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ABSTRACT 

Analysis and Design of Soft-Switching Current-fed Bi-directional Power Conversion for 

Multifunctional Plug-in EV Charging 

 

Nil Rajeshkumar Patel, Ph.D. 

Concordia University, 2024 

The forefront of EV battery charger research accentuates the imperative of refining power 
density attributes while concurrently elevating the efficiency standards of power conversion 
processes. The conventional EV battery chargers are developed with two cascaded power 
conversion stages. The first stage converts the AC voltage to a DC voltage by employing power 
factor correction (PFC). The second stage is an isolated DC-DC converter stage. These two-stages 
are interconnected by DC-link capacitors. This two-stage battery charger suffers from low overall 
efficiency due to two different power conversion stages. At the same time, the power density is 
limited due to the inevitable presence of intermediate DC-link capacitors. Generally, high-value 
electrolytic capacitors are selected for the DC-link. More importantly, the battery charger is placed 
close to the internal combustion engine under the hood in the case of a plug-in hybrid EV (PHEV), 
where the ambient temperature is more than 150𝜃𝜃C. The electrolytic capacitors are most 
susceptible to failure at high ambient temperature, thus the reliability of the conventional two-
stage EV battery charger is low in a high-temperature environment. Moreover, the existing 
research on battery chargers is mainly based on voltage-fed power converter topologies, where the 
feasibility of current-fed power converter topologies has received very limited attention. 

This thesis work proposes and studies a family of novel snubber-less current-fed isolated single-
stage bidirectional power converters (AC-DC and DC-DC) for multifunctional EV battery 
charging (G2V, V2G, and V2V) applications to address the shortcomings of the conventional two-
stage battery chargers. The proposed modulation strategy and control technique are demonstrated 
for promising soft-switching operation of all semiconductor devices with bidirectional power flow 
capability. These converters enable zero current commutated (ZCC) without any active clamp 
circuit or passive snubbers, which significantly reduced switching losses, footprints, and cost. The 
converters steady-state operation and design equations are reported in detail. The simulation results 
from PSIM 11.04 software and the experimental results from 1.5 kW proof-of-concept laboratory 
hardware prototypes are provided in order to validate the report analysis, design, and performance.  
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Chapter 1: Introduction 
1.1 Introduction 

Due to the reduced cost of vehicles, there has been a significant increase in demand for 

personal vehicles for transportation. The internal combustion engine (ICE) vehicles have 

been widely used for over 100 years, which has led to a significant rise in oil demand. The 

emission from these vehicles is a major contributor to global warming. Figure 1.1 displays a 

comparison between classical internal combustion engine (ICE) vehicles and electric vehicles 

(EVs) [1]. It is clear that ICE vehicles are not a viable solution due to higher maintenance 

costs, low fuel efficiency, and more CO2 emissions when compared to classical EVs. Table 

1.1 presents the commercial aspects of different vehicle types [2][3]. With the strict 

restrictions on emissions and fuel economy, there is a pressing need for sustainable and eco-

friendly sources of energy, making alternative energy sources highly sought after in the past 

decades. One of the key requirements to improve the environmental conditions is an 

alternative, clean, and efficient transportation system. EVs are a viable option to solve the 

energy crisis issue due to the transportation system. The recent advancements in EV 

technologies can be considered as a positive step towards clean automobile technology [4][5]. 

Additionally, there has been a significant increase in the electrification of not only personal 

vehicles but also local transport vehicles in recent years. 

