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Abstract 

The use of petroleum for transportation has resulted in significant environmental concerns such 

as fuel shortages and price surges, air pollution, climate change, etc. Consequently, many 

governments worldwide are promoting eco-friendly and low-emission alternatives such as electric 

vehicles (EVs), to reduce the dependence on fossil fuels and limit greenhouse gas (GHG) 

emissions. However, achieving sustainable transportation requires the integration of renewable 

energy sources and EVs, and a reliable and efficient charging infrastructure is crucial. 

The exclusive reliance of EV charging systems on the grid as the sole power source poses a 

significant ecological challenge. Off-grid EV charging stations that depend on standalone 

renewable energy sources such as photovoltaic (PV) panels for power supply are gaining 

attention. However, uncontrolled charging can have a negative impact on the operation of the 

utility grid. Therefore, developing an effective and reliable off-grid EV charging infrastructure 

that can be deployed in remote areas or regions with limited access to the utility grid is necessary. 

This study aims to design an efficient off-grid EV charging system powered by solar energy. The 

system will also achieve Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS) by 

incorporating snubber circuits in bidirectional DC-DC converters (BDC). The research involves 

developing an optimal system for charging and discharging the standalone PV-based EV charging 

station, identifying problems to enhance the efficiency of standalone EV charging station, and 

exploring control techniques to optimize the performance of the charging station. 

The off-grid EV charging system proposed in this work incorporates a BDC with the snubbers, a 

solar array, a boost converter, and an energy storage unit (ESU). This charging station uses droop 

and master-slave control techniques to manage the charging of multiple EVs while maintaining 

stable voltage and frequency levels. The combination of these control techniques simplifies the 

operation and maintenance of the charging system, resulting in a more cost-effective solution. 

The results show that the proposed system achieves ZVS and ZCS, improving the efficiency of 

the charging system while reducing switching losses.  
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The results of the study are essential for creating a reliable and efficient off-grid EV charging 

infrastructure, particularly in remote locations or areas with limited grid access. Additionally, the 

results from this study support the shift towards a more sustainable future by decreasing reliance 

on fossil fuels and reducing GHG emissions. 
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Chapter 1 Introduction 

1.1Background 

The concept of Electric Vehicles (EVs) can be traced back to 1832, when the first prototypes were 

developed. During the early 1900s, EVs gained significant popularity, particularly in commercial 

settings. They were quieter, cleaner, and easier to operate than vehicles with internal combustion 

engines (ICEs). However, factors such as the rapid improvement of ICE technology, the cheap 

and abundant availability of fossil fuels, and the limitations of battery technology contributed to 

the decline of EVs in the following decades. EVs became less competitive and less attractive to 

consumers who preferred faster, cheaper, and more powerful vehicles [1]. 

However, in recent years, EVs have experienced a resurgence of interest and demand due to 

growing awareness and concern about the environmental and economic impacts of fossil fuel 

consumption [2]. The electrical and transportation industries are the two largest sources of CO2 

emissions globally, accounting for 13.13 billion metric tons and 7.29 billion metric tons, 

respectively in 2021[3], [4]. Greenhouse gas (GHG) emissions, which are primarily caused by 

CO2 emissions, are a significant factor in the acceleration of global warming and the resulting 

climate change. Moreover, fossil fuel dependence poses serious challenges for energy security 

and geopolitical stability as many oil-producing countries are politically unstable or hostile. 

The electrification of transportation, enabled by EVs, has the potential to offer a solution to 

transportation challenges. EVs can effectively reduce CO2 emissions by utilizing electricity from 

sustainable sources such as wind or solar power, rather than relying on fossil fuel combustion. 

Additionally, EVs can enhance energy independence by reducing reliance on foreign oil imports. 

Governments, automakers, and researchers have recognized the benefits of EVs and have invested 

heavily in developing and promoting them. In 2020, the International Energy Agency (IEA) 

reported that 10 million EVs were sold worldwide, with China having the largest fleet of 4.5 

million EVs, followed by Europe with 3.2 million EVs. The IEA projects that if the newest cars 

sold after 2040 are electric, there could be more than one billion EVs on the road by 2050 [3]. 
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The rise of EVs presents numerous opportunities for the power industry as they are gaining 

popularity as a means of reducing emissions and saving energy. Developing and building EV 

Charging Stations (EVCS) provide a significant potential for power storage. The transport sector 

contributes 23% to worldwide GHGs emissions, making EVs a viable alternative. A strategic 

approach must be considered when constructing charging infrastructure, including where 

charging stations will be placed, what technologies will be used, and how slow-smart charging 

can be maximized to serve consumers efficiently [5]. 

Compared to vehicles powered by an ICE, EVs offer several benefits, including high engine 

efficiency (90-95% for EVs compared to 17-21% for ICE vehicles), zero tailpipe emissions, less 

maintenance, and economic savings (EVs cost $3 for a 100 km journey compared to $40 for ICE 

cars in New Zealand). However, the scarcity of charging infrastructure is a significant challenge, 

preventing widespread adoption of EVs [6]. 

The New Zealand government has launched an NZD 70 million sustainable development plan to 

promote the adoption of EVs and phase out fossil fuel vehicles by 2050. The plan includes 

measures such as providing zero-cost overnight charging, improving accessibility of charging 

infrastructure, equipping parking lots with charging stations, and building homes suitable for EVs. 

While the government's efforts support EV adoption, the increasing demand for EV charging puts 

pressure on the electric grid, leading to undesirable peaks, transformer overload, increased losses, 

voltage deviations, and operational costs. A possible solution to this problem could be the 

development of standalone off-grid EVCS that can significantly reduce CO2 emissions [7]. 

The transportation sector is a major contributor to GHG emissions and air pollution in New 

Zealand, contributing to around 17% of the country's total GHG emissions and 39% of its 

domestic CO2 emissions. Encouraging the adoption of EVs can result in a variety of benefits, 

including a decrease in emissions, enhanced travel choices and accessibility, improved health and 

safety, and alleviated traffic congestion. The New Zealand government has partnered in the co-

funding of 1,000 public chargers and is actively working on enhancing the charging infrastructure 

to make it accessible, affordable, convenient, secure, and reliable for all residents of New Zealand. 

In addition, the government is working on a program to improve EV-charging infrastructure, 
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which involves coordinating policy, investment, and stakeholder engagement, devising a national 

strategy for EV-charging infrastructure, and reviewing safety regulations associated with 

charging EVs [7]. 

The environmental impact of EVs largely depends on how they are charged, with emissions not 

being zero if charged from a grid mostly fueled by fossil fuels. EVs can be powered by various 

renewable energy sources (RES) such as solar, wind, hydropower, geothermal, biogas, or tidal 

energy. Among these, using photovoltaic (PV) panels to fuel EVs is an attractive solution for 

several reasons such as low maintenance, quiet operation, and no moving components. PV power 

is highly accessible to EV owners since solar panels can be installed on roofs and in parking lots, 

close to where EVs would be parked. Solar energy's cost per kWh has been steadily declining 

over the past few decades and is currently quite low when compared to other RES and is shown 

in Fig. 1.1. In 2021, the five major renewable sources produced around 28 percent of the world's 

power altogether, with solar finally surpassing the 3.7% share barrier. New solar plants are now 

substantially cheaper to build and operate over a longer period than new coal plants with the cost 

of energy of solar plants being almost one-fifth that of coal plants ($167 per MWh) [8]. 

 

Figure1. 1 Cost per kWh and Global Electricity Generation by different RES [8]. 

Lead Source: Global Electricity Review, 2022, U.S. Department of Energy, Our World in Data, IEA 
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In conclusion, the promotion of EVs and the development of EV charging infrastructure by the 

government can significantly contribute to reducing GHG emissions and promoting a greener 

future. However, it is crucial to ensure that the electricity used to charge EVs is sourced from 

RES. The concept of PV-based stand-alone off-grid EVCS can be a viable solution as it offers 

several benefits such as low maintenance, accessibility, and cost-effectiveness. As the world shifts 

towards a more sustainable future, it is essential to adopt innovative solutions like PV-based 

stand-alone off-grid EVCS to promote sustainable transportation and reduce our carbon footprint. 

1.1.1 The Concept of PV-based Stand-alone Off-grid EVCS 

Access to energy is a basic human right, but about a billion people in Sub-Saharan Africa and 

Asia lack access to electricity due to limited traditional power sources. Off-grid technology can 

address these challenges and promote the growth of rural communities. Renewable energy 

technologies are increasingly becoming more affordable and the sun, as an abundant source of 

energy, can be captured sustainably for power generation and transportation. The combination of 

off-grid EVCS and PV-based RES has enormous potential to reduce CO2 emissions and promote 

the adoption of EVs worldwide. PV-based EVCS are more promising than wind-based stations, 

with several advantages such as being cost-effective, having limited power electronic devices, 

and enhanced reliability. Consequently, the increasing demand for sustainable charging solutions 

has resulted in a significant trend towards the deployment of PV-powered DC fast-charging 

stations. Such stations usually consist of several components, such as an Energy Storage Unit 

(ESU), multiple DC-DC power converters, EV chargers, and PV arrays. Standalone solar-

powered charging stations are the most practical way to increase EV adoption internationally in 

an environmentally friendly manner without impacting the current power infrastructure [9], [10]. 

Off-grid charging stations, such as the DeGrussa Solar Farm and Robben Island's Microgrid, have 

demonstrated their effectiveness in providing EV charging services while reducing diesel 

consumption and CO2 emissions [11]. In the United Kingdom, "pop-up" charging centres 

powered by solar farms and energy storage technology will be tested in remote locations as part 

of a £6.6 million collaborative effort [12]. Solar energy and off-grid EVCS are an ideal 

combination, especially with the expected rise in electricity costs. The Tesla, BMW, and Sun 
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Power aims to promote electric mobility, with solar energy and off-grid EVCS being a noteworthy 

undertaking  [13]–[15].  

The New Zealand Government has plans to accelerate the development of renewable electricity 

generation. This will involve generating more electricity from low-emission technologies such as 

wind and solar. Several key initiatives have been put in place, including the review of national 

direction tools, the development of regulatory settings, the support of renewable and affordable 

energy in communities, and the ensuring of the electricity system and market can support high 

levels of renewables [16]. 

In conclusion, off-grid technology powered by RES such as solar energy has enormous potential 

to provide energy access to remote communities and promote sustainable transportation. Pairing 

off-grid EVCS with PV energy presents an affordable and eco-friendly approach to encourage the 

use of EVs on a global scale. The development of renewable electricity generation and low-

emission technologies can accelerate the transition toward a cleaner and more sustainable future. 

1.1.2 An Efficient Framework for Off-grid EV Charging Using PV Energy 

A standalone PV-fed charging station, as shown in Fig. 1.2, can provide remote charging facilities 

for EVs, making it an excellent solution for long-distance travelers and tourists in areas without 

grid infrastructure. 

Figure1. 2 PV-based off-grid EVCS. 
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The PV-based off-grid EVCS operates entirely on renewable energy, making it completely 

independent of possible power disruptions from power companies and their potential price 

increases. Solar energy from the sun is harnessed by the solar panels, which then transmit the 

generated power to the charging points located at the EVCS. EVs are charged at these points, 

utilizing the green electricity produced by the PV system. 

Figure 1.3 illustrates the complete framework of the PV-based off-grid EVCS, used in this 

research, which showcases its ability to accommodate up to five EVs simultaneously. As a self-

sustaining off-grid power plant, the proposed EVCS consists of a battery and a solar power system 

that can provide the necessary energy for EV charging. It comprises a battery and a solar power 

system, connected to the common bus through an isolated bidirectional DC-DC converter (BDC) 

and a boost converter. While the PV panels serve as the main energy source, the battery also acts 

as a backup source, storing excess energy from the PV panels and providing energy to the EV 

load. 

Since the solar irradiation is unpredictable, the energy available for EV charging can be erratic 

and inconsistent. The most effective way to solve this issue is by deploying ESUs to store surplus 

energy and ensure that charging continues even during situations when there is no energy 

generation due to insufficient sunlight or dark conditions. The ESU is refueled by solar energy 

when no EVs are present and charged and discharged using a power electronic circuit employed 

in the EVCS. 

The connection between the PV system and the 400V DC bus is established through a DC-DC 

boost converter, as shown in Fig. 1.3. Power transfer between the battery and the solar panel 

system is facilitated by an isolated BDC equipped with both active and passive snubbers. In 

addition, an isolated BDC, which includes a battery storage system and active and passive 

snubbers, is used to maintain the DC bus voltage close to its nominal value under varying 

operational conditions [17]. 
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Figure1. 3 Comprehensive Model of the PV-based off-grid EVCS. 

The charger circuit's performance is influenced by several factors such as the converter type, 

components, control strategies, switching methods, and overall implementation cost. An isolated 

BDC is utilized, equipped with snubbers, to control the charging and discharging process of the 

battery within the ESU. However, most BDCs that use a transformer and soft-switching 

techniques suffer from limitations such as increased switching loss and current stress. This will 

lead to difficulties in achieving near Zero Voltage Switching (ZVS) and Zero Current Switching 

(ZCS), thereby leading to reduced overall efficiency. 

In this thesis, the issue is addressed by the design of a new BDC that incorporates both an active 

snubber and two passive capacitive-diode snubbers. This design allows for near ZVS and ZCS on 

the switches located on either side of the transformer, resulting in reduced voltage and current 

stresses, and improved overall efficiency for the EVCS. By utilizing different current densities of 

the leakage inductance and low-voltage side-fed inductor currents, the proposed system 

configuration clamps the rail voltage and minimizes current spikes at the converter switches. 

While EVs offer a greener and more sustainable transportation option, charging stations can pose 

several challenges. The charging of EVs can potentially strain the current grid infrastructure and 

result in a substantial increase in carbon emissions, depending on the charging source employed. 
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Developing an off-grid charging infrastructure combined with PV panels is a potential solution 

to tackle these inadequacies. Nevertheless, the limited adoption of PV-ESU-EV systems can be 

attributed to challenges such as limited access to charging infrastructure and increasing concerns 

about range anxiety. Moreover, the development and proliferation of these technologies in the 

broader market face obstacles due to political and societal factors, especially in developing 

countries with diverse applications. 

Despite the obstacles, developing a distributed PV-ESU-EV infrastructure seems to be the most 

viable solution to drive economic growth, create employment opportunities, promote 

sustainability, and enhance the global climate. As they say, the night is darkest before sunrise, 

and this applies to the EV industry as well. Therefore, it is crucial to address the challenges and 

overcome them to fully realize the benefits of EVs and PV-ESU-EV systems [5], [17], [18]. 

1.2 Motivation 

The demand for petroleum for transportation has caused serious environmental concerns due to 

fuel price surges, air pollution, and climate change. Governments have urged automobile 

manufacturers to create eco-friendly and low-emission alternatives like EVs, which reduce 

dependence on fossil fuels and minimize GHG emissions. Many countries are encouraging EV 

adoption through funding and policies. It is projected that by 2050, all EV fleets will be powered 

by RES, and the growing popularity of EVs can be attributed to advancements in battery 

technology and charging infrastructure. 

However, the overall charging infrastructure is critical to promoting the use of EVs. One 

significant drawback of EV charging systems is their dependence on the grid as the sole power 

source, and this is not eco-friendly. RES, on the other hand, provides a distributable and time-

bound energy source that can be used to power EVs. Thus, the integration of RES and EVs is 

essential to ensure a sustainable future for transportation. 

While many studies have investigated the impact of large-scale implementation of EVs on the 

utility grid, off-grid EVCS remains an area of research that is still vastly under explored. These 

charging stations are not connected to the utility grid and rely on standalone RES, such as PV 
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panels, for their power supply. The use of off-grid EVCS will limit the grid's influence, but high 

penetration of uncontrolled charging can increase peak power demand and affect the utility grid's 

operation. 

Majority of existing research on PV-EV-based charging stations mostly focuses on theoretical 

studies with few demonstrations where they have implemented PV array-based EVCS [10], [19]. 

Most studies that have investigated PV-EV-based charging stations have assumed ideal ZVS and 

ZCS characteristics, which is far from reality. 

Research work done in this thesis seeks to bridge these research gaps by examining the 

effectiveness of a self-contained solar-powered EV charging station in achieving ZVS and ZCS 

features at the primary switches of the bidirectional converter. The research involves 

implementing an active and passive snubber system in the BDC of an EVCS to minimize both 

voltage and current stresses at the primary switches, with the aim of achieving ZVS and ZCS 

properties. 

Such a study has not been carried out to the best of our knowledge, and it is believed that the 

proposed research will lead to improved performance of bidirectional converters used in EVCS. 

By investigating the use of snubber circuits to improve off-grid PV-based EV charging, the 

proposed research aims to develop a more efficient and reliable charging infrastructure that can 

be deployed in remote locations or areas with limited access to the utility grid.  

The proposed study has three main research questions to achieve its goals. The first question 

pertains to designing an optimal system for charging and discharging a standalone PV-based EV 

charging station. This question involves exploring the design of a solar PV-based charging station 

that can efficiently charge and discharge EVs while minimizing the impact on the utility grid. 

The second research question is focused on improving off-grid PV-based EV charging by 

incorporating snubber circuits for BDCs. The objective of this work is to explore the utilization 

of active and passive snubber circuits for the purpose of diminishing voltage and current stresses 

at the primary switches of the BDC. The study will assess the feasibility of using such circuits in 
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practical applications and explore their impact on the performance and efficiency of the charging 

station. 

The third research question concerns the identification of problems that could be addressed to 

improve the efficiency of a standalone EVCS and the exploration of control techniques that can 

be used to enhance its performance. This question involves exploring various control techniques, 

such as droop and master-slave control, to enhance the efficiency and effectiveness of the 

charging station. The study will investigate the impact of these control techniques on the charging 

station's stability, reliability, and efficiency. 

In summary, the proposed research aims to develop a more efficient and reliable off-grid EV 

charging infrastructure that can be deployed in remote locations or areas with limited access to 

the utility grid. The study's findings will contribute to the development of sustainable 

transportation systems and support the transition toward a cleaner and greener future. 

1.3 Thesis Contribution 

The primary focus of this thesis is to explore the potential of off-grid EV charging infrastructure 

using standalone solar-powered EVCS equipped with snubber circuits for BDCs. The proposed 

research aims to assess the viability of integrating active and passive snubber circuits for BDCs 

as a means of improving the efficiency and reliability of off-grid EV charging. Furthermore, this 

study strives to design a charging and discharging system for a standalone PV-based EV charging 

station, analyze the effects of integrating snubber circuits on off-grid PV-based EV charging, and 

detect potential issues that could be resolved to enhance the effectiveness of a standalone EVCS. 

Additionally, the research will investigate several control techniques, including droop and master-

slave control, to optimize the performance of the charging station. This study uses 

MATLAB/Simulink for modeling and simulation to ensure that the off-grid EVCS is designed 

and optimized in accordance with the research objectives. The discoveries made in this study will 

aid in the advancement of eco-friendly transportation systems and facilitate the shift towards a 

more sustainable and environmentally conscious future. This thesis will contribute to fundamental 

academic knowledge in the area of off-grid EV charging infrastructure. The results from this 

work/thesis have led to the publication of following articles in peer-reviewed journals. 
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Krishnan Nair, D.; Prasad, K.; Lie, T.T. “Standalone Electric Vehicle Charging Station Using An 

Isolated Bidirectional Converter With Snubber,” Energy Storage, p. e255, 2021, 

https://doi.org/10.1002/est2.255.  

Krishnan Nair, D.; Prasad, K.; Lie, T.T. “Implementation of Snubber Circuits in a PV-Based Off-

Grid Electric Vehicle Charging Station—Comparative Case Studies”. Energies 2021, 14, 5853. 

https://doi.org/10.3390/en14185853. 

Krishnan Nair D, Prasad K, Lie TT. “Design Of A PV-Fed Electric Vehicle Charging Station 

With A Combination Of Droop And Master-Slave Control Strategy”. Energy Storage. 2023; e442. 

https://doi:10.1002/est2.442.  

1.4 Objectives of the Thesis 

The primary objectives of this thesis can be listed as follows: 

• To create a solar-powered charging station for EVs that can effectively charge and discharge

EVs while reducing its impact on the utility grid. 

• To evaluate the feasibility of using active and passive snubber circuits in BDCs to minimize

voltage and current stresses and determine their practical application. 

• To analyze control techniques like droop and master-slave control to enhance the efficiency and

performance of the charging station and simulate the design using MATLAB/Simulink to 

optimize the system. 

1.5 Thesis Organization 

This thesis is divided into multiple chapters. 

Chapter 1 is an introduction to the thesis and outlines the research objectives and motivations 

behind the study. It helps readers quickly grasp the challenges and difficulties involved in off-

grid EVCS. 

Chapter 2 presents a literature review on EVCS, analyzing earlier works and considering related 

factors such as PV panels, maximum power point tracking (MPPT) models, BDCs, battery 

models, snubbers, and control techniques like droop and master-slave control. 

https://doi.org/10.1002/est2.255
https://doi.org/10.3390/en14185853
https://doi:10.1002/est2.442
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Chapter 3 covers the various types of charging stations for EVs. This chapter also delves into 

charging levels and the corresponding charging times, as well as the different designs of charging 

stations. The information provided in this chapter is crucial for understanding the infrastructure 

required to support the widespread adoption of EVs. 

Chapter 4 examines the environmental consequences of EVs and the grid infrastructure and 

suggests an alternative approach that employs solar energy-based charging infrastructure for EVs. 

In particular, a fast-charging station that comprises a PV system, a boost converter, a BDC that 

integrates snubber circuits, and an ESU. The chapter details how the inclusion of snubber circuits 

can increase converter efficiency and achieve near-zero voltage and current switching. The 

effectiveness of the proposed system is demonstrated through simulation results. 

Chapter 5 describes the importance of utilizing solar-based charging infrastructure for EVs and 

proposes an off-grid charging station that incorporates a bidirectional converter with a zero-

voltage switching snubber, a solar array, a boost converter, and an ESU. In this chapter, various 

types of snubbers such as resistive-capacitive-diode snubbers, active clamp snubbers, and flyback 

snubbers are investigated, and the results are described in detail.  

Chapter 6 presents a unique control scheme for EVCS that combines droop and master-control 

strategies to enhance their effectiveness. It also introduces a bidirectional isolated DC-DC 

converter with snubber circuits and a three-level booster converter that incorporates a 

capacitance-voltage control design to improve the system's stability. The proposed design is 

verified through simulations, and a comprehensive discussion is provided. The EVCS design is 

formulated and validated using MATLAB/Simulink. 

Chapter 7 summarizes the main contributions of the research work conducted and draws 

conclusions from this research. The chapter concludes by presenting potential future work in the 

field of off-grid PV-based EVCS. 
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Chapter 2 EV Charging Infrastructure – A Literature Review 

In recent times, the increasing apprehensions about climate change and environmental 

sustainability have led to a surge in the utilization of RES. Among these sources, PV technology 

has become increasingly popular for capturing solar energy. The proposed research work aims to 

investigate the feasibility of using PV technology for EV charging infrastructure. An extensive 

review of recent academic and commercial literature will be conducted as a first step in achieving 

this goal to determine the advantages and disadvantages of PV-powered charging systems for 

EVs. The ultimate objective is to identify the most efficient system architecture, power converter 

topology, modularity implementation, and EV charging standards. The results from the proposed 

research will contribute to the expanding knowledge base on environmentally friendly EV 

charging infrastructure and facilitate the development of more sustainable transportation 

networks. 

2.1 EV Technology 

EVs have been in existence since the 19th century when Davidson invented a non-rechargeable 

electric carriage in 1832 [1][20]. In 1859, rechargeable lead-acid batteries were developed by 

French scientists, which opened new opportunities for EV development. However, the 

commercial use of EVs declined with the rise of gas-powered cars in the 1920s [1][20]. Battery 

technology limitations also hindered EV adoption until nickel-metal hydride and lithium-ion 

batteries were developed [1][20].  

For more than six decades, gas-powered cars continued to progress as gasoline was cheap and 

readily available. But in the late 1960s, gas prices surged, and there was a growing awareness of 

air pollution. Concerns about energy crises and environmental pollution spurred R&D efforts in 

EV technology. In 1975, the US Postal Service promoted the use of EVs by introducing 350 

electric delivery jeeps from the company AM General. Though Americans tried to incorporate 

electric power into automobiles in the form of hybrids, the breakthrough in EV adoption came 

from Japan with the introduction of the commercially mass-produced and marketed hybrid car, 

Toyota's Prius, in 1997. Other manufacturers followed suit, and hybrids became increasingly 

popular [1][20]. 
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The emergence of Tesla's Roadster in 2008, along with the progress in battery technology, has 

expedited the growth of Battery Electric Vehicles (BEVs) in recent times. Major automotive 

manufacturers like BMW, Nissan, and Mitsubishi have made significant strides in EV 

development. Nissan introduced the Leaf, the world's best-selling EV in 2009. Tesla, on the other 

hand, has become a key player in the EV market by introducing a new model every year. In 2021, 

the company unveiled the Model Y, the world's best electric compact crossover utility vehicle 

[1][20]. 

Despite having a long history, EVs are still regarded as an innovation in the automobile industry. 

With sustainability becoming a top priority, the adoption of EVs is expected to rise rapidly in the 

coming years. 

2.2 EV Architectures 

EVs of today utilize different architectures in their construction and design for power generation. 

The four main types of EVs are BEVs, Plug-in Hybrid Electric Vehicles (PHEVs), Hybrid Electric 

Vehicles (HEVs), and Fuel Cell Electric Vehicles (FCEVs) as shown in Fig. 2.1. It is important 

to note that each architecture is unique in its features and advantages, making it suitable for 

various applications and uses. Generally, BEVs are ideal for short-distance commutes and city 

driving, while PHEVs are more suited to longer-distance driving. FCEVs are a new technology 

that use hydrogen fuel cells to generate electricity, providing zero-emissions driving. 
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Figure 2. 1 EV Topologies available today [21]. 

BEVs rely entirely on battery technology to store energy, resulting in zero emissions during 

operation. However, the current limitations of on-board battery technology make BEVs less 

attractive than Internal Combustion Engine Vehicles (ICEVs) in terms of economics and driving 

range. This is because batteries with high power densities, but low energy densities, require longer 

charging times, even with fast charging technologies. The primary hurdles that BEVs face are a 

restricted driving range, a high initial cost, and inadequate charging infrastructure. 

In PHEVs, an ICE or another propulsion source is used in conjunction with batteries and other 

fuels such as gasoline or diesel. The charging equipment, along with regenerative braking, can 

effectively charge the batteries of the PHEVs. This leads to a decrease in fuel consumption and 

operating expenses when compared to traditional ICE vehicles. The amount of emission produced 

by PHEVs depends on the electricity source and the frequency of operation in all-electric mode. 

It is possible that PHEVs may result in lower emissions. 

HEVs combine both gasoline/diesel-powered ICEs and electric motors as driving power sources. 

HEVs can be categorized into two types: conventional HEVs and grid-HEVs, which are 

distinguished by their respective refuelling or recharging methods. Conventional HEVs can be 

further categorized as micro, mild, or full HEVs based on the combination level, while grid-able 

HEVs include PHEVs or range-extended electric vehicles (REV). 
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FCEVs emit zero pollutants during operation due to the use of fuel cell (FC) technology. FCs are 

electrochemical devices that produce DC electrical energy through a chemical reaction. FCEVs 

are comparable to ICEVs in terms of driving range and can be applied in various scenarios from 

small-scale plants to small power plants. However, the high initial cost and lack of refuelling 

stations are significant challenges for the success of FCEVs. Additionally, the reliability of 

electricity supply from FCs is lower than that of conventional batteries used in EVs [21]. 

EVs contain many internal components, and it is important to understand the precise location of 

the charger before discussing charging stations. EVs are equipped with an On-Board Charger 

(OBC) and a charger designed for use by the customer to charge their EV at home or from a power 

outlet. These chargers are often basic and can take up to 8 hours to charge an EV [22], [23].  

2.3 Electric Vehicle Charging Station (EVCS) 

Multiple research studies have been conducted to analyze the influence of EV charging 

infrastructure on the power grid and the integration of RES. According to these studies, the 

amount of power taken from the grid is reliant on factors such as the number of EVs being 

charged, charging rates, charging start and end times, and the initial state of charge (SOC) of EV 

batteries. 

The uncertainty associated with the initial SOC and charging start times can pose challenges for 

the grid's existing infrastructure as the increase in power demand can cause voltage imbalances, 

harmonics, and voltage sags. Upgrades to transformers, power transmission lines, and security 

settings are necessary to meet power transfer constraints. However, some research studies have 

proposed solutions such as optimal distribution of EV loads during off-peak periods to reduce the 

impact on the grid. Additionally, using the electric grid power for both grid to vehicle (G2V) and 

vehicle to grid (V2G) technology can also help to alleviate the grid impact. To perform both 

modes of operation, a bidirectional charger is necessary for the grid-connected EV charger [24]. 

Fig. 2.2 shows the typical configuration of an EV connected to the grid. 
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Figure 2. 2 Grid-connected EV Charging Station [24]. 

The usage of fossil fuels for grid-connected bidirectional chargers results in environmental 

pollution [25]. It is a misconception that people believe EVs have zero CO2 emissions. However, 

generating electricity from carbonizing sources, such as coal and gas, results in significant CO2 

emissions. Using RES as a charging strategy for EVs could potentially transform the process into 

an economically and environmentally sustainable option, thereby reducing its negative impacts 

[26]. 

According to Biya et al.[27], the rise of global warming has made EVs a popular choice as a 

replacement for ICEs. However, the conventional method of charging EVs with fossil-fuel-based 

grid power is becoming less efficient and less cost-effective as the number of EVs on the road 

increases. Therefore, it is essential to explore renewable energy-based EV charging stations that 

can optimize power management. One potential solution to address the challenges associated with 

EV charging infrastructure on the power grid is the implementation of a charging station that 

integrates PV power and a Battery Energy Storage System (BESS) along with grid support. 

Incorporating various strategies, including MPPT, Proportional Integral Derivative Control (PID,) 

and current control, a charging station design can effectively manage the power supply and 

utilization between solar, BESS, grid, and EVs, thereby ensuring uninterrupted power supply and 

a seamless charging experience for EVs. MATLAB/Simulink simulations have been performed 
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to validate the power management and design of the station, considering two EV charging 

scenarios and five modes of operation. The proposed charging station design is robust, and the 

algorithm is scalable and can be adapted for use in larger power ratings and capacities, making it 

an ideal solution for EV charging in workplaces and parking lots. 

Feasibility studies conducted by Tang et al.[28] concluded that grid connected EVs have cost 

compensations in the short term. According to a study conducted by Bokopane et al. [29], 

designing a charging station that relies on RES was the most effective solution for a remote area 

in the Democratic Republic of Congo. The study also found that charging multiple vehicles 

consecutively at full capacity was the optimal functional scenario. According to Richardson's 

analysis of current research on EVs, electric grids, and renewable energies, the increased use of 

EVs could have a positive impact on the electrical network by reducing negative consequences 

and increasing the use of renewable energy [30].  

Several publications support PV-based EV charging stations. Khan et al.[31] proposed analytical 

approaches for collecting data on EV charging patterns, charging station operational modes, and 

the geographical locations of charging station users. Tulpule et al. [32] proposed a profitable PV-

based charging station that utilizes solar energy to reduce the grid burden on charging. Zhang et 

al. [33] and Zhao et al. [34] have documented a PV-driven charging station equipped with a 

BESS. However, all these research works fail to address the potential voltage and current stresses 

that may and will impact the main switches. 

Chowdhury et al. [35] conducted a life cycle assessment of an EV-PV charging station and 

reported positive results, indicating that it is an effective strategy for reducing GHG emissions. 

One common strategy recommended by these researchers to address the uncertainties associated 

with PV involves the use of a battery storage system that is separate from the EV batteries [36]. 

Castello et al. [37] conducted a comparative analysis of various algorithms to optimize the battery 

storage system's operating parameters. They concluded that the best approaches include utilizing 

a sigmoid function-based discharging algorithm and charging EVs during the night while storing 

excess PV. 
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Kumar et al. [38] introduced an off-grid charging station (OGCS) to increase the utilization of 

EVs in remote locations and reduce the burden on urban grids. The OGCS obtains energy from 

RES, with PV being the most suitable due to its abundance and ease of installation. Nevertheless, 

PV energy production is subject to fluctuations in irradiance and cannot provide a constant energy 

output. Therefore, they incorporated an energy storage system alongside the PV source and EV 

charger. This setup consists of a PV array integrated with a boost converter, as well as two bi-

directional converters and an energy storage system. The bi-directional converters play a vital 

role in enabling the charging and discharging of both the EV and the energy storage system. 

Additionally, the energy storage system serves to fulfill energy demands when the PV generation 

is inadequate. Conversely, excess energy generated by PV is stored in the BESS, making the 

system more stable. However, the researchers utilized a bridge-type bi-directional converter that 

failed to achieve near ZVS and ZCS. As a result, the converter's main switches were subjected to 

voltage and current stresses, ultimately diminishing the EV charging station's overall efficiency. 

The results of this study are described in detail in Chapter 4.  

Doubabi et al. [39] examined the importance of charging infrastructure as a key factor for 

promoting the adoption of EVs. The researchers proposed an off-grid charging infrastructure 

powered by PV energy for e-scooters. Six charging stations were installed at Cadi Ayyad 

University in Marrakesh, Morocco, as part of their proposal. The EV charging station relied on 

solar power, making it an eco-friendly and sustainable choice for transportation.  

The authors explained the EV charging station's components and presented a power management 

approach that effectively allocated energy among the PV array, battery storage, and loads, even 

under diverse operating conditions. They utilized MATLAB/Simulink simulations to demonstrate 

the energy management strategy's efficacy. The study showed that the charging station can reduce 

CO2 emissions by almost 1154.21kg/year.  

Atawi et al. [40] proposed an EVCS that operates independently and uses solar energy as a power 

source. The operation of charging stations may place considerable pressure on the utility grid. An 

approach to address this issue involves implementing independent charging stations that utilize 

RES. However, designing these systems can be complex. Their work introduces a straightforward 
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design for a standalone PV-powered charging station. The design encompasses equations for each 

system component, accompanied by case-study design calculations. They used 

MATLAB/Simulink to model and simulate the system, and an experimental setup was 

constructed to validate the simulation results. The set-up includes a PV panel, a boost converter, 

an energy storage system with batteries, two DC-DC charging converters, and an EV battery. 

Three controllers, including the MPPT, an EV charger, and a storage converter controller, are 

used to control the system. The simulations and experimental results demonstrated the consistent 

charging process of the EV battery even in the presence of PV insolation fluctuations. 

