑇𝑠

4𝐿𝑀  

                              (2.18) 
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   In the above equation Δ𝐼𝑐𝑚 is the common mode ripple current. 

From Fig.6. The winding current of the coupled inductor can be expressed in terms of 𝑖𝑐𝑚  

and 𝑖𝐿𝑖𝑛 as below.  

𝐼𝐿1 = 𝐼𝑐𝑚 +
𝐼𝐿𝑖𝑛  

2
                           (2.19) 

𝐼𝐿2 = 𝐼𝑐𝑚 −
𝐼𝐿𝑖𝑛  

2
                           (2.20) 

   The equation for the coupled inductor current ripple can be obtained by putting values 

from equations (2.11) and (2.18) into (2.19) as follows 

{
 
 

 
 𝐼𝐿1 =

𝑉𝑐𝑜
4𝐿𝑀

+
𝑉𝑜(𝐷 − 2𝐷

2)𝑇𝑠    

4𝐿𝑖𝑛

𝐼𝐿1 = (
1

𝐿𝑀
+
1

𝐿𝑖𝑛
−
2𝐷

𝐿𝑖𝑛
)𝑉𝑜𝐷𝑇𝑠

              (2.21) 

 

   The maximum ripples occurs when 
2𝐷

𝐿𝑖𝑛
≈ 0. Using large values of 𝐿𝑀 can also reduce 

the ripple current of the couple inductor, but the presence of an air gap in the couple inductor 

for switching cell structure reduces the size of 𝐿𝑀.  

    In comparison to the conventional DC-DC converter, the input inductor (𝐿𝑖𝑛) of proposed 

converter encounters twice of the switching frequency, this enables us to choose a very small 

value of the input inductor (𝐿𝑖𝑛) as compared to the conventional converter. Furthermore, the 

current ripple is shared between the two inductors (𝐿1 and 𝐿2) which reduces the overall 

current ripple, especially at higher conversion ratios. Similarly due to the division of current 

the voltage and current stress across the switches are low. 

 

2.5.4. Inductance comparison of the conventional and proposed converter 

      The equation for the current ripples of the proposed converter is given in equation 
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(2.11). For   conventional converter the equation is given as 

Δ𝐼𝑖𝑛_𝑐𝑜𝑛𝑣 =
𝑉𝑜(1 − 𝐷)𝐷𝑇𝑠
𝐿𝐼𝑛.𝑐𝑜𝑛𝑣 

                  (2.22) 

    By comparing (2.11) and (2.22), the ration of conventional versus propose input 

induction (𝐿𝐼𝑛.𝑐𝑜𝑛𝑣/𝐿𝐼𝑛) can be written as. 

𝐿𝑖𝑛𝑐𝑜𝑛𝑣/𝐿𝑖𝑛 =
(1 − 𝐷)

(0.5 − 𝐷)
                      (2.23) 

    Fig.2.6. illustrates the necessary inductance value for the conventional DC-DC converter 

in order to sustain an equivalent input inductor current ripple as observed in the proposed 

converter, with variations in duty ration (D) from 0 to 0.5. As depicted, the input inductance 

for the conventional DC-DC converters (𝐿𝐼𝑛.𝑐𝑜𝑛𝑣) is notably larger compared to that of the 

proposed converter (𝐿𝑖𝑛𝑐𝑜𝑛𝑣). For example, when D = 0.47, 𝐿𝐼𝑛.𝑐𝑜𝑛𝑣 is nearly 17.6 times the 

size of proposed input inductor 𝐿𝑖𝑛.  

 

Fig. 2.6. Input inductor ratio for the conventional vs proposed converter. 
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2.6. Simulation Results of the Proposed DC-DC Converter  

         The proposed boost converter configuration was modeled using MATLAB to 

deliver 200 watts of power. The following parameters were used. A 48-volt input DC voltage 

(Vin), Input inductance (Lin) of 0.1mH, coupled inductor (LC) with coupling factor k=1, and 

output capacitor (Co) of 1uF. The design equations derived in earlier sections were applied to 

determine the specific component values as shown in Table 2.1. The operating frequency (fs) 

of the converter is 50 kHz. In order to achieve the desired output voltage (Vo) of 205 volts, the 

converter was operated with a duty ratio (D) of 0.76. The key waveforms are shown in Fig. 

2.7,Fig.2.8 and Fig.2.9. Fig. 2.7(a) illustrate the input voltage (𝑉𝑖𝑛)  and output voltage 

(𝑉𝑜) waveforms 

Table 2.1 

Components Specifications (Bidirictional Boost Converter) 

Components Values 

Input voltage (𝑉𝑖𝑛) 48 V 

Output voltage (𝑉𝑜𝑢𝑡) 205 V 

Rated output power 400 W 

MOSFET (𝑆1) NTHL065N65S3HF 

Switching frequency 50Khz 

Diodes (𝐷1 − 𝐷2) BYC30JT-600PSQ 

Inductors (𝐿𝑖𝑛) 0.176 mH 

Output Capacitor (𝐶𝑂) 100 𝜇F 

         

    Fig. 2.7(b) illustrates the current waveforms of the coupled inductor 𝐿1 and 𝐿2. 

Fig. 2.7(c) displays the common mode current (Icm) and Fig. 2.7(d) shows the output 

current waveform of the proposed converter. Fig. 2.8. Illustrates Input Inductor current 
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(IL1) against Switches S1 and S1 showing IL1 has twice frequency as compared to 

switching frequency. 

 

  
                   (a)                                  (b)    

 
                (c)                               (d)     

 

Fig. 2.7. Simulation results. (a) Input and output voltages. (b) Inductors 𝐿1 and 𝐿2 current 

waveforms. (d) Inductor 𝐼𝐶𝑚 voltage waveform. (e) Output current waveform 𝐼𝑜. 
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Fig. 2.8. Input Inductor current (IL1) against Switch (S2) and Switch (S1) showing IL1 has twice 

frequency as compared to Switching Frequency.  
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(c)                                (d) 

 
                  (e)                              (f) 

  
                (g)                              (h)  

Fig. 2.9. (a) Current Stress on switch (S1). (b) Current stress on switch (S2). (c) Switch (S1) drain-

source voltage waveform. (d) Switch (S2) drain-source voltage waveform. (e) Voltage stress across 

diode (D1). (f) Voltage stress across diode (D2). (g) Current stress diode (D2). (h) Current stress on 

diode (D1) 
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2.7. Experimental Results 

    A 400 W prototype of the proposed non-isolated coupled inductor based boost converter 

was built and tested to evaluate its performance. The design specification of the proposed 

converter is shown in Table 1. The waveforms for input voltage, output voltage and output 

current is shown in Fig. 2.10. An output voltage (𝑉𝑜𝑢𝑡) of 205 V and output current (𝐼𝑜𝑢𝑡) of 

4.1 A for a resistive load of 50 Ohm is obtained using an input source (𝑉𝑖𝑛) of 48 V and a 

duty ratio of 0.76 at a switching frequency (fs ) of 50 kHz. Experimental results for the input 

inductor current (𝐼𝐿𝑖𝑛), inductor voltage (𝑉𝐿𝑖𝑛) and switch drain-source voltages (VDS1 and 

VDS2) across switches are shown in Fig.2.11.The frequency of the inductor current is twice the 

switching frequency.  The voltage stress on switches is half of the output voltage. Fig. 12(a) 

and 12(b) show the voltage and current stresses across the diodes 𝐷1 and 𝐷2. Fig.2.13 shows 

the waveforms of the currents through switches 𝑆1  and 𝑆2 . From Figs.2.12 and 2.13 the 

voltage and current stress is relatively low, this is enabled by the coupled inductor which 

divides the current among its branches. In Fig.2.14, the voltage and current waveforms of 

inductors 𝐿1 and 𝐿2 are illustrated. The inductor currents exhibit minimal ripple, presenting 

a notably smooth and continuous behavior. In Figure 2.14(a), we observe the closed-loop 

response of the converter. Notably, the duty ratio undergoes swift adjustments to maintain a 

steady output voltage of 205 V, effectively responding to a step change in input voltage. 