Although the concept of an EV is not new, dating back to the late 1800s and early 1900s, 

the technology did not gain traction at the time due to high cost, low distance capabilities, and 

 

Fig. 1.1. Comparison between EV and IC engines. 
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premature technology. As depicted in Fig. 1.2, various types of EVs have been manufactured 

in recent years [6]. Global electric vehicle (EV) sales have been increasing rapidly, with 

analysts predicting that by 2030, global sales will reach 120 million [7]. As of the end of 

2022, the global fleet of plug-in light vehicles was 27 million which is described in Fig. 1.3 

[7]. Additionally, the contribution of commercial medium and heavy plug-in vehicles to the 

global stock is 750,000 units [8]. There are several types of EVs available in the market, 

including battery electric vehicles (BEVs), hybrid electric vehicles (HEVs), and fuel cell 

Table 1.1: Commercial Aspects 

Vehicle

Electric Vehicle

Petrol or Diesel Vehicle

Hydrogen Fuel Cell Vehicle

Range

320-405 km/200-250 miles

160-500 km/100-310 miles

480-640 km/300-400 miles

Refuel Time

3-4 minutes

30 minutes to 12 hours

2-3 minutes
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Fig. 1.2. EV evolution. 

 



3 
 

electric vehicles (FCEVs), as shown in Fig 1.4. These EVs can be further classified into two-

wheelers, three-wheelers, and four-wheelers. It is important to note that most of these 

vehicles require batteries as their energy source and a battery charger is necessary to recharge 

these batteries [9]. Currently, the mass adoption of EVs is hindered by range anxiety, the 

need for charging infrastructure, and high cost. Therefore, designing a compact and cost-

effective plug-in battery charger that enables flexible charging techniques such as grid-to-

vehicle (G2V), vehicle-to-grid (V2G), and vehicle-to-vehicle (V2V) while meeting input 

current harmonic limitations as per standards is crucial [10]. 

1.2 Classification of All Electric Vehicles 

This section provides a description of the EVs namely BEVs and FCEVs which fall in the 

domain of all electric vehicles (AEVs) [4]. Table 1.2 lists the BEVs and FCEVs attributes. 

 

Fig. 1.3. Global electric car stock, 2010-2022. 

Electric Vehicles

Plug-in Hybrid Electric Vehicles 
(PHEVs)All Electric Vehicles (AEVs)

Battery Electric Vehicles (BEVs) Fuel Cell Electric Vehicles 
(FCEVs)  

Fig. 1.4. Classification of EVs. 
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1.2.1 Battery Electric Vehicles (BEVs) 

BEVs are a feasible solution to the energy crisis and global warming issue. They use an 

electric motor drive as their propulsion system, and are powered by batteries or 

ultracapacitors. Charging facilities and infrastructure on the electric grid are used to recharge 

the energy source. BEVs have characteristics such as zero emissions, high efficiency, 

independence from crude oils, and commercial availability. However, they also have 

disadvantages, including high initial cost and range anxiety. To achieve the desired drive 

Table 1.2: FCEVs Vs. BEVs 

Attributes Fuel Cell Electric Vehicles 
(FCEVs) 

Battery Electric Vehicles 
(BEVs) 

Energy Source and 
Infrastructure Hydrogen Electric grid-based charging 

Propulsion System 
 Electric Motor Drives System Electric Motor Drives System 

Energy System 
 

Fuel cells, batteries, and 
ultracapacitors Batteries and ultracapacitors 

Basic Characteristics 
 

Ultra-low emission, highly 
energy efficient, low crude oil 
dependence, sufficient driving 

range 

Zero emission, highly energy 
efficient, free from crude oil, 

commercial availability 

Key Issues 
 

Under developed, high cost, 
reliability, cycle life, hydrogen 

infrastructure 

Initial cost, range anxiety, battery 
and battery management, 
charging infrastructure 

 

Electric Vehicles

Low Power EVs High Power EVs

Two-Wheelers (Bikes)

Three-Wheelers (Trio)

Golf Carts, E-Rickshaw

Intra Logistics Equipment

Short Range Mobility Vehicles

Passenger Cars

Electric Buses

Loading Trucks

 