Additionally, the energy storage system battery exhibited excellent responsiveness in storing and 

compensating for variations in PV energy. The effectiveness of the design was demonstrated by 

the efficient current and voltage control of the converters, along with the precise tracking of peak 

PV conditions by the MPPT controller. Energy and power analyses were presented as helpful 

tools during the design phase and closed-form equations were derived to facilitate system design. 

The results demonstrated that their system was efficient and effective at different insolation levels.  

Krim et.al. [41]studied the advantages of implementing solar energy in charging stations for EVs, 

with an emphasis on improving energy management. The objective of the research was to evaluate 

the economic feasibility and requirements of PV-powered charging infrastructures for EVs, as 

well as to propose a techno-economic tool to help local stakeholders manage and determine the 

size of the charging stations. The tool was developed in such a way that it can be easily used by 

individuals with varying levels of expertise. The optimization of PV-powered charging stations 

can be enhanced by exploring forecasting techniques and maximizing the utilization of PV 

energy. Their methodology and tool provide a valuable contribution to the development of 

sustainable and efficient charging infrastructure for EVs.  

Mohamed et al. [42] proposed a new approach to overcome the technical limitations and take 

advantage of opportunities for renewable-powered EVCS in the UK. Their work highlights the 

importance of sustainable transportation to combat air pollution stemming from the transport 

sector and examines the challenges and benefits of EVs in reducing carbon emissions. They 

introduced two reflector-based solar PV systems for EVCSs, including a dual mono-facial PV 
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design with reflectors and a bi-facial PV design with parallel reflectors that can handle the solar 

radiation levels. They suggested an off-grid, self-sufficient DC mini-grid configuration powered 

mainly by RES, especially solar PV, to address the disruptions caused by significant loads with 

high power requirements, which can impact the stability of the grid. In addition, they suggested a 

fast-charging DC charging topology for two PV array configurations that use reflectors to enhance 

PV power generation. Their designs offer better conversion efficiency in terms of effective 

surface area and are suitable for PV-complemented EVCSs.  

Existing literature on PV-based off-grid EV charging stations mainly focuses on system design 

[28]–[35], [37]–[42], V2G operations [24], [43], [44], energy management [35]–[37], [45], [46], 

and reducing electricity costs in smart homes [35]. However, these strategies do not consider 

abrupt system disturbances such as rapid changes in irradiance. Thang et al. [47] proposed a 

sliding mode control approach to address fast dynamic response issues and regulate the DC-bus 

output voltage in the presence of sudden system disturbances. However, the coordination of ESU 

and EV was not mentioned. Wu et al. [48] presented a coordinated control strategy to prevent 

ESU over-charging and over-discharging in standalone mode. However, the strategy did not 

account for any short-term disruptions in PV generation that could lead to insufficient charging 

power for EVs, which could potentially cause instability in the system. Some studies have put 

forth a decentralized control method that aims to synchronize the PV generation with ESU 

charging and discharging [49]–[52]. However, these studies did not analyze the impact of EV 

outages. Table 2.1, shows a summary of the main findings from various works discussed above. 

Table 2. 1 Summary of Key Findings from References on Renewable Energy-Based EV 
Charging Stations. 

Author(s) Main Findings Reference 

Biya et al. 

Renewable energy-based EV charging stations 
integrating solar power, BESS, and grid support can 

optimize power management and minimize 

environmental impacts. 

[27] 

Tang et al. 
Grid-connected EVs have cost compensations in the 

short term. 

[28] 

Bokopane et al. 

Charging multiple vehicles consecutively using a 

renewable energy charging station at full capacity 

was the best functional scenario. 

[29]
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Richardson 

The use of EVs could promote renewable energy 

utilization while mitigating adverse effects on the 
power grid. 

[30] 

Khan et al. 

Analytical methods have been proposed to gather 

data on EV charging patterns, charging station 

operation modes, and the location of charging 
station users for PV-powered EV charging facilities. 

[31] 

Tulpule et al. 
A profitable PV-based charging station that utilizes 
solar energy to reduce the grid burden on charging 

has been proposed. 

[32] 

Zhang et al.; Zhao 

et al. 

A charging station with solar panels and a BESS 

been proposed. 

[33] and 

[34] 

Chowdhury et al. 

The life cycle analysis of an EV-PV-based charging 

station is positive, depicting a promising and 
effective GHG emission reduction strategy. 

[35] 

Castello et al. 

PV uncertainty can be mitigated by implementing a 
sigmoid function-based discharging algorithm and 

charging EVs during the night while storing excess 

PV. 

[37] 

Kumar et al. 

Proposed an OGCS that utilizes PV as the primary 
RES due to its abundance and easy installation. The 

system comprises a PV array with a boost converter, 

two bi-directional converters, and an energy storage 

system to meet energy demands when PV 
generation is inadequate. 

[38] 

Doubabi et al. 
Proposed OGCS for e-scooters using solar power 
and power management strategy for efficient energy 

distribution. 

[39] 

Atawi et al. 

Standalone PV-powered EV charging station 
proposed with efficient design: PV panel, boost 

converter, energy storage system, 2 DC-DC 

charging converters, EV battery, and 3 controllers. 
Effective at different insolation levels according to 

simulations and experiments. 

[40] 

Krim et al. 

Proposed a user-friendly techno-economic tool to 

evaluate the benefits of solar PV for EV charging 
infrastructure and help stakeholders manage and 

size their charging stations. 

[41] 

Krim et al. 

Reflector-based PV systems proposed for EVCSs in 

Leeds, UK, along with a self-sufficient DC mini-
grid powered by renewables to address grid stability 

issues caused by concentrated loads. 

[41] 

Thang et al. 

A sliding mode control was proposed to regulate 
DC-bus output voltage for fast dynamic response to 

sudden system disturbances, such as fast irradiance 

changes. 

[47] 

Wu et al. 

Coordinated control to prevent overcharging and 
over-discharging of ESU but did not address 

transient PV generation disruption leading to 

inadequate EV charging power and system 
instability. 

[48] 
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Xia et al.; Zhang et 

al.; Alam et al.; 

Hleihe et al. 

Proposed coordination of PV generation and ESU 

charging and discharging in some studies, but 
without analyzing the impact of outages from the 

EV side. 

[49]–[52] 

2.4 PV Panels and Arrays 

In the late 1950s, the first conventional PV cells were produced primarily for providing electrical 

power to orbital satellites [53]. However, recent advancements in design, manufacturing, and 

performance have led to significant improvements in the quality and reduced costs of solar cells 

and modules [54]. Off-grid EV charging stations primarily rely on PV arrays as their energy 

source. The solar cell, which is a PN junction diode, converts solar energy into electrical energy 

[55], [56].  

Figure 2.3 illustrates a solar cell's equivalent circuit, which incorporates an internal series resistor, 

Rs, and a parallel resistor, Rp [57].  

Figure 2. 3 Solar Cell Equivalent Circuit [57]. 

The following equations define the VI characteristics of a single PV module: 

𝐼𝑑 =  𝐼0 [𝑒𝑥𝑝 (
𝑉𝑑

𝑉𝑇
) − 1], (2.1) 

where 

𝑉𝑇 =  
𝑘𝑇

𝑞
∗ 𝑛1 ∗ 𝑁𝑐𝑒𝑙𝑙. (2.2) 
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where the diode current and voltage are represented by Id and Vd,respectively. I0 is the diode 

saturation current, 𝑛1 is the diode ideality factor (which is typically chosen close to 1), k is  the 

Boltzman constant (8.617×10-5 eV/K)  , q is the electronic charge (1.6×10-19  Coulumbs), T is 

the cell temperature in K, and Ncell is the number of serial cells in a module [57]. 

2.4.1 Maximum Power Point Tracker (MPPT) 

PV-based EV charging stations commonly employ MPPT controllers to optimize the power and 

efficiency output of solar panels [58]. There are several MPPT techniques available: they are the 

Open-circuit voltage (OCV) technique, temperature method, Short-Circuit Current (SCC) 

technique, Perturb and Observe (P&O) method, and Incremental Conductance method. 

1. OCV technique: This method determines the maximum power point by measuring the

OCV of the PV module. The OCV technique is simple, and it works well in clear weather

conditions. However, this method is not accurate under partial shading and variable

temperature conditions [59]–[62].

2. Temperature method: This method determines the maximum power point by measuring

the temperature of the PV module under OCV conditions. The temperature method is

simple and accurate. However, it requires additional temperature sensors to measure the

module's temperature, making it more complex and expensive [60].

3. SCC technique: The maximum power calculation technique utilized by this method

involves utilizing the short-circuit current of the PV module. The SCC technique is simple

and works well in most weather conditions. However, like the OCV method, it is not

accurate under partial shading and variable temperature conditions [59], [63], [64].

4. P&O method: This method is the widely used MPPT technique and involves perturbing

the solar panel's operating point and observing the corresponding changes in power

output. In P&O, the controller adjusts the operating point to increase or decrease the

power output. The fluctuations in power are used to determine the maximum power point

[65]–[67]. There are three types of P&O techniques:

P&O fixed step size [68]: In this technique, the perturbation is a fixed increment in 

the duty cycle. 
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P&O variable step size [69]: In this technique, the perturbation size is dynamically 

adjusted according to the rate of change in power output. 

Three-point weighted P&O [70]: This technique evaluates three duty cycles at each 

step and selects the ideal duty cycle based on a weighted average of the power output 

at these three points. 

5. Incremental Conductance method: This technique traces the maximum power point by 

utilizing the slope of the PV curve. The controller adjusts the operating point until the 

slope of the PV curve equals the incremental conductance. The Incremental Conductance 

method is more complex than other techniques, but it provides accurate and reliable 

results under variable conditions [71]–[73]. 

2.5 Battery Model Used in EVCS 

The battery model, as shown in Fig. 2.4, is an essential component in EVCS.  

 

Figure 2. 4 Model of a Battery [74]–[76]. 

In this model, the SOC of the battery is determined by a controlled voltage source that is connected 

in series with the specific resistors (RC for charging and RD for discharging) during their respective 

cycles. The SOC of the battery during the charging and discharging process is calculated using 

the following equation: 

𝑆𝑂𝐶 =  
𝑄0−∫ 𝜂 𝑖𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑑𝑡

𝑄
  ,      (2.3) 
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where Q0 is the initial charge stored in Ah (Ampere-hour), η is the battery efficiency, ibattery is the 

current flowing through the battery, and Q is the battery capacity. Battery efficiency is determined 

by the interplay between the voltage and current within the battery. The following equations 

estimate the charging efficiency (ηch) and discharging efficiency (ηdis). 

𝜂𝑐ℎ =
𝑉𝑂𝐶

𝑉𝑂𝐶−𝑅𝐶𝑖𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 , (2.4) 

𝜂𝑑𝑖𝑠 =
𝑉𝑂𝐶−𝑅𝐷𝑖𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑉𝑂𝐶
 ,  (2.5) 

where VOC is the battery open circuit voltage [74]–[76]. 

2.6 BDC 

High-power applications commonly use BDC topologies, which can be classified either as 

current-fed, or voltage-fed, or a hybrid of both. The isolated full-bridge BDC is shown in Fig. 2.5. 

The inductor L functions as an output filter in buck mode, enabling power to move from the high-

voltage side towards the batteries. Conversely, in boost mode, the converter operates when power 

is transmitted from the batteries to the high-voltage side. A BDC comprises a high-frequency 

inverter, high-frequency transformer with leakage inductance (Lk), and a high-frequency rectifier. 

The converter is directly connected to either the voltage source or the DC capacitor bank, shown 

in the Fig.2.5 as C0. This converter can perform both the charging and discharging processes of 

the battery and is available in full-bridge topology and single-stage buck/boost type. The full-

bridge topology offers a substantial boost ratio and provides electrical isolation between the input 

and output[77]–[79]. Additionally, the voltage stress on the switches remains consistent with that 

of half-bridge configurations, but the current stress in the switches is only half of that in half-

bridges. Thus, full-bridge BDCs are often the preferred choice for high-power energy storage 

applications due to their ability to use voltage-fed full-bridge on the high voltage DC-link side 

and a current-fed full-bridge with an inductor on the low voltage battery side [80]–[83].  
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Figure 2. 5 Isolated full-bridge BDC [83]. 

The dual active bridge (DAB) DC-DC converter is another widely used BDC. The conventional 

modulation strategy produces a square wave output of both full bridges, with a phase shift 

controlling the power's direction and amplitude. A drawback of this topology is its limited 

suitability for wide voltage range applications due to its narrow optimal operating voltage range 

when under full load with ZVS and reactive power considerations. An approach that has been 

suggested to address this challenge involves the use of a combined triangular and trapezoidal 

modulation method. This method effectively minimizes losses across a broad operating voltage 

range. Moreover, in DAB isolated BDCs, a dual-phase-shift modulation approach can be 

employed to decrease current stress and reactive power [84].  

The use of isolated full bridge BDCs is common in off-grid EVCS because they offer bidirectional 

power transfer, galvanic isolation between the primary and secondary sides, and high efficiency. 

Among full-bridge BDCs, the isolated bidirectional dual active full-bridge converter has several 

advantages over other DC-DC converters. Dual active-bridge converters are symmetrical and easy 

to analyze and control[85]–[88]. 

A variety of isolated dual active-bridge converters have been studied, including both voltage-fed 

non-resonant [85], [89]–[92] and resonant [85], [93]–[97] converters. Voltage-fed converters 

[90], [91] employ a discontinuous mode of operation to mitigate circulating current, temporarily 

interrupting power transfer to the load during certain intervals. The series-resonant DAB 
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converter is a proposed solution to address several issues related to full-bridge BDCs. Its design 

aims to reduce current stress, extend the soft-switching range, improve efficiency, and minimize 

the impact of dead-time on power transmission and soft-switching [85], [98] 

One proposed converter topology aims to integrate both a PV system and the grid without the use 

of an isolation transformer. However, it should be noted that this design lacks the protection 

provided by isolation, despite its compact size [99]. A proposed solution for integrating the DC 

bus and energy storage system is the hybrid bridge topology, which offers high efficiency and 

soft switching even when the transformation ratio 'n' is far from unity [100]. 

A controller has been introduced in to regulate power transmission and reduce losses using a 

minimum-current-point-tracking method [101]. This controller is generic in design and is 

independent of circuit parameters and complicated circuit modeling. A recent study [102] 

presented a new topology that can transfer more power compared to a traditional DAB converter. 

This topology has a power transmission capacity twice that of conventional DAB converters and 

has been successfully applied in electric-powered aircraft.  

A topology with a high step-down ratio involves stacking inverter bridges in series using a 

capacitor, while rectifier bridges are connected in parallel. This configuration enables the series-

connected bridges to add voltage at the input, while the parallel-connected bridges at the output 

reduce voltage and increase current. The converter employs GaN semiconductor switches and is 

capable of achieving efficiencies ranging from 97.5% to 99% [103], [104]. According to a 

previous study [105] , a new scheme has been developed to improve the dynamic response of 

power systems, particularly in the face of wide-ranging load changes. This topology is versatile 

and can be effectively utilized in a variety of applications, including distributed energy systems, 

solid-state transformers, and energy storage.  

A hybrid-switching scheme has been proposed to minimize losses for a DAB converter with 

advanced switching devices like SiC, achieving 98.96% efficiency [106]. Previous research, as 

documented in [107]–[109], has examined voltage-current-fed isolated BDCs that do not utilize 

a resonant network. However, these converters are susceptible to current stress and losses that can 
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result from magnetizing current. Voltage-current-fed isolated BDCs with resonant networks have 

been proposed in [110]–[112] as a potential solution to the issue of high current stress and 

conduction losses. These converters are designed to provide nearly sinusoidal current, which can 

result in lower current stress and reduced conduction losses. However, the extra inductors on one 

of the bidirectional operations in voltage-current-fed converters make them unsymmetrical 

structures, resulting in uneven distribution of current on the switches. In contrast, current-fed 

isolated bidirectional DC-DC resonant converters are symmetrical in both forward and reverse 

modes of operation, requiring less gate drive than voltage-fed converters. This feature makes them 

suitable for low-voltage applications due to their inherent boosting capability [113]. 

2.7 Snubbers 

Snubbers are small networks of electrical components used in power converters to clamp voltage 

and current spikes when a switch is turned off or on. There are two types of snubbers: passive and 

active. Passive snubbers use elements like resistors, capacitors, inductors, and diodes, while active 

snubbers include transistors and other active components, making them more complex and 

expensive [114]–[116] 

When a switch is turned off, parasitic inductance can trap energy that is then transferred to the 

output capacitance of the converter, creating a voltage spike that may exceed the switch's peak 

rating and damage it. A capacitor connected in parallel with a switch can limit the voltage across 

it and prevent voltage spikes. Similarly, connecting an inductor in series with a switch can limit 

the sudden current rise when the switch is turned on [114]. 

Snubber circuits play a crucial role in bidirectional converters and can take the form of (resistor-

capacitor-diode) RCD snubbers, active clamping snubbers, or flyback snubbers. An RCD snubber 

is a straightforward solution to the issue of circulating current, where the clamping capacitor 

discharges through a resistor. However, traditional RCD-based BDCs are generally inefficient 

due to the resistor's dissipative energy element, leading to a voltage spike caused by parasitic 

properties of high-frequency transformers that frequently damage power electronic devices [113], 

[117], [118]. 
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Active clamp converters were introduced as an alternative solution, but they suffer from poor 

efficiency at light load conditions and cannot actively eliminate the circulating current. Therefore, 

the circulating current flows through the low-voltage (LV) side inverter bridge's semiconductor 

devices, increasing the converter's conduction losses. A novel active clamp-based BDC with a 

symmetrical structure has been developed to achieve high static gain and reduce switching stress 

and switching loss of the converter, although it possesses a complex structure with a high number 

of semiconductor devices, leading to higher conduction loss and cost [113], [119], [120]. 

Researchers have proposed the flyback snubber as a solution to transfer circulating energy from 

the primary to the secondary side of a BDC, which can help reduce power losses [107], [114]. In 

[121], a flyback snubber-based DAB-BDC topology is presented. This topology utilizes a 

capacitor-diode circuit to clamp the voltage spike across the switches and recover energy through 

a flyback converter. By reducing circulating current, this converter can help decrease power 

losses. In step down and step-up modes, phase shift control and (pulse-width modulation) PWM 

control are used, respectively. However, this converter does have some disadvantages, such as 

the added complexity of the control circuit due to an extra switch in the active snubber circuit and 

hard switching of the active snubber switch. In [122], the DAB-BDC consists of a flyback snubber 

and two diode-capacitor snubbers. This converter reduces the voltage spikes across switches and 

provides ZVS conditions at both low and high voltage sides. However, an auxiliary circuit with 

an additional three winding auxiliary transformer is required. 

 A CLLC resonant DAB converter was used by Jung et al. [123] , where the resonance circuit 

provides a ZVS condition for switches at the primary side and soft commutation for output 

rectifiers. The abbreviation "CLLC" denotes the presence of two coils and two capacitors, with 

"L" representing a coil and "C" representing a capacitor. The CLLC resonant converter is a 

commonly employed DC transformer for linking AC/DC to the DC bus in electronic systems. 

This converter provides soft switching in a vast range of input and output voltages, and voltage 

stress is reduced without the need for a snubber. However, the converter is controlled using 

variable switching frequency method, and the control algorithm is not simple. 
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Various snubber configurations to achieve soft switching have been proposed.  Soft switching 

reduces the voltage and current stresses on the main switch. For example, Wang et al. [124] 

proposed a bidirectional dual full-bridge DC-DC converter with a unified soft-switching scheme 

and soft-start capability. Their configuration includes a voltage-clamp branch to limit the transient 

voltage across the current-fed bridge and achieve ZVS in boost mode. In buck mode, they achieve 

ZVS and ZCS for the voltage-fed bridge. Wu et al.[125]  presented a soft-switching boost 

converter with a flyback snubber for high-power applications. Their configuration reduces voltage 

and current stresses on the main switch by achieving near-ZVS and ZCS. They reviewed several 

passive and active snubber configurations associated with boost converters and proposed a boost 

converter with a flyback snubber. Experimental results from a 5-kW boost converter confirmed 

the feasibility of their configuration for high-power applications. 

2.8 Optimal Control Strategies  

The primary objective of the control tactics is to stabilize the DC bus voltage in DC microgrids 

through the application of distributed ESUs. These tactics comprise the adjustment of droop 

coefficients, coordination of multiple ESUs for efficient load current distribution, and 

management of battery ESUs' charge and discharge power to maintain power equilibrium in the 

microgrid and regulate DC bus voltage fluctuations. The techniques employ droop control 

methods that facilitate the sharing of a common load by various parallel converters in the 

microgrid, along with outer voltage restoration loops that correct voltage deviations caused by 

droop control. These control methods ensure reliable operation of the DC microgrid, facilitate 

power management, and surplus power sharing among microgrids, and improve the smart 

charging infrastructure's scalability and speed of plug-in electric vehicles (PEVs). 

Zhang et al. [126] propose a strategy to stabilize the DC bus voltage in DC microgrids by using 

distributed ESUs. They suggest designing the BDC in the energy storage system based on voltage 

level and electromagnetic isolation requirements, and coordinating multiple ESUs for load current 

distribution according to the SOC. The proposed SOC power index droop control strategy uses 

communication lines to distribute load current among multiple ESUs, and quickly converges the 

SOC between ESUs to a consistent state. The study also proposes an improved SOC power index 
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droop control to overcome communication line failures. Connecting ESUs in layers in the DC 

microgrid is necessary to optimize resource allocation due to the high cost of these units. The 

study also discusses the quantification standards of the DC bus fluctuation range and the working 

range of each converter to maximize the stability of the DC bus voltage and grid-connected power 

fluctuation. The study presents a distributed drooping control of SOC power exponents, which 

considers emergency situations during communication faults. The proposed approach is effective 

and has been confirmed by both simulation and experimental results. 

Jiechao et al.[127] proposed a control strategy to maintain SOC balance among battery energy 

storage units (BESUs) in an islanded DC microgrid. The control strategy involves adjusting the 

droop coefficient in real-time and controlling the charge and discharge power of the BESU. The 

aim of the strategy is to achieve power balance in the microgrid, control DC bus voltage 

fluctuations within 4.5%, and suppress power fluctuations using the ESU as the main controlled 

unit. In their research, they also analyzed and improved the traditional energy storage system 

control strategy to complete the SOC balance between the ESUs. They designed an operation 

control strategy based on the SOC of the energy storage system to coordinate the control methods 

of the distributed power generation units and ensure the power balance of the DC microgrid. Their 

simulation results demonstrated that the proposed energy storage system control strategy based 

on the SOC of the ESU can complete the SOC balance among the ESUs and maintain the smooth 

switching of various modes. The designed operation control strategy based on the SOC of the 

energy storage system can control the fluctuation range of the DC bus voltage within 4.5%, 

ensuring the stable operation of the islanded DC microgrid. 

Zammit et al.[128] presented a control system for buck and boost converters that can be extended 

to other similar applications. The converters can interface PV panels or wind turbine systems to 

a DC microgrid. The authors modelled both converters in continuous conduction mode (CCM) 

and derived the small signal equivalent circuit to obtain transfer functions for the design of the 

current and voltage controllers of the converters. They utilized a droop control method to enable 

sharing of a common load by multiple paralleled converters in the microgrid, and an outer voltage 

restoration loop to correct voltage deviations caused by the droop control method. The study 
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tested the control system through simulations of two paralleled buck converters sharing a common 

resistive load. 

Haghmaram et al. [129] investigated the use of a modular-isolated BDC in a PV-based DC 

microgrid connected to other microgrids in a DC distribution network. The modular converter 

allows for bidirectional power flow between the microgrid and distribution network, even in 

islanding mode. A power management strategy is employed to ensure reliable power exchange 

and surplus power sharing among the microgrids. The authors demonstrate the simple control and 

reliable operation of the modular converter through both low-power experimental testing and 

software simulations. The results confirm the converter's bidirectional power transfer capability 

and its ability to inject surplus power into the distribution network and absorb shortage power 

from the microgrid. The modular converter's extendable configuration and operation principles 

make it suitable for high-power applications and a valuable tool for DC microgrid power 

management. 

Abraham et al. [130]present a comprehensive analysis of current research on EV charging stations 

that rely on RES for power. The authors discuss the importance of different charging station 

designs that incorporate RES, categorized according to their integration with DC, AC, or hybrid 

microgrids. They also explore the available charging converter topologies, including bidirectional 

power flow options to regulate the DC bus voltage. One of the main challenges in charging 

stations is connecting the DC and AC loads, especially at DC charging points. Their study 

examines various control strategies that can help choose the most appropriate technology. The 

AC microgrid-based charging station utilizes droop control characteristics, which enhance the 

stability at higher gains compared to frequency droop control. However, this approach 

necessitates a communication channel. In contrast, the DC microgrid-based charging station 

employs a straightforward DC-DC conversion that provides fast charging and reduces conversion 

losses. 

Chung et al. [131] have introduced a master-slave control approach for smart charging 

infrastructure of PEVs. The approach involves adding a power information collector (PIC) to 

level one electric vehicle supply equipment (EVSE) to enhance scalability and speed, enabling 
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the level one charger to perform operations within the EVSE itself. This allows the level 1 EVSE 

to locally execute simple charging algorithms such as round-robin. The updated hardware of level 

2 EVSE includes the removal of the redundant ZigBee communication system and the installation 

of a more robust microprocessor. This update facilitates the implementation of a power-sharing 

algorithm locally and enables the execution of a fair charging algorithm that is calculated on the 

server side with minimal instructions on the EVSE side. The virtual machine monitor (VMM) 

system is also enhanced with algorithms that automatically authenticate and authorize each PEV 

approaching the EVSE, simplifying the charging process for the user. These enhancements to the 

WINSmartEV system (is a comprehensive software solution for monitoring, controlling, and 

managing PEVs) increase its ability to service multiple PEVs, aiding in the proliferation of PEVs 

and contributing to the larger push towards energy independence and reduced GHG emissions.  

Table 2.2 provides a summary of the control strategies discussed earlier in the paper for DC 

microgrids with distributed ESUs. 

Table 2. 2 Control Strategies for DC Microgrids with Distributed ESUs. 

Author(s) 
Control 

Strategy 
Results References 

Zhang et al. 

SOC power 

index droop 

control 

Distribute load current among 

multiple ESUs and converge 

SOC to consistent state using 
communication lines. Improved 

droop control to overcome 

communication line failures. 
Effective approach confirmed 

by experimental and simulation 

results. 

[126] 

Jiechao et al. 

Adjust droop 

coefficient in 

real-time, 
control charge 

and discharge 

power of 

BESUs 

Proposed ESU control strategy 

balances SOC and maintains 
smooth switching. Designed 

operation control strategy 

maintains stable operation of 
islanded DC microgrid with 

4.5% fluctuation range of DC 

bus voltage. 

[127] 
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Zammit et al. 

Utilize droop 

control method 

to share a 
common load 

by multiple 

paralleled 

converters in the 
microgrid, and 

an outer voltage 

restoration loop 
to correct 

voltage 

deviations 
caused by the 

droop control 

method 

Control system tested through 
simulations of two paralleled 

buck converters sharing a 

common resistive load. 

[128] 

Haghmaram et 

al. 

Utilize modular-

isolated BDC, 
power 

management 

strategy to 
ensure reliable 

power exchange 

and surplus 

power sharing 
among 

microgrids 

Converter successfully transfers 

power bidirectionally and can 

inject surplus power into the 
network and absorb shortage 

power from the microgrid, as 

confirmed by experimental tests 

and software simulations. 

[129] 

Abraham et al. 

Examine 
charging station 

designs that 

incorporate 
RES, categorize 

according to 

integration with 
DC, AC, or 

hybrid 

microgrids 

Paper explores charging 
converter topologies and 

control strategies for regulating 

DC bus voltage. 

[130] 

Chung et al. 

Add power 

information 

collector to 
level one EVSE 

to enhance 

scalability and 

speed, enabling 
level one 

charger to 

perform 

Proposed approach improves 
scalability and speed of EV 

smart charging infrastructure. 

[131] 
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2.9 Summary 

The review of literature highlights the potential of PV-based EV charging stations as a sustainable 

and low-carbon transportation solution. Integrating solar PV systems with EV charging 

infrastructure has numerous advantages such as reducing GHG emissions, enhancing energy 

efficiency, and improving grid reliability and resilience. Nonetheless, several challenges must be 

addressed. These are the high initial costs of PV systems, grid integration challenges, and 

variability in solar energy production, etc. Innovative business models and continued research in 

PV technology can aid in overcoming these challenges and increasing the use of PV-based EV 

charging stations. This chapter presented detailed literature reviews on a variety of important 

topics related to EV charging stations.  
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Chapter 3 Empowering Sustainable Transportation: Inside A PV-Powered Off-Grid EV 

Charging Station 

3.1 Introduction 

The global community continues to grapple with the impacts of climate change and there is an 

ever-growing interest in sustainable modes of transportation. The adoption of EVs is being seen 

as an important way to help reduce GHG emissions, but they are only as sustainable as the 

electricity that is used to charge them. The sustainability of EVs depends on the sustainability of 

the electricity used to charge them. The solution to this issue lies in the implementation of PV 

technology that can provide a sustainable and renewable source of energy to power EVs [17]. 

Off-grid PV-based EVCS is an innovative and sustainable solution for EV charging, particularly 

in remote locations where traditional power grids are inaccessible. These charging stations utilize 

PV panels to generate electricity from the sun, which is subsequently stored in a battery bank for 

later use. By providing EV charging without relying on traditional power infrastructure, off-grid 

PV-based charging stations offer a way to bring sustainable mobility to areas that may have been 

previously underserved. This can be particularly beneficial in remote and rural areas, where access 

to traditional power grids is limited or non-existent [5], [17]. 

The use of off-grid PV-based charging stations is a step towards a more sustainable future, as it 

reduces the reliance on fossil fuels and promotes the use of RES. Off-grid charging stations can 

contribute to reducing GHG emissions, as EVs charged using solar-generated electricity have a 

significantly lower carbon footprint than those charged using electricity from non-renewable 

sources [5], [17]. 

The inner workings of an off-grid PV-based EVCS are complex, and understanding the key 

components is essential to appreciating their potential for sustainable transportation. At the heart 

of any PV-based charging station are the PV panels, which convert sunlight into electricity that 

charge the EVs. The number and size of these panels will depend on the charging station's power 

demand and the amount of sunlight available in the area [5], [17], [18]. 
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The charge controller is the next critical component of the PV-based charging station. This device 

regulates the flow of electricity from the PV panels to the battery bank, ensuring that the battery 

is neither overcharged nor undercharged. The battery bank, in turn, stores the electricity generated 

by the PV panels for later use when there is no sunlight. This means that EVs can still be charged 

even when the sunlight is absent, making the off-grid PV-based charging station a viable option 

for 24×7 charging [5]. 

This chapter provides an in-depth examination of the various components and control techniques 

used in this research on off-grid PV-based EVCS. These charging stations rely on PV panels, 

charge controllers, and battery banks to ensure reliable and uninterrupted charging. The charging 

stations offer a sustainable solution for EV charging in remote areas by utilizing solar energy 

generated by PV panels and stored in a battery bank. This reduces dependence on non-RES, 

promotes sustainable transportation, and helps to decrease GHG emissions. The control 

techniques have been developed to optimize the performance and efficiency of the PV panels, 

charge controller, and battery bank.  

3.2 PV Panels 

The main component of off-grid EVCS are PV panels that convert sunlight into usable electrical 

energy for charging EVs. These panels consist of solar cells connected and mounted on a 

framework that faces the sun. When the sun shines on the solar cells, it creates an electrical charge 

that is collected by wiring within the panel and transported to the charge controller. The 

effectiveness of a PV panel in generating electrical energy from sunlight depends on its 

conversion efficiency. The most widely utilized solar cells are those composed of silicon, as they 

are highly durable, reliable, and require minimal maintenance. However, alternative technologies 

such as thin-film solar cells and organic solar cells are gaining attention as substitutes for silicon-

based panels due to their advantages in terms of flexibility, cost-effectiveness, and higher 

efficiencies [132]–[134].  

PV systems offer various advantages, such as their ability to generate electricity silently and 

without causing pollution. Additionally, these systems are known for their relatively affordable 

operation and maintenance requirements. However, it is essential to recognize that PV systems 
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also come with certain disadvantages that should be considered. These include the need for high 

upfront investment and their reliance on sunlight to generate electricity [132]–[134]. 

PV panels are the basic building blocks of a PV array. These cells are usually sandwiched between 

a layer of glass and a durable material, forming a sealed unit that is designed to resist moisture. 

As solar radiation interacts with the semiconductor layers of a solar cell, it induces the movement 

of electrons, leading to the generation of an electric current. Multiple solar cells within a panel 

are typically connected in a series-parallel configuration to produce a desirable current and 

voltage output. The rating of a PV panel power output is usually measured in Watts peak (Wp) 

according to standardized testing conditions. PV panels come in various output capacity sizes, 

with some models capable of producing up to 350 Wp. These panels can be configured into arrays 

of any size depending on the specific application requirements. On sunny days with optimal solar 

gain, an array of panels rated at 2,000 Wp has the potential to generate a daily energy output 

ranging between 4 kWh and 10 kWh [132]–[134].  

The energy output of a PV system is directly linked to the amount of sunlight it captures, which 

in turn depends on several factors such as the solar irradiance, the area of the solar panel, the 

orientation of the panel, and the tilt angle of the panel. The level of solar irradiance is typically 

greater in regions located further north, during the summer season, in areas with less air pollution, 

and with minimal shading. The power output of an entire PV panel can be significantly reduced 

by just a small amount of shading on one of its individual solar cells. Although PV cells can 

generate electricity even in cloudy conditions, their energy output will be lower than in direct 

sunlight conditions.  The area of solar panels required to generate 1 kWp of electricity can range 

from 5 to17 m2, depending on the specific type of panels used. In New Zealand, solar panels are 

generally recommended to face northward, as the sun's path follows an arc towards the northern 

part of the sky. The optimal tilt angle for solar panels varies depending on the type of system and 

the intended use. For a grid-connected system that aims to maximize energy production 

throughout the year, the recommended tilt angle is typically 10 degrees less than the local latitude. 