Furthermore, Figure 2.14(b) showcases the converter's performance in the face of a step 

change in load from 200 Ω to 300 Ω.  
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𝑉𝑜[100𝑉/ div] 

𝑉𝑖𝑛 [40𝑉/ div] 

𝐼𝑜[2 A/ div] 

[1 𝑚𝑠 / div] 

 

Fig. 2.10. Experimental results of input vs output voltages and output current. 

 

𝑉𝐷𝑆2
[200𝑉/ div] 

𝑉𝐿𝑖𝑛 [400𝑉/ div] 

𝐼𝐿𝑖𝑛 [10 A/ div] 
𝑉𝐷𝑆1

[200𝑉/ div] 

[400 µ𝑠 / div] 

 

Fig. 2.11. Input inductor voltage and current, switch drain-source voltages of 𝑆1 and 𝑆2. 

𝐼𝐷1
[10 A/ div] 

𝑉𝐷1
[200𝑉/ div] 

[1 𝑚𝑠 / div] 

 

(a) 
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𝐼𝐷2
[20 A/ div] 

𝑉𝐷2
[200𝑉/ div] 

[1 𝑚𝑠 / div] 

 
(b) 

Fig. 2.12. (a) Voltage and current stress across diode 𝐷1. (b) Voltage and current stress on diode 𝐷2. 

𝐼𝑆2
[10 A/ div] 

𝐼𝑆1
[2 A/ div] 

[1 𝑚𝑠 / div] 

 

Fig. 2.13. Waveforms of current stress on switches 𝑆1 and 𝑆2. 

 

𝑉𝐿1[1 V/ div] 

[400 µ𝑠 / div] 

𝑉𝐿2[1 V/ div] 

𝐼𝐿2[10 𝐴/ div] 

𝐼𝐿1[25 𝐴/ div] 

 

Fig. 2.14. Experimental results of inductor voltages and currents of 𝐿1 and 𝐿2. 
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𝑉𝑖𝑛 [24V/ div] 

𝑉𝑜𝑢𝑡 [200 V/ div] 

[200 𝑚𝑠 / div] 

 
(a) 

𝐼𝑜𝑢𝑡 [10 A/ div] 

𝑉𝑜𝑢𝑡 [200 V/ div] 

[200 𝑚𝑠 / div] 

 
 (b) 

 

Fig. 2.15. Experimental results of converter with closed loop control. (a) Step input voltage change (b) 

step output load change 

 

2.8. Conclusion 

     This paper introduces a novel family of bidirectional DC-DC converters employing 

coupled inductors with interleaved PWM scheme. The proposed converters double the 

effective switching frequency of the input inductors, and enable the selection of a compact 

filter inductor. This increase in switching frequency not only allows for smaller-sized filter 

inductors but also results in elevated voltage levels and reduced voltage magnitude across the 
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input inductors. Additionally, the proposed converters exhibit the advantage of eliminating 

shoot-through and reverse recovery issues associated with MOSFETs body diodes. 

Furthermore, it effectively maintains low voltage and current stress on both the diodes and 

semiconductor devices, all while establishing a common ground between the power source 

and the load. 
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Chapter III  

A Novel Non-Isolated Bidirectional DC-DC Converter with 

improved current ripples for Low voltage on-board 

Charging 
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Abstract 

This paper presents a novel single-phase non-isolated bidirectional buck converter topology. 

The proposed converter uses a basic switching cell structure with a coupled inductor and an 

interleaving switching scheme. This article addresses a crucial challenge in bidirectional DC-

DC conversion by prioritizing reducing output current ripples and minimizing filter inductor 

size. The employed method includes using MOSFETs with fast recovery diodes to mitigate 

reverse recovery and body diode losses. Furthermore, the optimization of the switching 

frequency of the output inductor to be twice the actual switching frequency contributes to 

reducing the component size of the converter. The coupled inductor also helps to reduce stress 

on components by distributing currents among its legs. The experimental result demonstrates 

the proposed converter has a very low ripple current as compared to the conventional converter. 

The low current ripples and smaller filter inductor size enabled by high-frequency operation 

have improved the efficiency and size of the converter. A common ground between input and 

output terminals ensures robust performance without common mode current concerns. Overall, 

the proposed converter represents a significant improvement in DC-DC converters, promising 

enhanced efficiency, reliability, and compactness in bidirectional DC-DC conversion systems. 

In order to verify the performance of the proposed converter, a 460-W buck converter 

prototype was built and tested. 
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3.1. Introduction 

             The increase in use of fossil fuels has significantly increased greenhouse gas 

emissions. These emissions are major cause of global warming. Therefore, sourcing the 

world’s energy needs from clean and renewable energy sources is inevitable. These renewable 

sources are environmentally sustainable and align with the 2030 Sustainable Development 

Goals (SDGs) [1]. 

           Renewable energy sources such as photovoltaics, wind power generation, and 

fuel cells provide a stable voltage to a DC bus through DC-DC converters [2]. These DC-DC 

converters are further used to charge batteries. DC-DC converters can be categorized into 

unidirectional and bidirectional. Unidirectional converters allow the flow of current only in 

one direction while bidirectional converters allow current flow in both directions, enabling the 

use of a single converter for both energy transfer and storage applications [3]. 

         Bidirectional DC-DC converters (BDCs) play a pivotal role across various 

applications such as aerospace power systems, energy storage systems (ESS) in DC micro-

grids [4], and electric vehicles (EVs). As already discussed in existing literature [4], [5], BDCs 

store generated energy in batteries and in time of need, these converters enable energy transfer 

from batteries to load. The bidirectional operation of these converters is essential, allowing 

them to transfer energy in both directions while ensuring voltage stability and efficiency. 

Moreover, bidirectional converters are integral to electric drive systems, particularly in electric 

transportation [6], where they fulfill the dual function of stepping up voltage during power 

delivery from the source to the motor and stepping down voltage during regenerative braking.  

      Bidirectional DC-DC converters (BDCs) can be further classified into isolated and 

non-isolated converters. Isolated converters have electrical isolation for safety, but they can be 

bulky and costly due to the use of transformers, and they also suffer from high leakage 

inductance [8]. Non-isolated converters lack galvanic isolation but offer higher efficiency, 
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compact size, and lower cost, making them preferable in many applications [7]. The 

conventional non-isolated buck/boost bidirectional DC-DC converters are famous for their 

simple structure and affordability. However, circuit parasitic parameters and the requirement 

for an extreme duty ratio limit its maximum achievable voltage gain. Additionally, the 

converter experiences high-voltage stress [8]. These converters also encounter a common 

issue of high ripple current on the low-voltage (LV) side. This causes the performance of BDC 

applications involving ESS as the large ripple current negatively impacts battery performance 

and lifespan [9]. 

     Several conversion techniques are used in BDCs, including multilevel techniques [7], 

[10], cascaded techniques [11], [12], voltage multiplier [13], switched-inductor, switched-

capacitor [14], [15], and coupled-inductor [2], [12], [16].The multilevel technique improves 

the voltage conversion ratio and reduces voltage stresses on power switches. However, this 

method increases the number of switches and complexity in control. Cascaded structures 

reduce high voltage stresses on power switches but result in lower power density and increased 

converter cost. Similarly, a switch inductor can lead to low switch stress and high gain, but the 

difference between the low voltage side (LVS) and high voltage side(HVS) can lead to EMI 

problems [14]. The couple-inductor topologies can increase the gain, but the leakage 

inductance issue can produce high voltage spikes on switches and may require additional 

snubber circuitry [16]. 

     One common issue in the above-mentioned BDCs, is the presence of significant ripple 

current on the LVS. This ripple current is a problem for Battery Energy Storage Systems 

(BESS), which are sensitive to such fluctuations. Excessive ripple current can shorten the 

lifespan of the BESS [18], [19]. To minimize current ripples in converters, several techniques 

can be used as discussed below: 

 One approach is to increase the inductance of the inductors. This reduces current 
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ripple but it can slow down the dynamic response, cost, and size of the converter due 

to the larger inductor size [20]. 

 Using a large capacitor can solve the ripple issues, but it increases the size and cost of 

the converter. 

 Increasing the switching frequency can help reduce ripple current and allow for 

smaller inductors. However, the switching frequency increase is constrained by gate 

drive circuit limitations, switching losses, and electromagnetic compliance 

requirements. 