Fig. 1.5. Categories of EVs. 
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ability at the highest energy efficiency and lowest emissions, automotive and electrical 

engineering must work together for optimal design. The main components of BEVs include 

the motor, batteries, converter, controller, and energy management system. The BEVs have 

the ability to transfer power in various modes, including Grid-to-Vehicle (G2V), where the 

electric vehicles are charged from the grid, Vehicle-to-Vehicle (V2V), where power is 

transferred between vehicles, Vehicle-to-Grid (V2G), where power is transferred from the 

EV to the grid, and Vehicle-to-Home (V2H), where power is transferred from the EV to a 

home for emergency power backup. These features have contributed to the solution of the 

range anxiety issue, making the BEVs more commercially viable. 

1.2.2. Fuel Cell Electric Vehicles (FCEVs) 

FCEVs are emission free due to the fact that they utilize hydrogen for the production of 

electricity. The electricity thus produced is utilized for driving the vehicle or is preserved in 

the energy storage device such as batteries or ultracapacitors. The electricity produced here is 

through chemical reaction thus, there is no fuel burning and no pollutants production. Water 

and heat are the by-product of the fuel cells. The FCEVs operation is quiet. Similar to BEVs, 

the electric motor drive based is the propulsion system. The batteries or ultracapacitors are 

used at the starting for power density enhancement. The prime energy source is hydrogen in 

FCEVs. The important characteristics of FCEVs are ultra-low emission, high efficiency, low 

dependence on crude oil, and higher driving range. The disadvantages are high cost, safety, 

and hydrogen infrastructure. To ensure the efficiency, longevity, reliability, and optimum 

cost operation of FCEVs, the automotive engineering, electrical engineering, and fuel cell 

Table 1.3: Types of EVs with specifications 

Electric Vehicle 

2-Wheeler/E-
rikshaw/Infra 

Logistics 
Equipment 

Trio/Golf Carts 

Short 
Range 

Mobility 
Vehicle 

Passenger 
cars/ 
Buses 

Charger Power 
(kW) 

 
0.5-1 1-3 3.3-7 62-500 

Battery Voltage 
(V) 

 
48 48 120 400-600 

Charging Time 
(hrs) 

 
6-8 3-4 4 0.5 
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engineering integration are necessary to harness the gasoline and battery dependent new 

energy device. To achieve the requisite driving range at the highest efficiency and the lowest 

emission, the electric propulsion and fuel cell system must work very well together. 

1.3. Category of EVs 

The EVs can be categorized into two groups based on battery voltage, which are low power 

EVs with a battery voltage of 48V/72V and high power EVs with a battery voltage of 

400V/600V, as shown in Fig. 1.5. Low power EVs typically include two-wheelers, three-

wheelers, golf carts, e-rickshaws, intra-logistics equipment, and short-range mobility 

vehicles, while high power EVs include passenger cars and electric buses. Table 1.3 outlines 

the attributes of various EV categories [11]. 

1.4. Electric Vehicle Battery Charging Infrastructure 

A collection of distributed energy sources and storage devices, used locally by various 

loads and connected to the grid or operating in islanding mode, form the EV battery charging 

Infrastructure [12]. Fig. 1.6 illustrates a typical EV charging station as part of a microgrid 

system. The large capacity penetration of EV charging points increases demand for charging 

infrastructure, which puts pressure on the utility grid [13]. To alleviate concerns related to 

power demand, power generated locally from renewable energy sources is combined with 

appropriate power converter topologies [14]. EV manufacturers also provide charging station 

facilities as part of their charging infrastructure, such as Tesla's solar city and Nissan's solar 

Charging StationWindPower Plant

PV

Substation

Control Room

Building

Electric Vehicles

 

Fig. 1.6. EV-charging Station as part of the Microgrid Infrastructure [14]. 
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power plant [15]. Charging stations built with renewable energy integration minimize the cost 

of charging and emissions while improving utility grid coordination [16][17]. 