On the other hand, off-grid systems are usually designed to generate the most energy during 

winter months when power demand is highest, and as such, the recommended tilt angle is often 
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the local latitude plus 10 degrees. Array frames are support structures that enable PV panels to be 

adjusted to the ideal tilt angle for maximizing solar energy absorption. PV array frames provide 

a structure for mounting solar panels at the optimal angle for receiving solar energy, and they can 

be either fixed or adjustable. These frames must be installed in a way that meets the necessary 

wind and seismic loading requirements. Additionally, they must be isolated to prevent any 

electrochemical corrosion between different metals in the solar panels or building materials. It is 

also important to allow adequate airflow behind the panels for cooling purposes. PV panels come 

in two main types: crystalline silicon panels or thin film amorphous silicon panels. Crystalline 

silicon panels use a crystalline silicon wafer as the semiconductor, while amorphous silicon panels 

use a thin film of silicon deposited on a low-cost substrate such as glass or a thin metal foil. PV 

panels mounted on array frames are the conventional choice in New Zealand, but building-

integrated photovoltaics (BIPVs) are gaining popularity. BIPV refers to the integration of solar 

cells into building elements such as roof cladding and/or wall cladding, enabling them to serve 

both as PV panels and building materials [132]–[134]. 

3.3 Boost Converter 

Boost converters play a crucial role in the operation of off-grid EVCS. These stations rely on RES 

like PV panels to provide low voltage DC power, which is then converted into a higher voltage 

level suitable for charging EVs. In this context, two-level and three-level boost converters are 

often utilized. The choice of converter type primarily depends on the specific needs and 

constraints of the charging station setup. The two-level boost converter is a basic design that uses 

a single power switch and a diode to regulate the voltage. In contrast, the three-level boost 

converter employs an additional power switch and a capacitor to achieve a higher efficiency and 

reduce the voltage ripple [5], [10], [17], [18], [27], [31]. 

The two-level boost converter consists of a single power switch S, a diode D, an inductor L, a 

capacitor C, and a load as shown in Fig. 3.1. The inductor in a boost converter stores energy in 

its magnetic field when the power switch is closed. Upon opening the switch, the inductor 

discharges its stored energy to the load and capacitor, thereby charging the capacitor. The diode 

ensures that the capacitor and the load do not discharge back to the inductor when the switch S is 
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off. Although this converter is less expensive and less complex to build, it has a lower efficiency 

than the three-level boost converter. The voltage gain of a two-level boost converter can be very 

high. However, this type of converter encounters challenges as the switching duty cycle 

approaches zero, mainly due to parasitic components such as the inductor's equivalent series 

resistance and the switching transistor, and the limited switching speed of the transistor [135]. 

Figure 3. 1 Two level Boost Converter [135]. 

The three-level boost converter is an advanced and efficient design that incorporates two power 

switches and two capacitors. By operating in a complementary manner, the power switches 

generate a voltage level that exceeds the input voltage, while the capacitors play a crucial role in 

energy storage and current flow during the switching cycle. This configuration effectively reduces 

voltage ripple and enhances the overall efficiency of the converter. However, it is important to 

note that this intricate design may require additional components, potentially increasing the 

converter's cost and size. 

Within the realm of PV systems, the three-level boost converter is widely utilized to maximize 

power extraction while adapting to varying operational conditions. It offers notable advantages 

over conventional boost converters by reducing the size of the inductor and the switch voltage 

rating. Operating in a cascaded configuration, this converter enables high voltage gain and 

efficient power conversion by incorporating three voltage levels: the input voltage, the output 

voltage, and the voltage at the center point of the converter. The inclusion of capacitors at the 

center point serves to minimize voltage stress on the switching devices. 

Figure 3.2 illustrates the configuration of the three-level boost converter, highlighting crucial 

components such as an inductor LPV, two IGBTs with antiparallel diodes S1 and S2, two capacitors 
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Cf1 and Cf2, and two diodes. These components work harmoniously to generate output power at 

each of the three levels. An efficient three-level boost converter can outperform traditional boost 

converters in terms of efficiency and voltage gain, achieving a double increase [136]–[138].  For 

a more detailed explanation, please refer to Chapter 6 for an extensive analysis.  

The converter operates in four distinct modes: 

Mode 1: In this mode, both power switches are turned ON, and the inductor operates in the 

charging mode. The input voltage charges the inductor, storing energy in its magnetic field. 

Mode 2: In this mode, one power switch is ON while the other is OFF, and the inductor can be in 

either the charging or discharging mode. When the inductor is in the charging mode, energy is 

transferred from the input source to the inductor. Conversely, when the inductor is in the 

discharging mode, the stored energy is transferred to the output. 

Mode 3: Similar to Mode 2, one power switch is OFF while the other is ON, and the inductor can 

be in either the charging or discharging mode. The energy flow is similar to Mode 2 but in the 

opposite direction. 

Mode 4: In this mode, both power switches are turned OFF, and the inductor operates in the 

discharging mode. The energy stored in the inductor's magnetic field is transferred to the output. 

The converter utilizes duty cycle control to ensure voltage balancing across the capacitors. This 

duty cycle is determined by a MPPT control algorithm, which continually tracks and adjusts to 

the maximum power output of the PV system, accounting for various environmental conditions 

[139]. 

In off-grid EVCS, the three-level boost converter is often preferred over the two-level converter 

due to its higher efficiency and superior voltage regulation. This converter enables the charging 

station to draw power from RES and efficiently charge EVs without relying on the grid. Moreover, 

the converter allows for energy storage, which proves crucial in scenarios where the renewable 

energy source is intermittent or unavailable [5]. 
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Figure 3. 2 PV boost converter. 

3.4 BDC 

The isolated bidirectional full-bridge DC-DC converter is a power electronic converter commonly 

used in off-grid EVCS (see Fig. 2.5). It can transfer power bidirectionally between two DC 

sources or loads, thereby facilitating an efficient and flexible energy management system [5], 

[17], [18].  

In a bridge converter, power transfer between two DC sources or loads is regulated and controlled 

using four power switches, with two situated on each side of the bridge. Additionally, the 

converter utilizes a transformer to ensure that the input and output sides of the converter are 

electrically isolated from one another. The transformer is an essential element of the bridge 

converter, which transfers energy between two sides of the circuit. The primary side of the 

transformer is connected to one of the DC sources or loads, while the secondary side is connected 

to the other, ensuring efficient power transfer between the two sides of the circuit [5], [17], [18].  

The charging of an EV involves the use of a bidirectional full-bridge DC-DC converter. This 

converter is responsible for transferring power from a PV panel to the battery of the vehicle. It 

connects the PV panel to one side of the converter and the battery to the other side. The converter 

ensures the charging process is safe and efficient by regulating the power transfer between the 

solar panel and the battery [5], [17], [18].  

When the EV is not linked to the charging station, the isolated bidirectional full-bridge DC-DC 

converter can be used to transfer power between two DC sources, such as the PV array and a 
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battery bank. This enables excess energy generated during the day to be stored and used to power 

the charging station and/or other loads during the night or when there is insufficient sunlight [5], 

[17], [18].  

The isolated bidirectional full-bridge DC-DC converter offers several benefits for the off-grid 

EVCS. They include efficient power transfer between two DC sources or loads, minimizing 

energy losses and improving the overall system efficiency. It also provides electrical isolation 

between input and output sides of the converter, ensuring safe and reliable charging station 

operation. Furthermore, it enables flexible energy management by facilitating power transfer in 

both directions, allowing energy to be stored and used as required [5], [17], [18].  

However, there are also challenges associated with the use of isolated bidirectional full-bridge 

DC-DC converters in off-grid EVCS. These include complexity and cost in design and 

manufacturing, necessitating advanced knowledge of power electronics and control systems. 

Additionally, customization for specific applications may be required, increasing costs and lead 

times. 

3.5 Snubbers 

Snubbers are electronic devices used to shield switches and other components in power circuits 

from sudden voltage surges. These surges can cause high-frequency oscillations and vibrations, 

leading to excessive stress on the components [5], [17], [18].  

Snubbers function by providing a channel for the energy stored in parasitic inductances to be 

released. A snubber often contains a combination of a resistor, capacitor, and diode, arranged 

either in parallel or series with the component being protected. Three common types of available 

snubbers are RCD snubbers, active snubbers, and flyback snubbers, each with its own unique 

features that suits different applications [5], [17], [18]. For a more comprehensive understanding, 

which includes detailed explanations and diagrams, please refer to Chapter 5. 

RCD snubbers (see Fig. 5.2) are often used in DC-DC converters and are constructed with a 

resistor, capacitor, and diode connected in parallel with the switch. When the switch goes off, the 

capacitor charges with the energy stored in the parasitic inductance, resulting in a voltage surge 
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across it. This surge is released when the capacitor discharges through the resistor and diode. In 

contrast, active snubbers employ active components such as transistors to create a route for energy 

dissipation. Active snubbers (see Fig. 5.3) are superior to RCD snubbers because they can switch 

on and off faster, resulting in more efficient energy dissipation [5], [17], [18].  

Flyback snubbers (see Fig. 5.4) are commonly implemented in flyback converters, which utilize 

transformer leakage inductance to store energy which is returned back to the input when the 

switch is turned off. A flyback snubber comprises a capacitor and a diode that are connected in 

series with the transformer. When the switch turns off, the capacitor discharges through the diode, 

returning the energy to the input [5], [17], [18].  

3.6 EVCS 

EVs require a reliable and secure source of electricity to recharge, without overloading the system 

or causing power surges [140]–[142]. Several types of EVCSs have been developed to fulfill this 

requirement, and they are categorized as follows. 

3.6.1 Residential Charging Station 

A residential charging station is an ideal solution for EV owners who want to charge their vehicles 

at home during off-peak hours. This will reduce the demand on the electrical grid and provide a 

more cost-effective charging option. However, it is worth mentioning that the charging time for 

a full charge at a residential station can take up to 17 hours, depending on the specific EV and 

charging equipment used. Despite the longer charging time, many EV owners find the 

convenience and accessibility of a home charging station to be a significant advantage, as it 

eliminates the need for frequent trips to public charging stations and ensures that the vehicle is 

always ready for use. Additionally, using a residential charging station may also allow EV owners 

to take advantage of time-of-use electricity pricing, which can result in lower charging costs 

[141]–[143]. Section 3.7.1 will discuss the various charging levels in detail. 

3.6.2 Parking Charging Station 

Parking charging stations provide a convenient and accessible way to charge EVs while they are 

parked for extended periods of time, such as while the driver is at work or running errands. 
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According to the National Household Travel Survey, vehicles are frequently parked for over five 

hours daily at workplaces, presenting an excellent opportunity to charge EVs and alleviate the 

pressure on public charging stations and the electrical grid during peak hours [144]. Parking 

charging stations can be installed in a variety of locations such as restaurants, shopping malls, and 

libraries, following established infrastructure guidelines [145], [146]. 

Smart charging spaces with internet and Wi-Fi facilities can be created to allow for slot booking 

and traffic inquiries, making it easier for EV owners to plan their charging needs and access the 

charging station when they need it. Parking charging stations typically offer both single and three-

phase supply. It takes approximately 7 to8 hours to fully charge an EV battery, depending on the 

specific vehicle and charging equipment used [145]–[147]. 

Overall, charging stations for parked vehicles provide a practical and accessible solution for EV 

owners to charge their cars while conducting their daily routines, contributing to the reduction of 

pressure on public charging infrastructure and promoting the shift towards a more sustainable 

transportation system. 

3.6.3 Public Charging Station 

Public charging stations are essential for EVs to travel longer distances, as they provide fast 

charging capabilities that significantly reduce charging time. Standard charging can take several 

hours and is not practical for EV drivers on the move. Public charging stations employ fast 

charging techniques, such as polyphase supply, which can charge an EV in approximately half an 

hour, making it a more convenient and practical solution for the drivers. These charging stations 

are strategically located at convenient locations, such as gas stations, and public parking lots, to 

make them easily accessible to the public. They can be equipped with advanced features such as 

smart charging capabilities, to optimize charging times and reduce the burden on the grid during 

peak hours. Public charging stations are an essential part of the EV infrastructure, as they allow 

EV drivers to travel longer distances without worrying about range anxiety [143], [147]–[149]. 
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3.6.4 Battery Swapping Station (BSS) 

BSS are designed to overcome the lengthy charging times associated with EVs. Instead of waiting 

for the battery to charge, a fully charged battery can be exchanged with a depleted one. However, 

the implementation of BSS poses several challenges that need to be addressed. One major 

challenge is the compatibility of battery modules with different EV models, brands, and battery 

designs. To address this, manufacturers need to agree on standardized battery modules, which 

will help ensure compatibility across different EV models [143], [150]–[152]. 

Another challenge with BSS is battery degradation. As batteries age and degrade over time, the 

performance and capacity of the battery will decrease. This could lead to issues with battery 

swapping, as the swapped battery may not have the same level of performance as the original 

battery. To address this, BSS operators need to carefully monitor battery performance and replace 

degraded batteries to maintain high levels of service quality [143], [148], [151], [152]. 

Overall, while BSS present a promising solution to lengthy charging times, significant challenges 

remain that need to be addressed. With the implementation of standardized battery modules, 

careful monitoring of battery performance, and clear ownership guidelines, BSS could become a 

practical solution to support the widespread adoption of EVs. 

3.7 Features of EVCS 

Charging an EVSE or EVCS is essential for connecting a battery storage system to the grid [153]. 

Specific requirements are necessary for the station to operate.  They are : 

Supporting Grid Factors Reactive power from the charging station injected back to the grid 

eliminates the high-power demand from charging vehicles, thereby maintaining the Point of 

Common Coupling (PCC) voltage and preventing voltage instability. Additionally, the Station to 

Grid (S2G), V2G, and Active Power Filtering (APF) technologies have played a significant role 

in highlighting the significance of charging stations to utility owners, leading to increased investor 

interest [154]. 
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Incorporation of RES 

Incorporating RES into the charging station can resolve issues related to EV charging, such as 

peak loading, overload, and voltage drop. This, in turn, can reduce the amount of power that needs 

to be drawn from the grid [5], [10], [17], [18], [155] 

Incorporation of BESS 

When a BESS is integrated into the charging station and RES, it can mitigate the problems 

associated with charging an EV. The recurrence of RES improves when a BESS is deployed in 

the charging station [5], [10], [17], [18], [156]. 

Power Density 

The term “power density” describes the amount of power that can be accommodated within a 

given area of a charging station. In areas with high density, such as urban areas, the charging 

station’s footprint is kept minimal [143], [152], [155], [157]. 

Accuracy 

The complexity of control strategies and numerous power electronic components in the charging 

station can reduce the station’s accuracy [143], [152], [155], [157]. 

Charging Time 

The charging time of EVs is the primary challenge in EV charging technology. Four crucial 

aspects impact fast-charging stations, which are summarized below. 

Battery size: The charging time of the battery is proportional to its size. The larger the 

battery, the longer it takes to recharge. 

SOC: The SOC determines whether the battery is fully or partially charged or discharged 

and will influence the charging time. 

Maximum charging rate of the vehicle: The rate of charge for an EV is predetermined 

and cannot be exceeded during charging. 
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           Charging rate of the charge point: The outlet’s rating, where the battery is connected, 

affects the charging time [143], [152], [155], [157]. 

3.7.1 Types of Charging 

Various standard codes such as the Society of Automotive Engineers (SAE), IEA, Institute of 

Electrical and Electronics Engineers (IEEE), International Electromechanical Commission (IEC), 

and International Organization for Standardization offer guidelines and voltage levels to charge 

EVs based on their rated capacity [158]–[162]. Charging EVs is classified into three types: 

Conductive Charging [143], [152], [155], [157], [162], [163] : The SAE divides charging into 

three different levels, while the IEC 62196 defines four charging modes based on power supply 

levels, protection systems, and connector types. 

o Level 1: These chargers are designed for residential purposes and are not typically 

used in public charging stations. Manufacturers provide Level 1 chargers with the 

EV, which can be charged from a standard house power outlet. With an output current 

of 12A-16A and compatibility with a single-phase AC supply, the Level 1 charger 

can charge an EV with 24kWh in approximately 17 hours. 

o Level 2: The Level 2 charger is an improved version of the Level 1 charger. These 

chargers can be installed in houses with split-phase power supplies and public 

charging stations. The charging stations can deliver an output current of up to 80A, 

enabling them to charge an EV with 24kWh in about 8 hours.  

Both Level 1 and Level 2 charging stations are AC charging stations. In both the cases, AC power 

from the grid is supplied to the EV, and an On-Board Charger then converts the AC into DC to 

charge the vehicle (see Fig. 3.3). 
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Figure 3. 3 AC Charging Station: Levels 1 and 2 [143], [152], [155], [157]. 

o Level 3: The Level 3 chargers, also known as DC charging stations, convert AC power 

from the grid to DC and then charge the battery directly, bypassing the On-board Charger. 

Chargers operating on a polyphase supply can provide an output current of up to 400A 

and a voltage of up to 600V, enabling EVs with 24kWh to be charged in under 30 minutes 

(Fig. 3.4). Level 3 chargers are also referred to as DC Fast Chargers or Super Chargers. 

 

Figure 3. 4 DC Charging Station: Level 3 [143], [152], [155], [157]. 

Table 3.1 provides information on charging levels and types of chargers as per SAE and IEC 

standards, as well as the CHAdeMO (CHArge de MOve ) charging standard: 
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Table 3. 1 Charging Levels. 

  

Source: SAE J1772™: SAE EV Conductive Charge Coupler, and IEC 61851-1:2017 EV 

conductive charging system – Part 1: General requirements. 

Inductive Charging [143], [152], [155], [157], [162], [163] 

Wireless Power Transfer Charging, also known as Inductive charging, provides an innovative 

solution to traditional conductive charging. This charging process is based on magnetic coupling 

between two coils, with one connected to the power grid and the other to the EV battery, as shown 

in Fig. 3.5. The SAE is aiming to standardize inductive charging for various charging scenarios 

and levels with its SAE J2954 standard. The market offers several inductive charging topologies, 

each with unique limitations and categorized into three charging scenarios. 

Static Charging is a user-friendly scenario that occurs when the EV is parked and unoccupied, 

such as at home or work, eliminating the need for handling cords and reducing the risk of electric 

shock. Stationary Charging is another scenario that takes place when the vehicle is stationary, and 

the driver is inside, such as at a traffic light, bus stop, or delivery truck. Dynamic Charging is a 

scenario where the vehicle is in motion, usually on a designated road or highway. Stationary and 

Level of Charging Phase Type of Charger
Usage & 

Location
Power(kW) and Current(A)

Level 1 (SAE) Single-Phase On Board
Residential and 

Office
1.4kW/12A, 1.9kW/20A

Level 2 (SAE)
Single or 

Three Phase
On Board

Public and 

Private
4kW/17A, 8kW/32A

Level 3 (SAE) Three Phase Off-Board
Commercial and 

Filling Station
50kW, 100kW

DC Power Level 1 

(SAE)
Poly Phase Off Board

Dedicated 

Charging Station
40kW/80A

DC Power level 2 

(SAE)
Poly Phase Off-Board

Dedicated 

Charging Station
90kW/200A

DC Power level 3 

(SAE)
Poly Phase Off-Board

Dedicated 

Charging Station
240kW/400A

AC power level 1 

(IEC)
Single-Phase On Board

Residential and 

Office
4-7.5kW/16A

AC Power level 2 

(IEC)

Single or 

Three Phase
On Board

Public and 

Private
8-15kW/32A

AC power level 3 

(IEC)
Three Phase On Board

Commercial and 

Filling Station
60-12kW/250A

DC rapid charging 

(IEC)
Poly Phase Off-Board

Dedicated 

Charging Station
1000-2000kW/400A

DC rapid charging 

(CHAdeMO)
Poly Phase Off-Board

Dedicated 

Charging Station
62.5kW/125A
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Dynamic charging offer the advantage of continuously recharging the EV's battery while the 

vehicle is in use. However, inductive charging has some drawbacks such as limited energy 

efficiency, higher cost, issues with exposure to the magnetic field, and complexity of design. 

 

Figure 3. 5 Inductive Charging [143], [152], [155], [157], [163]. 

Battery Swap  

Section 3.6.4 provides detailed information about battery swapping, which is one of the methods 

for EV charging. 

3.7.2 Current Technologies for Effectual EV Charging 

The proliferation of EV charging stations has created a significant need for electrical power, 

imposing challenges on the power grid. These challenges encompass various aspects of power 

quality such as voltage variations, regulatory compliance, peak demand management, system 

reliability, and load prediction. Several technologies have been identified for overcoming these 

challenges. 

One such technology is smart grid technology [163]–[165], which involves self-sufficient 

structures that use automation to improve the communication, automation, and connectivity of 

the power network components. This technology facilitates the establishment of a communication 

link between the power grid and the users to monitor the area's load effectively. Furthermore, the 

technology automates remote terminals that correspond to their respective feeders. These 

terminals transmit any incorrect state information and report the power usage at each feeder. The 

use of this technique can help in providing preliminary information on the load conditions, which 

can ultimately eliminate potential reliability issues in the power grid. Additionally, this technique 
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also has a valuable role in load forecasting linked with the vehicle, and in this manner, the SOC 

of the battery can be shared with the grid. On the other hand, the adoption of smart grid technology 

is not without drawbacks. These include challenges in terms of regulations, data security and 

vulnerability, technical requirements, integration complexity, high installation costs, and potential 

communication issues. 

Another technology that can help is the V2G technology [163], [166], [167], which facilitates the 

bidirectional flow of energy between EVs and the power grid. The use of this technology enables 

the charging and discharging of an EV battery to be adjusted based on the nearby energy 

production or consumption. Maintaining a balance between active power and frequency is crucial 

in preventing overloading and underloading, which can result in a frequency mismatch and 

potentially impact the power system. Hence, it is recommended to implement a bidirectional 

energy flow system, where the power grid supplies energy to the EV when needed, and during 

idle or surplus periods, the EV can feed power back to the grid. 

Renewable energy technology [5], [10], [17], [18], [163] is an essential tool in the shift towards 

sustainable energy. It harnesses energy from renewable sources such as solar, wind, hydro, wave, 

heat exchange, tidal, and bioenergy to generate electricity, heat, and fuel. The rapid expansion of 

RES would lead to significant energy security and economic benefits while reducing 

environmental pollution caused by burning fossil fuels and improving public health. Currently, 

26% of electricity from renewable sources is expected to reach 30% by 2024. RES provides a 

highly beneficial option for charging EVs due to its ability to significantly reduce carbon 

emissions and minimize the impact on the grid. Mounting a solar plant at residential places is also 

a harmless and an easy way to produce electricity. Solar panels mounted on the rooftops of 

shopping malls, public charging stations, offices, and libraries can also reduce the direct load on 

the grid. The installation cost of solar panels can be expensive, but the running cost is very 

inexpensive, and therefore it moderates the running cost of EVs compared to gasoline vehicles. 

3.7.3 Types of EV Connectors 

EV charging is categorized as slow, fast, or rapid with each type having specific connectors for 

either low or high-power applications [162], [163]. 
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The slow charger operates between 2.3kW and 6kW, with the most common rating being 3.6kW, 

16A. This method is widely used by owners to charge their EVs at home overnight, but it takes 

6-12 hours to fully charge the vehicle. Due to the long charging time, slow chargers are becoming 

less popular and are considered outdated. These chargers use a standard residential three-pin 

socket [168]. 

The fast charger typically operates at 7kW at single-phase and 22kW at three-phase, both with a 

current rating of 32A. Fast chargers are commonly found in car parks, supermarkets, or leisure 

centers where cars are parked for more than an hour. The charging time for a 7kW charger is 

typically 4-6 hours, while with a 22kW charger, it is only 1-2 hours [168]. 

Rapid AC chargers, deliver a power output of 43 kW (three-phase, 63A). These chargers have the 

capability to charge an EV to approximately 80% of its battery capacity within a time range of 

20-40 minutes. The charging duration may vary based on the specific model's battery capacity 

and initial SOC[168]. 

Rapid DC chargers, which utilize either the CHAdeMO or Combined Charging System (CCS) 

charging standards, provide a power output of 50 kW (125A), enabling charging to around 80% 

of an EV's battery capacity within a time frame of 20 minutes to an hour [168]. 

Unfortunately, there are several standards worldwide regarding the socket and corresponding 

connectors. 

AC Charging Socket: There are three common sockets available for AC charging: Yazaki 

Socket- SAE J1772, Mennekes Socket, and Le-grand socket [169] (see Fig. 3.6). Among these, 

SAE J1772 (Type 1) is the most used in North America, providing a power output of 7.4kW and 

charging up to 32A in a single-phase AC supply. The charging connector has various connections 

for phase, neutral, and ground, along with two small pins to facilitate communication between the 

EV and the charger [169], [170]. 

Mennekes (Type 2) is popular in European countries and outputs up to 44kW employing a three-

phase power system. This socket charges up to 63A in a three-phase AC supply, providing a 

power output of 44kW [169]–[171]. 
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Le-grand or Type 3 is similar to Type 2 and has a protection shield to prevent from any debris. 

This socket charges up to 22A in a three-phase AC supply and outputs a power of 22kW. It is 

commonly used in France and Italy [169], [170]. 

 

 

 

Figure 3. 6 AC Charging Socket [169]. 

DC Charging Socket: DC charging sockets can be categorized into three types: CHAdeMO, 

CCS-1, and CCS-2 charging sockets (see Fig. 3.7). CHAdeMO sockets are particularly popular 

and are used by Nissan Leaf and KIA EV models. These sockets have two large pins that are used 

for DC power rails and communication pins for the Controller Area Network (CAN) protocol. 

The CAN protocol enables communication between the battery pack of the EV and the charger, 

allowing for the proper flow of current and voltage to charge the battery pack [169], [170]. 

 

 

Figure 3. 7 DC Charging Socket [169]. 

Tesla Supercharger Socket: The Tesla Supercharger Socket (see Fig. 3.8) is the primary 

charging method for Tesla cars. The socket is designed to be versatile, combining both AC and 
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400kW,1000V,

400A 
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250A 

CCS-2 

135kW,410V, 

330A 
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DC chargers in a single unit, offering flexibility during the charging process. With this socket, 

drivers can charge their Tesla vehicles using both AC and DC power sources. The socket delivers 

a power output of up to 43kW for AC charging and up to 400kW for DC charging, which is 

significantly more than other charging sockets available in the market [172]. 

 

Figure 3. 8 Tesla Supercharger Socket [172]. 

With the ongoing EV revolution, it is crucial to continually improve charging technology. One of 

the biggest obstacles that EV customers face is the absence of a uniform charging system. A 

potential solution to this problem is the creation of a universal design that resembles the size of 

ICE model vehicle fuel nozzle inlets. This standardization would allow EV owners to cross 

international borders without difficulty in charging their vehicles. Moreover, standardized devices 

could include features to notify EV drivers about energy sources and demands that have a negative 

impact on the grid.  

3.8 Control Techniques Used  

Off-grid EVCS commonly use droop and master-slave control techniques as control strategies. 

These techniques are used to manage the charging of multiple EVs simultaneously while 

maintaining stable voltage and frequency levels in the off-grid system [5], [138]. 

Master-slave control involves designating one charger as the primary charger ("master"), which 

regulates the charging current and voltage to maintain stable voltage and frequency levels in the 

off-grid system. The other chargers ("slaves") are then controlled based on the instructions from 

the master charger to adjust their charging current and voltage to match the master charger's 

output, ensuring that all EVs receive the same charging power [173][174]. 
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Master-slave control allows for precise control of the charging process resulting in more efficient 

and reliable charging. It can ensure that each EV receives the same amount of charging power, 

regardless of the SOC of the EV’s battery, which is particularly important when some EVs have 

more discharged batteries than others. Additionally, master-slave control can prioritize the 

charging of certain EVs over others based on factors such as EV owner's preferences or battery 

capacity [173][174]. 

However, master-slave control has some disadvantages. It requires a central control unit (the 

master charger) to manage the charging process, which can introduce additional complexity and 

expenses to the charging system. The slave chargers must also be compatible with the master 

charger, which limits the flexibility of the charging system. Additionally, if the master charger 

fails, the entire charging system may be affected, leading to charging delays or disruptions [175]. 

On the other hand, droop control is a decentralized technique commonly used in power systems 

to manage the distribution of power among multiple loads. In the context of off-grid EV charging 

stations, droop control manages the charging current based on the SOC of each EV battery 

[173][176]. 

Utilizing a voltage or current sensing circuit, droop control monitors the SOC of each EV battery. 

This circuit can be placed either at the charging station or directly within each individual EV. By 

continuously monitoring the SOC, the charging current can be dynamically adjusted for each EV. 

A feedback loop is employed in droop control to regulate the charging current. The loop is made 

up of a sensor that measures the voltage or current of the EV battery, a comparator, and a control 

element. The measured voltage or current is compared to a reference voltage or current using the 

comparator. Based on this comparison, the control element adjusts the charging current by 

evaluating the measured voltage or current against the reference value. The reference voltage or 

current is determined based on the SOC of the EV battery. As the battery approaches its maximum 

capacity, the reference voltage or current is gradually reduced. Consequently, the charging current 

is also reduced. Conversely, when a battery is depleted and requires a significant recharge, the 

charging current is increased. This approach ensures that each EV receives a charging experience 

tailored to its specific requirements. By adjusting the charging current based on the SOC, droop 
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control optimizes the charging process and guarantees that each EV is charged at a rate that aligns 

with its individual needs [176], [177]. 

Droop control has several advantages. It allows for efficient charging of multiple EVs 

simultaneously while ensuring that each EV is charged at the appropriate rate, maximizing the 

utilization of the charging station's capacity, and minimizing the time required for charging. It is 

also a cost-effective solution for off-grid EVCS, as it can be implemented using simple voltage 

or current sensing circuits [176]. 

However, droop control also has limitations. It is sensitive to changes in the system parameters 

such as the resistance of the charging cable or the battery's internal resistance, which can affect 

the accuracy of the SOC measurements and lead to errors in the charging current adjustment. 

Additionally, droop control may result in slower charging times for EVs [178]. 

When it comes to managing the charging of multiple EVs in off-grid charging stations, combining 

both droop and master-slave control techniques offers several advantages. One of these 

advantages is increased flexibility in managing the charging process. The droop control technique 

can regulate the overall voltage and frequency levels in the off-grid system, while the master-

slave control can ensure that each EV receives a consistent level of charging power. This enables 

the efficient utilization of available power and can lead to faster charging times. 

Another benefit of combining these control strategies is more precise control over the charging 

process. The droop control mechanism ensures consistent voltage and frequency levels, while the 

master-slave control system enables customization of charging current and voltage to meet the 

individual needs of EVs. This combination promotes efficient charging and enhances the 

longevity of EV batteries. 

Furthermore, incorporating droop and master-slave control methods can simplify the charging 

system's overall complexity. Utilizing droop control to regulate the voltage and frequency levels 

and master-slave control to manage the charging of individual EVs eliminates the need for a 

complex central control unit. This can simplify the operation and maintenance of the charging 

system and reduce costs. 
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In short, combining droop and master-slave control techniques in off-grid EV charging stations 

provides several benefits, including improved flexibility, reliability, precision, and cost-

effectiveness compared to using either control strategy alone. This technique is used in this 

research. 

Table 3. 2 Comparison of Control Strategies for Off-Grid EV Charging Stations. 

Control Strategy Advantages Disadvantages 

Master-slave control More precise control, 

consistent charging power, 
prioritize certain EVs 

Requires central control unit, 

limits flexibility, system-wide 
failure risk 

Droop control Efficient charging, cost-

effective, simple 
implementation 

Sensitive to system changes, 

slower charging times 

Combined (droop + 

master-slave) control 

Increased flexibility, more 

precise control, reduced 

complexity, and costs 

None mentioned 

3.9 Summary 

In this chapter explores the potential of off-grid PV-based charging stations as a sustainable 

solution for EV charging. These charging stations offer a promising alternative, especially in 

remote areas where traditional power grids are unavailable. By using PV panels to generate and 

store solar energy in a battery bank, the need for fossil fuels is reduced, thus promoting sustainable 

transportation, and lowering GHG emissions. The chapter also describes the critical components 

of PV-based charging stations, such as PV panels, charge controllers, and battery banks, and how 

they work together to ensure reliable and uninterrupted charging. Additionally, the control 

techniques used in off-grid PV-based charging stations, such as master-slave and droop control, 

are also described.  
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Chapter 4 Enhanced Efficiency and Reliability of Standalone EV Charging Stations 

through Isolated Bidirectional Converter with Snubber 

The work and results presented in this chapter was published in a peer-review journal in which 

the author of this thesis (D.K. Nair) was the principal author.  The details of the publication are 

as follows: D. K. Nair, K. Prasad and T.T. Lie (2021), “Standalone Electric Vehicle Charging 

Station using an Isolated Bidirectional Converter with Snubber”, Energy Storage 3, 

https://doi.org/10.1002/est2.255. 

4.1 Introduction 

As the world becomes increasingly concerned with reducing GHG emissions and promoting eco-

friendly transportation, EVs have provided a much needed and a popular solution. However, in 

remote areas, the availability of off-grid EV charging stations is essential to encourage EV usage. 

One promising solution to this problem is the use of solar energy. However, solar energy is not 

constant throughout the day, which means that an ESU is necessary for energy storage in addition 

to a PV array. In tackling this challenge, the research work described in this chapter presents a 

design approach that involves the utilization of a fast-charging station. This approach integrates 

key components such as a boost converter with MPPT, a BDC featuring a snubber circuit, and an 

ESU. By effectively combining these elements, the design presented in this chapter aims to 

optimize power management and provides a viable solution for addressing the challenge. Power 

electronic converters, with an active snubber and two capacitive-diode snubbers, act as the energy 

sources that interface with the ESU, resulting in near-ZVS and ZCS for the converter, thus leading 

to improved overall efficiency. The ESU can meet EV energy demands when there is insufficient 

generated solar energy and uses excess solar energy to develop an optimal power management 

system. Ultimately, this results in a green, reliable, and efficient off-grid EV charging station. A 

MATLAB/Simulink environment was used to validate the system performance of the proposed 

method. 

EVs offer a viable solution for reducing GHG emissions and addressing fossil fuel depletion on 

a large scale. Currently, ICEs remain the most used form of propulsion for vehicles. However, it 

is critical to find sustainable alternatives to non-RES. An ideal solution can leverage electricity 

https://doi.org/10.1002/est2.255
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generated from renewable sources such as solar, wind, nuclear, geothermal, natural gas, and fossil 

fuels. The transport sector is the second-largest contributor to carbon emissions and global 

warming. By extracting electricity from renewable sources, EVs offer a means of overall 

emission-free transportation. While EVs have been around since the early 20th century, the shift 

from gasoline to EVs became more pronounced in the 21st century due to increased global 

concerns about climate change and rising crude oil prices. Despite the clear benefits of EVs, there 

are still significant challenges that hinder their widespread adoption, with one of the most 

significant being the lack of infrastructure for fast charging of EVs [179]. 