 Implementing DCM in converters can lower inductor size. However, the higher 

inductor current in DCM mode increases switch stress, leading to increased power 

loss. 

 Inductor ripple can be reduced by employing the interleaving technique, [21]. 

Although effective, this method increases the number of switches and inductors, 

thereby complicating control and increasing converter cost. 

 Utilizing cascaded converters with phase shifts can also decrease inductor ripples [19]. 

However, this approach may raise complexity and cost due to increase in component 

count. The converter must also operate within a fixed duty cycle.  

    Each technique for reducing ripple current in bidirectional DC-DC converters involves 

trade-offs in performance, complexity, and cost. The choice depends on specific design 

requirements and constraints. The recent advancement in interleaving DC-DC converter have 

made it an excellent choice for increase power density and higher efficiency. [22] Discussed 

design and modeling of a DC-DC converter using interleaving technique and by exploiting 

the quasi-saturated inductor it has reduced the size of the inductor. Similarly,[23] has devised 

a more robust nonlinear control technique for an interleaved converter against parameter 

variations. 
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   While research has examined various non-isolated bidirectional converters, few have 

focused on using a coupled inductor in a non-isolated DC-DC converter, as shown in Figure.1 

of our design. This concept, however, has been applied in DC-AC converters[24], [25], as well 

as in AC-AC applications[26]. This observation highlights the versatility and widespread 

applicability of the mentioned coupled inductor with cell structure topology across various 

domains within power electronics. 

   This study addresses the challenge of optimizing voltage reduction while maintaining 

efficiency and compactness in bidirectional buck converters. We propose a novel design for 

onboard charging and battery energy storage systems (BESS), employing coupled inductors 

and an interleaved PWM scheme for improved efficiency, reduced size, and simplified control. 

The proposed non-isolated BDC has the following main characteristics: 

• Low output ripple current 

• The inductor operates at twice the switching frequency 

• Reduced inductor size 

• low voltage stresses on power switches 

• Common ground between LVS and HVS. 

• No additional RC snubbers circuit is required. 

• No shoot-through or dead time issue. 

• Less component count and reduced overall size. 

     The subsequent sections of this paper delve into the proposed buck converter topolo-gy, 

proposed switching (Section II) and modes of operation (Section III), , ripple current analysis 

and component selection (Section IV), stress and power loss analysis (Section V) experimental 

results (Section V), and discussion and conclusion in the last section. 
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3.2. Proposed Buck Converter Topology and Switching Scheme 

3.2.1. Proposed Topology 

    The proposed circuit of a non-isolated bidirectional buck DC-DC converter is shown in 

Fig.3.1. This converter employs two active switches (S1, S2) and two independent diodes (D1, 

D2), a coupled inductor (CL) which is specifically chosen with a coupling factor of k=1, an 

output filter inductor (Lout) and capacitor (Co). The input source voltage is denoted by Vin, 

and Vo represents the output voltage. The switches operate at a switching frequency of 50 kHz. 

This circuit configuration offers several benefits. This converter demonstrates reduced output 

filter inductor (Lout) requirements as it experiences double switching frequency and low 

voltage stress. Additionally, by utilizing a fundamental switching cell structure, the proposed 

circuit eliminates the shoot-through and dead-time concerns. Moreover, the circuit features a 

shared ground, making it well-suited for applications in renewable energies. 

 

3.2.2. Proposed Topology 

    The proposed modulating signals designed for driving the switches are shown in 

Figure.3.2. The Suggested converter employs an interleaved PWM switching scheme depicted 

in Fig. 3.2. The switching signals are generated by comparing a DC reference voltage with 

two 50 kHz triangular waves (Vtri1, Vtri2), which are out of phase by 180 degrees. The output 

signal for triangular wave (Vtri1) is fed to a NOT gate to operate Switch S1. This configuration 

encompasses both dead time and overlap time operation modes. The duty cycle as denoted by 

D, signifies the duration during which S1 is in the "ON" state within a single switching period 

(Ts). 
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Fig.3.1. Proposed DC-DC buck converter. 
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Fig.3.2. Proposed PWM scheme (a) switching signal generation. (b) Switching waveform.  
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3.3. Operation Modes 

    The suggested converter operates in four different modes as shown in the Fig 3.3. The 

system comprises two current components; the output inductor current (Iout) and the common 

mode current (Icm), often referred to as circulating current. In this topology, it is assumed that 

the coupled inductors are identical, and the coupling coefficient, K is deliberately set to 1, 

signifying tight coupling. The operations mode are discussed below for duty ratio greater and 

less than zero (D<0, D>0). 

3.3.1. Operation Mode For D<0 

Mode I: Mode 1 is shown in Fig. 3.3(a). During this mode switches S1 and S2 are both turned 

ON, and the diodes D1, and D2 are reverse-biased. Output Inductor (Lout) is charged in this 

mode, and the filter capacitor Co supplies the output voltage. The voltage and current equations 

are as follows: 

For tight coupling, k=1 and 𝑉𝐶𝑜 = 𝑉𝑜, and we get 

   𝑉𝐿𝑜𝑢𝑡 =
𝑉𝑖𝑛
2
− 𝑉𝑜                             (3.1) 

𝐿𝑜𝑢𝑡  
𝑑𝐼𝐿𝑜𝑢𝑡
𝑑𝑡

=
𝑉𝑖𝑛
2
− 𝑉𝑜                       (3.2) 

Similarly, the voltage across the coupled inductor is given by 

    𝑉𝐿𝑜𝑢𝑡 =  𝐿
𝑑𝐼𝑖𝑛
𝑑𝑡

                             (3.3) 

Where 𝐿 is the inductance of 𝐿1 and 𝐿2. 

Mode II: During this interval, the switch S1 is turned OFF, and S2 is ON, the diode D1  is 

conducting the circulating current due to freewheeling action, and D2 remains OFF. Mode 2 is 

shown in Fig. 3.3(b). The voltage and current equations are as follows:  

𝑉𝐿𝑜𝑢𝑡 = −𝑉𝑜                              (3.4) 
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𝐿𝑜𝑢𝑡  
𝑑𝐼𝐿𝑜𝑢𝑡
𝑑𝑡

= −𝑉𝑜                         (3.5) 

 

Mode III: During this interval, S1 and S2 are turned off and diodes D1 and D2 are conducting 

as shown in Fig. 3.3(d). The voltage and current equation are as follows 

  𝑉𝐿𝑜𝑢𝑡 =
𝑉𝑖𝑛
2
− 𝑉𝑜                           (3.6) 

𝐿𝑜𝑢𝑡  
𝑑𝐼𝐿𝑜𝑢𝑡
𝑑𝑡

=
𝑉𝑖𝑛
2
− 𝑉𝑜                      (3.7) 

Mode IV: Mode IV is shown in Figure 3.3(b). It is same as Mode II 

 

3.3.2. Operation Mode For D>0 

Mode I: As shown in Figure 3.3(a), Mode I is the same for both D<0 and D>0. 

Mode II: During this interval, the switch S1 is turned ON and S2 is OFF, the diode D2 is 

conducting the circulating current due to freewheeling action, and D1 remains OFF. From 

Figure. 3.3(c) the equation for voltage and current are the same as equation (3.6) and (3.7) 

Mode III: During this mode , S1 and S2 are turned off and diodes D1 and D2 are conducting 

as shown in Fig. 3.3(d).Mode III is same for both D>0 and D<0. 

Mode IV: Mode IV is the same as Mode II as indicated in Figure 3.3(c) 

The output voltage gain of the proposed buck converter can be obtained by applying the Volt-

Sec balance condition on 𝐿𝑜𝑢𝑡 which leads to the following equation: 

        𝑉𝑜 = 𝐷𝑉𝑖𝑛                             (3.8) 

Equation (3.8) is the ideal gain equation of the proposed converter. This equation is similar to 

a conventional buck converter gain equation. 
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Fig. 3.3. Proposed Converter operation modes. (a) Mode 1 for D<0.5 and D>0.5. (b) Mode 

2, Mode 4 for D<0.5. (c) Mode 2, Mode 4 for D>0.5. (d) Mode 3 for D<0.5 and for D>0.5. 
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Fig. 3.4. Couple inductor and common mode current. 