Using solar panels installed on a building's rooftop and parking lot reduce land and initial 

cost investment at work [18]. According to a nationwide survey, 90% of vehicles are parked 

for 5 to 6 hours in a parking lot, making workplace charging support vehicle-to-grid (V2G) 

charging [19]. Charging stations in various locations are shown in Fig. 1.7. Manufacturers of 

electric vehicles must meet high dependability standards regardless of the power source. 

Some battery technologies have a large energy capacity and potentially volatile nature, which 

represents a severe safety danger. The key difficulties with charging stations are reliability, 

availability, and maintainability, which limit large-scale commercial use of these cars [20]. A 

model for grid-connected charging station reliability was developed to address these issues. It 

aims to look into the issues of EV charging station reliability, maintainability, and 

availability; investigate the logical relationships between fault events, how they affect a 

PEV's reliability, and how proper management strategies can improve a vehicle's availability 

Charging at Home Charging on Public Networks Charging at Workplace

 

Fig. 1.7. Charging station in Different Locations [11]. 

Battery Chargers

Wireless ChargersConductive/Plug-in Chargers

On-Board Off-Board

Battery Swapping

Inductive Capacitive

Isolated Non-Isolated
- Slow Charging
- 4 hours to 8 hours
- 1.0 kW to 7 kW

- Fast Chargers
- 30 minutes
- 100 kW and more

- High Power
- More Efficient

- Low Power
- Less Efficient

Fig. 1.8. Battery charger classification. 
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[21]. A modified probabilistic index was also presented to assess the reliability of the power 

supply, and an integrated circuit (IC) was created to be controlled by an external BMS control 

unit via a serial peripheral interface (SPI), which also permitted data retrieval [22]. In 

addition,  

1.4.1 Types of EV Charging Systems 

Electric vehicle batteries can be charged through conductive coupling, wireless charging, or 

battery swapping. Inductive or capacitive coupling is used to charge an electric vehicle 

wirelessly, with the conductive coupling type utilizing an electrical outlet plug to charge the 

Table 1.4: Advantages and Disadvantages of Different Charging Systems 

Charging Systems Advantages Disadvantages 

Conductive Charging 
 

• Suitable for slow and fast-
charging 

• High-efficiency charging 
• Multiple taping possible 

 

•Need of standard connectors and 
cables. 

•Requires complex charging 
infrastructure 

 

Battery Swapping 
 

• Battery replacement takes very 
less time 

• Higher range of the vehicle 
 

• Standardized battery size and 
type 

• Battery maintenance 
• Special stations required. 

 

Wireless Charging 
 

• No problems in standardization 
of connectors 

• Dynamic charging 
• Possible in all climate 

conditions 
 

• Coil type needs to be 
standardized 

• High cost and complexity 
• Higher losses 

 

 
Table 1.5: Advantages and challenges of Battery Charger 

Charger Type Advantages Challenges 

On-Board Charging 

• Charging possible at any 
location with an electrical outlet 

• Simple BMS can be used 

• Slower charging, less power 
transfer at a time 

• Difficult to implement forV2G 
applications 

• Weight of the charger added to 
the EV 

Off-Board Charging 

• Faster charging with higher 
power 

• Does not add to the weight of 
the EV 

• Battery heating issue 
• Difficult to allocate charging 

locations 
• Cost of charging is high 
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vehicles [23]. For power transmission, two distinct coils are used - one is placed inside the 

vehicle and serves as the receiving coil, while the other is mounted on the parking slot and 

serves as the power transfer coil. Four capacitive plates are used in capacitive charging [24]. 