Addressing the existing infrastructure deficit necessitates the establishment of an ample number 

of charging stations that effectively deliver significant climate benefits, generate economic 

profits, and garner widespread public acceptance. Charging stations that use RES, particularly 

solar energy, can make EVs entirely free from exhaust gases. Therefore, for non-urban and farm 

areas, a solar-based remote EV charging station can be considered, especially in areas where grid 

availability is absent. However, the available power for charging EVs may be uncertain and 

unreliable due to the inconsistency of solar irradiance. Hence, during uneven solar irradiance 

conditions, it is necessary to implement a PV source with an ESU to efficiently manage the power 

supply. During excess power conditions and the absence of EVs, the ESU can be charged from 

solar energy. The power electronic equipment used in the EV charging station is responsible for 

charging and discharging the ESU. Batteries are essential to back-up power, and BDC used in this 

system can execute the charging and discharging of ESU. 

EV charging stations with bridge-type bidirectional converters have been widely used in previous 

research [38]. However, the efficiency of this type of converter was found to be reduced due to 

voltage and current stresses on the converter's main switches, as it did not achieve near ZVS and 

ZCS. A proposal for a new off-grid EV charging station is presented in this chapter with specific 

aim to achieve near ZVS and ZCS. The proposed system utilizes a BDC with an active snubber 

and two passive capacitive-diode snubbers, allowing for near ZVS and ZCS for the switches on 

both sides of the transformer. It was also possible to have an optimized energy extraction by 

developing and simulating various EV charging stations, confirming that PV-enabled EV 
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charging stations were the best choice. Ultimately, it is shown that the new off-grid EV charging 

system has the potential to reduce stresses and improve efficiency in the long run, outperforming 

many existing charging facilities. 

4.2 The System Architecture 

The proposed charging station is intended for use outside of urban areas where grid infrastructure 

is not readily available to support the charging activity. An overview of the PV-charged EVCS 

proposed in this study is shown in Fig. 4.1. An integrated solar power system with a total capacity 

of 100 kW is utilized to power the plant. The PV station continuously monitors the maximum 

output of the system and ensures that the maximum output is fed to the integrated DC bus for 

optimum performance. Accordingly, the charging station operates as a DC microgrid to provide 

power to the charging station while also storing power generated by the PV system. A maximum 

of 80 kW of power will be available from the proposed ESU. The charger is connected to the EV 

load with the aid of a BDC via an active and passive snubber. As their name suggests, bidirectional 

converters control how much power is conveyed from the ESU during the charging and 

discharging processes. The following section outlines the modelling of each component of the 

proposed system. 

Figure 4. 1 Schematic of the proposed charging station. 

4.2.1 PV Panels with Boost Converters 

This scheme utilizes a PV array as the primary source of energy for the system. A calibration of 

the real-time output power is conducted prior to the simulation of a charging station. The output 

power of the PV cell is predicted using a single diode model [180]. Therefore, the model makes 

use of PV module parameters such as solar irradiance (G) and module temperature (T) to simulate 

the PV module performance. Several meteorological data sets are obtained from the National 
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Renewable Energy Laboratory (NREL) to extract the various parameters that govern the PV 

model's operation [181]. Boost converters boost the PV array voltage to the DC voltage required 

to load two EVs. 

4.2.2 Energy Storage Unit 

A backup option is provided by the ESU when the PV array is not able to provide sufficient power. 

During this study, a lithium-ion battery pack is used as the ESU. SOC constraints are set at 95% 

and 20%, respectively, to circumvent over-charging and over-discharging of the battery pack, 

such that. 

𝑆𝑂𝐶𝐿 ≤ 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶,      (4.1)  

where the lower SOC limit of 20% is specified by SOCL, and an upper SOC limit of 95% is 

specified by SOCU. As long as the PV array's SOC reaches the upper limit (SOCU) of 95%, the 

battery pack will provide the energy needed to charge EVs until the lower limit (SOCL) of 20%. 

In the proposed work, SOC is initially assumed to be a random value between SOCL and SOCU, 

which is routinely updated as the charging process progresses. It is from the SOC of the ESU that 

the estimate of the energy that can be obtained from the battery pack is derived. The ESU can 

provide energy to EV loads when the current SOC is higher than the SOCL at the time of delivery 

[182]. 

4.2.3 BDC with Snubbers 

If an EV load is connected to an ESU, the ESU will start to discharge. A total of two charging 

units are used in the system, each of which acts as a current source to regulate the EV charging 

current and forms the charging circuit. In this manner, the charging and discharging of a unit 

connected to an ESU is controlled by a current control strategy. It is the case that while the ESU 

is charging, the BDC will enable the user to use the buck mode, whereas user uses the boost mode 

when the ESU discharges and the EV loads need to be powered. During transitions between the 

on and off states of the converter, an active snubber, as well as two passive capacitor-diode 

snubbers, can help reduce the high current and high voltage stress encountered at the main 

switches of the converter [120]. As a result of the snubber circuits on either side of the BDC, one 
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can achieve both ZVS and ZCS on either side of the converter, thereby enhancing the reliability 

of the entire system significantly. A diagram of the overall arrangement is shown in Fig. 4.2. 

 

Figure 4. 2 Combined active and passive snubber circuits in a BDC. 

Essentially, the converter consists of four parts: a current-fed bridge, an active snubber circuit on 

the low-voltage side of the converter and a voltage-fed bridge and a pair of passive snubbers on 

the high-voltage side. The circuit is in buck operation mode, where power flows from the high 

voltage side to the low voltage side through inductor L, through which output filtering is carried 

out. Meanwhile, when power is transferred from the low-power side of the circuit to the high-

power side of the circuit, it is in boost mode. The snubber capacitor C, readily absorbs and stores 

the energy absorbed by the transformer as the voltage across the low end of the transformer starts 

to rise. Also, it clamps the voltage at a level just above the voltage across the lower side of the 

transformer, thereby increasing its effectiveness. When a heavy load is applied to the main 

switches, there can be reductions in the current stress across the main switches since the snubber 

current cannot circulate through the main switches when the load is high. 

Ensuring switches S, M1, and M4 are switched on is the first thing to perform the boost mode 

operation. M2 and M3 have been switched off. The output receives the energy released from the 

inductor and clamp capacitor. When S is abruptly turned off, the transformer leakage current rises 
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above the inductive current, iL. The clamp branch voltage resonates down to zero because of the 

excess current discharging the capacitor across the clamp branch and switches M2 and M3. The 

switches M2 and M3 are switched on with ZVS characteristics when the transformer current 

equals iL because of conducting antiparallel diodes. The transformer current reduces to zero with 

all switches on, charging the inductor L. The clamp branch voltage is then charged until the 

clamping capacitor clamps it after M1 and M4 are switched off. The leakage inductance, Lk of the 

transformer is influenced by the voltage differential between the clamp capacitor and the reflected 

output voltage. When the clamp switch S is shut off, the subsequent half-cycle of operation will 

start. 

The load current may now freely flow across the current-fed bridge, as the circuit is currently 

operating in buck mode. The output voltage is delivered to the transformer once M8 is activated. 

The whole voltage is applied to the leakage inductance while the opposite side of the transformer 

is short circuited, increasing the current. The voltage between the transformer terminals on the 

low voltage side instantaneously changes to the reflected voltage from the high voltage side as 

the transformer current increases linearly to the load current. The clamp branch voltage increases 

to the reflected voltage after the transformer current meets the load current. The leakage 

inductance and clamping capacitor begin to carry the resonant current via the clamp switch's 

antiparallel diode, which charges the inductor L. M5 is now switched off. Following that, D7 

begins to conduct the freewheeling leakage current. 

As the switch S is activated, the clamp branch voltage is maintained at a high level. The voltage 

fed side of the transformer's terminals experience this reflected voltage, which exerts pressure on 

the leakage inductance and causes the current to decrease. Eventually M7 conducts in conjunction 

with ZVS. Starting to reversal block, D1 and D2 stop leakage current from flowing in the other 

way. The load current is increased by the clamp branch. As soon as S is switched off, the clamp 

branch voltage falls to zero. During this period, there is no current freewheeling on the high 

voltage side, and M8 is shut off with zero-current switching. The circuit then resumes its previous 
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half-activity cycle's when M7 is switched on. Transformers reverse their polarity in order to 

maintain flux balance by reversing their voltage [120], [183]. 

When switching commutation is being performed, the C absorbs the difference in current between 

the current fed into the inductor and the current flowing through the leakage inductance of the 

isolation transformer. Furthermore, the active snubber provides an initial charge to the capacitor's 

high-voltage side during the start-up process, essentially preventing any unforeseen inrush current 

from being caused by the capacitor during this period. A consequence of this design is that the 

high-voltage side switches experience a hard switching shut-off when operating in step-down 

mode. Consequently, two capacitor diode snubbers are connected in parallel with the voltage-fed 

bridge as a preventative measure. As a result, the main switches will operate close to the point of 

transition between ZVS and ZCS in the programme. Snubber capacitor of the active snubber is 

used to transmit the energy stored in it to buffer capacitors C1 and C2. This decrease in snubber 

capacitor voltage occurs as a consequence of this [120]. 

Table 4. 1 Switching Condition of the Proposed Converter. 
 

Switches ZVS 

turn 

ON 

ZCS 

turn 

ON 

ZCS  

turn  

OFF 

M1-M4 YES YES NO 

S YES NO NO 

M5-M8 YES NO YES 

Table 4.1 shows the switching state of the proposed converter. The table shows that all switches 

accomplish ZVS turn-on features for the proposed converter. It is also clear that switches M1-M4 

accomplish ZCS turn-on characteristics, whereas switches M5-M8 obtain ZCS turn-off 

characteristics. The inductor is intended to be big enough to limit the exciting current and decrease 

transformer loss as calculated by the following equation, 

𝑙𝑟 =  
𝑖𝑖𝑛∗ 

𝑉0
𝑛⁄

𝑡𝑑
 ,       (4.2) 

where  lr  is the critical point of leakage inductance to achieve ZVS, 𝑖𝑖𝑛 is the input current, 𝑉0 is 

the output voltage, n is the transformer turns ratio, and td is the dead time (500ns). 
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There are two voltage stress terms that are used in the proposed converter: the voltage stress on 

the rectifier diodes is the actual output voltage, and the voltage stress on the primary side switches 

is the reflecting output voltage of the converter (
𝑉0

𝑛⁄ ). It is not commercially possible to find 

inductors which are ready-made for the application at these power levels; thus, these components 

must be designed to perform the job. It is assumed that the maximum discharge current will be 

2A. In terms of ripple, the allowed amount is about 10% of the maximum discharging current. 

Accordingly, the value of the inductor can be given as follows: 

𝐿 =
[|𝑉𝑏𝑎𝑡−𝑉𝑐|(1−𝐷)𝑇𝑠

∆i𝐿
 ,      (4.3) 

where |𝑉𝑏𝑎𝑡 − 𝑉𝑐| represents the absolute difference between the battery voltage (𝑉𝑏𝑎𝑡) and the 

capacitor voltage (𝑉𝑐). The duty cycle D is calculated as 
2∆𝑡

𝑇𝑠
, with ∆t representing the time when 

the primary side voltage across the transformer is equal to ±𝑉𝑖𝑛 and Ts denotes the period of the 

driving signal for each bridge switch. Finally, ∆i𝐿 represents the ripple current through the 

inductor. 

A resonant transition switching between the leakage inductance and the output capacitor enables 

a large ringing voltage spike across the switches. Using a snubber resistor equivalent to the 

characteristic impedance of the ringing will effectively dampen or eliminate the ringing. A 

snubber capacitor is used to minimize dissipation at the switching frequency, but still maintain 

the electrical characteristics of the resistor at the ringing frequency by minimizing dissipation at 

the switching frequency. For designing purposes, it is best to start with when the capacitor's 

impedance at the ringing frequency is equal to the value of the resistor [183]. 

Clamping capacitor, 𝐶 ≥  
(𝑇𝑠/4𝜋)2

𝐿𝑘
 ,    (4.4) 

where Ts denotes the period of the driving signal for each bridge switch and 𝐿𝑘 is the leakage 

inductance of the circuit. 

Transformer turns the formula gives the ratio as  
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𝑁𝑝

𝑁𝑠
=

𝑉𝑖𝑛

𝑉0
, (4.5) 

where 𝑁𝑝 represents the number of turns in the primary winding of the transformer, 𝑁𝑠 represents 

the number of turns in the secondary winding, 𝑉𝑖𝑛 is the input voltage, and 𝑉0 is the output voltage 

of the circuit. 

𝑇𝐷𝑅  is the conducting time of rectifier diode and is given by, 

𝑇𝐷𝑅 =
𝑉𝑖𝑛

2𝑓𝑠
𝑉0

𝑛⁄
 ,            (4.6)

where 𝑉𝑖𝑛 is the input voltage, 𝑉0 is the output voltage of the circuit, fs is the switching frequency 

and n is the transformer turns ratio. 

The clamping branch ensures a safe path for the stored energy in inductive or capacitive elements, 

thereby preventing spikes and safeguarding the circuit components. The duty ratio, 𝐷𝑐𝑙𝑎𝑚𝑝, 

corresponds to the duration in the switching cycle when the main switching devices are active, 

determining their on-state timing and duration. By modifying the duty ratio, the bidirectional 

converter gains the capability to regulate power flow, controlling the output voltage or current. 

The duty ratio, 𝐷𝑐𝑙𝑎𝑚𝑝 can be calculated using the formula: 

(1 − 𝐷𝑐𝑙𝑎𝑚𝑝)𝑇𝑡 +
2𝑖𝑖𝑛∗𝑙𝑟

𝑉0
𝑛⁄

= 𝑇𝐷𝑅, (4.7) 

where 𝑖𝑖𝑛 is the input current, 𝑇𝑡  denotes the total period of the switching cycle, lr  is the critical 

point of leakage inductance to achieve ZVS, 𝑉0 is the output voltage and n is the transformer turns 

ratio. 

4.2.4 EV Load 

A wise precaution should be taken when modelling the power demand of an EV to avoid damage 

to the batteries. In this regard, we assume that the battery should have 80% SOC at the time of 

departure and that there should not be any over-discharge of the EV battery. In this way, the EV 

ceases to use the electric energy available from the EV battery as soon as the battery SOC reaches 

10% of its rated battery capacity. During the next charge from the ESU, when the SOC of the 

battery achieves 70% of its total capacity, the EV will start utilizing electric energy for its own 

generation. The power demand for an EV can be calculated as 
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𝑃𝐸𝑉𝑖
=  𝑃𝐸𝑉𝑟𝑒𝑞

∗ 𝑆𝑖 ∗ 𝑤𝑖 ,     (4.8) 

where 𝑃𝐸𝑉𝑖
 is the demand of EV power at time slot i in kW, 𝑃𝐸𝑉𝑟𝑒𝑞

 is the maximum required EV 

power in kW at the time of plug-in, corresponding to the maximum SOC difference (80%) and 

current SOC0. Si is the  EV connectivity status at time slot i, and wi, the EV charging status at time 

slot i. The required EV power, 𝑃𝐸𝑉𝑟𝑒𝑞
 is calculated as 

𝑃𝐸𝑉𝑟𝑒𝑞
= (𝑆𝑂𝐶𝑈 − 𝑆𝑂𝐶0) ∗ 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦  ,    (4.9) 

where SOCU is the maximum SOC required by each EV and Cbattery is the EV battery capacitance 

[154]. 

4.3 Formulation and Control of the Proposed Converter 

Solar panels will supply a maximum power output of 100kW at a solar irradiance of 1000W/m2 

and a temperature of 40°C. Approximately 64 parallel strings of 5 SunPower SPR-315E modules 

are used in this PV block. A common DC bus of 400V connected to the PV array output and the 

boost converter. A DC-DC converter uses MPPT, particularly the P & O technique, to achieve 

maximum power by variably controlling the voltage across the PV array terminals [184]. Over 

the DC bus, the ESU consists of the lithium-ion battery that inputs the energy from the boost 

converter with MPPT. Battery life is prolonged by maintaining the battery's SOC between 20% 

and 95%. The following are possible scenarios for an operational ESU. 

 Scenario 1: EPV > ETOT and SOCESU ≥ max SOCESU 

It is great to see EVs get charged with solar energy EPV, however when the SOC of ESU 

(SOCESU) reaches its maximum, the EPV disconnects from the DC bus to maintain a 

balanced power grid. It is the total energy capacity of all the connected EVs which is 

expressed as ETOT. 

 Scenario 2: EPV  > ETOT and SOCESU < max SOCESU 

It is important to understand that if the delivered solar energy EPV exceeds ETOT, then EVs 

can be charged from this energy. The additional power provided by solar power is used 
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to recharge the ESU if the current SOC of the charging station battery is lower than its 

maximum SOC. 

 Scenario 3: EPV  ≤ ETOT & SOCESU > minSOCESU 

As a result of the solar output in the charging station being reduced or zero during the 

night or in rainy/cloudy conditions, the ESU supplies the energy for charging the EVs in 

the charging station by keeping the battery at a minimum SOC. 

With the aid of the BDC as well as the snubber circuits, the ESU can be charged or discharged 

quickly. A BDC with snubber circuitry at a switching frequency of 50 kHz serves as the unit for 

charging batteries. It is expected that the battery will provide the nominal input voltage, and that 

the EV voltage will be in the range of 250-450 volts. It is estimated that the EV current will be 

between 200 and 500A. EVs are connected to the DC bus by each of the two charging units. The 

DC-DC converter is used to feed energy to the EV loads when they are connected to the charging 

station. In such a case, each charging unit acts as a current source for controlling the EV charging 

to balance the supply of power with the demand of power. 

If we assume that the charging current of the 100Ah battery is 11A, the charging time of the 

battery would be 9.09 hours when operated under ideal circumstances. The Nissan Leaf Acenta 

Auto model, for instance, comes with a 40kWh battery and it can be charged in between 29 

minutes and 5 hours, depending on the charging method it uses at a public charging station, 

usually a DC fast charger, or a DC rapid charger [185].  

This chapter aims to analyze the performance of the proposed charging station in relation to the 

assumed scenarios and a set of recommendations. The following sections discuss and describe 

what are the characteristics of the station and their subsequent analyses.  

4.4 Simulation Results 

A PV-based off-grid EVCS has been offered for evaluation including 100 kWh solar generation 

for the charging of an EV battery of 40 kWh capacity and an ESU of 80 kWh capacity. This ESU 
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supports the EV batteries during times when there is an insufficient output of solar energy and 

saves power during times when solar energy is in peak production. The simulation study for the 

proposed charging station is conducted using MATLAB/Simulink and is made up of considering 

three cases of EV requirements - EVs are charged either via a PV array alone, a PV array and an 

ESU together, or ESU only. A change in power demand can lead to a change in the performance 

of the ESU and the solar generation system. It is estimated that the Maximum Power Point (MPP) 

of the system is 96.24kW when solar irradiance is 1000W/m2 and the temperature is 400C. 

Usually, the DC-link voltage is higher than the voltage levels of the batteries. As a result, the 

BDC is useful in many EVs and charging stations for charging and discharging batteries. An 

evaluation of the performance of the proposed converter with and without the use of snubber 

circuits has been carried out. An illustration of the voltage waveform that is generated on the 

transformer's primary side of the BDC is shown in Fig. 4.3. In the case of a BDC without a 

snubber, there is parasitic ringing associated with voltage spikes. These spikes can damage the 

BDC. Using a snubber circuit, voltage clamping of the BDC can be achieved, and the voltage 

spikes are eliminated as shown in Fig. 4.3. It is beneficial in selecting lower-rated diodes for the 

BDC, and this can contribute to a longer lifespan of the diodes when compared to the case of a 

BDC without a snubber circuit [186]. 

 

Figure 4. 3 Voltage across the primary side of the transformer of the proposed BDC. 
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4.4.1 EV charging with PV array only 

A solar irradiance graph and the power response curve of the PV panel are shown in Fig. 4.4 for 

the purpose of generating the solar irradiance test data at 1000W/m2. EV batteries are being 

charged exclusively by solar power, in this scenario, to make them fit for use. There is a constant 

DC voltage that is supplied to the terminals of the EV to provide the required terminal voltage 

continuously [186].  

 

Figure 4. 4 (a) Solar irradiance data used for generating the test data and (b) power response 
curve of PV. 

 

Figure 4.5 shows the SOC of the EV load as well as the power response curve of the EV load with 

the BDC and with and without snubber circuits. By using a BDC with a snubber circuit, it appears 

that the output power of the BDC is obtained according to the amount of solar irradiation 

available. Besides clamping the voltage and removing the spikes, this converter can also be 
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utilized to increase the lifecycle of the converter as well as its overall efficiency by reducing 

power losses. 

 

Figure 4. 5 (a) Power response curve for EV load with and without snubber circuit and (b) SOC  

of EV load. 

4.4.2 EV charging with both PV array and ESU 

Solar energy is advantageous in this scenario if it can adequately charge both EVs and the ESU. 

It has been found that excess solar energy is mainly utilized for the purpose of generating 

electricity in residential or commercial buildings. As soon as there is insufficient PV generation 

to meet the EV charging demand, the ESU will start discharging the stored energy. It will then 

feed it to the charging units in the vehicle, ensuring that the batteries are constantly being charged. 

A BDC, which features snubber circuits, allows the charging and discharging of the ESU in a 

highly efficient manner. Figure 4.6 shows the response curves for both SOC and ESU. Figure 4.7 

shows the power response curve of an EV load, using a BDC with and without snubbers. EV loads 

are less affected by the ringing associated with the output power in the power response curve 
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when the BDC is used without a snubber circuit, which means the ringing attenuates more rapidly 

for fewer seconds. EVCSs must deal with a ringing or surge to be as efficient as possible. A 

smooth output power like that shown in Fig. 4.7 is achieved by the implementation of a BDC with 

active and passive snubbers. The worst-case scenario is, without a doubt, one in which solar power 

generation is entirely absent. In this scenario, ESU alone is expected to provide the energy needed 

to drive the EV's. 

 

Figure 4. 6 (a) Power response curve of ESU and (b) SOC response of EV load. 

 

Figure 4. 7 Power response curve of EV load with and without snubber circuits. 
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4.4.3 EV charging with ESU only 

This is a scenario in which EV loads are solely charged by the ESU. At this point in time, the 

ESU is the only source of power for EV loads. It is the ESU that discharges the stored energy to 

provide a continuous energy supply to the load when electricity is needed. Figure 4.8 shows the 

power response curves for the PV and SOC response of the EV load. Figure 4.9 shows the power 

response curve of the EV load with and without snubber circuits, and the response of the ESU. 

The output power ringing can also be observed in this scenario of a BDC without snubber circuits. 

With both active and passive snubber circuits, the BDC eliminates the ringing, thereby improving 

the converter's lifecycle and improving the overall efficiency of the EVCS. 

 

Figure 4. 8 (a) Power response curve for PV and (b) SOC response of EV load. 
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Figure 4. 9 (a) Power response curves of ESU and (b) EV load using BDC with and without 
snubber circuits. 

Based on these scenarios, it can be concluded that the proposed off-grid EVCS based on PV 

generation is able to provide sufficient power for charging EVs in any situation. This design of 

the BDC, which uses snubber circuits to protect the charging station and its components from 

high voltages and high currents, has also proved to be very energy-efficient and protects the 

system from damage. An efficiency curve is obtained by retaining the input voltage constant 

throughout the calculation. With a fixed value of input voltage of 400V, Fig. 4.10 shows the 

efficiency curves for the inductor current variation ranging from 5-30A. BDCs that are not 

equipped with a snubber circuit are considered to have a maximum efficiency of ~88.7%, while 

BDCs that are equipped with snubbers have a maximum efficiency of ~92%. Clearly, a BDC that 

includes active and passive snubber circuits achieves higher efficiency than a BDC without 

snubber circuits. 
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Figure 4. 10 Plot of conversion efficiency of the proposed converter. 

4.5 Comparitive Analysis 

In Table 4.2, a comparative analysis of different converter topology models for DC fast chargers 

is presented. As is evident from the table, most of the converter topologies that are described are 

bidirectional, provide grid support, and use battery storage as a power source. Thus, when the 

decision is being made about which topology is most suitable, other factors need to be considered. 

These factors include the realization of zero-voltage and zero-current switching, the number of 

passive components, conduction losses, and the complexity involved. In terms of complexity, the 

non-isolated three-port BDC is the simplest of all the converters. Compared to all other 

converters, it has fewer diodes and switches as it is powered by a dissipative energy element, and 

it offers lower efficiency than the others. In contrast to all the other converters proposed in the 

literature, the proposed converter offers and realizes both zero-voltage and zero-current switching 

simultaneously. The system is subject to conduction losses due to the circulation of current. 

Nevertheless, the proposed converter effectively reduces the circulating current and voltage 

spikes to a specified level. 

Table 4. 2 Comparitive Analysis Between Different Converter Topologies for DC Fast 
Chargers. 

References 

 

[187] [188] [38] This study 

DC-DC Converter Phase-shift 

full-bridge 

unidirectional 

Non-

isolated 

Non-

isolated 

BDC 

Isolated 

BDC with 

active and 
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DC-DC 

converter 

three-port 

BDC 

passive 

snubber 

Use of snubber circuit Clamp diode 

at primary 

side 

No No Active 

clamp 

snubber 

circuit at 

LV side 

and 

Passive 

snubber 

circuits at 

HV side 

Grid support Yes Yes No No 

BESS Integration No Yes Yes Yes 

RES Integration No Yes Yes Yes 

Number of 

switches/diodes/capacitors 

8/1/7 3/1/3 7/1/3 8/2/4 

Conduction loss high High high low 

Realization of ZVS and 

ZCS 

ZVS Near ZVS No Both ZVS 

and ZCS 

Complexity very high Low high medium 

Features Due to the 

presence of 

circulating 

current, 

conduction 

loss is high. 

Low 

efficiency at 

light load 

conditions 

Due to the 

presence of 

circulating 

current, 

conduction 

loss is 

high. 

 

Due to the 

presence of 

circulating 

current, 

conduction 

loss is 

high. 

 

Low 

conduction 

loss using 

the snubber 

circuit. 

Less 

switching 

stress 

 

Kumar et al. [38] proposed a system that utilizes renewable energy resources to the maximum 

extent possible and can recharge the batteries of EVs under any circumstances. Using this system, 

grid burden could be minimized since no grid energy is required to charge the batteries. Despite 

this, it did not demonstrate any results in terms of the ability to eliminate any voltage stress that 

may develop within the BDC operated by the charging station. Consequently, these stresses have 

a negative effect on the overall efficiency of the converter. There are several advantages to the 

converter in the present work, due to the use of an additional active snubber circuit:  

1) ZVS is automatically turned on for the main switches of the converter, which eliminates 

the reverse recovery problem.  
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2) Conduction losses are zero.  

3) Energy transfer from the clamp capacitor does not cause a loss in duty cycle.  

4) Higher efficiency, and   

5) Switching and control scheme is extremely simple. 

 

Figure 4. 11 Clamp branch voltage of BDC with active clamp snubber (inset shows the clamp 
branch voltage without snubber). 

It is possible to obtain a zero voltage as short as 4-6 seconds after the BDC is turned on by using 

the clamp branch voltage obtained from a clamp snubber, as shown in Fig. 4.11. An effective 

snubber can be implemented to eliminate the stresses. With ZVS characteristics, the converter in 

this study has the capability of effectively reducing losses and is also capable of enhancing the 

power of the EVCS. 

4.6 Summary 

This chapter presents MATLAB/Simulink simulations to validate the performance of a stand-

alone EVCS based on PV generation. The following summarizes the study: 

1) A configuration for an isolated BDC has been developed, which incorporates both 

active and passive snubber circuits placed between the EV and ESU to enhance 

energy efficiency. 

2) The active clamp and passive snubber utilized in the present converter have been used 

to minimize spikes at the primary side of the transformer and quickly achieve ZVS 

and ZCS characteristics. 
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3) It is clearly demonstrated that the proposed converter with a snubber circuit, when 

compared to an existing off-grid EVCS design, can reduce the stresses across the 

main switches, thus increasing the charging station's efficiency. Combining active 

and passive snubbers with a BDC and an additional energy storage device allows the 

solution to be an excellent option for PV-dependent EVCSs, resulting in an improved 

conversion efficiency of 92% compared to passive models. 

4) The proposed EVCS will also help alleviate the grid burden and enable EV charging 

in remote areas that are challenging to access. In the absence of solar energy or a 

decrease in solar energy, the PV array and ESU are equipped with a suitable system 

to supply power to the EV loads. As a result, a PV-based EVCS is a more 

environmentally friendly and energy-efficient alternative. 
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Chapter 5 Optimizing Efficiency and Performance of Off-Grid EV Charging Stations: 

Comparative Analysis of Snubber Circuit Configurations 

The work and results presented in this chapter was published in a peer-review journal in which 

the author of this thesis (D.K. Nair) was the principal author.  The details of the publication are 

as follows: D. K. Nair, K. Prasad and T.T. Lie (2021), “Implementation of Snubber Circuits in a 

PV Based Off-Grid Electric Vehicle Charging Station — Comparative Case 

Studies”, Energies 2021, 14, 5853, https://doi.org/10.3390/en14185853. 

The introduction of EVs has brought a significant change to the transportation industry, which 

was previously unimaginable. Although EVs are frequently hailed as a sustainable choice for the 

road ahead, there is a concern that they may cause a strain on the grid infrastructure and result in 

a notable surge in GHG emissions. This outcome largely depends on the electricity source utilized 

to power the vehicles. The ideal solution for EVs would be a solar-powered charging 

infrastructure that integrates sun power into the charging process.  

In this context, an off-grid EVCS is presented in this chapter. This EVCS offers fast battery 

charging through a ZVS snubber-based BDC. The system comprises an ESU, a PV array, a boost 

converter, and a BDC equipped with various types of snubber circuits, namely RCD snubbers, 

active clamp snubbers, and flyback snubbers.  Performance evaluation is carried out in terms of 

the use of different types of snubbers. 

It is worth mentioning that the extent of leakage inductances varies depending on low-voltage 

side-fed inductor currents. Therefore, the system layout is designed to clamp the voltage on the 

rail and reduce the peak current at the converter switches, resulting in enhanced efficiency of 

EVCS. The MATLAB/Simulink environment is utilized to develop and validate a snubber-based 

off-grid EVCS to guarantee optimal system performance. 

5.1 Introduction 

EVs are an eco-friendly alternative to traditional ICE vehicles, emitting significantly fewer GHG 

gases. The transition to EVs is a positive step towards renewable energy for the transportation 

https://doi.org/10.3390/en14185853
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sector. Nevertheless, EVs can still put pressure on the power grid despite their lack of emissions 

while in use. A solution to mitigate the strain on the power grid caused by EVs is coupling PV 

with EV charging stations. This method enables greater use of solar energy and EVs without 

overburdening the grid. This coupling is particularly beneficial for charging EVs in remote areas, 

although it can create unpredictability and instability due to variable solar irradiation [189].   

Recent research has placed emphasis on the advantages offered by snubber-based BDCs when 

applied to EVs. Kumar et al. [38] conducted a study proposing a PV-based OGCS that effectively 

integrates a solar source with an ESU to accommodate varying irradiance conditions. While this 

system enhances the reliability of the off-grid charging stations for EVs, the non-isolated BDC 

utilized in their study lacks the capability to achieve ZVS, which negatively impacts the charging 

station efficiency. Considering this, this chapter introduces a BDC that incorporates snubber 

circuits, demonstrating near ZVS characteristics across BDC switches. This integration 

significantly enhances the overall efficiency of PV-based charging stations for EVs. 

Given that EVs operate at low voltage levels, an interface between the BDC and the charging 

station becomes necessary. An isolated BDC surpasses a non-isolated BDC due to its bidirectional 

energy flow, electrical isolation, and heightened reliability. We will employ this BDC to facilitate 

both voltage step-up and step-down processes, thus enabling charging and discharging within a 

single circuit topology. Among the various BDC configurations available, the full-bridge BDC 

stands out due to its ability to handle high power. However, the leakage inductance of the isolation 

transformer leads to increased voltage and current spikes during switching transitions. 

Additionally, the freewheeling current contributes to conduction losses and reduces the effective 

duty cycle due to the leakage inductance effect. An alternative approach involves charging the 

leakage inductance to match the current level of the current-fed inductor, thereby minimizing 

current discrepancies, as well as voltage and current spikes. Nevertheless, achieving optimal 

synchronization between these two currents proves challenging as the current level varies with 

load conditions [17]. 
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Various types of snubber circuits can be implemented to address the above-mentioned challenges. 

These circuits offer an alternative pathway for circulating current across BDC switches, 

effectively managing the impact of circuit reactance. This, in turn, enhances the overall 

performance and increases the converter's reliability [190], [191]. Snubbers can be categorized as 

either passive or active networks, with passive snubbers comprising of resistors, inductors, 

capacitors, or diodes, while active snubbers utilize transistors or other active switching elements. 

A commonly used passive approach to clamp the voltage and restrict capacitor discharge current 

is through the implementation of an RCD snubber. Active clamped snubbers recycle energy stored 

in leakage inductance, leading to improved converter efficiency. The flyback snubber utilizes a 

capacitor-diode circuit to clamp the voltage spike across the switches and recover it. This snubber 

configuration proves highly effective in reducing circulating current across BDC switches [113]. 

Previous research has focused on the benefits of utilizing snubber based BDCs in EVs [113], 

[121]. However, little information exists on the use of snubber-based BDCs in off-grid charging 

stations for EVs. Kumar et al. [38] discussed a charging station that did not incorporate any 

snubber circuit, while a prior study [17], also discussed in Chapter 4, highlighted the beneficial 

effects of employing a flyback snubber. However, a comprehensive performance comparison of 

off-grid EVCS with various snubber circuit configurations has not been conducted. Therefore, 

work presented in this chapter aims to compare RCD, active clamp, and flyback snubbers for the 

BDC in terms of overall performance in off-grid EV charging stations. 

Although BDCs in EVs operating at low voltage levels have been studied [113], [121], there is a 

lack of data for both off-grid and grid-connected EV charging stations. paperwork presented in 

this chapter recommends integrating snubber circuits into BDC configuration to effectively 

mitigate the impact of circulating current on the main switches, resulting in efficient clamping of 

voltage spikes across the switches. This, in turn, improves the off-grid EVCS’s performance. 