The non-ideal model of the proposed converter is shown in Fig. 3.5. To derive the non-ideal 

gain equation, different non-idealities such as equivalent series resistance (ESR) of 

inductor 𝑟𝑙𝑎 , ESR of capacitor 𝑟𝑐 , switch on-resistance 𝑟𝑠𝑤 , diode forward resistance 𝑟𝐷 , 

Coupled inductor equivalent series resistance  𝑟𝐿𝑎,  and diode forward voltage drop 𝑉𝐹 are 

considered. The values of these parasitic resistances are very small in comparison to load 

resistance R. Since, a negligible current is passing through inductor of the coupled inductor 

𝐿𝑏, therefore the ESR of this branch is not considered. The non-ideal gain equation is given 
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by equation (3.9) 

𝑉𝑜𝑢𝑡 =
𝑉𝑖𝑛𝐷

2𝐷 (1 +
(𝑟𝑠𝑤 + 𝑟𝑙𝑎 + 𝑟𝐿𝑜𝑢𝑡)

𝑅 ) + 2(0.5 − 𝐷)(1 +
𝑟𝐿𝑜𝑢𝑡
𝑅 )

             (3.9) 
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    Fig. 3.4. Key Simulation waveforms (a) D < 0.5 (b) D > 0.5. 
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Fig. 3.5. Non-ideal model of the proposed converter. 
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3.4. Ripple current analysis and component selection 

   In this section, the current ripple magnitudes of the input and coupled inductors are dis-

cussed in this section. 

3.4.1. Inductor Design 

From equation (3.7) and (3.8), the input inductor equation can be derived as 

𝐿𝑜𝑢𝑡
𝑑𝐼𝐿𝑜𝑢𝑡
𝑑𝑡

=
(𝑉𝑖𝑛 − 2𝑉𝑜𝑢𝑡)

2 
                    (3.10) 

   From equation (3.6)  

   

{
 

    𝐿𝑜𝑢𝑡 ≥
(𝑉𝑖𝑛 − 2𝑉𝑖𝑛𝐷)𝐷𝑇𝑠

2Δ𝐼

𝐿𝑜𝑢𝑡 ≥
𝑉𝑖𝑛(𝐷 − 2𝐷

2)

2∆I𝑓𝑠𝑤

                    (3.11) 

 

   ∆I = x%𝐼𝑜𝑢𝑡, with x% denoting the maximum permissible current ripple (10%-20%) for 

the inductors and 𝑇𝑠 =
1

𝑓𝑠
 is the switching period of the converter 

𝐿𝑜𝑢𝑡 ≥
𝑉𝑖𝑛𝐷(1 − 2𝐷)

x%𝐼𝐿𝑜𝑢𝑡𝑓𝑠
                       (3.12) 

   Assuming that the ripple inductor current ripple ∆𝐼𝐿𝑜𝑢𝑡  is equal to the output ripple 

current ∆𝐼𝑜𝑢𝑡, since the capacitor draws a negligible current. The output inductance equation 

𝐿𝑜𝑢𝑡 can be derived using (3.10) as 

  𝐿𝑜𝑢𝑡 ≥
𝑉𝑖𝑛𝐷(1 − 2𝐷)

𝑥%𝐼𝑜𝑢𝑡𝑓𝑠
                      (3.13) 

   The Inductor equation can be written in terms of the input voltage by assuming that the 

converter is lossless, i.e. 𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛. Equation (3.11) becomes  

𝐿𝑜𝑢𝑡 ≥
𝑉𝑖𝑛

2𝐷2(1 − 2𝐷)

x%𝑃𝑜𝑢𝑡𝑓𝑠
                      (3.14) 
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3.4.2. Output Inductor Ripple 

    The Current ripple 𝛥𝐼𝐿𝑜𝑢𝑡 through the filter inductor 𝐿𝑜𝑢𝑡 can be calculated from (3.11)  

 𝛥𝐼𝐿𝑜𝑢𝑡 =
𝑉𝑖𝑛𝐷(1 − 2𝐷)

𝐿𝑜𝑢𝑡𝑓𝑠
                     (3.15) 

From equation (3.13), maximum ripples in the inductor current occur at D = 0.25 and 𝑇𝑠 =
1

𝑓𝑠
 

is the switching period of the converter. 
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Fig. 3.6. Output current ripple comparison of the proposed and conventional buck converter. 

 

3.4.3. Comparison of Current Ripples 

    The ripple current for the conventional converter can be derived as; 

𝛥𝐼𝑐𝑜𝑛𝑣 =
(𝑉𝑖𝑛 − 𝑉𝑜)𝐷𝑇𝑠

𝐿𝑐𝑜𝑛𝑣 
                     (3.16) 

    Using (3.15) and (3.16), the ratio of conventional versus proposed induction ripple 

current (Δ𝐼𝑐𝑜𝑛𝑣/Δ𝐼𝐿𝑝𝑟𝑜𝑝) can be written as; 
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Δ𝐼𝑐𝑜𝑛𝑣
Δ𝐼𝐿𝑜𝑢𝑡

= |
(1 − 𝐷)

(1 − 2𝐷)
|                     (3.17) 

   Fig. 3.6. illustrates the current ripple ratio with variations in duty ratio (D) from 0 to 0.5. 

As depicted, the ripple current for the conventional buck converter (Δ𝐿𝑐𝑜𝑛𝑣) is notably larger 

compared to that of the proposed converter (𝐿𝑖𝑛𝑐𝑜𝑛𝑣). For example, when D = 0.47, (Δ𝐼𝑐𝑜𝑛𝑣) 

is nearly 10 times greater than the current ripples of the proposed converter (Δ𝐼𝐿𝑜𝑢𝑡). The graph 

clearly illustrates that the proposed converter offers very low ripple current, making it suitable 

for charging energy storage elements without affecting their health. 

 

3.4.4. Couple Inductor Design 

   The coupled inductance using common mode current from equation (3) can be written as 

{
 

 
𝑑𝐼𝑐𝑚
𝑑𝑡

=  
𝑉𝑖𝑛
4𝐿𝑠

  

𝑑𝐼𝑐𝑚 =  
𝑑𝑡𝑉𝑖𝑛
4𝐿𝑠

                        (3.18) 

𝐿𝑠 = 
𝑉𝑖𝑛. 𝐷𝑇𝑠
4𝑑𝐼𝑐𝑚

                         (3.19) 

where 𝐿𝑠 is self-inductance of the coupled inductor. 

𝐿𝑠 = 𝐿𝐾 + 𝐿𝑚                       (3.20) 

The leakage inductance is considered very small (𝐿𝐾 ≈ 0), equation (3.20) becomes 

𝐿𝑠 = 𝐿𝑚                            (3.21) 

Equation (19) can be written as 

𝐿𝑚 = 
𝑉𝑖𝑛. 𝐷𝑇𝑠
4𝑑𝐼𝑐𝑚

                         (3.22) 
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Fig. 3.7. Output inductance comparison of the conventional versus the proposed converter. 

 

3.4.5. Output Inductor comparison   

     Using equation (15) and equation (16) the normalized ratio of the conventional versus 

proposed output inductance (
𝐿𝑜𝑢𝑡.𝑐𝑜𝑛𝑣

𝐿𝑜𝑢𝑡.𝑝𝑟𝑜𝑝
) can be derived as below. 

𝐿𝑐𝑜𝑛𝑣
𝐿𝑝𝑟𝑜𝑝

=
(1 − 𝐷)

(1 − 2𝐷)
                      (3.23) 

    Fig. 3.7 illustrates the necessary inductance value for the conventional DC-DC converter 

for the same current ripple value as observed in the proposed converter, with variations in duty 

ratio (D) from 0 to 0.5. As depicted, the output inductance for the conventional C-DC 

converters (𝐿𝑜𝑢𝑡.𝑐𝑜𝑛𝑣) is notably larger than that of the proposed converter (𝐿𝑜𝑢𝑡.𝑝𝑟𝑜𝑝). For 

example, when D = 0.47, 𝐿𝑜𝑢𝑡.𝑐𝑜𝑛𝑣  is nearly 13.5 times the size of the proposed output 

inductor.  
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3.5. Stress and Power Loss Analysis 

3.5.1. Voltage and Current Stress 

    Voltage stress (𝑉𝐷𝑆_𝑛) across switches of the proposed converter is given below  

    𝑉𝐷𝑆𝑛 = 𝑉𝑖𝑛                              (3.24) 

equation (3.34) Shows that the voltage stress across the switches is equal to the input voltage. 