By designing a level-based charging station, the cost of charging can be minimized. Battery 

swapping technology reduces the time it takes to charge [18][25][26]. Fig. 1.8 describes the 

types and sub-types of EV battery chargers. Also, Table 1.4 exhibits the advantages and 

disadvantages of various charging methods. There are two types of electric vehicle chargers: 

off-board and on-board. An on-board charger is housed inside the EV, while an off-board 

charger is located outside the EV [27][28]. Figure 1.9 shows a block schematic of on-board 

and off-board types of chargers. EVs are charged from AC sources in an on-board charger; 

the primary challenges are power constraint and charging time [29]. Off-board chargers are 

used for high-power DC fast charging, and are capable of fast charging and vehicle-to-grid 

charging [30]. In that context, Table 1.5 shows the advantages and challenges of battery 

chargers. 

The majority of EV charging can be done overnight at home in a garage, where the vehicle 

can be hooked into a convenience outlet for Level 1 (slow) charging. Level 2 charging, which 

is the most common technique for both private and public facilities, requires a 240 V outlet. 

Future advances will focus on Level 2, which provides semi-fast charging and can be used in 

a variety of settings. Single-phase solutions are typically employed for Levels 1 and 2, while 

 

Fig. 1.9. EV Charger Schematic for (a) On-board Charger, (b) Off-board Charger [9]. 
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Level 3 and DC fast charging are designed for commercial and public use, similar to a gas-

station, and three-phase systems are typically used. 

On-board and off-board EV battery chargers are available with unidirectional or 

bidirectional power flow [9]. Because it lowers hardware needs, simplifies interconnection 

concerns, and tends to lessen battery degradation, unidirectional charging is a sensible initial 

step. Charge from the grid, battery energy injection back to the grid, and power stabilization 

with proper power conversion are all supported by a bidirectional charging system. Because 

of weight, space, and cost considerations, most onboard chargers limit high power. To 

circumvent these issues, they can be incorporated with the electric drive. Wireless 

(conductive or inductive) EV charger systems are available. Direct contact between the 

connector and the charge intake is used in conductive charging systems. A magnetic field is 

used to transfer electricity in an inductive charger. This type of charger has been explored for 

Levels 1 and 2 and maybe stationary or moving. An off-board battery charger is less 

constrained by size and weight. 

1.4.2 Charging Levels, Modes, and Infrastructure 

   Charger power levels are based on the following factors: power, charging time and location, 

cost, equipment, and grid impact. The deployment of charging infrastructure and electric 

vehicle supply equipment (EVSE) is critical since there are numerous factors to consider, 

including charging time, distribution, scope, demand policies, charging station standards, and 

regulatory procedures. The availability of charging infrastructure can be exploited to lessen 

the need for and expense of onboard energy storage. 

The essential components of an EVSE include EV charge cords, charge stands (residential 

or public), attachment plugs, power outlets, vehicle connectors, and protection (see Figure 
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1.10) A specific cord set, and a wall or pedestal mounted box are the two most common 

options [3]. 

1.4.2.1 Charging Levels 

Conductive charging involves an electric connection between the charging inlet and the 

vehicle which follows three charging levels such as Level 1, Level 2, and Level 3 depending 

on the power level as shown in Table 1.6. Level 1 and Level 2 charging are used in onboard 

Table 1.6: Comparison of different electric vehicle charging levels [31], [33] 

Specifications Level 1 Level 2 Level 3 
Ultra-Fast 

Charging (UFC) 

Charger Type 
Onboard – Slow 

charging 

Onboard – Semi-

fast charging 

Offboard – Fast 

charging 

Offboard – Ultra-

fast charging 

Charging Power 1.44 - 1.9 kW 3.1 – 19.2 kW 20 – 350 kW        >350 kW 

Charging Time 
200 km: +/- 20 

hours 

200 km: +/- 5 

hours 

80% of 200 km: +/- 

30 min 

Approximately 5 

min with high 

energy density 

Charger Location Residential 
Private and 

Commercial 
Commercial Commercial 

Power Supply 
120/230 Vac, 12-

16 A, 1-ϕ 

208/240 Vac, 12-

80 A, 1-ϕ/Split 

phase 

208/240 Vac & 

300-800 Vdc, 250-

500 A, 3-ϕ 

1000 Vdc and 

above, 400 A and 

higher Poly-phase 

Supply Interface 

and Protection 

Type (SIPT) 