Furthermore, implementing a single snubber circuit in the charging station is more cost-effective 

than having one in each EV. As a result, conducting a performance study of EV charging stations 

with different snubber circuit configurations is significant and necessary. 
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5.2 Analyses of the Snubbers 

The study in [38] uses a BDC which consists of metal-oxide-semiconductor field-effect transistor 

(MOSFET) switches for step-up and step-down modes and a DC link capacitor that serves as the 

voltage source. Since the converter functions as a voltage source, the load source is inductive. 

However, there might be a time delay during the transition from turn-off to turn-on or vice versa 

which can cause an overvoltage condition. Additionally, the free-wheeling diode’s reverse 

recovery leads to a current spike during turn-on, which results in significant switching losses, 

particularly during turn-off.  A viable strategy for addressing these concerns involves the 

utilization of snubber circuits. By incorporating snubber circuits, the issues mentioned earlier can 

be minimized or eliminated. 

Figure 5.1 portrays the proposed system, as outlined in [38], which includes a BDCs model that 

can function in both charging (buck) and discharging (boost) modes concurrently. During the 

charging process, the DC-link functions as the input for the BDCs, while the battery serves as the 

output load. The buck mode, which employs an inductor (Lbuck), is utilized at the output side of 

the BDCs to attain the battery's voltage level. The value can be computed using the equation  

𝐿𝑏𝑢𝑐𝑘 =
[|𝑉𝐷𝐶−𝑉𝑏𝑎𝑡|(1−𝐷)]

∆i𝐿𝑓𝑠
  ,     (5.1) 

where ∆iL and fs are the ripple current and switching frequency of the buck mode, respectively, 

VDC and Vbat are input and output voltages of the BDC, respectively, and D is the converter’s duty 

ratio. 

If the battery has been depleted, the input should be linked to the battery terminals while the 

output should be linked to the DC-link. This is because the voltage at the DC-link exceeds that of 

the battery terminals. The calculation of the component inductor (𝐿𝑏𝑜𝑜𝑠𝑡) in boost mode uses the 

equation 

𝐿𝑏𝑜𝑜𝑠𝑡 =
𝑉𝑏𝑎𝑡𝐷

∆i𝐿𝑓𝑠
 .      (5.2) 
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The BDC operates in both boost mode and buck mode - so it is necessary to choose the value of 

inductor, L accordingly as 

𝐿 = max (𝐿𝑏𝑢𝑐𝑘, 𝐿𝑏𝑜𝑜𝑠𝑡).     (5.3) 

The equation 5.3 represents a mathematical function that calculates the maximum value between 

two variables, 𝐿𝑏𝑢𝑐𝑘  and 𝐿𝑏𝑜𝑜𝑠𝑡 . This function employs the "max" function to determine and 

output the larger value from the two variables. Simulations of converters with passive snubbers, 

active clamping circuits, and flyback snubbers were conducted for the purpose of comparison. 

 

Figure 5. 1 Circuit diagram of the BDC used in [38]. 

5.2.1 RCD Snubber 

Figure 5.2 depicts the three key components of RCD snubbers: the resistor Rs, the capacitance Cs, 

and diode Ds. RCD snubbers or RCD clamps can prevent sharp voltage fluctuations across the 

switches. The capacitor functions as a filter and helps to maintain a low-ripple DC source by 

dissipating the stored leakage energy through the resistor. Meanwhile, the diode is a switch that 

can only operate in one direction at a time. RCD snubbers measure the characteristic impedance 

of the resonant circuit, which can be determined by the following equation, to clamp spikes. 

𝑍 = 2𝜋𝑓𝑠𝐿,       (5.4) 
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where fs represents the switching frequency of the converter and L is the inductor value derived 

from equation 5.3. Setting the snubber resistor at a value equivalent to the characteristic 

impedance of the device can effectively reduce the ringing effect to an acceptable level. 

Therefore, to determine the resistor to be used, the following equation must be used. 

𝑅𝑠 = 𝑍 .       (5.5) 

The snubber capacitor, Cs, ensures that dissipation at the switching frequency is kept to a 

minimum, allowing the resistor to function at its peak efficiency at the ringing frequency. The 

capacitor is made to have a clamping frequency impedance that is equal to that of the resistor, 

according to the equation 

𝐶𝑠 =  
1

2𝜋𝑓𝑠𝑅
 ,       (5.6) 

where fs is the switching frequency of the converter. 

The purpose of this circuit is to absorb the current that flows through the inductor when the voltage 

at the switch’s drain exceeds that of the clamp capacitor. As a result of the relatively large 

capacitor, this circuit can sustain a consistent voltage throughout the switching cycle. 

Additionally, increasing the capacitor value increases peak power and reduces switching loss 

[192]. 

 

Figure 5. 2 Circuit diagram of the RCD snubber [192]. 



105 
 

5.2.2 Active Clamp Snubber 

For higher power applications of BDCs, an active clamp is a highly effective choice. The objective 

of this component is to restrict the turn-off voltage overshoot of the bridge switch, which 

facilitates energy storage for ZVS. Utilizing a suitable leakage inductance design can help 

overcome part of the reverse-recovery problem associated with the output diode. It's important to 

note that these converters use switches that operate under hard switching conditions, which means 

that passive lossless clamp circuits are replaced by active clamp circuits. Using parallel capacitors 

results in a ZVS condition where both the primary and clamp switches turn on, and this reduces 

turn-off losses significantly. 

As shown in Fig. 5.3, this topology utilizes a coupled inductor to recycle the energy produced by 

the leakage inductances, which helps to achieve the ZVS condition for both the main and clamp 

switches. By implementing this approach, switches and diodes are subjected to lower voltage 

stresses than those resulting from the output voltage. In addition, to decrease conduction losses 

and lower the cost of the circuit, an active clamp circuit is incorporated, consisting of an active 

switch Mc, and a capacitor, Cc.  

The resonant tank circuit can be constructed using the clamping capacitor Cc and the leakage 

inductance Lk. Off-stage resonance occurs during the operation of the boost mode. The following 

criteria should be considered when selecting Cc. 

𝐶𝑐 ≥  
(𝑇𝑠/4𝝅)2

𝐿𝑘
,       (5.7) 

where, Ts represents the period of the driving signal for each of the bridge switches [193], [194]. 



106 
 

 

Figure 5. 3 Circuit diagram of the active clamp snubber [193], [194]. 

5.2.3 Flyback Snubber 

The flyback snubber, shown in Fig. 5.4 is ideal for high-power applications. It is possible to 

achieve a ZVS turn-on process or a ZCS turn-off process with the use of a snubber circuit, which 

occurs when there is a brief period between the ZVS or ZCS characteristics in the main switch. 

The application of a series inductor slows down the reverse recovery current of the diode. 

However, the downside of this is that it can increase the voltage stress on the main switch during 

the transition between turn-on and turn-off operations, which results in higher switching losses. 

The purpose of using snubber capacitors is to limit the switch voltage by dissipating the stored 

energy of the snubber inductors. However, it is important to note that the snubber capacitor's 

function of recirculating energy through the main switch can lead to higher current stress, which 

can ultimately impact the reliability and lifespan of the converter. One way to mitigate the issue 

of high voltage and current stress on the main switch caused by snubber capacitors is to implement 

flyback snubbers that enable soft-switching capabilities. This approach can significantly reduce 

both voltage and current stress, which can help to improve the reliability and longevity of the 

converter. Furthermore, the flyback snubber can attain close to ZVS and ZCS conditions while 

also considerably reducing voltage and current stress on the main switch. The output voltage 

ripple in the flyback converter is computed by the equation 

∆𝑉0

𝑉0
=  

𝐷𝑇𝑠

𝐶𝑓
 .       (5.8) 
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This equation must be utilized to determine the snubber capacitor for the flyback snubber, taking 

into consideration the Cf capacitor in the flyback converter and a 3% output voltage ripple 

(∆V0/V0) [195], [196]. 

 

Figure 5. 4 Circuit diagram of the flyback snubber [195], [196]. 

5.3 Simulation Results 

5.3.1 Case 1: Model proposed by Kumar et al. [38] 

In a study presented in [38], a 24 kW PV-based generation system was used to power a 15 kWh 

battery of an EV that was coupled with an ESU of 15 kWh. The ESU serves as a backup source 

for the EV battery during times of low PV generation, and also stores any excess energy produced 

during times of high PV generation. This helps to ensure a steady and reliable power supply to 

the EV, while also maximizing the use of RES. Three modes were considered for charging the 

EV battery, which were (i) by PV energy alone, (ii) by both PV energy and ESU energy, and (iii) 

by ESU energy alone. MATLAB/Simulink was employed to simulate the three modes of 

operation for the BDC used in the charging station. Subsequently, the results for each snubber 

circuit were analysed and compared in the following sections to evaluate the converter's 

performance. 

5.3.1.1 Charging Battery of EVs with PV Energy Only 

As shown in Fig. 5.5, it appears that PV generation alone is enough to charge the EV batteries in 

a timely manner. The DC-link voltage is maintained at a level that can continuously supply the 
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battery terminal voltage. Figure 5.6 shows the power variations of the EV using three different 

types of snubber circuits with the BDC that can be used with the EV. 

Figure 5. 5 Power response curve of PV. 

Figure 5. 6 Power response curve of EVs. 

5.3.1.2 Charging Battery of EVs with PV Energy and ESU Energy 

As shown in Fig. 5.7, it becomes apparent that relying solely on PV energy is not enough to charge 

EVs in a timely manner. Instead, ESUs are utilized to provide any additional energy required to 

charge the EV battery when needed. Figure 5.8 displays the power fluctuations of EVs when 

operating in this mode, utilizing three distinct snubber circuits alongside the BDC. 
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Figure 5. 7 Power response curve of PV. 

 

Figure 5. 8 Power response curve of EVs. 

5.3.1.3 Charging Battery of EVs with ESU Only 

During this mode of operation, the EV battery is solely recharged using the ESU since the PV 

generation is negligible. Figure 5.9 illustrates the power fluctuations of EVs in this mode, which 

utilize three distinct snubber circuits in conjunction with the BDC. 



110 
 

 

Figure 5. 9 Power response curve of EVs. 

The charging station is fully capable of charging an EV battery under any circumstance, as shown 

by the results presented in these three cases. The concept of harnessing renewable energy in this 

manner is quite attractive. The voltage across the main switches of the BDC's clamp branch is 

shown in Fig. 5.10. From the figure, it can be inferred that achieving ZVS without a snubber 

circuit is unattainable due to the significant voltage stress observed across the switch. However, 

all three snubber circuits proposed in the study were able to achieve ZVS quickly. The RCD 

snubber circuit achieved this in just 6 seconds, while both the active clamp snubber and flyback 

snubber significantly reduced the voltage stress on the circuit and achieved almost instantaneous 

ZVS. Based on the data depicted in the graph, it can be concluded that the flyback snubber is the 

most appropriate option as it effectively reduces voltage stresses and facilitates ZVS. Moreover, 

Figures 5.6, 5.8, and 5.9 demonstrate that implementing snubber circuits in EVs can significantly 

increase power in those vehicles. Furthermore, the power waveforms reveal that the 

implementation of the flyback snubber in the charging station results in the highest output power 

compared to the other two snubber circuits tested. 
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Figure 5. 10 Clamp branch voltage of BDC (a) without snubber (b) RCD Snubber (c) active 
clamp snubber (d) flyback snubber. 

 

5.3.2 Case 2 : Model proposed us in this thesis and [17] 

A charging station was utilized to charge EVs, which operated as a standalone EVCS [17]. The 

PV panel was connected to the EVs acting as a load, and a BDC with a snubber circuit was 

connected to the ESU. The charging system relied on a 100kWh solar panel to supply clean energy 

to the EVCS. The ESU had a capacity of 80 kWh, which was enough to store sufficient power to 

charge 40 kWh EVs. The charging station's efficiency was evaluated using MATLAB/Simulink, 

and three scenarios were tested [17] -PV array alone, followed by PV array and ESU together, 

and then ESU alone. The voltage across the clamp branch for each active snubber circuit is 

demonstrated in Fig. 5.11. The resistor of the RCD snubber generates power dissipation, resulting 

in a reduction in efficiency. Active clamp snubber circuits are not suitable for use in BDC 

topologies because they experience high current stress and thermal problems since they switch at 

twice the frequency of the switch. BDC based on RCD snubber and active clamp snubber differ 

significantly based on the voltage-clamp branch waveform. The BDC with the flyback snubber is 
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the best circuit for clamping voltage, eliminating transients from the circuit. Figures 5.12 and 5.13 

present a comparison of the power output obtained from EVs and the output voltage of the BDC 

with the use of three different snubber circuits.  It is clear from the figures that the steady-state 

behaviour of the BDC improved significantly when using the flyback snubber circuit compared 

to other circuits with snubbers. The flyback snubber was the most efficient circuit for the charging 

station when compared with the other snubbers used, resulting in higher output power. 

When using a BDC for off-grid EVCS, the selection of a snubber circuit is crucial. Table 5.1 

provides a comparative analysis of the different snubber circuits, which shows that all three are 

successful when combined with the converter. The decision of which snubber to use depends on 

voltage ripples, ZVS capability, and conduction losses. The flyback snubber is the optimal 

solution, considering these factors, as it offers superior performance compared to other snubbers. 

However, it has some drawbacks, such as its complex structure, difficulty in integration with the 

converter, and higher cost. Despite these drawbacks, the flyback snubber provides excellent ZVS 

performance, mitigates voltage spikes, and offers higher efficiency compared to other circuits. 

 

Figure 5. 11 Clamp branch voltage of BDC (a) RCD Snubber (b) active clamp snubber (c) 

flyback snubber. 
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Figure 5. 12 Output voltage of bidirectional converter, using three different snubber circuits. 

 
Figure 5. 13 EV power using three different snubber circuits. 
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Table 5. 2 Comparative analysis of various snubber circuits. 

 

Parameters RCD Snubber Active 

clamping 

snubber 

Flyback 

Snubber 

Number of 

switches/diodes/capacitors 

0/1/1 1/0/1 1/1/2 

Conduction loss Moderate Low Very low 

Voltage ripple Moderate Low Negligible 

Attaining speed of ZVS Very slow Slow Fast 

Ease of implementation in BDC Much easier Easy Difficult 

Complexity Smooth Bit complex Complex 

Cost Inexpensive Reasonable Bit expensive 

Efficiency Low Moderate High 

Various scenarios clearly demonstrate the successful charging capability of a standalone PV-

based charging station for EVs. By integrating a snubber circuit into the BDC, the system becomes 

free from high voltage stresses, ensuring energy efficiency. The proposed isolated BDC 

configuration, equipped with flyback and passive snubbers, provides an effective solution to 

minimize circulating current issues and voltage spikes. Conversely, using a BDC without a 

snubber circuit results in persistent voltage spikes caused by the presence of the inductor. The 

flyback snubber proves to be both reliable and efficient in mitigating these voltage spikes, offering 

the additional benefit of controllable soft start-up functionality. 

Figure 5.14 presents the efficiency curve for two case studies, where the input voltage is kept 

constant at 400 V. Case 1, featuring a BDC with flyback and passive snubbers, achieves a 

maximum efficiency of 90%, while case 2 achieves an efficiency of approximately 92%. It was 

shown in chapter 4 [17]that a BDC without a snubber circuit exhibits lower efficiency compared 

to its snubber-equipped counterpart. The efficiency curves displayed in Fig. 5.14 emphasize the 

advantages of employing a BDC with snubber circuits in off-grid charging stations for EVs.  
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Figure 5. 14 Plot of conversion efficiency of the proposed converter. 

5.4 Conclusions 

This chapter discusses the validation and explanation of a design for an off-grid EVCS that uses 

various snubbers, which was carried out through MATLAB/Simulink simulation. Several snubber 

circuits were implemented and studied to improve the performance of the BDC. Compared to 

other charging stations, the proposed station demonstrated superior performance, making it a 

promising solution for off-grid EV charging. 

1. The use of solar panels in an OGCS is a valuable tool in meeting the EV charging 

industry's demand for clean energy while reducing the system's load. Additionally, the 

development of charging stations in remote locations could further expand the use of EVs 

in areas where they were previously impractical.  

2. One approach to mitigate voltage spikes caused by the current-fed inductor in BDCs is to 

utilize snubber circuits. Three snubber circuits, namely RCD snubber, active clamp 

snubber, and flyback snubber, were proposed. These circuits were shown to effectively 

reduce voltage stresses across the main switch and enable ZVS, thereby improving the 

overall performance of the converter. 

3. A reliable and robust method was demonstrated by successfully testing it on two 

independent models. The integration of snubber circuits in the proposed converter leads 

to improved efficiency compared to the proposed converter without snubber circuits in 
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both cases. The converter is more likely to reach ZVS more rapidly than one without a 

snubber. 

The proposed charging station's reliability and efficiency can be improved by utilizing an 

appropriate snubber. The study found that the flyback snubber proved to be the most effective 

solution for both the models presented in this chapter. It not only produced the highest output 

power but also mitigated voltage stress on the switches and enabled ZVS. Moving forward, the 

next chapter (Chapter 6) will focus on a master-slave control scheme combined with a droop 

control scheme to enhance stability in an isolated BDC equipped with active and passive snubber 

circuits. 
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Chapter 6 Enhancing PV-fed Electric Vehicle Charging Stations: Leveraging Droop and 

Master-Slave Control Strategies for Optimal Performance and Stability 

The work and results presented in this chapter was published in a peer-review journal in which 

the author of this thesis (D.K. Nair) was the principal author.  The details of the publication are 

as follows: D. K. Nair, K. Prasad and T.T. Lie (2021), “Design of a PV-fed Electric Vehicle 

Charging Station with a Combination of Droop and Master-Slave Control Strategy”, Energy 

Storage. 2023; e442. doi:10.1002/est2.44. 

6.1 Introduction 

EVs have fundamentally transformed the transportation and power industries. With the 

transportation sector contributing to 23% of worldwide GHG emissions associated with energy, 

EVs have rapidly emerged as a viable alternative in recent years. Renewable energy is undergoing 

a notable shift in the transportation sector, with EVs gaining considerable momentum. This 

transformation is particularly evident in the realm of EVs, where they are making significant 

strides in the wagon category [197]. 

According to reports from the IEA discussed in Chapter 1, the increasing deployment EVs in the 

industry is expected to bring various benefits, particularly in terms of reducing emissions and 

conserving energy [3], [198]. 

Charging infrastructure is essential to meet the needs of the growing EV industry. EVCS that use 

PV panels to support charging have gained attention due to their minimal cost and the increasing 

awareness of environmental concerns. The EVCS holds the potential to be an extremely efficient 

way to store large quantities of electrical energy. However, the uncontrolled charging of many 

EVs can lead to an excessive load on the power grid. Additionally, it may be necessary to increase 

the capacity of the generation system to meet the growing demand for EV charging [199], [200]. 

This chapter introduces an innovative control scheme that combines the benefits of droop and 

master-control strategies to optimize the efficiency of EVCS. Additionally, a bidirectional 

isolated DC-DC converter, along with snubber circuits and a three-level booster converter with 
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capacitance-voltage control design, is implemented to ensure system stability. The design is 

developed and verified using a MATLAB/Simulink program. 

Private investment plays a crucial role in the development of charging infrastructure for EVs. 

However, the current landscape lacks viable business models that can attract such investments. 

EVCS can be deployed in various environments, including both residential and public settings. 

Incentives and support from governmental bodies play a crucial role in promoting the 

establishment of EV charging infrastructure in these diverse locations. Therefore, effectively 

optimizing the charging and integration of EVs into the grid, as well as efficiently managing the 

overall vehicle grid integration, remains a critical and persistent challenge. Strategic decision-

making is crucial during the establishment of charging infrastructure for EVs. Factors such as the 

placement of charging stations, the use of appropriate technologies, and the optimization of slow 

smart-charging and rapid charging are key considerations to ensure that consumers are provided 

with the most convenient and accessible service [201]. 

The increasing number of EVs presents challenges related to the demand for charging 

infrastructure and its impact on the grid. The charging patterns of EVs are unpredictable and 

erratic, further intensified by using rapid charging systems that draw significant grid power for 

shorter durations. Consequently, extensive and expensive renovations to the transmission, 

distribution systems, and other energy network components become necessary [200]–[202]. 

An investigation by Zou et al.[203] focused on the effects of EV charging on the low voltage 

network, revealing that overloading transformers adversely affect power quality. Effective 

management of EV charge characteristics, including timing and demand, is crucial for grid 

charging points to ensure network stability when vehicles arrive for charging. However, 

predicting and assessing these responses proves challenging [204]. 

In addition, Girard et al. [205] discovered that charging EVs through the grid does not yield 

environmental benefits, whereas utilizing off-grid methods significantly reduces CO2 emissions. 

Thus, constructing stand-alone off-grid charging stations emerges as an ideal approach to 
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promoting global EV adoption while minimizing the impact on the current power grid. This 

strategy effectively addresses the growing demand for charging infrastructure, alleviates strain on 

the grid, and contributes to a reduction in CO2 emissions [17]. 

In Chapter 5 (and our paper published elsewhere [18]), it was demonstrated that EVCSs powered 

by PV energy can effectively cater to the charging needs of EVs in remote locations where access 

to the power grid is limited or unavailable. Solar and wind energy are widely recognized as two 

of the most prevalent and popular RES available today. However, there are many stages of 

conversion and a great deal of effort involved in using wind energy compared to PV energy, 

making PV-based EVCS more feasible. 

DC off-grid connected EVCS offers several advantages over the more common AC grid-

connected EVCS. These benefits include [206], [207]: 

• DC sources with minimal energy conversion losses. 

• Reliable, continuous power supply without skin effect or reactive power losses. 

• Fewer electronic gadgets and lower prices, and 

• Grid synchronization need not be considered. 

As is evident from the literature, there has been a recent surge in the popularity of PV-fed DC 

fast-charging stations. These stations usually include solar arrays, charging units for EVs, ESU, 

and multiple DC-DC converters. Installing a microgrid charging station in remote areas can 

provide the opportunity to recharge EVs. Off-grid charging stations have been utilized for various 

purposes. The DeGrussa Solar Farm, situated in Australia, holds the distinction of being the 

largest off-grid solar farm globally. With an impressive capacity of 10.6MW for solar PV panels 

and a 6MW battery system, this solar farm plays a crucial role in supporting a 23MW diesel-fired 

power station. By doing so, it effectively reduces diesel fuel consumption by an estimated five 

million liters annually. This program also allows the company to cut down on 12 million tons of 

CO2 emissions. The combination of solar power and battery storage enables the solar farm to 
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provide a reliable and sustainable source of electricity, contributing to significant environmental 

and economic benefits [11]. 

 Robben Island (South Africa) has been operating independently from the mainland's electricity 

grid since 2017. It relies on a robust energy system comprising a 666.4kW solar PV system and 

a battery energy storage microgrid. This sustainable solution has had a profound impact on the 

island's environmental footprint. By harnessing solar power and utilizing energy storage, the 

system eliminates the need for approximately 275,000 gallons of diesel fuel each year, resulting 

in a significant reduction of ~820 tonnes of CO2 emissions annually. This shift to renewable 

energy has played a vital role in preserving the island's delicate ecosystem and protecting its 

diverse wildlife [11]. 

PV-fed DC fast-charging stations have become increasingly popular, as discussed in a collection 

of papers on PV-based charging systems. The papers delve into various aspects related to the V2G 

system, encompassing its design, operation, power management strategies, and approaches to 

reduce power consumption in smart homes [207]– [212]. Nevertheless, these techniques demand 

a stringent level of accuracy and consistency over an extended duration, making them susceptible 

to unforeseen disturbances like sudden fluctuations in irradiance.  

 A method was shown to enhance the resilience of the DC bus output voltage using a sliding-

mode control technique [47]. Furthermore, a coordinated control system was introduced for the 

optimal operation of the ESU in island mode [48]. Another approach aimed to synchronize solar 

power utilization with ESU operations, but it did not consider EV charger integration or assess 

potential EV-side failures [49]. The findings and discussions presented in these works and in 

Chapter 2, serve as a basis for further exploration and analysis, which will be presented in this 

chapter.  

In recent years, the escalating awareness of the environmental impact, the finite nature of fossil 

fuel resources, and the remarkable progress in battery technology have fuelled a surge in the 

development of cutting-edge EV models.  The GHG emissions produced by EVs are typically 
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lower when compared to cars powered by ICE. Countries around the world are encouraging the 

use of EVs by introducing incentives such as tax breaks and reduced parking fees to promote their 

use [42]. 

One significant issue that hinders widespread adoption of EV is range anxiety, which refers to the 

limited range of a fully charged battery. Typically, the range of a battery-powered vehicle falls 

within the range of 100km to 500km, and the duration of the charging process varies depending 

on the quality of the charging station, spanning from 30 minutes to 10 hours. A fast-charging 

station that can offer a charge duration of 30-60 minutes would be an effective solution to this 

problem [42]. 

The battery charging profile is influenced by several factors such as the charging time, battery 

lifespan, and overall efficiency, all of which are determined by the characteristics of the charger 

circuit. The charger circuit's effectiveness, in turn, is influenced by several factors such as the 

specific type of circuit used, the components utilized, the chosen control strategies, the switching 

methods employed, and the overall cost associated with implementing the converter circuit. 

Therefore, it is important to carefully consider and optimize these aspects to ensure an efficient 

and cost-effective charging system [42]. 

In this regard, a snubber has been installed on the isolated BDC in the control circuit of the ESU, 

which regulates the charging and discharging of the battery. The proposed design effectively 

limits the rail voltage, mitigating the occurrence of current spikes at the switches of the converter. 

This is achieved by compensating for variations in leakage inductance and the currents fed to the 

low voltage side inductor. By implementing this clamping mechanism, the system ensures 

smoother operation and minimizes potential issues caused by abrupt current fluctuations. The 

details regarding the installation of the snubber, its effectiveness in limiting rail voltage and 

mitigating current spikes, were discussed in Chapter 4 and 5. 

The concept of charging stations is undoubtedly beneficial but can vary depending on the source 

of electricity generation. Overloading the existing grid infrastructure and an increase in carbon 
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emissions can be a result if the grid is not designed properly. Developing an off-grid charging 

infrastructure, which incorporates the utilization of PV panels, can be a viable approach to 

overcome these limitations [138]. 

Decentralized control plays a crucial role in managing islanded EV charging infrastructure, 

addressing two key aspects: coordination between PV-ESU-EV systems and the integration of 

snubbers in isolated BDC. However, there is a scarcity of research publications dedicated to this 

specific topic, indicating that it has not received significant attention in the academic and/or 

research community over the years [138]. 

The widespread adoption of PV-ESU-EV systems has faced challenges primarily due to limited 

availability of charging infrastructure and increasing concerns regarding the driving range of 

private EVs. Societal constraints and political repressive policies are further hindrances, 

especially in developing countries where applications range from diverse to advanced [138]. 

In recent years, various studies have focused on addressing the challenges associated with the 

adoption of PV-based charging infrastructure installations. These studies have explored different 

charging system designs and solutions to overcome the barriers and promote the widespread 

implementation of PV-based charging infrastructure. The implementation of a distributed PV-

ESU-EV infrastructure has the potential to make substantial contributions to various areas such 

as enhancing economic growth, fostering job creation, promoting sustainability, and improving 

climate conditions [138]. 

Sophisticated management techniques are necessary to maintain the stability of the DC system 

during irregular operating conditions. Effective management of these transient conditions in the 

converter controllers necessitates the coordination of their operations, employing a combination 

of droop and master-slave control approaches. However, ESUs play an important role in 

maintaining the stability and reliability of the overall system [138]. 

A control scheme that merges the benefits of droop and master-slave control systems, effectively 

addressing the issue of rapid connection and disconnection of EVs from the bus would be an ideal 
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solution and is the topic of this chapter. This innovative approach overcomes the challenges posed 

by frequent disruptions, ensuring seamless integration of EVs into the system. This will prevent 

the possibility of EVs being damaged in such an operating mode.  

This chapter delves into the integration of PV arrays in an EVCS and the utilization of droop and 

master-slave control techniques to maintain system stability. The primary focus is on coordinating 

PV arrays, EVs, and ESUs to optimize power management and ensure reliable operation of the 

EVCS. By examining the design and implementation of this system, we gain valuable insights 

into the effective utilization of PV energy in EV charging infrastructure and the significance of 

control techniques in maintaining system stability. Additionally, the proposed ESU incorporates 

a BDC that is isolated from each other with passive and active snubbers. By implementing this 

particular configuration, it becomes possible to attain ZVS conditions for all switches within PV-

based EVCS. This achievement of ZVS conditions across the switches leads to notable 

enhancements in the overall performance of PV-based EVCS devices. The utilization of ZVS 

conditions significantly reduces switching losses and enhances the efficiency of the charging 

process, thereby improving the overall effectiveness and reliability of PV-based EVCS systems. 

Combining PV arrays, EVs, and ESUs into an off-grid EVCS can be managed through hybrid 

control, as proposed by Huang et.al. [138].  Various control schemes, such as master slave and 

droop, are employed to ensure stability of the system and prevent recurrences. However, the non-

isolated BDC used in this application is likely to decrease the overall efficiency of the EVCS. 

This chapter also proposes a BDC that consists of both active and passive snubber circuits, a 

master-slave control scheme in combination with a droop control scheme. This allows the main 

switches to be operated with minimal circulating current and clamp voltage spikes across the 

switches for efficient operation. Through the integration of both drooping control and master-

slave control techniques in PV-based EV systems, along with the incorporation of snubber 

circuits, the DC bus voltage exhibits minimal fluctuations. This stability in voltage levels enables 

the system to support a maximum number of charge and discharge cycles, consequently extending 

the lifespan of the EV and the battery.  
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The primary objective of this research is to encourage the global adoption of EVs by 

implementing a self-sufficient off-grid EV charging system. The key focus is to minimize any 

adverse effects on the existing power grid, ultimately leading to a reduction in CO2 emissions. 

MATLAB/Simulink is used to simulate and validate the proposed work in this chapter.  

6.2 DC Off-Grid Structure 

The off-grid DC system powered by a PV system incorporates two control schemes: droop control 

and master-slave control. These control schemes effectively coordinate the PV arrays, EVs, and 

the ESU within the system. Ensuring a continuous power supply to consumers off-grid 

necessitates the utilization of a battery storage system. This system serves as a reliable backup, 

providing uninterrupted power during periods of low or fluctuating PV generation. By 

implementing control schemes and integrating the battery storage system, the off-grid DC system 

maintains a stable and reliable power supply, meeting the energy demands of consumers even in 

challenging conditions. This system is crucial in providing energy when there is a drop in PV 

array power. It also stores excess power generated by the solar panels when the amount of power 

generated is more than what is required for off-grid operation. Figure 6.1 shows the architecture 

of an off-grid EVCS based on PV. 

 

Figure 6. 1 Architecture of the off-grid EVCS. 
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6.2.1 System Power and Energy Analysis 

In the design phase of the system, careful calculations of energy and power relationships are 

performed to facilitate the system’s design process [10], [214]. The following are some of the 

specific premises used: 

 A storage battery’s initial energy is measured in the form of watt-hour (Wh) and is 

referred to as “Et”. 

 A PV panel’s ability to emit solar power, “𝑃𝑃𝑉” varies over time and is influenced by 

several factors: 

𝑃𝑃𝑉 =  
𝑃𝑚𝑝𝑝

36
(36 − 𝑡2) ,      (6.1) 

where 𝑃𝑚𝑝𝑝 is the maximum power output from the PV, and “t” refers to the time in hours. In Fig. 

6.2, the time axis is commonly aligned with noon, which corresponds to the peak irradiation level. 

Solar energy is considered to be accessible for a duration of 12 hours, starting from 6:00 a.m. and 

continuing until midnight. In accordance with the principle of power balance, the EV’s power 

consumption, 𝑃𝐸𝑉  is calculated as follows: 

𝑃𝐸𝑉 =  𝑃𝑃𝑉 − 𝑃𝐵𝐴𝑇𝑇𝐸𝑅𝑌,      (6.2) 

where 𝑃𝐵𝐴𝑇𝑇𝐸𝑅𝑌   is the instantaneous battery power [10]. 
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Figure 6. 2 PV power distribution for a day [10]. 

A day is assumed to have zero battery power during the course of a day (T is equal to 24 hours). 

Therefore, 

∫ 𝑃𝐵𝐴𝑇𝑇𝐸𝑅𝑌𝑑𝑡 = 0
𝑇

0
.       (6.3) 

Hence, 

∫ [
𝑃𝑚𝑝𝑝

36
(36 − 𝑡2) − 𝑃𝐸𝑉] 𝑑𝑡 −  ∫ 𝑃𝐸𝑉𝑑𝑡

18

6
 

6

−6
= 0, which gives  (6.4) 

𝑃𝑚𝑝𝑝 = 3𝑃𝐸𝑉   .        (6.5) 

This EV charging station is equipped with the capacity to simultaneously charge up to five EVs. 

The PV systems are connected to a 400V DC bus via a DC-DC boost converter. An isolated BDC, 

incorporating both active and passive snubbers, is employed to facilitate efficient power transfer 

between the battery and PV system.  

The ESU, in conjunction with the battery storage system, features an isolated BDC equipped with 

both active and passive snubbers. This configuration enables simultaneous storage and release of 

energy within the system.  Regulating and maintaining the DC bus voltage within an optimal 

range is critical for ensuring system stability and reliable operation, irrespective of the prevailing 
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operating conditions and variations. The primary source of energy for the off-grid DC system is 

the PV system, which uses 50 kW PV panels, providing a total of 100 kW of electricity. The 

maximum power generated by the PV system is actively monitored and then utilized within the 

DC bus, optimizing the distribution of solar energy resources. The ESU has a maximum capacity 

of 80 kW to store or release energy from the PV system. The charging station consumes an 

estimated 24 kW of power. 

6.2.2 PV Panel with a Boost Converter 

A three-level boost converter can be employed to establish a direct connection between the solar 

array and the DC bus, facilitating the switching between three distinct output levels, as discussed 

in Chapter 3. The PV boost converter works by tracking the MPPT. The MPPT control 

architecture of the PV system, as shown in Fig. 6.3, utilizes the incremental conductance method 

to monitor and assess the current and voltage of the PV arrays. This enables the system to 

determine the maximum power point and optimize the PV system's performance [136], [137]. An 

efficient three-level boost converter can surpass conventional boost converters in terms of 

efficiency and voltage gain by providing a double increase (see Fig. 3.2) [136]–[138]. 