Similarly, the current stress is the sum of output current (𝐼𝐿𝑜𝑢𝑡)  and the output inductor 

ripples. 

    𝐼𝑠𝑡𝑟𝑒𝑠𝑠 = 𝐼𝐿𝑜𝑢𝑡 +   Δ𝐼𝐿𝑜𝑢𝑡                       (3.25) 

 

 

(a)                  (b) 

Fig. 3.8. Power loss analysis. (a) Conduction and switching loss of elements. (b) Component wise 

percentage loss. 

 

3.5.2.  Power Loss  

    The major contributors to the power dissipation the proposed converter are the 

conduction losses of the parasitic components and switching losses of the MOSFET. The 

parasitic components, 𝑟𝐷𝑆𝑛  , 𝑟𝐷𝑛 , 𝑉𝐹𝑛 , 𝑟𝐿𝑛  and 𝑟𝑐  are the switch ON-state resistance, the 
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diode’s forward resistance, the diode forward drop voltage, the inductor’s ESR and the 

capacitor’s ESR respectively. 

The conduction loss of the switches (𝑃𝑐𝑜𝑛𝑠𝑛) can be derived as 

𝑃𝑐𝑜𝑛𝑠𝑛 = 𝐼𝑆𝑛𝑟𝑚𝑠
2. 𝑟𝐷𝑆                      (3.26) 

The switching loss of the switches 𝑆1and 𝑆2 (𝑃𝑠𝑤𝑠𝑛)   is given b 

𝑃𝑠𝑤𝑛 = 𝑓𝑠. 𝐶𝑒𝑞 .
𝑉𝐷𝑆𝑛

2

2
                       (3.27) 

   where 𝑓𝑠 is switching frequency,𝐶𝑒𝑞 is the constant equivalent capacitance of the switch, 

and 𝑉𝐷𝑆𝑛 is the voltage stress across the switches. From equation (3.24) 𝑉𝐷𝑆𝑛 = 𝑉𝑖𝑛, (3.27) 

can be written as 

𝑃𝑠𝑤𝑛 = 𝑓𝑠. 𝐶𝑒𝑞 .
𝑉𝑖𝑛

2

2
                         (3.28) 

  Where 𝐼𝑆𝑛𝑟𝑚𝑠   is the switch rms current, and 𝑓𝑠  is the switching frequency. The 

conduction loss of the diodes (𝑃𝑐𝑜𝑛𝐷𝑛) is due to 𝑟𝐷𝑛 and 𝑉𝐹𝑛. The estimated conduction 

loss is  

 𝑃𝑐𝑜𝑛𝐷𝑛 = 𝐼𝐷𝑛𝑎𝑣𝑔 . 𝑉𝐹𝑛 + 𝐼𝐷𝑛𝑟𝑚𝑠
2. 𝑟𝐷𝑛                   (3.29) 

The conduction losses of the inductors are estimated as 

 𝑃𝑐𝑜𝑛𝐿𝑛 = 𝐼𝐿𝑛𝑟𝑚𝑠
2. 𝑟𝐿𝑛                        (3.30) 

The conduction losses of the capacitor is given by  

    𝑃𝑐𝑜𝑛𝐶𝑛 = 𝐼𝐶𝑛𝑟𝑚𝑠
2. 𝑟𝐿𝑛                        (3.31) 

The inductors also experience core losses in their operation. The core loss inductors are given 

by 

{

𝑃𝑓𝑒(𝐿𝑜𝑢𝑡) =  𝑙𝑚. 𝐴𝑐. 𝐾𝑓𝑒. 𝐵𝑚𝑎𝑥
𝛽

𝑃𝑓𝑒(𝐶𝐿) =  𝑙𝑚. 𝐴𝑐. 𝐾𝑓𝑒. 𝐵𝑚𝑎𝑥
𝛽

𝑃𝑓𝑒(𝑡𝑜𝑡𝑎𝑙) = 𝑃𝑓𝑒(𝐿𝑜𝑢𝑡) + 𝑃𝑓𝑒(𝐶𝐿)

                (3.32) 
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Where, 𝑙𝑚, 𝐴𝑐, 𝐾𝑓𝑒, 𝐵𝑚𝑎𝑥, and 𝛽, represent the magnetic path length, the core's cross-

sectional area, the core loss coefficient, maximum flux density, and the core loss exponent, 

respectively. 

   In the experimental works, at an output power of 460 W, the component's power loss 

breakdown is included to provide a clear analysis of the proposed converter, as shown in Fig. 

3.8(a). Additionally, Fig. 3.8(b) illustrates the percentage power loss distribution among the 

switch, diodes, inductors, and capacitors.  

Table 3. 1 

Component specifications (Bidirictional Buck Converter)  

Components Values 

Input voltage (𝑉𝑖𝑛) 200 V 

Output voltage (𝑉𝑜𝑢𝑡) 48 V 

Rated output power 460 W 

MOSFET (𝑆1, 𝑆2) NTHL065N65S3HF 

Switching frequency 50Khz 

Diodes (𝐷1, 𝐷2) BYC30JT-600PSQ 

Controller TMS320F28335 

Inductors (𝐿𝑜𝑢𝑡) 0.1 mH 

Output Capacitor (𝐶𝑂) 100 𝜇F 

 

 

3.6. Experimental Results and Discussion 

      The experimental setup was designed based on the previous analysis. The proposed 

converter prototype was tested at 460 W hardware prototype to verify its operations. Table I 

shows the electrical specifications of component to build the prototype. 
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        The experimental results were performed with a duty ratio less than 0.5. Fig. 3.9 and 

Fig. 3.10 illustrate the experimental results obtained with resistive load. Fig. 3.9 (a) show the 

input voltage (𝑉𝑖𝑛), output voltage (𝑉𝑜𝑢𝑡) , output current (𝐼𝑜𝑢𝑡.) and input current (𝐼𝑖𝑛). Fig. 

3.9(b) shows the voltage stress across the switches (𝑉𝐷𝑆1 , 𝑉𝐷𝑆2) and diodes (𝑉𝐷1 , 𝑉𝐷2).These 

results indicate that the voltage stress is equal to the input voltage of the proposed buck 

converter. Fig. 3.9(c) shows current stress across the switches and diodes. 

 Fig. 3.10(a) provide experimental results of the voltage stress across the switches (𝑉𝐷𝑆1 , 𝑉𝐷𝑆2) 

and the current through the output inductor (𝐼𝐿𝑜𝑢𝑡). Fig. 3.10(b) provide expanded view of Fig. 

3.10(a), it illustrates that the output inductor (𝐼𝐿𝑜𝑢𝑡) frequency is twice the switching frequency 

resulting in to a lower ripple current. Similarly, Fig. 3.10(c) simulation results of the output 

inductor current (𝐼𝐿𝑜𝑢𝑡) along with coupled inductor currents (𝐼𝐿1 , 𝐼𝐿2). Fig. 3.10(d) provide 

expanded view of Fig. 3.10(c).. Furthermore, Fig. 3.11(a) illustrates the Inductor current of the 

proposed (𝐼𝐿𝑃𝑟𝑜𝑝)  and conventional (𝐼𝐿𝐶𝑜𝑛𝑣)  converter. From Fig. 3.11(b), the zoom-in 

simulation results, it is evident that the current flowing through the inductor of the proposed 

converter for the same output voltage is very small compared to that of the conventional 

converter.  