Convenience outlet 

(Breaker in cable) 

Dedicated EVSE 

(Braker in the 

cable and pilot 

function) 

Dedicated EVSE 

(communication & 

event monitoring 

between EV and 

charging station) 

Dedicated EVSE 

(communication & 

event monitoring 

between EV and 

charging station) 

Standards 
SAE J1772, IEC 62196-2, IEC 61851-

22/23, GB/T 20234-2 

IEC 61851-23/24 

IEC 62196-3 

IEC 62196 

SAE J2836/2 & 

J2847/2 
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chargers with AC power and follow the same set of standards. The Level 1 charger uses a 120 

V single-phase AC power supply and has the slowest charging speed which is generally used 

in domestic with low power levels (up to 1.92 kW) without any additional infrastructure [31], 

[32]. Therefore, Level 1 charging is appropriate for long-time or overnight charging. Level 1 

chargers generally require about 11-36 hours for 1.9 kW charging power for a 16-50 kWh EV 

battery [33]. The primary charging method for private and public facilities is Level 2 charger, 

as they have comparatively fast charging abilities. The charging time of Level 2 is 3 to 5 

times faster than Level 1 chargers due to high power usage [34]. Level 2 charging can 

provide power up to 19.2 kW for both single-phase and split-phase with 208 Vac or 240 Vac 

voltage. Dedicated components and installations are required in Level 2 chargers for high 

power transfer through the onboard charger. The charging time range is 2 - 3 hours for 19.2 

kW with an EV battery capacity of 30 -50 kWh [9]. Level 1 and 2 charging connectors follow 

the IEC62196-2 standard in Europe, SAEJ1772 and Tesla superchargers in the USA [35], 

[36].  

The DC fast charging or Level 3 charging uses AC and DC power to deliver high voltage 

DC power to the EV battery. The Level 2 chargers can manage a high-power range between 

20 kW to 350 kW to supply DC voltage of around 300 Vdc to 800 Vdc in offboard chargers. 

Table 1.7: Comparison of different charging modes [47] 

Charge 

Mode 
Phase 

Power 

(Max) 
Voltage Current 

Specific 

Connector 
Charging Configuration 

Mode-1 
AC - 1ϕ 

AC - 3ϕ 

3.8 kW 

7.6 kW 

230-250 

V 480 V 
16 A No 

 

Mode-2 
AC - 1ϕ 

AC - 3ϕ 

7.6 kW 

15.3 kW 

230-250 

V 480 V 
32 A No 

 

Mode-3 
AC - 1ϕ 

AC - 3ϕ 

60 kW 

120 kW 

230-250 

V 480 V 
32-250 A Yes 

 

Mode-4 DC >150 kW 
600-1000 

V 
250-400 A Yes 
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DC fast chargers are directly connected to the vehicle via off-board chargers to the three-

phase power grid. Charging time of 90 kW or larger Level 3 charger is range 0.2 - 0.5 hours 

which is faster than Level 1 and 2 [33]. CHAdeMO, Tesla superchargers and CCS combo 1, 

3 connectors are considered for level 3 fast charging. However, low-power chargers including 

Level 1 and Level 2 have the lowest negative impact on the power network during peak time. 

The local distribution grid may become overloaded by the level 3 chargers due to high power 

usage during peak times [37]. 

Extrema fast charging (XFC) systems can deliver a refueling experience like ICE vehicles. 