 

Figure 6. 3 Block Diagram of PV System Control. 
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6.2.3 Energy Storage Unit Converter 

The ESU comprises two primary elements: a battery and an isolated BDC equipped with a flyback 

circuit and a passive snubber circuit (see Fig. 6.4). These components synergistically contribute 

to the functionality and performance of the ESU [17], [18].  

The BDC serves a dual purpose by facilitating battery charging in the buck mode and battery 

discharging in the boost mode, simultaneously supplying power to the EV loads. This versatile 

operation of the converter ensures efficient energy transfer between the battery and the EV system 

[17], [18]. 

 

Figure 6. 4 Isolated BDC with a flyback snubber and a passive snubber. 

ESUs play a critical role in charging systems by enabling the recharging of batteries when the 

power generated by the system surpasses the power consumed by the loads. This allows for 

efficient utilization of excess power generated by the system and ensures the effective storage and 

availability of energy for future use. ESUs come into play when the generated power is not 

sufficient for charging EVs. Incorporated with a flyback and passive snubber circuit, an isolated 

BDC is utilized to ensure the smooth functioning of the system. By mitigating the impact of 

circulating current on the main switches, the voltage spikes across these switches are effectively 

suppressed. This safeguarding mechanism ensures that the main switches are protected from 
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excessive voltage fluctuations, thereby promoting their stable operation, and preventing any 

potential damage.  

The BDC incorporates two passive capacitor-diode snubbers, which effectively alleviate the high 

current and voltage stresses experienced by the main switch during the mode transition. These 

snubbers play a crucial role in mitigating the potential detrimental effects of abrupt voltage and 

current variations, ensuring the smooth and reliable operation of the converter. By reducing stress 

on the main switch, the snubbers contribute to its longevity and overall system performance. A 

converter equipped with a snubber circuit is much more efficient than one without it, as it achieves 

ZVS conditions faster. With this design, off-grid EVCS performs better than traditional ones, 

making it a cost-effective and efficient solution [17], [18]. 

6.2.4 EV Charger Converter 

The schematic diagram for the buck converter (EV charger) is presented in Fig. 6.5, comprising 

a MOSFET switch S, an inductor LEV, a diode, and a capacitor CEV.  The charging unit serves a 

pivotal function in establishing a connection between the DC bus and the terminals of the EV 

batteries, while simultaneously overseeing the regulation of the charging current, IEV. In this 

investigation, a maximum charging current of 100A has been employed to facilitate efficient and 

reliable charging of the EV batteries [138]. 

 

Figure 6. 5 EV Buck Converter. 
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6.3 Control Structure 

The DC off-grid system's control structure consists of three primary algorithms. The following 

subsections detail the PV system droop control, ESU converter control, and EV charger control, 

which collectively form the control system. 

6.3.1 PV System Droop Control 

The PV system droop control uses a three-level boost converter to manage the voltage of the PV 

array terminal for maximum power extraction. The MPPT algorithm determines the reference PV 

voltage, VPV-ref  by employing the incremental conductance method, which calculates the droop 

reference voltage. This method enables accurate tracking of the maximum power point, ensuring 

optimal operation of the PV system. By subtracting PV voltage, VPV and reference voltage VPV-ref, 

the difference is utilized to compute the error term. This error term is then fed into the Proportional 

Integral (PI) controller, resulting in the determination of the duty ratio, DPV. The duty ratio is 

crucial for regulating the operation of the boost converter in the PV system [136], [137].  

Based on the error term, the duty ratio DC is adjusted and passed to the secondary PI controller. 

This secondary controller is responsible for maintaining balance between the voltages of the 

capacitors in the boost converter, namely Vf1 and Vf2. The PI controller ensures that the voltages 

across the capacitors remain at desired levels for optimal operation of the boost converter [136], 

[137].  

Figure 6.6 shows the control algorithm optimization for the PV boost converter. With the 

implementation of this advanced control system, the droop control of the PV system effectively 

maximizes power extraction from the PV arrays [138].  
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Figure 6. 6 Control Algorithm of PV Boost Converter. 

6.3.2 ESU Converter Control 

The ESU BDCs is responsible for regulating the nominal DC bus voltage, Vbus, by employing a 

boost or buck mode for charging and discharging the battery, respectively. Figure 6.7 presents a 

flow chart that outlines the process for switching between these two modes and managing the 

system [138].  

 

Figure 6. 7 Flowchart for the detection of buck/boost mode in isolated bidirectional converter. 
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The system aims to evaluate the power output from the PVs in relation to the maximum power 

consumption of the EVs. By determining the operating scheme of the converter based on the ratio 

between maximum PV output power (Pmpp) and EV consumption power (PEV), it can be 

determined if the converters are operating at maximum efficiency. 

In Fig. 6.8, a control model for ESU converter control is presented, and includes a reference 

charging current, IESU-ref, and a “disable” function based on the average solar irradiance, Gavg, for 

the day. The “disable” function allows for the limitation of the ESU discharging current and 

coordination with the EV charger. If the ESU drops below the minimum SOC level, all EV 

chargers will be immediately turned off, and Gavg will remain at zero until the PV arrays are able 

to generate power again. Given the importance of the ESU in maintaining system stability and 

reliability, it remains operational without the ability to be switched off or have its current flow 

adjusted, regardless of the SOC falling below a specific level or exceeding a predefined threshold. 

This ensures that the ESU continuously supports the system's functioning and prevents any 

compromise in its overall performance.  

Droop control can be combined with master-slave technology to provide variable current sharing 

and a high level of reliability, which can help overcome this issue. Therefore, the additional droop 

control adjusts to the slope of the solar irradiance, 𝐺′ (
𝑑𝐺𝑎𝑣𝑔

𝑑𝑡
), changes in the SOC, and the 

system's demands. The updated storage current reference, IESU-ref, is calculated using the following 

formula: 

𝐼𝐸𝑆𝑈−𝑟𝑒𝑓 =  
𝑃𝑚𝑝𝑝−𝑃𝐸𝑉

𝑉𝑟𝑒𝑓
× 𝐾𝐸𝑆𝑈  ,     (6.6) 

where KESU stands for the ESU droop gain, which ranges from 0 to 1. A look-up table is used to 

calculate the droop gain based on the G' and SOC levels. 
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Figure 6. 8 ESU Converter Control. 

6.3.3 EV Charger Converter Control 

The control mechanism of the EV charger converter utilizes a voltage-based droop control 

structure, illustrated in Fig. 6.9. This control scheme effectively regulates the DC-bus voltage, 

ensuring optimal operation of the EV charger. The reference charging current is IEV-ref, and the 

“disable” function is controlled using the average solar irradiation, Gavg, as a parameter of the 

controller. As the “disable” function is triggered at a predetermined threshold, the charger 

undergoes a smooth disconnection from the DC bus. This disconnection occurs gradually as IEV-

ref approaches zero and Gavg falls below the specified threshold again. However, as Gavg drops, the 

number of unconnected EVs increases. Kdroop  stands for the droop gain, which ranges from 0 to 

1.  The output of the droop control, ΔIEV, can be expressed as follows: 

∆𝐼𝐸𝑉 =  𝐾𝑑𝑟𝑜𝑜𝑝(𝑉𝑟𝑒𝑓 −  𝑉𝑏𝑢𝑠),    (6.7)   

      

Where Kdroop represents the EVs adaptive droop gain calculated from G' and SOC.  
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Figure 6. 9 EV Charger Converter Control. 

6.4 Modes of Operation 

Mode 1: 𝑃𝑚𝑝𝑝 >  𝑃𝐸𝑉  and 𝐾𝐸𝑆𝑈 = 1, 𝐾𝑑𝑟𝑜𝑜𝑝 = 0, SOC and G' are within the specified limits. 

When the power provided by the PV panels exceeds the power required by all connected EVs, 

the EVs are charged solely from the PV panels. The surplus power from the PV panels is used by 

the isolated BDC to charge the batteries. The excess energy can be utilized for various purposes, 

both domestic and commercial, depending on its usage and requirements. 

Mode 2: 𝑃𝑚𝑝𝑝 < ~0 and 0 ≤ 𝐾𝐸𝑆𝑈 ≤ 1, 0 < 𝐾𝑑𝑟𝑜𝑜𝑝 ≤ 1 and  SOC and G' fall outside the 

specified limits. 

During rainy weather or low sunlight conditions, when the output power from the PV panels falls 

short of meeting the power demand for charging EVs, the additional power needed is sourced 

from the battery. An isolated BDC is used to maintain a minimum battery charge during charging. 

Mode 3: 𝐾𝐸𝑆𝑈 < 1 𝑎𝑛𝑑 𝐾𝑑𝑟𝑜𝑜𝑝 = 0 and SOC reaches the maximum limit 

When there are no EVs connected to the charging station and the battery has reached its maximum 

SOC of 90%, the PV panels are disconnected from the bus to maintain the stability of the overall 

system. 

Therefore, the EVCS comprises three main components: PV system boost converter droop 

control, EV charger buck converter droop control, and ESU isolated bidirectional converter, 
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which utilize both droop and master-slave control methods. Additionally, the system implements 

PV-ESU-EV coordination to ensure optimal performance. These three components work in 

harmony to provide a reliable and efficient charging solution for EVs. 

6.5 Simulation results 

Simulation of the EVCS system is conducted using MATLAB/Simulink platform to obtain 

simulated results for various modes of operation. Figure 6.10 shows the configuration of the 

overall control strategy. 

 

Figure 6. 10 Schematic view of the overall control strategy of the off-grid EVCS. 

During the installation process, the battery's initial SOC is configured to 20%, establishing the 

starting point for its operation. The battery is designed to operate within a nominal range of 20% 

to 80% SOC, ensuring optimal performance and longevity. As there are no EVs connected to the 

PV panels, the panels continue to generate their rated electricity. Consequently, the maximum 

power tracked from the boost converter is directed towards the ESU.  

One of the most crucial factors that affect the overall stability of a system is the rate of change of 

irradiance, G'. Initially, it is assumed that the irradiance G at the outset is 1kW/ m2, which 
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gradually decreases over three seconds to 600W/ m2, and eventually drops to 0kW/ m2 at 5 

seconds, as shown in Fig. 6.11. 

 

Figure 6. 11 Solar irradiance data. 

6.5.1 Mode 1 

The SOC of EVs can vary widely, ranging from 20% to 90%. During operation in Mode 1, the 

power output of the PV system surpasses the total power demand of the EV fleet. In this scenario, 

the excess power is efficiently utilized to recharge the battery. This is achieved through a isolated 

BDC, which is connected to the PV boost converter. This method is reliable and helps to reduce 

battery degradation. The extra power generated from the PV array is utilized to charge the battery 

until it reaches the maximum SOC.  

Master-slave controls and droop controls are implemented to maintain the solar array current at 

650A and the DC bus voltage at 400V during operation. Figure 6.12 shows a drop in array current, 

IPV, when the irradiance increases from 1kW/m2 to 600W/m2 at t=3s, with the current level of 

activity similar to MPPT conditions. In this mode, SOC and G' are defined within the limits, 

respectively, and 𝐾𝑑𝑟𝑜𝑜𝑝 = 0 and 𝐾𝐸𝑆𝑈  = 1. 
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Figure 6. 12 Solar array current. 

The surplus energy produced by the PV panels is harnessed to charge the batteries until they reach 

their maximum state of charge. The ESU charges from 20% to 34% SOC when there is surplus 

supply power, PESU, i.e., 2500W - 400W = 2100W, as shown in Fig. 6.13(a). The EV batteries are 

gradually charged from 20%, 30%, 50%, and 70% to 80% of their total capacity, as shown in Fig. 

6.13(c). As the EV battery is charging, the current is negative, as seen in Fig. 6.13(d). 
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Figure 6. 13 (a) Solar power and ESU power (b) SOC of ESU (c) SOC of EV charging (d) 

Current drawn by EV Schematic view of the overall control strategy of the off-grid EVCS. 

6.5.2 Mode 2 

In the event of insufficient solar power, the system allows for discharging the battery from its 

maximum state of charge, which enables the energy to be utilized for charging EVs, as indicated 

in Figs. 6.14(a) and (b). Droop control is implemented in the EV converter control to maintain 

voltage stability during the charging process. The gain droop, 𝐾𝑑𝑟𝑜𝑜𝑝, is set to switch from 0 to 1 

whenever there is a significant change in irradiance G'. The combined droop and master-slave 

control are activated for ESU converter control. At this point, the gain 𝐾𝐸𝑆𝑈  and 𝐾𝑑𝑟𝑜𝑜𝑝  are 

changed from 1 to 0.9 and 0 to 1, respectively, as shown in Fig. 6.14 (d). This setup allows the 

ESU to share the PV power with all connected EVs, and therefore the charging current supplied 

to the ESU is reduced, as can be seen in Fig. 6.14(c).     
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Figure 6. 14 (a) Solar power and ESU power (b) SOC of ESU (c) Charging Current of ESU (d) 

Controller Gain, 𝐾𝐸𝑆𝑈  and 𝐾𝑑𝑟𝑜𝑜𝑝 . 
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6.5.3 Mode 3 

When the battery system is not connected to any EVs, the SOC of the battery reaches its maximum 

of 90% as shown in Fig. 6.15. This is because the PV array is supplying energy, and the gain 𝐾𝐸𝑆𝑈  

is less than 1 while 𝐾𝑑𝑟𝑜𝑜𝑝 is equal to 0. At this stage, the system ensures stability by 

disconnecting the PV panels from the system. 

 

Figure 6. 15 SOC of ESU. 

6.6 Comparitive Analysis 

The ESU is a crucial component in maintaining the stability of the power supply voltage in the 

proposed PV-based EVCS. In the ESU, a BDC is employed to regulate the voltage level within a 

specific range determined by SOC and G'. However, simply using a droop control or master-slave 

control alone, along with SOC outside the limits, cannot effectively regulate the voltage or current 

through the ESU. A higher gain in the control technique can cause a larger deviation in voltage, 

so an additional control loop is necessary to address these issues. 

Therefore, in the proposed PV-based EVCS, both droop control and master-slave control 

techniques are employed, as both have their advantages. The PV-based EVCS uses both control 

schemes without compromising either of them. This approach ensures that the ESU can maintain 

voltage stability under various conditions and improve the overall performance of the system. 
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Figure 6. 16 (a) DC Bus voltage with master-slave control with active and passive snubber 

1circuit in the proposed work (b) DC Bus voltage with droop control with active and passive 
snubber circuit in the proposed work (c) DC Bus voltage with the combination of master-slave 

and droop control with active and passive snubber circuit in the proposed work (d)  DC bus 
voltage without active and passive snubber circuit used by Huang et.al. [138]. 

Figures 6.16 (a) and (b) show DC bus voltage variations under master-slave and droop control, 

respectively, along with active and passive snubber circuits. Figure 6.16 (c) shows a combination 

of master-slave and droop control approaches, in combination with active and passive snubber 

circuits, which is used to adjust the DC bus voltage. Utilizing either the master-slave control 

technique or the droop control technique alone leads to a decrease in the bus voltage from its rated 

value, leading to fluctuations in the DC voltage. Combining both the master-slave and droop 

control techniques along with the implementation of active and passive snubber circuits leads to 

a consistent and stable DC bus voltage. 

The combination of droop and master-slave control techniques, along with active and passive 

snubber circuits, minimizes the voltage fluctuation of the DC bus in the PV-based EVCS. This 

approach extends the service life of the ESU by maximizing the number of charge-discharge 

cycles supported by the system. In contrast, Huang et al. [138]encountered difficulties in 

achieving a stable and uniform DC bus voltage, as shown in Fig. 6.16 (d). Consequently, the 

ESU's service quality experienced a gradual deterioration over time. 

 The BDC is the crucial device that links the ESU and the DC bus, and it requires a stable, reliable, 

and efficient architecture. Huang et al.'s[138] BDC was characterized by significant spikes in 

voltages and currents during the connection and disconnection of the EVs from the system, 

leading to increased conduction losses and a decrease in the effective duty cycle. However, by 

using an isolated BDC with active and passive snubber circuits, ZVS conditions can be achieved 

quickly, leading to a better job of clamping voltage spikes at the switches and enhancing the 

overall efficiency of the PV-based EVCS based on PVs.  
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Figure 6. 17 (a) Clamp branch voltage of the bidirectional converter used by Huang et al. (b) 

Clamp branch voltage of the isolated bidirectional converter with active and passive snubber 
circuits in this work. 

In Fig. 6.17 (a and b), the clamp branch voltages of the BDCs employed by Huang et al. [138]and 

the present study are presented, respectively. Notably, Fig. 6.17 (a) demonstrates that the BDC 

utilized by Huang et al.[138] does not attain ZVS conditions, primarily due to the inclusion of an 

inductor. As a result, significant stress is imposed on the switch, limiting its effectiveness. 

However, Fig. 6.17 (b) shows our results with snubber circuits where ZVS conditions were 

achieved in a fraction of a second after the usage of an isolated BDC. Isolated BDCs with snubber 

circuits, therefore, eliminate voltage stress across the main switches and are the best option in 

terms of ZVS. 

The proposed EV charging station operates off-grid and utilizes PV generation, ensuring 

continuous charging service for EVs regardless of weather conditions. Snubber circuits are 

employed in the BDC to enhance energy efficiency and protect the system from issues related to 

high voltages and currents during high-rate charging. Figure 6.18 illustrates the efficiency curves 
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obtained by maintaining a constant input voltage of 400 V and considering inductor current 

fluctuations ranging from 2 to 40 A. 

 

Figure 6. 18 Plot of conversion efficiency 

The analysis demonstrates that the integration of snubber circuits significantly improves the 

efficiency of the BDC. Without snubber circuits, the converter achieves a maximum efficiency 

of approximately 85%. However, when active and passive snubber circuits are combined with 

dual control schemes, the efficiency increases to 96.4%. This enhancement ensures that the BDC 

with snubber circuits operates at a higher efficiency level compared to its snubber-less 

counterpart. 

6.7 Summary 

In this chapter, a new control scheme is proposed for a PV-based EVCS that enhances system 

stability compared to conventional methods. The key findings and contributions of the study are 

summarized as follows: 

1. The proposed control scheme combines both master-control and droop control 

approaches, resulting in improved system stability. By utilizing a hybrid approach instead 

of relying solely on one scheme, a stable and consistent DC bus voltage of 400 V is 

maintained while achieving the desired power output. 
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2. The system incorporates a three-level boost converter optimized for efficient PV 

generation. The converter is regulated using incremental and conductance MPPT 

methods, ensuring optimal power extraction from the PV panels. 

3. An in-depth explanation of the control schemes implemented for EV chargers and the 

ESU, utilizing an isolated BDC along with active and passive snubber circuits, has been 

presented. This integration enhances overall system reliability and facilitates quicker 

attainment of ZVS conditions. 

4. The effectiveness of the proposed design is validated through simulation using 

MATLAB/Simulink, considering three distinct modes of EV operation. The obtained 

results showcase the robustness and reliability of the system, confirming its ability to 

provide stable and efficient EV charging. 

5. The performance of the EVCS systems is thoroughly assessed. The inclusion of snubber 

circuits in the isolated BDC results in quickly reaching ZVS conditions, significantly 

enhancing system reliability. The combination of active and passive snubbers, BDC, 

master-slave droop control technique, and energy storage device presents an outstanding 

solution for PV-dependent EV charging stations. The system achieves an impressive 

conversion efficiency of 96.4%, emphasizing its efficiency and effectiveness. 

6. The proposed design takes into consideration the utilization of solar energy for powering 

EVs, particularly in remote rural areas with limited access to conventional power grids. 

It highlights the advantages of employing DC supply technology in EVCS, emphasizing 

lower conversion losses. The inclusion of an ESU in the charging station optimizes the 

utilization of solar energy while enabling continuous EV charging. 

7. The integration of innovative technologies such as off-grid EVCS, smart charging 

techniques, and EV control systems allows the energy sector to achieve a harmonious 

balance, maximizing the utilization of renewable sources like solar energy These 

advancements facilitate effective communication with clients, ensuring their satisfaction 

and providing cost-effective charging rates. An optimized charging system minimizes EV 

charging time and ensures a stable DC bus voltage. 
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8. The promotion of a stable, DC-based off-grid EVCS system that primarily utilizes 

renewable energy generation is of utmost importance in reducing our reliance on fossil 

fuels. By embracing such a system, we can effectively decrease our carbon footprint and 

contribute to a cleaner and more sustainable environment. This approach not only 

facilitates the provision of emission-free electricity but also caters to the growing demand 

for dynamic electrical loads, particularly the surging popularity of EVs. 
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Chapter 7 Conclusion and Scope for Further Work 

7.1 Conclusions 

Through extensive investigations and simulations, a charging and discharging system was 

successfully designed for a standalone PV-based EV charging station. The effects of integrating 

snubber circuits on off-grid PV-based EV charging was analyzed, and potential issues that could 

be resolved to enhance the effectiveness of a standalone EVCS were identified. Both droop and 

master-slave control techniques were implemented to optimize the performance of the charging 

station. 

The findings of this study contribute to the development of sustainable transportation systems and 

support the transition toward a cleaner and greener future. By embracing innovative technologies 

like off-grid EVCS, smart charging techniques, and EV control systems, a harmonious balance in 

the energy sector can be achieved, maximizing the utilization of renewable sources such as solar 

energy. These advancements will facilitate effective communication with clients, ensuring their 

satisfaction and providing cost-effective charging rates. The optimization of the charging system 

not only minimizes EV charging time but also ensures a stable DC bus voltage for efficient 

charging infrastructure operation. 

Specifically, the research investigated the application of both droop and master-slave control 

techniques in off-grid EV charging infrastructure. The implementation of droop control proved 

effective in maintaining voltage stability and power sharing among multiple charging stations. 

The decentralized operation enabled by droop control allows for the seamless integration of new 

charging stations and improved scalability. The study confirms that droop control enables reliable 

and efficient charging operations, minimizing voltage fluctuations and ensuring a balanced load 

distribution. 

Furthermore, the master-slave control technique was implemented, resulting in improved system 

stability and load balancing. By leveraging both droop and master-slave control techniques, a 

robust and efficient charging system was achieved that ensures stable voltage, effective load 

management, and reliable power sharing. 
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The combination of droop and master-slave control techniques further enhanced the performance 

of the off-grid EV charging infrastructure. By leveraging the advantages of both control strategies, 

a robust and efficient charging system was achieved that ensures stable voltage, effective load 

management, and reliable power sharing. The integration of these control techniques enables 

optimized power flow management within the EVCS, maximizing the utilization of available 

resources and improving overall system efficiency. 

Additionally, the research investigated the integration of snubber circuits in BDCs. The study 

compared various active and passive snubber circuit configurations and evaluated their impact on 

switching losses, voltage spikes, and electromagnetic interference. The findings demonstrate that 

the appropriate selection and optimization of snubber circuit components effectively mitigate 

voltage stress, reduce switching losses, and enhance the overall performance of the off-grid EV 

charging system.  

A comparison of models and efficiencies is summarized in Table 7.1 to provide a better clarity. 

Table 7.1 Model Comparison and Efficiency Improvement Summary 

Model 

Comparison 

Control 

Strategies 

BDC 

Configuration 

Snubber 

Circuits 

Efficiency 

Improvement 

Chapter 4 
Model 

N/A Isolated BDC 

Active 

Clamp 

and 
Passive 

Snubber 

92% 

Chapter 5 

Model 
N/A Isolated BDC 

RCD, 

Active 
Clamp, 

and 
Flyback 

Snubber 

92% 

Chapter 6 
Model 

Droop + 

Master-
Slave 

Isolated BDC 

Flyback 

and 
Passive 

Snubber 

96.40% 

There are some limitations in the research that are yet to be addressed. Firstly, its applicability is 

restricted since the findings may not universally apply to all EV charging scenarios, primarily due 

to a lack of diverse validation. Further, the heavy reliance on simulations in the thesis ignores the 

potential oversight of real-world implementation and associated complexities. The study has not 

explored alternative control techniques and their advantages/limitations as they are well beyond 

the scope of this work. The examination of long-term system performance and sustainability 
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issues such as wear and tear, maintenance requirements, etc. are not addressed either.  Most of 

these issues could be easily taken up as future research topics and studied further. 

7.2 Scope for Further Work 

While this thesis has made significant contributions to the field of off-grid EV charging 

infrastructure, there are several avenues for future research and development. The following areas 

offer potential for further exploration and improvement: 

7.2.1 Advanced Control Techniques 

Although this research explored control techniques like droop and master-slave control, further 

investigation can be conducted to explore advanced control algorithms such as model predictive 

control (MPC) or artificial intelligence (AI)-based approaches. These techniques have the 

potential to enhance the dynamic response and efficiency of the EV charging system. 

7.2.2 Battery Management Systems (BMS) 

Integrating an intelligent BMS into the standalone EVCS can optimize battery charging and 

discharging operations. Future research can focus on developing advanced BMS algorithms that 

consider factors such as battery aging, SOC estimation, and optimal power flow management. 

7.2.3 Grid Interaction and V2G Integration 

As the EV market continues to grow, grid interaction and V2G integration become crucial aspects 

to explore. Further research can investigate the seamless integration of off-grid EVCS with the 

utility grid, enabling bi-directional power flow between EVs and the grid, and enabling V2G 

services that allow EVs to supply power back to the grid during peak demand periods. 

7.2.4 Scalability and Deployment Strategies 

Future research can focus on exploring strategies for scaling up off-grid EV charging 

infrastructure, particularly in remote locations or areas with limited access to the utility grid. 

Deployment strategies, including cost-effective installation, system sizing, and maintenance 

considerations, should be thoroughly investigated to facilitate the widespread adoption of off-grid 

EVCS. 
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7.2.5 Economic and Environmental Analysis 

Future research can undertake comprehensive economic and environmental analyses to evaluate 

the feasibility and economic viability of off-grid EV charging infrastructure. This analysis should 

consider factors such as the total cost of ownership, payback periods, carbon footprint reduction, 

and potential revenue streams, providing valuable insights for stakeholders and policymakers. 

7.2.6 Integration of RES 

While this research focused on standalone solar-powered EVCS, future studies can explore the 

integration of other RES such as wind or hydroelectric power. Investigating hybrid renewable 

energy systems for off-grid EV charging infrastructure can enhance reliability, reduce 

dependency on a single energy source, and optimize energy utilization. 

7.2.7 Standardization and Regulations 

As off-grid EV charging infrastructure evolves, the establishment of standards and regulations 

becomes essential. Future research can contribute to the development of guidelines and 

frameworks that ensure the interoperability, safety, and efficiency of off-grid EVCS, promoting 

uniformity and facilitating the adoption of these systems worldwide. 

In conclusion, this thesis has successfully explored the potential of off-grid EV charging 

infrastructure using standalone solar-powered EVCS equipped with snubber circuits for BDCs. 

The integration of droop and master-slave control techniques, along with the optimization of 

snubber circuits, has demonstrated improved system stability, load balancing, and overall 

charging efficiency. The findings from this research contribute to the development of sustainable 

transportation systems and support the transition toward a cleaner and greener future. Further 

research and development are essential to unlock the full potential of off-grid EV charging 

infrastructure and address the emerging challenges in this field. By continuing to innovate and 

explore advanced control techniques, battery management systems, grid interaction, and real-

world deployment, we can pave the way for a more sustainable and efficient future of EV 

charging. 
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Abstract

The rise of green technologies in transportation requires electric vehicles

(EV) as a prominent solution for reducing greenhouse gas emissions. An off-

grid EV charging station plays a significant role in remote regions leading to

increased use of EVs. Solar energy promises to be the best solution due to its

abundance and simple installation. As solar energy is not constant over a

24-hour period, there is a need for an energy storage unit (ESU) along with a

photovoltaic array. In this paper, we present an efficient design approach that

uses a fast-charging station with a maximum power point tracking boost con-

verter, a bidirectional DC-DC converter with a snubber circuit, and ESU. The

power electronic converters with an active snubber and two capacitive-diode

snubbers act as the energy sources that interface with the ESU. The snubber

circuits achieve near zero voltage switching and zero current switching for the

converter, thus improving overall efficiency. ESU meets the energy demand

for EVs when there is insufficient generated solar energy. On the other hand,

during the excess generation of solar energy, ESU utilizes this energy to

develop an optimal power management system. This results in a green, reli-

able, and efficient off-grid EV charging station. The proposed method is vali-

dated using the MATLAB/Simulink environment to verify system

performance.

KEYWORD S

electric vehicles, energy storage unit, off-grid charging station, snubber circuit

1 | INTRODUCTION

Electric vehicles (EVs) guarantee a large-scale reduction
of greenhouse gas emissions and fossil fuel depletion
issues. Presently, internal combustion engines is the com-
monly used form to drive the vehicles. However, there is
a necessity to find a solution for cars independent of non-
renewable energy sources. Therefore, a flexible solution
can use electricity generated from solar, wind, nuclear,
geothermal, natural gas, and fossil fuels. The transport
sector serves as the second-largest contributor to carbon
emission and global warming. EVs extract electricity

from renewable energy sources resulting in overall
emission-free transportation. Although EVs came into
existence in the early 20th century, the revolutionary
transition from gasoline to EVs occurred in the 21st cen-
tury due to the increased global concerns regarding cli-
mate change and the rising price of crude oil.
Nevertheless, numerous challenges obstruct massive-
scale adoption of EVs, and one of the significant chal-
lenges is the lack of infrastructure for the fast charging
of EVs.1

Charging EVs requires an adequate number of charg-
ing stations with maximum climate benefits, economic
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profit, and public acceptance. The electricity produced
from renewable energy sources, especially solar energy,
makes charging stations active participants in the power
market. Therefore, charging from renewable energy
sources make EVs entirely free from exhaust gases.
Hence, for feeding non-urban and farm areas, a solar-
based remote EV charging station, where grid availability
is nil, is considered. However, the available power for
charging the EVs may be uncertain and unreliable due to
the inconsistency of solar irradiance. Hence during the
unevenness of solar irradiance conditions, a photovoltaic
(PV) source incorporated with an energy storage unit
(ESU) needs to be efficiently implemented. During excess
power conditions and the absence of EVs, ESU gets
charged from solar energy. The power electronic equip-
ment used in the EV charging station is responsible for
charging and discharging the ESU. Batteries are essential
to back-up power, and a bidirectional DC-DC converter
(BDC) used in this system can execute the charging and
discharging of ESU.

In previous studies, EV charging stations consisting of
bridge-type bidirectional converters have been widely
applied.2 Kumar et al2 used a bridge-type bidirectional
converter where the charging station could not achieve
near zero voltage switching (ZVS) and zero current
switching (ZCS). Further, the voltage and current stresses
on the converter's main switches reduced the EV charg-
ing station's overall efficiency. The present work proposes
a clean and efficient off-grid EV charging station that
includes a BDC with an active snubber and two passive
capacitive—diode snubbers. It will be shown that the use
of the snubber enables to attain near ZVS and ZCS for
the switches on either side of the transformer. This was
accomplished by both developing and simulating various
EV charging stations for optimized energy extraction.
The results obtained from the study support the selection
for PV-enabled EV charging stations. In addition, com-
parisons will be drawn with existing charging facilities
and the potential of the off-grid EV charging systems to
reduce stresses in the long run, in order to improve the
overall efficiency.

2 | ARCHITECTURE OF THE
PROPOSED SYSTEM

A block diagram representing the PV-charged EV charg-
ing station proposed in this work is shown in Figure 1.

The proposed charging station is typically located in
non-urban areas where there are no grid facility provi-
sions. This station uses a PV system with a total capacity
of 100 kW, and the maximum power of the PV system is

continuously tracked and fed to the integrated DC bus.
Hence, the charging station is a DC microgrid with the
generation from the PV system, and the ESU stores the
power/energy. The maximum capacity of the proposed
ESU is 80 kW. The charging station is connected to the
EV load through a BDC with an active and passive snub-
ber circuit. A bidirectional converter controls the total
amount of power for charging and discharging the ESU.
The modeling of each component of the proposed system
is discussed below.

2.1 | Modeling of PV panel with boost
converter

In the present scheme, the PV array acts as the primary
source of power. The amount of real-time available output
power is calibrated before the charging station's simula-
tion. The modeling of output power uses a single diode
model of the PV cell.3 Hence the model utilizes PV module
parameters such as solar irradiance (G) and the module
temperature (T). The National Renewable Energy Labora-
tory4 provides meteorological data to extract the operating
parameters of the PV model. A boost converter steps up
the PV array voltage to the required DC voltage, and the
PV panel is designed to load two EVs.

2.2 | Modeling of ESU

The ESU is commissioned as a back-up option when
there is insufficient power from the PV array. A lithium-
ion battery pack works as the ESU in the present work.
The upper and lower constraints of the state of charge
(SOC) are set at 95% and 20%, respectively, to bypass the
over-charging and over-discharging of the battery pack,
such that

Solar 
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Energy 

Storage 

Unit 
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Converter
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FIGURE 1 Block diagram of the proposed charging station
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SOCL≤ SOC≤ SOC ð1Þ

where SOCL is the lower SOC limit value of 20% and
SOCU is the upper SOC limit of 95%. The battery pack
charges the PV array until the SOC reaches the upper
limit (SOCU) of 95%, whereas the ESU supplies the
energy for EV charging till the lower limit (SOCL) of
SOC of 20%. In the proposed work, SOC is initially
assumed to be a random value between SOCL and SOCU
and gradually updated as the charging process continues.
The estimation of obtainable energy within the battery
pack is obtained from the SOC of the ESU. ESU can
deliver the energy to EV load when the current SOC is
higher than SOCL.5

2.3 | Modeling of BDC with snubber
circuit

ESU discharges when the EV loads are connected. There
are two charging units, and each charging unit functions
as a current source to regulate the EV charging current.
Thus, a current control strategy is utilized for the charg-
ing and discharging of ESU. The bidirectional converter
uses the buck mode while the ESU is charging, whereas
boost mode is used when the ESU discharges and sup-
plies the power needed for the EV loads. An active snub-
ber and two passive capacitor-diode snubbers with the
BDC can reduce the high current and high voltage stress
occurring at the converter's main switches during turn-

on or turn-off transitions.6 This bidirectional converter
model with the snubber circuits can achieve ZVS and
ZCS on either side, thereby significantly improving sys-
tem reliability. Figure 2 shows the implementation of the
overall arrangement.

The converter consists of a current-fed bridge, an
active snubber circuit at the low-voltage side, a voltage-
fed bridge and passive snubber pair at the high voltage
side. Inductor L performs the output filtering when
power flows from the high voltage side to the low voltage
side, denoted as a buck operation. On the other hand, it
works in the boost operation when power is transferred
from the low-voltage side to the high voltage side. The
active snubber recycles the absorbed energy stored in the
snubber capacitor C, and it also clamps the voltage to a
value slightly higher than the voltage across the low side
of the transformer. The current stress across the main
switches can be reduced under heavy load conditions as
the snubber current cannot circulate through the main
switches.