     Fig. 3.12 shows the experimental result of the inductor’s voltages of the proposed and 

conventional converter (𝑉𝐿𝑝𝑟𝑜𝑝 , 𝑉𝐿𝐶𝑜𝑛𝑣). These results clearly show that the voltage across the 

proposed converter's inductor is minimal compared to the conventional converter. Fig. 3.13 

shows the response of the change in the input voltage, when the input voltage is increased 

from 200V to 300V, the corresponding output voltage and current remains stable. Fig. 3.14 

shows the experimental setup of the proposed converter 
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𝑉𝑖𝑛 [100𝑉/ div] 

𝑉𝑜𝑢𝑡 [100𝑉/ div] 

𝐼𝑜𝑢𝑡 [10 A / div] 

[1 𝑚𝑠 / div] 

 
 

(a) 

 

 

[1 𝑚𝑠 / div] 

 

𝑉𝐷𝑆1
[200𝑉/ div] 

𝑉𝐷1
[200𝑉/ div] 

𝑉𝐷𝑆 2
[200𝑉/ div]  

𝑉𝐷2
[200𝑉/ div] 

 
(b) 

 

𝐼𝑆1
[10 A / div] 

 

[13 µ𝑠 / div] 

𝐼𝑆2
[10 A / div] 

 𝐼𝐷1
[10 A / div] 

 
𝐼𝐷2

[10 A / div] 

 
(c) 

Fig. 3.9. Experimental results: (a) Show the input voltage (𝑉𝑖𝑛), output voltage (𝑉𝑜𝑢𝑡), output current 

(Iout.) and Input current (Iin.).(b) Drain-sources voltages of switches, (𝑉𝐷𝑆1 , 𝑉𝐷𝑆2) and Voltage stress 

across Diodes (𝐷1, 𝐷2). (c) Current Stress across switches and diodes. 
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𝑉𝐷𝑆1
[200𝑉/ div] 

𝑉𝐷𝑆2
[200𝑉/ div] 

 

𝐼𝐿𝑜𝑢𝑡 [10 A / div] 

 [200 𝑚𝑠 / div] 

 
(a) 

 

𝑉𝐷𝑆1
[200𝑉/ div] 

𝑉𝐷𝑆2
[200𝑉/ div] 

 

𝐼𝐿𝑜𝑢𝑡 [10 A / div] 

 [13 µ𝑠 / div] 

 
(b) 

 

[200 𝑚𝑠 / div] 

𝐼𝐿𝑜𝑢𝑡 [10 A / div] 

 

𝐼𝐿1[10 A  div] 

𝐼𝐿2[10 A  div] 

 
(c) 
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𝐼𝐿𝑜𝑢𝑡 [10 A / div] 

 

𝐼𝐿1[10 A  div] 

𝐼𝐿2[10 A  div] 

[13 µ𝑠 / div] 

 
(d) 

Fig. 3.10. Experimental results. (a) expanded results of the voltages stress 𝑉𝐷𝑆1 , 𝑉𝐷𝑆2) and (𝐼𝐿𝑜𝑢𝑡). (b) 

Zoom in simulation results of (a). (c) Expanded simulation results of 𝐼𝐿𝑜𝑢𝑡 and (𝐼𝐿1 , 𝐼𝐿2. (d) zoom in 

simulation results of (c). 

 

 

[200 𝑚𝑠 / div] 

𝐼𝐿𝐶𝑜𝑛𝑣 [10 A / div] 

 

𝐼𝐿𝑃𝑟𝑜𝑝 [10 A / div] 

 

 
(a) 

 

[6 µs / div] 

𝐼𝐿𝐶𝑜𝑛𝑣 [10 A / div] 

 

𝐼𝐿𝑃𝑟𝑜𝑝 [10 A / div] 

 

 
(b) 

Fig. 3.11. Experiment results. (a) Inductor current of the proposed (𝐼𝐿𝑃𝑟𝑜𝑝)and conventional 

(𝐼𝐿𝐶𝑜𝑛𝑣) converter. (b) zoom in results of (a). 
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[200 𝑚𝑠 / div] 

𝑉𝐿𝐶𝑜𝑛𝑣 [100 V / div] 

 

𝑉𝐿𝑃𝑟𝑜𝑝 [100 V / div] 

 

 
(a) 

  

[1 𝑚𝑠 / div] 

𝑉𝐿𝐶𝑜𝑛𝑣 [100 V / div] 

 

𝑉𝐿𝑃𝑟𝑜𝑝 [100 V / div] 

 

 
(b) 

Fig. 3.12. Experimental results. (a) expanded results of inductor voltage of the proposed and 

conventional converter (𝑉𝐿𝐶𝑜𝑛𝑣 , 𝑉𝐿𝐶𝑜𝑛𝑣). (b) Zoom-in results of (a). 

𝑉𝑜[100𝑉/ div] 

𝑉𝑖𝑛 [100𝑉/ div] 

[1 𝑠 / div] 

𝐼𝑖𝑛 [10 A/ div] 

 
(a) 
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𝑉𝑜[100𝑉/ div] 

𝑉𝑖𝑛 [100𝑉/ div] 

[1 𝑚𝑠 / div] 

𝐼𝑜𝑢𝑡 [10 A/ div] 

 
(b) 

 

Fig. 3.13. Experimental results. (a) Expanded results of variation in input voltage vs output 

voltage and current. (b) Zoom-in results of (a) 

 

Fig. 3.14. Experimental setup. 

 

3.7. Conclusion 

     The article introduces a non-isolated Bidirectional DC-DC Converter (BDC) designed 

for Battery Energy Storage Systems (BESS). It thoroughly discusses the converter's operating 

principles, specifications, and circuit parameter design. The proposed BDC is highlighted for 

its ability to handle low output currents, minimize component voltage stresses, and maintain 

common grounds across input and output ports, making it a suitable interface for battery 
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storage applications. Additionally, using a small filter inductor reduces output current ripple, 

effectively safeguarding the BESS and extending its operational lifespan. Experimental results 

illustrating the performance and ripple comparison further validate the effectiveness of this 

converter for BESS applications. 
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Chapter IV  

A Novel Two-Phase Isolated Buck Converter with 

Increased Inductor Frequency and Low Diode-bridge 

stress 
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Abstract 

This paper presents isolated DC-DC Buck converter to address issues in power converters for 

renewable energy applications. The proposed design features an isolated two-phase buck 

converter with coupled inductors and a phase-shift interleaving switching scheme. By 

reducing output current ripples, the system enables high-frequency operation while 

minimizing filter inductor size and improving the lifetime of energy storage elements (ESE). 

A significant advancement involves setting the switching frequency for the output inductor at 

four times the actual switching frequency. Operating the output inductor at four times the 

switching frequency reduces voltage stress and allows for a more compact inductor size. The 

proposed converter has no short-circuit issues, thus achieves a very high reliability. Moreover, 

the reverse recovery issues of the MOSFET body diodes are mitigated. Therefore, the 

proposed can be operated at a high switching frequency while maintain a high efficiency. 

Detailed simulations and experimental results are provided. 
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4.1. Introducntion 

    The increasing global demand for energy has resulted in extensive fossil fuel 

consumption, which emits greenhouse gases and exacerbates global warming. This 

environmental challenge has created an urgent need for sustainable energy solutions, 

prompting significant growth in renewable energy sources and a transition toward cleaner, 

more sustainable energy options [1]. With growing concerns about environmental pollution 

from conventional internal combustion engines (ICGs), electric vehicles (EVs) are gaining 

increased attention. EVs are not only more environmentally friendly but also more cost-

effective to operate compared to their fossil fuel counterparts[2]. The rapid advancement of 

power electronics converters has further supported the integration of sustainable energy 

resources for electricity production, facilitating the mass production of EVs[3]. DC-DC 

converters are utilized in various applications, including DC drives, microgrids [4], 

automotive industries, and power factor correction devices.[1] 

              DC-DC converters can be categorized as Unidirectional and Bidirectional 

converters [5]. Unidirectional converters direct the generated energy to Energy storage 

elements (ESE) like batteries. Unidirectional converters can be divided into two categories, 

i.e., Isolated and non-isolated converters. Isolated converters presented in [6] use transformers 

that provide isolation and high gain for specific applications. However, it comes at the cost of 

enormous size, switching losses, and stress on switching devices. On the other hand, non-

isolated are smaller in size and have no transformers [7], but these are applicable only where 

galvanic isolation is not required. 

               In many high-power applications, converters are designed to handle 

significant current levels. As a result, the inductors become large and bulky, decreasing the 

converter's power density.[8] However, numerous applications demand compact converters, 
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making the traditional design less favorable for these uses. Additionally, the switching 

phenomena induce high current ripples across the converters, which can cause ESE 

degradation issues and reduce the lifetime of batteries. 