Table 1.8: Specifications of different AC charging connectors [45], [46], [47] 

Specifications Japan USA Europe China All Markets 

Charger 

Type 

  
   

Type-1 (SAE 

J1772) 
Type-2 

(Mennekes) 
Type-2 (GB/T) Tesla 

Level-1 Level-2 Mode-1 
Mode 

2-3 
Mode-2 Mode-3 

Mobile 

Connect 

Wall 

Connect 

Maximum 

Power 
1.9 kW 19.2 kW 4 kW 22 kW 7 kW 27.7 kW 7.7 kW 11.5 kW 

Input 

Voltage 

120 V 

1-ϕ 

240 V 

Split 

phase 

250 V 

1-ϕ 

480 V 

3-ϕ  

250 V   

1-ϕ 

400 V    

3-ϕ 

120/240 

V 1-ϕ 

208/250 

V 1-ϕ 

Current 

Rating 
16 A 80 A 16 A 32 A 16 A 32 A 16/32 A 48 A 

Standards 

SAE J1772-2017 

IEC 62196-2 

IEC 61851-22/23 

IEC 62196-2 

IEC 61851-22/23 

GB/T 20234-2 

IEC 62196-2 
IEC 62196-2 
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The XFC systems can manage more than 350 kW power with 800 Vdc internal DC bus 

voltage and battery recharging time is approximately 5 min. The XFC stations are designed 

with power electronic components focusing on solid-state transformers (SST), isolated DC-

DC converters, and front-end AC-DC converter stages and controllers. The installation cost 

of the XFC is very high and requires dedicated EVSE to deliver high power. The XFC station 

can be designed by combining several XFC systems to provide a chance to lower operational 

and capital investment to make it economically feasible. Additionally, SST provides 

advantages over conventional line-frequency transformers for converting medium voltage 

levels into low voltage levels and providing galvanic isolation in XFC stations [38]. 

1.4.2.2 Charging Modes 

The International Electrotechnical Commission (IEC) defines 4 charging modes (IEC-

62196 and 61851) for AC and DC charging systems and provides the general attributes of the 

safe charging process and energy supply requirements [39]. A comparison of charging modes 

is presented in Table 1.7 with specifications and charging configurations. The slow charging 

applications follow mode 1 which comprises with earthing system and circuit breaker for 

protection against leakage and overloading conditions. The current limit of mode 1 varies 

from 8 A to 16 A depending on the country. The EV is directly connected to the AC grid 

either 480 V in three-phase or 240 V in single-phase via a regular socket in mode 1. The 

charging cable is integrated with a specific EV protection device (In-cable control and 

protection device (IC-CPD) in mode 2 to enable control and protection. Mode 2 charger 

offers a moderate safety level and utilizes minimum standards. This mode delivers slow 

charging from a regular power socket which is ideally suited for home installation [40]. 

Single-phase or three-phase AC power can be used in this mode with a maximum power of 

15.3 kW and 32 A current flow [2]. The mode 2 cable provides overcurrent, overheat 

protection, and protective earth detection. Therefore, mode 2 charging cables are more 

expensive than mode 1 due to high current flow and provide moderate safety for modern EVs 

[41]. 

Mode 3 is used for slow or semi-fast charging via a specific outlet with the controller. The 

dedicated circuit is permanently installed (on the wall) for protection, communication, and 

control in this mode. Public charging stations are commonly built with mode 2 and are able to 

facilitate integration with smart grids. Mode 3 allows a higher power level with a maximum 

current of 250 A which is used by fixed EVSE for single-phase or three-phase grid 
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integration. The connection cable includes an earth and control pilot to enable proper 

communication between the EV and the utility grid. Fast charging station uses mode 4 via 

fixed EVSE to deliver DC to the vehicle which is utilized in public charging stations. The 

installation includes control, communication and protection features [42]. Mode 4 chargers 

are more expensive than mode 3 and the connection includes earth and a control pilot to 

control a maximum of 400 A current. Off-board chargers follow mode 4 specifications with a 

wide range of charging capabilities over 150 kW power [38]. 