In boost mode, first of all, switches S, M1, and M4 are
turned on and M2 and M3 are turned off. The energy
stored in the inductor and clamp capacitor is discharged
to the output. Then S is switched off suddenly making
the transformer leakage current higher than inductive
current, iL. The surplus current discharges the capacitor
across the clamp branch and switches M2 and M3,
resulting in clamp branch voltage resonating down to
zero. When the transformer current becomes equal to iL,
the switches M2 and M3 are turned on with ZVS

FIGURE 2 Bidirectional DC-DC converter with a combination of active and passive snubber circuits
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characteristics as a result of antiparallel diodes that are
conducting. With all the switches on and transformer
current drops to zero, the inductor L gets charged. Next,
the switches M1 and M4 are turned off, and inductive cur-
rent charges the clamp branch voltage until the clamping
capacitor clamps it. The voltage difference between the
clamp capacitor and the reflected output voltage is
exerted on the transformer's leakage inductance. Clamp
switch, S, is turned off and it initiates the next half-cycle
of operation.

Now the switch M5, which is already in buck mode,
allows the load current to be freewheeling on the current
fed bridge. The switch M8 is turned on and the output
voltage is fed to the transformer. As the other side of the
transformer is shorted, the whole voltage is exerted on
the leakage inductance and causes the current to rise.
With the transformer current increasing linearly to the
load current, the voltage across the transformer terminals
on the low voltage side changes immediately to the
reflected voltage from the high voltage side. Once
the transformer current reaches the load current, clamp
branch voltage rises to the reflected voltage. The
clamp switch's antiparallel diode starts to conduct the
resonant current between the leakage inductance and
clamping capacitor, which charges the inductor L. Now
M5 gets turned off. D7 then starts to conduct the free-
wheeling leakage current.

Meanwhile, the clamp branch voltage is held high as
the switch S is turned on. This reflected voltage at the
transformer terminals of the voltage fed side is exerted on
the leakage inductance, making the current fall. Then M7

conducts with ZVS. D1 and D2 start to reverse block and
prevent leakage current from going into the other direc-
tion. The clamp branch increases the load current. Now S
is turned off and clamp branch voltage drops immedi-
ately to zero. There is no current freewheeling on the
high voltage side during this time and M8 is turned off
with complete ZCS. Subsequently, M7 is turned on and
the circuit assumes the same operation as in the previous
half-cycle. The voltage on the transformer reverses its
polarity to exercise flux balance.6,7

The snubber capacitor C absorbs the current differ-
ence between the current fed inductor current and the
leakage inductance current of the isolation transformer
during switching commutation. Additionally, the active
snubber provides the initial charge to the capacitor's
high-voltage side to avoid any inrush current during the
start-up period. But the high-voltage side switches experi-
ence a hard switching turn-off in step-down mode. There-
fore, two passive capacitive-diode snubbers are connected
in parallel with the voltage-fed bridge. Thus, the main
switches operate near ZVS and ZCS turn-off transitions.
The active snubber transfers the energy stored in the

snubber capacitor C to buffer capacitors C1 and C2.
Hence, the snubber capacitor voltage drops to zero. Thus,
the voltage stresses of the switches M1-M4 can be limited
to a lower level, achieving near ZCS turn-off. For alleviat-
ing the leakage inductance effect on the voltage spike,
high-voltage side switches are operated with phase-shift
control, achieving ZVS turn-on features. With two
capacitor-diode snubbers, high-voltage side switches
achieve near ZVS turn-off characteristics.6

The switching condition of the proposed converter is
illustrated in Table 1. It is clear from the table that all
switches achieve ZVS turn-on features for the proposed
converter. It is also evident that the switches M1-M4
achieve ZCS turn-on characteristics, whereas switches
M5-M8 achieve ZCS turn-off features.

The inductor is designed large enough to restrain the
exciting current and reduce the transformer loss deter-
mined by the following equation,

lr ¼ I in� V0=n

td
ð2Þ

where lr is the critical point of leakage inductance to
attain ZVS and td is the dead time considered as 500 ns.

The voltage stress on the rectifier diodes is the output
voltage, and the voltage stress on the primary side
switches of the proposed converter is the reflecting out-
put voltage (V0=nÞ . Inductors are not commercially avail-
able readymade for these power levels and they must be
designed for this application. The maximum discharging
current is assumed to be 2A.7 The allowed ripple is about
10% of the maximum discharging current. Therefore,
inductor is given by

L¼ Vbat�V cj j 1�Dð ÞTs½ �
Δ iL

ð3Þ

where duty cycle is D = 2 Δ t
Ts

,
Δt is the time during which the primary side of the

voltage across the transformer is equal to ±Vi and Ts is
the period of the driving signal for each bridge switch.
The leakage inductance and the output capacitor provide
a resonant transition switching which creates a large
ringing voltage spike across the switches. The ringing will

TABLE 1 Switching condition of proposed converter

Switches ZVS turn ON ZCS turn ON ZCS turn OFF

M1-M4 Yes Yes No

S Yes No No

M5-M8 Yes No Yes

Abbreviations: ZCS, zero current switching; ZVS, zero voltage switching.
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be well damped by using a snubber resistor equal to the
ringing's characteristic impedance. The snubber capacitor
is used to minimize dissipation at the switching fre-
quency while allowing the resistor to be effective at the
ringing frequency. The best design point to start with is
the capacitor's impedance at the ringing frequency equal
to the resistor value.

Clamping capacitor,C≥
Ts=4πð Þ2
Lk

ð4Þ

Transformer turns the formula gives the ratio as

Np

N s
¼ V i

V0
ð5Þ

TDR is the conducting time of rectifier diode given by,

TDR ¼ V in

2f sV0=n
ð6Þ

where fs is the switching frequency and the duty ratio,
Dclamp calculated as

1�Dclamp
� �

Tþ2I in� lr
V 0=n

¼TDR ð7Þ

2.4 | Modeling of EV load demand

It is essential to expand the power demand model of
EV to avoid damage to the batteries. Hence, we
assume that an 80% SOC of full battery capacity at
departure time has to be achieved, and the EV battery
should not be over-discharged. Therefore, on attaining
a SOC of 10% of rated battery capacity, EV stops utiliz-
ing the EV battery's electric energy. On achieving SOC
of 70% of total battery capacity during the next charg-
ing from ESU, the EV starts using electric energy.8 The
calculation of EV power demand is described by the
equation

PEVi ¼ PEVreq �Si�wi ð8Þ

where PEVi is the demand of EV power at time slot i in
kW, PEVreq is the maximum required EV power in kW at
the time of plug-in, corresponding to the maximum SOC
difference (80%) and current SOC0. Si is the EV connec-
tivity status at time slot i, and wi, the EV charging status
at time slot i. The required EV power, PEVreq is calcu-
lated as

PEVreq ¼ SOCU�SOC0ð Þ�Cbattery ð9Þ

where SOCU is the maximum SOC required by each EV
and Cbattery is the EV battery capacitance.8

3 | CONTROL AND
FORMULATION OF THE PROPOSED
SYSTEM

The proposed work presents a PV array delivering a
maximum of 100 kW at a solar irradiance of 1000 W/m2

and a temperature of 40�C. This PV block consists of
64 parallel strings, each having 5 SunPower SPR-315E
modules in series. The PV array output is connected to
the boost converter and then to a common DC bus of
400 V. DC-DC converter control uses the maximum
power point technique (MPPT), especially the “Perturb
and Observe” technique,9 to attain maximum power by
varying the voltage across the PV array terminal. The
ESU consisting of the lithium-ion battery inputs the
energy from the boost converter with MPPT through
the common DC bus. The battery SOC limits are always
maintained within the 20% to 95% range to extend its
life cycle. The following operational ESU scenarios are
possible.

• Scenario 1: EPV > ETOT and SOCESU ≥ max SOCESU

With the solar energy EPV, EVs get charged, but when
SOCESU reaches its maximum, ESU gets disconnected
from the DC bus for the power balance. ETOT is the
total energy capacity of all the connected EVs.

• Scenario 2: EPV > ETOT and SOCESU < max SOCESU

If the delivered solar energy EPV is more than the
required energy capacity of all the connected EVs
(ETOT), EVs get charged from the solar energy. If the
current SOC of the charging station battery is lower
than its maximum SOC, the additional power from
solar energy is used to charge the ESU by connecting
to its bus.

• Scenario 3: EPV ≤ ETOT and SOCESU > minSOCESU

During the night or rainy/cloudy conditions, when
there is no or reduced solar output, ESU supplies the
energy for charging the EVs in the charging station by
maintaining the minimum SOC in the battery.

The BDC with the snubber circuits helps charge or
discharge the ESU. An isolated BDC with snubber cir-
cuits at a switching frequency of 50 kHz acts as the
charging unit. The battery provides nominal input volt-
age, and the EV voltage is in the range of 250 to 450 V.
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The EV current is within the range of 200 to 500 A. Each
of the two charging units interfaces an EV with the DC
bus. Each charging unit operates as a current source to
control EV charging to balance the power supply with
the power demand; thus, the DC-DC converter feeds
energy to the EV loads when they are connected to the
charging station.

For the ideal case, assuming a charging current of
11 A, the charging time of the 100 Ah battery is
9.09 hours. For example, the Nissan Leaf Acenta Auto
model with 40kWh battery capacity can have a charging
time between 29 minutes and 5 hours depending on
whether it uses a DC rapid charger or fast charger at a
public charging station.10 Based on the assumed scenar-
ios, the performance of the proposed charging station is
analyzed. The characteristics and analysis of the station
during each considered scenario is discussed and
described in below section.

4 | SIMULATION RESULTS

The proposed PV based off-grid EV charging station
consists of 100kWh solar generation to charge EV bat-
tery of 40kWh capacity and ESU of 80 kWh capacity.
ESU acts as an auxiliary supply to the EV batteries dur-
ing low solar generation and saves power at the peak
generation of solar energy. The simulation study of the
proposed charging station is carried out using
MATLAB/Simulink by considering three cases of EV
requirements—EVs are charged (a) with the PV array
only, (b) with both PV array and ESU, and (c) with the
ESU only. The performance of ESU and solar genera-
tion varies with the increase or decrease in the power
demand. The maximum power point (MPP) is
96.24 kW at 1000 W/m2 solar irradiance and 40�C
temperature.

The DC-link voltage is usually more than the voltage
levels of the batteries. Thus, the BDC comes into practical
use to charge/discharge the batteries in the EVs and
charging stations. The proposed converter performance,
with and without snubber circuits, is compared. The volt-
age waveform of the transformer's primary side of the
BDC is shown in Figure 3. A parasitic ringing with volt-
age spikes are seen in the BDC without snubber. These
voltage spikes can damage the diodes. When the pro-
posed snubber circuits are implemented with BDC, the
voltage is clamped at the desired level. This helps in
selecting smaller rating diodes and can lead to an
increased lifetime of the diodes compared to BDC with-
out a snubber circuit.11

4.1 | Charging of EV with the PV
array only

Figure 4 shows the solar irradiance graph for generating
the solar irradiance test data at 1000 W/m2 and the PV
panel's power response curve. In this particular scenario,
the EV batteries get charged only from solar power. The
constant DC voltage provides the required terminal volt-
age to the EV loads continuously. Figure 5 shows the
SOC of EV load and the EV load's power response curve
with the BDC with and without snubber circuits. The
power response curve of BDC with snubber circuit shows
that it obtains the designed output power based on the
available solar irradiance. This converter can also clamp
the voltage and remove the voltage spikes, thus improv-
ing the converter's lifecycle and increase overall
efficiency.11

4.2 | Charging of EV with both PV array
and ESU

This particular scenario works when solar energy ade-
quately charges the connected EV loads and ESU. In
practical applications, the excess solar energy gets uti-
lized for residential or commercial applications. When
the PV generation is not sufficient to meet the EV charg-
ing demand, ESU starts discharging the stored energy
and feeds to the EV battery, thus providing continuous
charging of the EV battery. The charging and discharging
of ESU is possible because of the BDC with snubber cir-
cuits. Figure 6 shows the response curves for ESU and
SOC. Figure 7 shows the EV load's power response curve,
with the BDC, with and without snubber circuits. The

0 P
ri

m
ar

y 
V

ol
ta

ge
 (

V
) 

 1.0   3.0 

400 

-400

0 

Voltage spikes without snubber circuit 

       2.0 

 Time (seconds)
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output power ringing in the power response curve of EV
load attenuates more rapidly for fewer seconds when the
BDC without snubber circuit is used. This ringing or
surge attributes minimum efficiency for the EV charging
station. This can be eliminated when the BDC with active
and passive snubbers are implemented, thus obtaining a

smooth output power as depicted in Figure 7. The worst-
case scenario is during the complete absence of solar gen-
eration. In such a case, ESU alone should meet the
energy demand for the EV load.

4.3 | Charging of EV with the ESU only

This scenario presents the charging of EV loads from
ESU only. At this condition, the power for the EV loads
is fed only from ESU. ESU starts discharging the stored
energy to the load providing a continuous supply of
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energy. Figure 8 shows the power response curves of the
PV and SOC response of the EV load. Figure 9 shows the
power response curve of EV load with and without snub-
ber circuits and the ESU response. This scenario also
shows an output power ringing when the BDC without

snubber circuits are used. The BDC with active and pas-
sive snubber circuit eliminates the ringing, thus improv-
ing the converter's lifecycle and improving the EV
charging station's overall efficiency.

These scenarios demonstrate that the proposed off-
grid EV charging station based on PV generation is com-
petent for charging the EVs under any circumstance. The
use of snubber circuits in the BDC also implies a maxi-
mum energy-efficient charging station and the system is
protected from high voltage and high current stresses.
The efficiency curve is obtained by maintaining the input
voltage constant. Figure 10 shows the efficiency curves
for the inductor current variation ranges from 5 to 30 A
with a fixed value of input voltage of 400 V. The maxi-
mum efficiency secured by the BDC without a snubber
circuit is �88.7%, whereas the maximum efficiency of the
BDC with the snubber circuit is �92%. Thus, the BDC
with active and passive snubber circuit obtains higher
efficiency compared to BDC without snubber circuits.

A comparative analysis between different converter
topologies for DC fast chargers is shown in Table 2. As it
can be observed from Table 2 the most of the topology
described is bidirectional, provides grid support and
employs battery storage. Therefore choosing the most
suitable topology is a compromise between other factors
such as the realization of ZVS and ZCS, number of pas-
sive components, conduction losses and complexity. Non-
isolated three-port BDC is the least complex among all
the converters. It requires fewer diodes/switches than
all the other converters due to the dissipative energy ele-
ment, and it offers low efficiency. Compared to all the
other converters, the proposed converter offers and real-
izes both ZVS and ZCS. Circulating current causes con-
duction losses in the system. However, the proposed
converter reduces the circulating current and voltage
spike at a particular level.
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Kumar et al2 proposed an off-grid EV charging station
capable of charging the EV battery under any circum-
stance and using renewable energy resources to their
maximum extent., The system was able to minimize the
grid burden. However, they did not show results on the
elimination of any voltage stress developed at the BDC
used in the charging station. These stresses reduce the
overall efficiency of the converter. By employing an addi-
tional active snubber circuit, the converter in the present
work has the following advantages: (a) ZVS turn on for
the main switches of the converter and the elimination of
the reverse recovery problem, (b) No conduction losses,
(c) No duty cycle loss caused by the energy transfer of the
clamp capacitor, (d) Higher efficiency, and (e) Simple
switching and control scheme.

Figure 11 shows that the clamp branch voltage
obtained with an active clamp snubber for the BDC pro-
vides a zero voltage within 4 to 6 seconds. The stresses
are eliminated with the implementation of a snubber.
ZVS characteristics make the converter in the present
work effectively reduce the losses and increase the EV
charging station power.

5 | CONCLUSION

We have developed a standalone EV charging station
based on PV generation and have validated it through
MATLAB/Simulink simulation. An isolated BDC config-
uration with a combination of active and passive snubber
circuits stands between the EV and ESU. The proposed
isolated BDC with active and passive snubber circuit

TABLE 2 Comparative analysis between different converter topologies for DC fast chargers

References [12] [13] [2] Proposed converter

DC-DC
Converter

Phase-shift full-bridge
unidirectional DC-DC
converter

Non-isolated three-port
bidirectional DC-DC
converter

Non-isolated bidirectional
DC-DC converter

Isolated bidirectional DC-
DC converter with
active and passive
snubber

Use of snubber
circuit

Clamp diode at primary
side

No No Active clamp snubber
circuit at LV side and
passive snubber circuits
at HV side

Grid support Yes Yes No No

RES Integration No Yes Yes Yes

BES Integration No Yes Yes Yes

Number of
switches/
diodes/
capacitors

8/1/7 3/1/3 7/1/3 8/2/4

Conduction loss High High High Low

Realization of
ZVS and ZCS

ZVS Near ZVS No Both ZVS and ZCS

Complexity Very high Low High Medium

Features Due to the presence of
circulating current,
conduction loss is high

Low efficiency at light
load conditions

Due to the presence of
circulating current,
conduction loss is high

Due to the presence of
circulating current,
conduction loss is high

Low conduction loss using
the snubber circuit

Less switching stress

Abbreviations: ZCS, zero current switching; ZVS, zero voltage switching.
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successfully overcomes the problems encountered with
classical techniques and offers an effective solution to
minimize circulating current issues and voltage spikes.
The active clamp and passive snubber used in the con-
verter in the present work reduce the spikes at the pri-
mary side of the transformer and rapidly attain ZVS and
ZCS characteristics. Compared to the existing topology of
an off-grid EV charging station, the proposed converter
with a snubber circuit reduces the stresses across the
main switches, yielding an increase in efficiency.
The combination of active and passive snubbers with
BDC and an additional energy storage device provides an
excellent option for PV-dependent EV charging stations
with a conversion efficiency of 92%. The proposed EV
charging station also minimizes the grid burden and
improves its utilization in remote areas. The PV array
and the ESU suitably supply the power to the EV loads
depending on or absence or reduced solar energy. The
end result is a more ecological and energy-efficient PV-
based EV charging station.
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Abstract: With the penetration of electric vehicles (EVs), there have been paradigm shifts in the
transportation sector. EVs are ideally considered to be clean and eco-friendly, but they can overload
the existing grid infrastructure and significantly contribute towards carbon emissions depending
on the source of charging. The ideal solution is to develop a charging infrastructure for EVs that is
integrated with solar energy technology. This paper presents the design of a zero-voltage switching
snubber-based bidirectional converter for an off-grid charging station for EVs. The proposed system
includes a solar array with a boost converter, a bidirectional converter with snubber circuits and an
energy storage unit. A comprehensive comparison between various types of snubbers, such as the
resistive capacitive diode snubber, active clamp snubber and flyback snubber, is presented. This type
of system configuration clamps the rail voltage, due to the difference in current between leakage
inductance and low voltage side-fed inductor currents, resulting in reduced current spikes at the
converter’s switches. Such a converter, therefore, leads to higher efficiency of the charging station for
EVs. The design of a snubber-based off-grid charging station for EVs is formulated and validated in
the MATLAB/Simulink environment.

Keywords: resistive capacitive diode snubber; active clamp snubber; flyback snubber; bidirectional
converter; off-grid charging station

1. Introduction

Electric vehicles (EVs) are more environmentally friendly than the current inter-
nal combustion engine (ICE) vehicles, as they have the potential to dramatically reduce
greenhouse gases and global warming. The electrification of transport sector promotes
sustainable energy development. Even though EVs may not emit CO2 or other noxious
gases when in use, they create a burden on the grid. Therefore, the coupling between the
photovoltaics (PV) and charging stations for EVs is beneficial, as it allows greater usage
of both EVs and solar energy without interrupting the grid’s capacity and provides better
power quality. The solar-based charging station is primarily applicable on highways and
remote locations to successfully charge EVs [1]. Kumar et al. [2] proposed a PV-based
off-grid charging station in which the solar source is coupled with an energy storage unit
(ESU) efficiently for variable irradiance conditions. The system enhances the reliability
of the off-grid charging station for EVs. However, they used a non-isolated bidirectional
converter with no capability of attaining zero-voltage switching (ZVS) characteristics. This
is likely to result in a decrease in the overall efficiency of the charging station. Therefore,
in this paper, we present a bidirectional DC–DC converter (BDC) with snubber circuits
and demonstrate that a near ZVS across BDC switches is achieved for an off-grid charging
station for EVs. This is expected to yield a higher efficiency PV-based charging station
for EVs.

Since EVs are operated at low voltage levels, there is a need for an interface between
the BDC and the charging station. Isolated BDC offers many advantages over non-isolated
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BDC: for example, bidirectional energy flow, electrical isolation, high reliability, etc. This
BDC will be used for both stepping up and stepping down the voltage. Thus, charging and
discharging can be combined in one circuit topology. Moreover, a full-bridge BDC is popular,
due to its high power-handling capacity. However, the leakage inductance of the isolation
transformer will result in high voltage and current spikes during switching transitions.

Additionally, the freewheeling current increases the conduction losses and reduce
the effective duty cycle, due to the effect of leakage inductance. An alternative method is
to charge the leakage inductance to the current level of the current-fed inductor, thereby
reducing the current difference as well as reducing the voltage and current spikes. However,
it is difficult to tune the switching diagram to match these two currents, as the current level
varies with the load conditions [3].

The aforementioned problems can be overcome by using different types of snubber
circuits. The snubber circuits provide an alternate path for the circulating current across
BDC switches. The snubber is used to control the effect of the reactance of the circuit.
It improves the switching circuit’s performance overall. The snubber absorbs the energy
from the reactive elements in the circuit. As a result, the stress across the switch is reduced.
This automatically increases the converter’s reliability [4,5]. Snubbers may be either
passive or active networks. Passive snubbers are made of resistors, inductors, capacitors, or
diodes, whereas active snubbers use transistors or other types of active switching elements.
A conventional passive approach is to employ a resistive capacitive diode (RCD) snubber
to clamp the voltage and the resistor limits the capacitor discharge current. The active
clamped snubber used for BDC recycles the energy stored in the leakage inductance,
thereby improving the converter efficiency. Another type of snubber is a flyback snubber
in which the voltage spike across the switches gets clamped by a capacitor-diode circuit
and is recovered. This snubber also provides an effective solution to reduce the circulating
current across the BDC switches [6].

The implementation and benefits of snubber based BDCs in EVs were reported in
the recent past [6,7]. However, there are negligible data on the use of snubber based
BDCs for use in off-grid charging stations for EVs. Kumar et al. [2] described a standalone
charging station, but this station does not use any snubber circuit. In the previous study [3],
the beneficial effects of using a flyback snubber were reported. However, a systematic
comparison of the performance of the off-grid EVs charging station with various available
snubber circuit configurations was not performed. Hence, in this paper, RCD, active clamp,
and flyback snubbers for the BDC in terms of the overall performance off-grid charging
station for EVs are compared. Such a study was carried out on the BDCs in EVs which
operate at low-voltage levels only [6,7]. However, there have been no reported results on
either off-grid or grid-connected charging stations for EVs. In this paper, the proposed
configuration of BDC with snubber circuits effectively reduces the impact of circulating
current on the main switches, thereby effectively clamping the voltage spikes across the
switches. This leads to an improved performance of the off-grid charging station for EVs.
Furthermore, it is cheaper and cost-effective to have just one snubber circuit in the charging
station instead of having one in each electric vehicle. Hence, a study of the performance of
charging stations for EVs with various snubber circuit configurations is both meaningful
and important.

2. Analyses of the Snubbers

The BDC used in [2] consists of a voltage source as a DC link capacitor and MOSFET
switches for step-up and step-down modes. The load source is inductive, as the converter
is a voltage source. When the switch’s state changes from turn-off or turn-on, the time lapse
for transition can cause an overvoltage condition. Additionally, due to the reverse recovery
of the free-wheeling diode, the switches show a current spike at turn-on, leading to high
switching losses, especially at turn-off. These problems can be minimized/eliminated with
the introduction of snubber circuits.
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The proposed system [2] consists of a BDC model, which operates both in charging
(buck) and discharging (boost) modes as shown in Figure 1. In the charging mode, DC-link
acts as an input of BDC and the battery acts as a load on the output side. The battery’s volt-
age level is achieved at the output side when BDC operates in buck mode with component
as an inductor (Lbuck). This value is calculated as follows:

Lbuck =
[|VDC −Vbat|(1− D)]

∆iL fs
(1)

where ∆iL and fs are the ripple current switching frequency of the buck mode, respectively.
VDC and Vbat are input and output voltages of the bidirectional converter, respectively, and
D is the converter’s duty ratio.
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In the discharging mode, the battery is connected as an input and DC-link connected
as the output and the DC-link voltage is more than the battery terminal voltage. The
component inductor (Lboost) in boost mode is calculated as follows:

Lboost =
VbatD
∆iL fs

(2)

Since the BDC is operating in both boost and buck modes, the value of L is chosen
as follows:

L = max(Lbuck, Lboost) (3)

For comparison, the converters with an RCD passive snubber, an active clamping
circuit, and a flyback snubber were simulated.

2.1. RCD Snubber

RCD snubber or RCD clamp limits any sharp voltage fluctuations across the switches.
The three main components of RCD snubber are resistor Rs, the capacitance Cs, and diode
Ds for as shown in Figure 2. The stored leakage energy is dissipated through the resistor
while the capacitor acts as a filter to and guarantees a low ripple DC source. The diode
here is nothing but a unidirectional switch. The clamping of the spikes using an RCD
snubber requires calculating the resonant circuit’s characteristic impedance, given by the
following equation:

Z = 2π fsL (4)
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If the snubber resistor value is equal to the characteristic impedance, the ringing effect
is reduced. Therefore, to select the resistor, the following equation is used:

Rs = Z (5)

The snubber capacitor, Cs, allows the resistor to be most effective at the ringing
frequency by reducing the dissipation to a minimum at the switching frequency. The
capacitor is designed so that the impedance of the capacitor at the clamping frequency is
considered equal to the resistor, as shown in the following equation:

Cs =
1

2π fsR
(6)

where fs is the switching frequency of the converter.
The RCD snubber works by absorbing the inductor’s current when the switch’s drain

voltage exceeds the clamp capacitor voltage. The relatively large capacitor used in the
circuit manages to keep the voltage constant over a switching cycle. By using a larger
capacitor value, the peak power will increase while the switching loss will decrease [8].

2.2. Active Clamp Snubber

An active clamp for the BDC’s higher power applications is a good choice. It limits
the overshoot of the bridge switch’s turn-off voltage, thus enabling the energy stored for
ZVS. The output diode’s reverse-recovery problem can partly be overcome by utilizing an
appropriate design for the leakage inductance. However, the switches in these converters
work under hard switching conditions. The active clamp circuit replaces the role of the
passive lossless clamp circuit. The primary and the clamp switches turn ON under the ZVS
condition, and the use of parallel capacitors help significantly reduce the turn OFF losses.

As shown in Figure 3, the coupled inductor included in the topology is used to recycle
the leakage inductance energy and achieve the ZVS condition for the main and clamp
switches. The switches and diodes’ voltage stresses are lower than the output voltage. Thus,
by using an active clamp circuit with an active switch Mc, and a capacitor, Cc

„ conduction
losses and cost can be significantly reduced.

The design is based on the resonant tank circuit formed by the clamping capacitor Cc
and the leakage inductance Lk. Resonance occurs during the off-stage of the boost mode
operation. The criterion to select Cc is such that the following holds:

Cc ≥
(Ts/4π)2

Lk
(7)

where Ts is the period of the driving signal for each bridge switch of the converter [9,10].
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2.3. Flyback Snubber

A flyback snubber is suitable for high power applications and is shown in Figure 4.
This snubber circuit enables the main switch to achieve a ZVS turn-on or a ZCS turn-off
process as a result of short time interval of ZVS or ZCS characteristics. The use of the series
inductor results in slowing down the diode’s reverse recovery current. However, these
inductors increase the switching loss, due to additional voltage stress on the main switch at
turn-off transition. The snubber capacitor enables to clamp the switch voltage by absorbing
the stored energy of the snubber inductor. However, the converter reliability and life span
deteriorate as a result of the snubber capacitor’s energy reprocessing through the main
switch, resulting in high current stress. The use of flyback snubber helps overcome this
problem through its ability to attain soft-switching features and thus, significantly reduces
both the voltage and current stresses. The flyback snubber can also achieve near ZVS and
ZCS. It also significantly reduces any current and voltage stresses on the main switch. The
output voltage ripple in flyback converter is given by the following:

∆V0

V0
=

DTs

C f
(8)

where Cf is the capacitor of the flyback converter, and the output voltage ripple (∆V0/V0) is
considered to be 3%. Thus, the snubber capacitor for the flyback snubber can be calculated
using Equation (8) [11,12].
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3. Simulation Results

CASE 1 Using model proposed by Kumar et al. [2]

The system presented in [2] consists of a 24 kW PV generation for the 15 kWh battery
(of EVs) coupled with an ESU of 15 kWh capacity. The ESU acts as a reserve for the
batteries of EVs during times when PV generation is low and stores the energy during
excess PV energy generation. Three modes for electrical vehicle battery charging were
considered: (i) with PV energy only, (ii) with both PV energy and ESU energy, and (iii) with
ESU energy only. The three modes are simulated using MATLAB/Simulink and the
results are compared for each snubber circuit for the BDC in the charging station in the
following sub-sections.
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3.1. Charging Battery of EVs with PV Energy Only

In this mode, the PV generation is in abundance and is adequate to charge the battery
of EVs (Figure 5). The DC-link voltage is maintained constant and supplies the required
terminal voltage for the batteries continuously. Figure 6 shows the power variations in
EVs, using three different snubber circuits with the BDC in this mode.
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3.2. Charging Battery of EVs with PV Energy and ESU Energy

In this mode, the PV energy alone is insufficient to charge the EVs (Figure 7). Any
additional energy is supplied by the ESU to charge the battery of EVs. Figure 8 shows
the power variations of EVs when using three different snubber circuits with the BDC in
this mode.
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3.3. Charging Battery of EVs with ESU Only

In this mode, the battery of EVs is charged only from the ESU. The PV generation
is almost zero. Figure 9 shows the power variations of EVs when using three different
snubber circuits for the BDC in this mode.
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The results presented in these three cases clearly show that this standalone charging
station can charge the battery of EVs under any circumstance. It is an attractive way
of using renewable energy. Figure 10 shows the clamp branch voltage across the main
switches of the BDC.

It is evident from the graph that without a snubber circuit possessing higher voltage
stress across the switch, it does not achieve the ZVS condition. In contrast, the three
proposed snubber circuit attain ZVS condition rapidly. The RCD snubber circuit attains
ZVS within six seconds. Using the active clamp snubber results in a significantly smaller
voltage stress, and using the flyback snubber attains ZVS almost instantaneously. It is
evident from the graph that the flyback snubber is the best option, as it can achieve ZVS by
mitigating the voltage stresses. It is also clear from Figures 6, 8 and 9 that the power of EVs
improves when snubber circuits are implemented. Additionally, the power waveforms
clearly show that the use of the flyback snubber in the charging station results in the highest
output power, compared to the other two snubber circuits.
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CASE 2 Using Model proposed previously by the authors [3]

We used a standalone charging station for EVs [3]. It consists of a PV panel, ESU,
BDC with a snubber circuit—the EVs act as the load. The system uses a PV panel with
a capacity of 100 kWh. An ESU with a capacity of 80 kWh stores the power to charge
40 kWh EVs. The performance of the proposed charging station was carried out using
MATLAB/Simulink by considering three cases—EVs are charged (i) with the PV array
only, (ii) with both PV array and ESU, and (iii) with the ESU only [3]. Figure 11 shows the
clamp branch voltage across each active snubber circuit. There is a power dissipation in the
resistor of the RCD snubber. This means a reduced efficiency and is ideal for high-power
operations. The burden of high current stress and associated thermal issues of the active
switches and the capacitor limits the use of an active clamp snubber circuit in the BDC
topology, as it switches at a frequency that is two times the switching frequency. From the
voltage-clamp branch waveform, BDC using the RCD snubber and active clamp snubber
causes more voltage transients. Meanwhile, the BDC with the flyback snubber can clamp
the voltage better than all the other snubber circuits. Thus, transients can be avoided in
the circuit. Figures 12 and 13 show the output voltage obtained for the BDC using three
different snubber circuits and the power of EVs. The BDC with the flyback snubber attains
the steady state faster when compared to the other snubber circuits. Once again, the power
waveforms clearly show that the use of the flyback snubber in the charging station results
in the highest output power, compared to the other snubber circuits.

A comparative analysis between the various snubber circuits is shown in Table 1.
From the table, it is clear that all three snubber topologies can be used successfully with the
BDC for an off-grid charging station for EVs. Therefore, choosing the most suitable snubber
circuit depends on voltage ripple, ability to achieve ZVS, and conduction losses. Thus,
the flyback snubber provides the best option, compared to other snubber circuits while
considering the aforementioned factors. However, the flyback snubber has the drawback
of a complex structure, being more difficult to implement with the BDC, compared to other
snubbers, and its cost is somewhat higher than the other snubber circuits. Nevertheless,
one can ignore these disadvantages, as it offers superior performance with the BDC for
the off-grid charging station, achieving ZVS, mitigating the voltage spikes and providing
better efficiency than the other snubber circuits.
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These scenarios clearly demonstrate that a stand-alone PV-based charging station
is equipped to successfully charge EVs under any condition. The snubber circuit in the
BDC results in a system free from any high voltage stresses, which is energy efficient.
The proposed isolated BDC with flyback and passive snubbers offers a viable solution
to significantly reduce any circulating current issues and voltage spikes. Using a BDC
with no snubber circuit will always suffer from voltage spikes, due to the presence of
the inductor. The flyback snubber successfully reduces this voltage spike. Additionally,
the flyback snubber, in addition to exhibiting excellent reliability and efficiency, can be
controlled to attain a soft start-up feature. Figure 14 shows the plot of the efficiency curve,
while maintaining a constant input voltage for the two case studies described in this paper.
This curve was obtained with a fixed input voltage of 400 V. The maximum efficiency for
case 1, having BDC with flyback snubber and passive snubber, is 90%, whereas for case 2,
it is about 92%. It was previously shown in [3] that the efficiency of BDC without the
snubber circuit was less than the BDC with a snubber circuit. The efficiency curves shown
in Figure 14 indicate that an off-grid charging station for EVs by using a BDC with snubber
circuits is improved.
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Table 1. Comparative analysis of various snubber circuits.