              To overcome these problems, an interleaving technique is usually preferred 

[9]. As discussed in [10], the interleaving technique combined with the use of a coupled 

inductor divides the high current among its interleaving paths, which reduces stress on 

switching components and increases the power ratings of the converter. Similarly, the doubling 

frequency effect discussed in [10] at the output inductor make the output filter inductor smaller 

and reduces the current ripples. This paper proposed a novel isolated buck converter to make 

the output inductor frequency four times and reduce its voltage stress. As a result the overall 

size of the output inductor has been decreased significantly. Moreover, the proposed converter 

has high reliability same as in [11-17]. In addition, the overall efficiency and power density of 

the converter has been improved. The high power density, low switching stress and current, 

make it favorable choice for EVs, ESE and Renewable Energy Storage (RES).  

           The proposed converter topology, switching scheme and operations mode will 

be discussed in section II. PSIM simulation results are provided in section III. Experimental 

results are discussed in Section IV and conclusion is added in the last section. 

4.2. Proposed Converter and Switching Scheme 

       The proposed isolated converter is shown in the Fig. 4.1. The converter features four 

switch legs configuration on input side, each with a MOSFET (S1, S2, S3, S4) and an external 

diode (D1, D2, D3, D4) in series. The first two legs connect to a coupled inductor (CLa), and the 

last two connect to a couple inductor (CLb). Coupled inductors mitigate short-circuit risks, 

divide current flow among its branches, limit flow through MOSFET body diodes, and double 
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the switching frequency. The output of the two coupled inductors connects to a transformer 

(Vtr ) with an turns (np= ns). The transformer provides isolation and step-up/step-down 

operations. Secondary side components include four diodes (d1, d2, d3, d4)  an output inductor 

(Lout), output filter capacitor (Co) and load (RL). The coupled inductor along with the proposed 

switching strategy enables the output inductor to operate at four times the switching frequency, 

allowing for a smaller inductor size.  

                   Due to the switching phenomenon, high output current ripples appear 

in DC-DC converters. To mitigate these issues, interleaving or multi-phasing is often preferred. 

This design segregates the current to flow through different phases, thereby increasing the 

power rating of the converter, minimizing the current stress on switches, and reducing the 

ripple in inductor current. Consequently, the thermal distribution of the converter is 

significantly improved. These advantages collectively enhance the efficiency and reliability 

of the converter, ultimately boosting the overall performance of the system. However, the 

conventional approaches require more switches to reduce the output ripple. 
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Fig. 4.1. Proposed isolated buck converter. 
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The proposed converter employs a phase-shifted interleaved PWM switching scheme, 

depicted in Fig. 4.2. This PWM scheme is generated by comparing four triangular waves, each 

phase-shifted by 90 degrees, with a reference voltage. This results in a switching scheme that 

operates in both dead time and overlap time modes as shown in Fig. 3. 
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Fig. 4.2. Signals generation of the proposed converter. 

4S

1S

2S

3S

T

ModeI ModeII ModeIII ModeIV ModeV ModeVI ModeVII ModeVIII  

Fig. 4.3. Key Switching waveforms. 
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4.3. Switching Modes 

The proposed converter operates in 8 different modes in a switching cycle as shown in the Fig. 

4.3. In this topology, it is assumed that the coupled inductors are identical, and the coupling 

coefficient, K is set to 1, for tight coupling. 

The proposed converter has different operation modes for duty ratio ( D>0) and (D<0). 

Mode I: In Mode I, illustrated in Fig. 4.4(a), switch S1 is turned ON and all other switches are 

OFF. On the input side, S1, D3, and D4 conduct, allowing current to flow through these paths. 

A portion of the current passes through the primary side of the transformer. On the secondary 

side, diodes d1 and d4 conduct, directing the current through the output inductor.  

Mode II: During Mode II, depicted in Fig. 4.4(b), both switches S1 and S2 are ON. On the 

input side, diodes D3 and D4 conduct, providing a pathway for current. On the secondary side, 

diodes d2 and d3 conduct, maintaining the flow of current through the output inductor. 

Mode III: As shown in Fig. 4.4(c), Mode III involves switches S1, S2, and S3 being ON. On 

the input side, diode D4 conducts, allowing current to flow. On the secondary side, diodes d2 

and d3 continue to conduct the output inductor current, ensuring steady power delivery to the 

load. 

Mode IV: In Mode IV, illustrated in Fig. 4.4(d), all switches S1, S2, S3, and S4 are ON. All 

diodes on the input side are reverse-biased, preventing current flow through them. On the 

secondary side, diodes d1 and d4 conduct the output inductor current.  

 

Mode V: Fig. 4.4(e) shows Mode V, where switches S1, S3, and S4 are ON. On the input side, 

diode D2 conducts, allowing current to flow through this path. On the secondary side, diodes 

d1 and d4 conduct the output inductor current. 
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Mode VI :During Mode VI, depicted in Fig. 4.4(f), switches S3 and S4 are ON. On the input 

side, diodes D1 and D2 conduct, creating parallel current paths. On the secondary side, diodes 

d2 and d3 conduct the output inductor current, ensuring continuous power delivery to the load.  

Mode VII: In Mode VII, shown in Fig. 4.4(g), switch S3 is ON. On the input side, diodes D1, 

D2, and D4 conduct, providing multiple current paths. On the secondary side, diodes d2 and 

d3 continue to conduct the output inductor current. 

4.4. Simulation Results 

           The simulation results of the proposed isolated buck converter were obtained 

from PSIM. Fig. 4.5(a) indicates the simulation results (for turns ratio n=1) of input 

voltage(Vin), output voltage (Vout), output current (ILout) with the corresponding switching 

signal S1. Fig. 4.5(b) depicts the simulation results indicated in Fig. 5(a) but for turns ratio 

n=2. Fig. 4.5(c) shows the voltage stress across switches (S1, S2, S3, S4) and Fig. 4.5(d) shows 

the voltage stress across diodes (D1, D2, D3, D4).  

             Fig. 4.6(a) shows the voltage across the output inductor (VLout), output 

inductor current (ILout) along with the voltage drop across switches (S1, S2). Fig. 4.6(b) shows 

voltage across primary and secondary side of transformer for turn (n=1). Similarly for ratio 

(n=2) voltages across primary and secondary sides of the transformer are shown in Fig. 4.6(c). 
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(a) 

 

(b) 

 

(c) 
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(d) 

Fig. 4.5. (a) Simulation waveform for turn ratio, n=1, input voltage, output voltage, output 

current and switching signal. (b) Simulation results for turn ratio, n=2. (c) Voltage drop 

across switches (S1, S2, S3, S4). (d) Voltage across diodes (D1, D2, D3, D4). 

 

 

(a) 
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(b) 

 

 

(c) 

Fig.  4.6. Simulation results (a) Voltage across inductor, output inductor current, voltage 

drop across switches (S1, S2). (b) Voltage across primary and secondary sides of the isolation 

transformer for turn ratio, n=1. (c) Voltage across primary and secondary sides of the 

isolation transformer for turn ratio, n=2. 
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4.5. Experimental Results 

A 480 W prototype of the proposed converter was built and tested. The specifications and 

component parameters are given in Table 4.1. The magnetizing inductance of the transformer 

is 0.5 mH and the turn ratio is 1. The coupling factor (k) for the coupled inductors is set to 1, 

and the magnetizing inductance of both coupled inductors is 0.5 mH. Fig. 7(a) shows the 

voltage drop across switches (S1, S2,), output current (ILout) and output voltage (Vout). As shown 

these experimental results validates that the output inductor current frequency is four times 

the switching frequency. Fig. 7(b) depicts the voltage stresses across switches (S3, S4,), and 

diodes (D3, D4 ). Fig. 7(c) shows voltage stresses across switches (S1, S2,), and  diodes (D1, 

D2). From Fig. 7(b) and Fig. 7(c), the results clearly show that the stress across the switches is 

equal to the input voltage. Similarly, the voltage stress across the diodes is reduced to half of 

the input voltage. Fig. 7(d) indicates the voltage across the primary transformer and output 

inductor, output inductor current, along with the output voltage.  

Table 4. 1. Componenet Specification (Isolated Buck Converter) 

Components Values 

Input voltage (𝑉𝑖𝑛) 200 V 

Ouptut voltage (𝑉𝑜𝑢𝑡) 48 V 

Rated output power 480 W 

MOSFET (𝑆1 − 𝑆4) BYC30JT-600PSQ 

Switching frequency (𝑓𝑠) 50 KHz 

Diodes (𝐷1, 𝐷2) SDUR3040W 

Inductor (𝐿𝑜𝑢𝑡) 0.1 mH 

Output Capacitor (𝐶𝑂) 100 𝜇F 

 



83 

[1 𝑚𝑠 / div] 

𝑉𝐷𝑆1
[200𝑉/ div] 

𝑉𝐷𝑆2
[200𝑉/ div] 

𝐼𝐿𝑜𝑢𝑡 [2 A / div] 

𝑉𝑜𝑢𝑡 [200𝑉/ div] 

 

(a) 

 

[1 𝑚𝑠 / div] 

𝑉𝐷𝑆3
[200𝑉/ div] 

𝑉𝐷𝑆4
[200𝑉/ div] 

𝑉𝐷3
[200𝑉/ div] 

𝑉𝐷4
[200𝑉/ div] 

 

(b) 

 

[1 𝑚𝑠 / div] 

 

𝑉𝐷𝑆1
[200𝑉/ div] 

𝑉𝐷𝑆2
[200𝑉/ div] 

𝑉𝐷1
[200𝑉/ div] 

𝑉𝐷2
[200𝑉/ div] 

 

(c) 
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[1 𝑚𝑠 / div] 

𝑉𝑡𝑟[200𝑉/ div] 

𝑉𝐿𝑜[200𝑉/ div] 

𝐼𝐿𝑜[2 A / div] 

𝑉𝑜𝑢𝑡  [200𝑉/ div] 

 

(d) 

Fig. 4.7. Experimental results. (a) Voltage drop across switches (S1, S2,), output current (ILout ) 

and voltage (Vout). (b) Voltage stress across switches (S3, S4,), and diodes (D3, D4 ). (c) 

Voltage stress across switches (S1, S2,), and  diodes (D1, D2 ).(d) voltage across the primary 

of transformer and output inductor (VLout), output inductor current (ILout) along with the  

output voltage (VLout). 

 

4.6. Conclusion 

        This article introduces an isolated DC-DC buck converter suitable for battery 

charging applications in EV and RES. It thoroughly discusses the converter's operating 

principles, specifications, and circuit parameter design. The proposed buck converter is 

highlighted for its small magnetic component size, ability to reduce voltage stress on diodes, 

and specialty in operating the output inductor at four times the switching frequency, enabling 

the selection of a small filter inductor. A small filter inductor reduces output current ripple, 

effectively safeguarding the battery and extending its operational lifespan. Experimental 

results further validate the effectiveness of this converter. 
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Chapter V  

Conclusions and Future Work 

 

5.1. Conclusion 

This thesis has presented the design, analysis, and implementation of advanced bidirectional 

and unidirectional DC-DC converters for applications in renewable energy storage and electric 

vehicle battery charging systems. The family of bidirectional converters, featuring a coupled 

inductor and switch cell structure, has been shown to effectively reduce current ripple and 

inductor size while enabling high-frequency operation. These converters also address 

challenges related to reverse recovery losses and common mode currents, offering reliable and 

efficient solutions for bidirectional power flow. The findings highlight the potential for these 

designs to enhance energy efficiency in various energy storage applications. 

                Furthermore, the development of a two-phase isolated buck converter has 

demonstrated significant improvements in compactness and ripples reduction. This design 

employ coupled inductors and interleaving switching schemes, which minimize output current 

ripples and component sizes while reducing voltage stress and reverse recovery losses. 

Through simulations and experimental validation, these converters have shown suitability for 

high-performance applications in on-board charging and renewable energy systems. Overall, 

the work presented in this thesis contributes to the advancement of power electronic converters 

that meet the growing demands of modern energy storage systems. 

 

5.2. Key Findings 

    The design, analysis, and implementation of advanced power electronics DC-DC 

converters i.e, Family of bidirectional DC-DC converters with a focus on boost convert will 

low ripples and compact size, a bidirectional buck converter for low voltage on-board charging, 
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and a unidirectional isolated buck converter with low voltage stree and four times output 

inductor current frequenc are presented in this thesis. These converters have addressed the the 

key challenges in bidirectional and unidirectional power flow in renewable energy storage and 

battery charging systems in EVs. 

  

5.2.1. Family of Bidirectional DC-DC Converter using coupled inductor  

      One key finding of this thesis is the development of bidirecitional DC-DC converters 

family using coupled inductor and switch cell structure. The proposed design significantly 

reduces current ripple and inductor size by effectively doubling the switching frequency of the 

filter inductors. This allows for high-frequency operation with MOSFETs and fast diodes, 

avoiding reverse recovery issues. The converter is also highly reliable, with no short-circuit 

concerns and no need for dead time, leading to improved voltage gain and reduced waveform 

distortion. Additionally, the converter maintains a common ground between input and output 

terminals, mitigating common mode current issues. While this study focuses on a boost-type 

converter, the findings are applicable to other configurations in the family. 

 

5.2.2. A Novel non-isolated Bidirectional DC-DC Buck Converter 

    Another key finding of this thesis is the development of a novel bidirectional DC-DC 

buck converter optimized for on-board charging applications. The converter features a coupled 

inductor and an interleaving switching scheme to reduce output current ripples and minimize 

the size of the filter inductor. By optimizing the switching frequency of the output inductor to 

be twice the actual switching frequency, the converter significantly reduces component size. 

The use of MOSFETs with fast recovery diodes helps mitigate reverse recovery losses and 

reducing stress on components. The experimental results show that the proposed converter 

achieves very low current ripples compared to conventional designs. Additionally, the 
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converter preserves a common ground between input and output terminals, eliminating 

common mode current issues. The design was validated through the development and testing 

of a 460-W buck converter prototype, demonstrating improvements in efficiency, reliability, 

and compactness for bidirectional DC-DC conversion systems. 

 

5.2.3. Novel Two-phase Isolated Buck converter 

      The two phase isolated DC-DC Buck converter addresses issues in power converters 

for renewable energy applications. The proposed design features an isolated two-phase buck 

converter with coupled inductors and a phase-shift interleaving switching scheme. By 

reducing output current ripples, the system enables high-frequency operation while 

minimizing filter inductor size and improving the lifetime of energy storage elements (ESE). 

A significant advancement involves setting the switching frequency for the output inductor at 

four times the actual switching frequency. Operating the output inductor at four times the 

switching frequency reduces voltage stress and allows for a more compact inductor size. The 

proposed converter has no short-circuit issues. Moreover, the reverse recovery issues of the 

MOSFET body diodes are mitigated. Therefore, the proposed can be operated at a high 

switching frequency. Detailed simulations and experimental results are provided. 

 

5.3. Future Work 

5.2.1. Exploring high power ratings 

 Integrating the developed converters into Vehicle-to-Grid (V2G) and Grid-to-

Vehicle (G2V) systems to enable bidirectional energy transfer between electric 

vehicles (EVs) and the grid. 
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 Enhancing converter designs for seamless and efficient bidirectional power 

flow, ensuring minimal energy losses during both charging (G2V) and 

discharging (V2G) operations. 

 

5.2.2. Vehicle to Grid (V2G) and Grid to Vehicle (G2V) Applications 

 Integrating the developed converters into Vehicle-to-Grid (V2G) and Grid-to-

Vehicle (G2V) systems to enable bidirectional energy transfer between electric 

vehicles (EVs) and the grid. 

 Addressing the unique challenges of grid stability and renewable energy 

integration by enabling EVs to act as energy storage units that can supply power 

back to the grid during peak demand. 

 Optimizing the converter's reliability and efficiency to support the growing role 

of EVs in smart grid applications and distributed energy management systems. 

 

5.2.3. Making the converter further smaller 

  To achieve this goal, our future plan is to integrating the coupled inductor and filter inductor 

onto a single magnetic core that will reduce the overall size and complexity of the converter.we 

will also consider leveraging leakage inductance from the coupled inductor to serve as the 

filter inductor, eliminating the need for an additional inductor. 
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