Parameters RCD Snubber Active CLAMPING SNUBBER Flyback Snubber

Number of switches/diodes/capacitors 0/1/1 1/0/1 1/1/2

Conduction loss Moderate Low Very low

Voltage ripple Moderate Low Negligible

Attaining speed of ZVS Very slow Slow Fast

Ease of implementation in BDC Much easier Easy Difficult

Complexity Smooth Bit complex Complex

Cost Inexpensive Reasonable Bit expensive

Efficiency Low Moderate High

4. Conclusions

In this paper, various snubber circuits for the BDC of two different models of an off-
grid solar-based charging station for EVs were implemented and studied. A performance
comparison of the charging station was carried out. The use of PV to charge EVs in an
off-grid charging station will help to achieve clean energy generation and reduce the grid
burden. Thus, the use of EVs in remote locations can be significantly increased. An ESU is
coupled with the system to work under any circumstances. The proposed BDC incorporates
either RCD snubber or active clamp snubber or flyback snubber to reduce the voltage spike
caused by the current fed inductor. The proposed station’s design using various snubber
circuits was explained and validated in MATLAB/Simulink. It was successfully tested on
two independent models, thus making the method both credible and robust. The efficiency
of the proposed converter with the snubber circuits in both the cases is higher, compared
to the converter without snubbers. The converter can achieve ZVS conditions more rapidly
than a converter without the snubber. Thus, the use of an appropriate snubber enhances
the system reliability efficiency. In both the models reported here, the flyback snubber
consistently offered the best possible results.
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T.T.L. All authors have read and agreed to the published version of the manuscript.
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Abstract

Electric vehicles (EVs) are becoming essential elements for both the transport

and power sectors. Consequently, they need a suitable charging infrastructure

at the same time. Electric vehicle charging stations (EVCS) assisted by photo-

voltaic (PV) panels draw attention due to minimal expenditure, increased envi-

ronmental awareness, and a consistent increase in the effectiveness of the PV

modules. In this paper, a combination control scheme utilizing the merits of

both droop and master-control strategies for the EVCS is proposed. In addition,

an isolated bidirectional DC-DC converter combined with the snubber circuits

and a three-level boost converter that utilizes a capacitance-voltage control

design is used to further enhance the system stability. The design of the EVCS

is formulated and validated through MATLAB/Simulink.

KEYWORD S

bidirectional converter, droop control, electric vehicle charging station, master-slave control,
photovoltaic, snubber circuit

1 | INTRODUCTION

Electric vehicles (EVs) has led to a paradigmatic change
in the electric and transportation sectors. In recent years,
EVs have become a viable alternative due to the transport
sector's contribution of 23% to worldwide emissions of
greenhouse gases (GHG) connected to energy. The per-
centage of renewable energy used in transportation is
quite low currently but is experiencing a tremendous
transformation, especially in the wagon category where
EVs are gaining ground.1 According to the IEA reports,
the number of electric vehicles sold worldwide reached
10 million in the year 2020. The greatest fleet is in China,
where there are 4.5 million electric vehicles, but in 2020,
Europe saw the largest yearly growth, rising to 3.2 mil-
lion. If most cars built after 2040 are electric, more than

Abbreviations: A, ampere; AC, alternating current; CO2, carbon
dioxide; DC, direct current; DC, duty ratio generated from capacitor
voltage; DPV, duty ratio generated from solar panels; ESU, energy
storage unit; EV, electric vehicle; EVCS, electric vehicle charging
station; G0, slope of solar irradiance; Gavg, disable function based on the
average sun irradiance; GHG, greenhouse gases; ICE, internal
combustion engines; IEA, international energy agency; IESU-ref, storage
current reference; IEV-ref, reference charging current; IGBT, insulated
gate bipolar transistor; KESU, ESU droop gain; MATLAB, matrix
laboratory; MOSFET, metal-oxide-semiconductor field-effect transistor;
MPPT, maximum power point tracking; MW, megawatt; PESU, ESU
power; PEV, maximum consumption from the EVs; PI, proportional
integral controller; Pmpp, maximum output power from the PVs; PV,
photovoltaic; SOC, state-of-charge; V, voltage; V2G, vehicle to grid; VPV,
solar panel voltage; Vref, reference voltage; W, watts; ΔIEV, droop
control's output.
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1 billion people might have access to EVs by 2050.2 Elec-
tricity is an ideal low-cost fuel for the transportation sec-
tor due to the cost reduction in renewable energy
generation. The increasing deployment of EVs provides a
great scope for the power sector as these vehicles have
the potential to reduce emissions and save energy. EVCS
has the potential to provide massive amounts of storage
capacity for electricity. Uncontrolled charging of EVs on
the grid might result in system overload, thus necessitat-
ing upgrades to the distribution and transmission as well
as in the generation capacity.3,4 Private investments are
necessary to develop charging infrastructure, but cur-
rently, few business models make sense for them. Gov-
ernment can provide incentives for the installation of
EVCS in both residential and public access areas. Fur-
thermore, a crucial and ongoing challenge is to optimize
the charging, aggregation, and overall management of
EVs on the grid. As a result, crucial decisions about
where to place charging points, which technologies to
utilize, and to optimize slow smart charging and rapid
charging to best serve consumers will have to be
addressed while establishing charging infrastructure.5

The demand for charging infrastructure is projected
to rise as the number of electric vehicles grows, placing
additional strain on the grid. EV charging patterns are
unpredictable and erratic, as well as the rising deploy-
ment of rapid charging systems that take significant grid
power for shorter durations exacerbates this situation.4-6

Major and costly renovations will be required for both
the transmission and distribution systems, as well as
associated components of the energy network. The
impact of EV charging on the low voltage network was
investigated by Zou et al7 who discovered that overload-
ing on the transformers had a detrimental impact on the
power quality. To safeguard the network, grid charging
points must manage EV charge characteristics like time
and demand for charging when they arrive at a charging
point. These responses, on the other hand, are unpredict-
able and difficult to assess.8 Girard et al9 found that
charging EVs via the grid has no environmental benefits.
Using the off-grid method to charge EVs, on the other
hand, results in a significant reduction in CO2 emissions.
As a result, building stand-alone off-grid charging sta-
tions would be an ideal approach for promoting EV adop-
tion globally while minimizing the impact on the current
power grid.10

In an earlier publication,11 it has been shown that an
off-grid EVCS using PV energy can be effectively installed
in remote locations. The most common renewable
sources of energy are solar and wind. However, wind
energy consists of multiple conversion stages to produce
power compared to PV energy. Therefore the feasibility
of PV-based EVCS is more attractive.

Compared with more common AC grid-connected EV
charging stations, the benefits of DC off-grid connected
EVCS include the following12,13:

• Minimal energy conversion losses in systems that
include DC sources.

• Continuous supply of high-quality power and free
from skin effect and reactive power losses.

• Less expensive and fewer power-electronic gadgets.
• No need to consider utility grid synchronization.

So, there is a great trend in PV-fed DC fast-charging
stations in the literature. A typical PV-fed DC fast charg-
ing station consists of solar arrays, EV chargers, energy
storage unit (ESU), and numerous DC-DC power con-
verters. A microgrid charging station may offer charging
facilities in remote areas. Multiple applications have
made use of off-grid charging stations. The world's big-
gest off-grid solar project, the DeGrussa Solar farm in
Australia, uses a 10.6 MW solar PV panel and a 6 MW
battery system to supplement a 23 MW diesel-fired power
station, saving an estimated 5 million liters of diesel fuel
each year. It also saves 12 million tons of CO2 emissions.
Since 2017, Robben Island has been cut off from the
mainland's electricity system; however, it is equipped
with a 666.4 kW solar PV system and a battery energy
storage microgrid. It may save 275 000 gal of diesel every
year, and 820 t of CO2 emissions are eliminated from the
air each year, helping to protect the island's ecosystem
and wildlife.14

The published work on PV-based charging systems
covers system design, vehicle-to-grid (V2G) operations,
power management, and electricity bill reduction in
smart homes.15-21 Because all these methods involve a
greater standard over a long duration, they cannot toler-
ate unexpected system perturbations such as rapid irra-
diance shifts. It has been demonstrated by Thang et al22

that a sliding-mode control can be used to enhance the
robustness of the output voltage of the DC bus to bridge
this gap. However, the coordination of EVs and ESU is
absent. To prevent the ESU from being overcharged and
overdischarged, Wu et al23 develop a coordinated con-
trol in the islanded mode. Although, there is no evi-
dence of transient PV generating interruption that
would compromise system stability. According to Xia
et al,24 a decentralized control system for synchronizing
solar power with ESU charging/discharging is proposed.
They employ a droop control-based technique for the
ESU, and adaptive power regulation for the PV genera-
tor. Furthermore, the EV chargers were depicted sim-
plistically and were not included in the synchronization.
This prevented any investigation into the impact of fail-
ures on the EV side.
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Global EV makers have increased their investments
to create and market contemporary EV models because
of concerns over climate change, the shortage of fossil
fuels, and advances in battery technology. Compared to
cars powered by ICEs, EVs produce much fewer GHG
emissions. Most nations have started to encourage the
use of electric vehicles by implementing specific pro-
grams like tax incentives, reduced parking fees, etc.
Range anxiety, often known as the restricted range with
a fully charged battery, is one of the key issues preventing
customers from converting to EVs. The range typically
ranges from 100 km to 500 km. A battery may be
recharged in anywhere from 30 minutes to 10 hours,
depending on the quality of the charging stations. By
offering a charge duration of between 30 and 60 minutes,
installed fast charging stations distributed in appropriate
areas might alleviate this issue. The features of the char-
ger circuit affect the battery charging profile, including
the charging time, battery life, and efficiency. The char-
ger circuit's functionality is influenced by the type, com-
ponents, control strategies, switching methods, and total
cost of the converter implementation. The control circuit
should be easy to construct and versatile.25 Therefore, the
isolated bidirectional DC-DC converter in the ESU's con-
trol circuit is snubber-equipped and is used to regulate
the battery's charging and discharging. Since the leakage
inductance and low voltage side-fed inductor currents
have different current densities, this form of system lay-
out clamps the rail voltage, reducing current spikes at the
converter's switches.

However, depending on the electricity generation
source, the charging stations have their own drawbacks,
including the overloading of the current grid infrastruc-
ture and the potential to drastically increase carbon emis-
sions. The development of an off grid charging
infrastructure coupled with PV panels is the appropriate
remedy to address the serious inadequacies. The PV-
ESU-EV coordination along with snubbers in the isolated
bidirectional converters is mostly the focus of solutions
for decentralized control of islanded EV charging infra-
structure. However, it has received little attention as
shown in the small number of published research work.
Unfortunately, the adoption of PV-ESU-EV systems has
been significantly hampered by the restricted access to
charging infrastructure and growing driving range anxi-
ety. Additionally, societal, and political constraints
impede the advancement of these technologies in the
general market, particularly in developing nations where
there is a wide range of application. Meanwhile, several
in-depth studies have been conducted in recent years to
address the problems related to the adoption of PV based
charging infrastructure installations by using a variety of
charging system designs. Since it is stated that the night

is darkest before the sunrise, filling the dispersed PV-
ESU-EV infrastructure appears to be the best alternative
for boosting economic growth, generating jobs, promot-
ing sustainability, and improving climatic conditions.

The DC system is disconnected from the network, thus
more sophisticated management techniques must be uti-
lized to keep the system stable in the face of erratic operat-
ing situations such unexpected ESU disconnections or
sharp fluctuations in the PV generating power owing to
irradiance. The controllers of the converters should there-
fore be able to maintain coordination among them and
handle these transients through combined droop and
master-slave control scheme. Although both droop control
and master control can deliver precise current sharing
under steady-state and transient situations, the fundamen-
tal disadvantage of both control methods is that the ESU is
crucial to the stability and dependability of the overall sys-
tem.26 In this regard, sluggish charging circumstances are
not acceptable for the charging/discharging controller, as
it cannot switch off the ESU, nor can it regulate the cur-
rent through it based on the SOC value falling below or
rising above a certain level. A fast disturbance in the sys-
tem makes it impossible for the EVs to connect to the bus
frequently and disconnect from it within a brief period of
time. EVs may suffer harm in this operating mode, so a
control scheme that takes advantage of both the droop
control system and the master-slave control system is pro-
posed to overcome this issue.

This paper describes a PV-based EVCS using droop
and master-slave control techniques to maintain system
stability by coordinating PV arrays, EVs, and ESU. The
present work also proposes an ESU that includes an iso-
lated bidirectional DC-DC converter with passive and
active snubbers. This configuration effectively achieves
zero-voltage switching conditions across the switches
leading to an enhanced performance of the PV-based
EVCS. Moreover, it is economical and reliable to have a
single snubber circuit topology in the EVCS rather than
one in each EV. It was proposed by Huang et al26 that an
off-grid EVCS based on PV arrays, EVs, and ESUs could
be coordinated and maintained by a hybrid control
scheme. It is designed to maintain stability in the system
by employing both the master slave and droop control
schemes. There was, however, no capability to achieve
zero voltage switching characteristics since they were
using a non-isolated bidirectional DC-DC converter. This
will very certainly reduce the EVCS's overall efficiency.
Furthermore, there are relatively no data from studies
concerning a snubber-based bidirectional DC-DC con-
verter in conjunction with a master-slave as well as droop
control technique for the implementation of an EVCS.
Thus, in this paper, an isolated bidirectional DC-DC con-
verter with active and passive snubber circuits and a

KRISHNAN NAIR ET AL. 3 of 15

 25784862, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.442, W

iley O
nline L

ibrary on [21/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



master - slave control scheme combined with a droop
control scheme to reduce the impact of circulating cur-
rent on the main switches is proposed. In addition, the
proposed technique can clamp voltage spikes across those
switches to achieve maximum efficiency. The combina-
tion of droop and master-slave control technique for the
PV-based EVCS and the snubber circuits attain minimal
voltage fluctuation in the DC bus voltage, thus enabling
the ESU to slowly access the maximum allowable num-
ber of charge/discharge cycles, thereby enhancing the
service life. The proposed work is simulated and vali-
dated through MATLAB/Simulink.

In summary, the objectives of the proposed work are:

• Developing a stand-alone off-grid EVCS is a plausible
way to promote EV adoption all around the world
while minimizing the impact on the present power
grid and a considerable decrease in CO2 emissions.

• Designing the charging station components with the
help of derived equations and the control strategies.

2 | DC OFF-GRID STRUCTURE

The DC off-grid system fed by a photovoltaic system uses
droop and master-slave control schemes that coordinate
PV, EVs, and ESU. In addition, a battery storage system
is utilized to offer off-grid electricity continually. When
the PV arrays' power is limited, the battery storage system
steps in to fill the gap. On the other hand, when the
amount of solar power generated exceeds the amount
required for off-grid operation, the battery is used to store
the extra power. Figure 1 shows the overview of the PV-
based off-grid EVCS architecture.

2.1 | System power and energy analysis

Energy and power relations are calculated during the
design process to aid in the development of the sys-
tem.27,28 Specifically, the following premises are made:

• The initial energy of the storage battery is “Et” in wat-
thour (Wh).

• The amount of solar power “PPV” emitted from a PV
panel changes with time and is determined by:

PPV ¼Pmpp

36
36� t2
� � ð1Þ

where Pmpp is the maximum output power from the PVs
and “t” is the time in hours. In Figure 2, the origin of
the time axis of the chart is usually set at noon that is
when the irradiation level is at its maximum.27 A
12-hour period of solar energy is assumed to begin at
6:00 AM and to end at midnight. According to the princi-
ple of power balance, the power consumption of EV,
PEV is given by,

PEV ¼ PPV�PBATTERY ð2Þ

where PBATTERY is the instantaneous battery power.
The average battery power is assumed to be zero dur-

ing a day (T = 24 hours).
Hence,

Z T

0
PBATTERYdt¼ 0 ð3Þ

Therefore,

FIGURE 1 Architecture of

the off-grid EVCS
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Z 6

�6

Pmpp

36
36� t2
� ��PEV

� �
dt�

Z 18

6
PEVdt¼ 0 ð4Þ

Pmpp ¼ 3PEV ð5Þ

The EV charging station is designed to charge 5 EVs
simultaneously. A DC-DC boost converter connects the
PV system to a 400 V DC bus. An isolated bidirectional
DC-DC converter with an active and passive snubber
assists power transfer between the battery and the PV
system. The ESU includes a battery storage system and
an isolated bidirectional DC-DC converter with an active
and passive snubber that can store and release energy
which is accomplished by maintaining the DC bus volt-
age within a reasonable range regardless of the condi-
tions under which it is used. The PV system, which
consists of two panels each with 50 kW of electricity, is

the primary energy source for the DC off-grid system,
providing a total of 100 kW. The PV system's maximum
power is actively monitored and transferred to the DC
bus. The ESU stores/releases energy from the PV system
with a maximum capacity of 80 kW. The charging sta-
tion's power consumption is around 24 kW.

2.2 | PV panel with a boost converter

The link between the solar array and the DC bus is pro-
vided by a three-level boost converter. The maximum
power point tracking (MPPT) mode is used by the PV
boost converter. The PV system's MPPT control architec-
ture is shown in Figure 3. Using the Incremental Con-
ductance Method,29,30 the maximum power point of the
PV array is determined by measuring its current and

FIGURE 2 PV power

distribution for a day27

FIGURE 3 Block diagram

of PV system control29,30
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voltage. The PV voltage traces the optimal operating volt-
age using a PV system control. The three-level boost con-
verter (Figure 4) consists of an inductor, two IGBTs with
antiparallel diodes, two capacitors, and two diodes. Such
a converter provides higher efficiency and double voltage
gain as compared to a conventional boost converter.26

2.3 | Energy storage unit converter

The ESU consists of a battery and an isolated bidirectional
DC-DC converter with a flyback and passive snubber circuit.
The bidirectional converter (see Figure 5) provides the bat-
tery charging in buck mode and discharging operation in
the boost mode, and provides power for the EV loads.10,11

When the PV system's generated power exceeds the
needed load power, the ESU's primary function is to charge
the battery and discharge the battery when the generated

power is inadequate to charge the EVs. The configuration
of the isolated bidirectional converter with flyback and pas-
sive snubber circuit significantly lowers the influence of cir-
culating current on the main switches, thus voltage spikes
across the main switches are efficiently clamped. The bidi-
rectional converter uses a flyback snubber and two passive
capacitor-diode snubbers to mitigate the high current and
high voltage stress that occurs at the main switch during
turn-on or turn-off transitions. When compared to a con-
verter without snubber circuits, the efficiency of the con-
verter with snubber circuits is superior.10,11 The converter
attains zero voltage switching conditions faster than a con-
verter without the snubber. This design provides improved
performance of the off-grid EVCS. Furthermore, using a
snubber circuit in EVCS rather of having one in each EV is
less expensive and more cost-effective.

2.4 | EV charger converter

The buck converter (shown in Figure 6) is the EV char-
ger, which consists of a MOSFET switch, an inductor, a
diode, and a capacitor.26 The charger's primary duties

FIGURE 4 PV boost converter26

FIGURE 5 Isolated bidirectional DC-DC converter with a flyback snubber and a passive snubber10,11

FIGURE 6 EV buck converter26

6 of 15 KRISHNAN NAIR ET AL.

 25784862, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/est2.442, W

iley O
nline L

ibrary on [21/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



include connecting the DC bus to the EV battery termi-
nals and controlling the charging current. In this work,
the charging current is limited to 100A.

3 | CONTROL STRUCTURE

The control structure of the DC off-grid system comprises
three major algorithms. This includes PV system droop
control, ESU converter control, and EV charger converter
control and is discussed below in sub-sections.

3.1 | PV system droop control

Through the three-level boost converter, the PV system
droop control manages the PV array terminal voltage,
extracting the maximum power from the PV arrays. In
the PV system droop control, the reference voltage VPV-ref

is obtained from the MPPT algorithm using the Incre-
mental Conductance method.29,30 The difference between
VPV-ref and VPV is used to calculate the error term, which
is then applied to the proportional-integral (PI) controller
to provide the duty ratio, DPV for the boost converter.
This DPV is then altered by the duty ratio DC derived from
the error term received as the difference between capaci-
tor voltages of the boost converter, Vf1 and Vf2, applied to
the secondary PI controller, thereby balancing the two
capacitor voltages. Figure 7 shows the control algorithm
of the PV boost converter.26

3.2 | ESU converter control

The ESU bidirectional converter is controlled to regulate
the nominal value of the DC bus voltage, Vbus. The bat-
tery is charged and discharged by the ESU converter in
boost and buck modes, respectively. Figure 8 shows the
flowchart to manage the changeover between the two
modes.26

There will be continuous monitoring of the refer-
ence voltage and bus voltage within the system, which
enables the converter's operating scheme to be deter-
mined by the contrast between the maximum output
power from PVs (Pmpp) and the maximum consump-
tion from EVs (PEV).

The ESU converter control, shown in Figure 9, con-
sists of a reference charging current, IESU-ref, and a dis-
able function based on the average sun irradiance, Gavg.
This disable function allows to limit the ESU discharging
current and to coordinate ESU and EV chargers. All EV
chargers are turned off when ESU goes below the mini-
mum state-of-charge (SOC) level and Gavg remains zero
until power is generated again by the PV arrays. Since
the ESU is so important to the overall system's stability
and dependability, it cannot be turned off nor the current
through it can be adjusted when SOC goes below or
climbs above a specific threshold. However, by combin-
ing droop control with the master-slave technology,

FIGURE 7 Control

algorithm of PV boost

converter26

FIGURE 8 Flowchart for the detection of buck/boost mode in

isolated bidirectional converter26
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which provides variable current sharing and great reli-
ability, this flaw may be solved. Therefore, the additional
droop control adapts to the slope of solar irradiance
G0 dGavg

dt

� �
, changes in SOC, and the demand. The updated

storage current reference IESU-ref can then be computed
as follows:

IESU�ref ¼Pmpp�PEV

V ref
�KESU ð6Þ

where KESU stands for the ESU droop gain, which ranges
from 0 to 1. The droop gain is calculated using a look-up
table depending on G0 and SOC levels.

3.3 | EV charger converter control

The EV Charger Converter control deploys 5 EVs and a
buck converter. The EV charger converter control is
shown in Figure 10. The reference charging current is
IEV-ref. The disable function is controlled by the controller
based on the average value of solar irradiation, Gavg. The
disable function is activated when Gavg falls below a par-
ticular threshold, thereafter IEV-ref approaches zero, and
the charger gently disconnects from the DC bus.

The number of unconnected EVs rises as Gavg drops.
Figure 9 shows the EV Charger converter control in
which the EVs are provisioned with a voltage-based
droop control structure. This EV charger converter con-
trol regulates the DC-bus voltage. The droop control's
output, ΔIEV may be stated as follows:

ΔIEV ¼Kdroop V ref �Vbusð Þ ð7Þ

Where Kdroop represents the EVs adaptive droop gain cal-
culated from G0 and SOC.

3.4 | Modes of operation

Mode 1: Pmpp >PEV and KESU ¼ 1, Kdroop ¼ 0, SOC and G0

are within the specified limits.
If the PV panels' provided power exceeds the neces-

sary power of all connected EVs, the EVs are solely
charged from the PV panel. The isolated bidirectional
DC-DC converter charges the battery with excess power
from the PV panel. The surplus energy may be used for a
variety of applications (both domestic and commercial).

Mode 2: Pmpp < � 0 and 0≤KESU ≤ 1, 0<Kdroop ≤ 1
and SOC and G0 fall outside the specified limits.

If the PV panels' power output is lower (or nil) than
the power required by the EVs for charging during rainy
and/or no/low sunlight conditions, the extra required
power will be captured from the battery through the iso-
lated bidirectional DC-DC converter while retaining a
minimum SOC in the battery.

Mode 3: KESU < 1and Kdroop ¼ 0 and SOC reaches the
maximum limit.

When no EVs are plugged into the charging station
and the battery charging reaches its SOC maximum limit
of 90%, the PV panels are unplugged from the bus to pre-
serve the overall system stability.

FIGURE 9 ESU converter control26

FIGURE 10 EV charger converter control26
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Thus the EVCS comprises PV system boost converter
droop control, EV charger buck converter droop control
and ESU isolated bidirectional converter using both
droop and master-slave control along with the PV-ESU-
EVs coordination.

4 | SIMULATION RESULTS

The system, as shown in Figure 11, is simulated on the
MATLAB/Simulink platform, and the simulated results
are obtained under different modes of operation.

The battery's initial SOC is set to 20%, with a nominal
operating range of 20% to 80%. The PV panels generate the
rated electricity initially, with no EVs connected. Therefore
the maximum power tracked from the boost converter flows
to the ESU. The overall system stability is affected by one of
the most important factors, the rate of change of irradiance,
G0. In the proposed work, we consider the irradiance G as
1 kW/m2 at the outset and gradually reduce it to 600 W/m2

at 3 s, further drops to 0 kW/m2 at 5 s as shown in Figure 12.

4.1 | Mode 1

The EV's SOC ranges from 20% to 90%. The solar output
in mode 1 is more than the total power required for all
EVs, and the battery is charged via an isolated

bidirectional converter connected to the PV boost con-
verter. Using the extra power from the PV array, the bat-
tery is charged until it reaches its maximum SOC. The
DC bus voltage is kept constant at 400 V, and the solar
array current is 650 A using the droop control and
master-slave control. Figure 13 shows the array current
drops at t = 3 s when the irradiance falls from 1 kW/m2

to 600 W/m2. The current level is similar to the MPPT
conditions. In this mode, Kdroop = 0 and KESU = 1, and
the SOC and G0 are defined within the limits. Therefore,
the PV panels provide more electricity than is required
for all the EVs, and the excess energy is utilized to charge
the battery to its maximum SOC. In Figure 14A, with the

FIGURE 11 Schematic view of the overall control strategy of the off-grid EVCS

FIGURE 12 Solar irradiance data
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surplus ESU power, PESU, that is, 2500W � 400W
= 2100W, the ESU charges from 20% to 34% SOC
(Figure 14B). The battery of EVs will gradually charge
from 20%, 30%, 50%, and 70% to 80% SOC are shown in
Figure 14C. The current is negative since the EV battery
is charging, as shown in Figure 14D.

4.2 | Mode 2

As the solar power is less or absent, the battery dis-
charges from the maximum SOC, and this energy is used
to charge the EVs as shown in Figure 15A,B. EV charger
converter control implements the droop control to main-
tain the voltage stability. When the change in irradiance
G0 exceeds a threshold value and the combined droop
and master-slave control is enabled for the ESU converter
control, the gain droop, Kdroop changes from 0 to 1. The
gain KESU and Kdroop are changed from 1 to 0.9 and 0 to
1, respectively (Figure 15D). Thus the ESU and all linked
EVs share the PV power, and the ESU's charging current
reduces (Figure 15C).

4.3 | Mode 3

When there are no EVs connected, the battery SOC is at
its maximum of 90% (Figure 16) with the help of energy
from the solar array, and the gain KESU < 1 and
Kdroop ¼ 0. The PV panels then get disconnected from the
overall system to maintain system stability.

5 | COMPARATIVE ANALYSIS

In the proposed PV-based EVCS, ESU plays an important
role in stabilizing the DC bus voltage. The ESU's

bidirectional converter is designed to keep the voltage
level within the certain limits of SOC and G´. It is insuffi-
cient to regulate the voltage or the current through ESU
with droop control or master-slave control alone while

FIGURE 14 A, Solar power and ESU power. B, SOC of

ESU. C, SOC of EV charging. D, Current drawn by EV Schematic

view of the overall control strategy of the off-grid EVCS

FIGURE 13 Solar array current
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SOC is out of the limits. The larger gain of the control
techniques causes more voltage deviation. To address the
aforementioned problems, an extra control loop is neces-
sary. Hence we implement both control techniques in the
proposed PV-based EVCS which utilizes the merits of
both droop and master-slave control techniques.

Figure 17A,B depicts DC bus voltage variations with
master-slave control and droop control with active and
passive snubber circuit in the proposed work alone,
respectively. The DC bus voltage is shown in Figure 17C
using a combination of master-slave and droop control
approaches with active and passive snubber circuit in the
proposed work. The bus voltage shifts down from the
rated value while using the master-slave control tech-
nique alone or droop control alone. Note the fluctuations
in the DC voltage in both these cases. However, the com-
bination of the master-slave and droop control tech-
niques along with active and passive snubber circuit
provides a stable and uniform DC bus voltage. The com-
bination of droop and master-slave control technique for
the PV-based EVCS achieves the lowest voltage fluctua-
tion in the DC bus voltage, thus enabling the ESU to
slowly access the maximum allowable number of charge/
discharge cycles, thereby enhancing the service life.
Figure 17D depicts the DC bus voltage proposed by
Huang et al.26 Huang et al26 reported a failure in achiev-
ing a uniform and stable DC bus voltage using a combi-
nation of master-slave and droop control techniques
without active and passive snubber circuits, despite
efforts. As a result, the service quality of ESU is declining
over time.

The key device connecting the ESU and the DC bus is
the bidirectional converter requiring a stable, reliable,
and efficient topology. However, the bidirectional con-
verter used by Huang et al,26 results in significant voltage
and current spikes during the connect/disconnect of the
EVs to the system frequently. Moreover, the freewheeling
current raises conduction losses and reduces the effective
duty cycle. These problems are overcome with the help of
an isolated bidirectional converter with active and pas-
sive snubber circuits in this paper. This converter
achieves zero-voltage switching conditions quickly and
effectively clamps the voltage spikes across the switches

FIGURE 16 SOC of ESU

FIGURE 15 A, Solar power and ESU power. B, SOC of

ESU. C, Charging current of ESU. D, Controller gain, KESU

and Kdroop
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as compared to the bidirectional converter used by
Huang et al,26 thus improving the total efficiency of the
PV-based EVCS.

Figure 18A,B shows the clamp branch voltage across
the switches of the bidirectional converter used by Huang
et al26 and this work, respectively. It is clear from
Figure 18A that the bidirectional converter used by
Huang et al26 creates high voltage stress across the
switch, due to the presence of an inductor and does not
attain zero-voltage switching conditions. However, in
Figure 18B, the usage of an isolated bidirectional con-
verter with snubber circuits in this work attains zero-
voltage switching conditions instantaneously within a
fraction of seconds. Thus, the isolated bidirectional con-
verter with snubber circuits is the best option as it
achieves zero-voltage switching by alleviating the voltage
stresses across the main switches. It can be concluded
from the above scenarios that the proposed off grid EV
charging station utilizing PV generation will be compe-
tent to charge EVs under any conditions. Snubber circuits
are used in the bidirectional DC-DC converter to ensure
that the charging station is as energy-efficient as possible
and to safeguard the system from high voltage and high

FIGURE 18 A, Clamp branch voltage of the bidirectional

converter used by Huang et al.26 B, Clamp branch voltage of the

isolated bidirectional converter with active and passive snubber

circuits in this work

FIGURE 17 A, DC Bus voltage with master-slave control with

active and passive snubber circuit in the proposed work. B, DC Bus

voltage with droop control with active and passive snubber circuit

in the proposed work. C, DC Bus voltage with the combination of

master-slave and droop control with active and passive snubber

circuit in the proposed work. D, DC bus voltage without active and

passive snubber circuit used by Huang et al26
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current strains. By keeping the input voltage constant,
the efficiency curve is produced. With a fixed amount of
input voltage of 400 V, Figure 19 displays the efficiency
curves for inductor current fluctuation ranges of 2 to
40 A. As a result of the occupancy advantages of active
and passive snubber circuits coupled with dual control
schemes, the maximum efficiency of a bidirectional DC-
DC converter without a snubber circuit is approximately
85%, whereas the highest efficiency of a bidirectional DC-
DC converter with an active and passive snubber circuit
combined with dual control schemes is 96.4%. Conse-
quently, with active and passive snubber circuits, the
bidirectional DC-DC converter achieves a higher effi-
ciency than the bidirectional DC-DC converter without
snubber circuits, in that the latter achieves lower
efficiency.

6 | CONCLUSION

The paper proposes a combination control scheme for a
PV-based EVCS with improved system stability as com-
pared to a conventional master-control only or conven-
tional droop control scheme only. The three-level boost
converter designed to provide higher efficiency for PV
generation is controlled by incremental and conductance
MPPT and a capacitor voltage balance controller. The
control schemes for the EV chargers and ESU with an
isolated bidirectional DC-DC converter along with active
and passive snubbers are also described. The combination
of droop control and master-control scheme with active
and passive snubber circuits maintains the DC bus volt-
age stable and constant at 400 V while obtaining the
desired power. The proposed station's design is validated
using MATLAB/Simulink, taking into account three
alternative modes of EV operation. The design and con-
trol scheme is shown to be robust. The EVCS were also

compared in terms of performance. The isolated bidirec-
tional converter with snubber circuits achieves zero-
voltage switching conditions more rapidly as compared
to the converter without snubber circuits. This will
enhance the system's reliability. An outstanding solution
for PV-dependent EV charging stations with a conversion
efficiency of 96.4% is provided by the combination of
active and passive snubbers with a bidirectional DC-DC
converter, a dual control system with master slave droop
control technique, and an energy storage device. Using
solar energy to electrify road transportation as well as
deploys them in remote rural areas without access to the
grids is within the scope of the proposed design.

There have been a number of observations made in
the proposal that have been discussed below:

• EVCS based on DC supply technology is more suitable
since there is less conversion loss involved.

• The charging station's ESU enables the efficient use of
solar energy while ensuring that EVs can charge
continuously.

• Through the use of master-slave and droop control
techniques along with snubber circuits in the control
of the EVCS, fast charging and discharging of the bat-
teries can be accomplished as well as better regulation
of DC bus voltages can be achieved.

By implementing new technologies for charging EVs,
such as off-grid EVCS, smart charging techniques, elec-
tric vehicle control systems, and many more, a balance
will be maintained in the energy sector, which in turn
will maximize the use of renewable energy such as solar
energy. Additionally, it will assist in communicating with
the clients and ensuring that they are satisfied in addition
to ensuring cost-effective charging rates. An optimized
charging system will reduce the charging time for EVs,
along with a stable DC bus voltage, which is very crucial
for the efficient operation of the charging infrastructures
for EVs. It is possible to promote a stable DC based off-
grid EVCS system with the highest energy generation
from renewable energy sources soon to meet the goals of
reducing the dependency on fossil fuels. In addition, it
can achieve zero emissions of environmentally harmful
gases to provide electricity to expanding and dynamic
electrical loads, such as the increasing popularity of elec-
tric vehicles.
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