1.4.2.3 Charging Connectors 

EV charger components (including power outlets, connectors, cords, and attached plugs) 

are the main components of EVSE which provide reliable charging, discharging and 

Table 1.9: Specifications of different DC charging connectors [38], [44] 

Specifications Japan USA Europe China All Markets 

Charger 

Type 
 

     

CHAdeMO 
CCS-   

Combo 1 

CCS- 

Combo 2 
GB/T 

Tesla 

Supercharger 
CHAdeMO 

Maximum 

Power 
50-400 kW 150-300 kW 350 kW 60-237 kW 250-350 kW 50-400 kW 

Input 

Voltage 
50-1000 V 200-1000 V 200-1000 V 250-950 V 300-480 V 50-1000 V 

Current 

Rating 
400 A 500 A 500 A 250-400 A 800 A 400 A 

Standards 

IEC 61851-

23/4, IEC 

62196-3, 

JEVS G105 

SAE J1772, 

IEC 61851 

23/24, IEC 

62196-3 

IEC 61851-

23/24      

IEC 62196-3 

DIN EN 

62196-3 

GB/T 

20234-3, 

IEC 

62196-3 

IEC 62196-3 

IEC 61851-

23/4, IEC 

62196-3, 

JEVS G105 
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protection for the charging system. The configuration of the peripheral devices, power 

ratings, and standards of EV chargers are various in different authorities. However, governing 

bodies and manufacturers are attempting to ensure compatibility by developing international 

standards, protocols, and couplers for slow and fast charging systems to avoid conflicts and 

difficulties [43]. Commercially available different AC and DC connectors are shown in 

Tables 1.8 and 1.9 respectively by following their specifications and standards. Table 1.10 

represents the basic AC charging and DC charging features. AC chargers are slow chargers 

which take 6 - 8 hours to fully charge EV. DC chargers are used for fast charging with a 

higher power range of up to 400 kW. The various connectors can be categorized into three 

groups according to the IEC 62196 - 2 standards. 

Type 1 connectors are widely used in Japan and USA for AC single-phase charging and 

follow SAE J1772 standards. They have low power charging capability (maximum capacity 

of 19.2 kW) with a voltage of 120 V or 240 V with a maximum current of 80 A [44]. The 

charging cable of Type 1 connector is permanently installed to the station. Type 2 connectors 

are considered as standard type in all countries which support single-phase and three-phase 

charging by following IEC 61851-1 standards [45]. Type 2 - Mennekes connectors are 

utilized in Europe and Type 2 - GB/T are used in China. This connector supports mode 2 and 

3 charging with higher power (22 kW) than Type 1. The detachable charging cable of the 

Type 2 station allows to charger of Type 1 vehicles with the correct cable [46]. Type 3 

connectors are used in France and Italy that includes Type 3A and 3C depending on the 

physical formats. Type 3 connectors or SCAME plugs allow both single-phase and three-

phase charging with shutters to prevent and follow IEC 62196-2 standards. 

The DC chargers or superchargers deliver the fastest charging rate which follows the 

combined current system (CCS) and IEC 62196 standards. The IEC 62196-3 standard 

specifies four types of coupler configurations for DC fast chargers. They are configuration 

AA (CHAdeMO), configuration BB (GB/T), configuration EE (CCS-Combo 1), and 

configuration FF (CCS-Combo 2) [47]. The Combo 1 and Combo 2 connectors are extended 

versions of Type 1 and 2 connectors with two added DC contacts to allow high-power 

charging. The CCS - Combo 1 connector is based on Type 1 chargers and is used in the USA. 

Europe preferred CCS - Combo 2 connectors which have a Type 1 coupler configuration. 

CCS connectors can withstand a high-power range of up to 350 kW. The GB/T fast charging 

DC connectors used in China follow GB/T 20234-3 standards. It is capable of operating 

higher power ratings up to 237 kW with a maximum voltage of 1000 V and 400 A current. 
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CHAdeMO fast charging systems developed in Japan, and it competes with the supercharger 

network, CCS and GB/T standards. CHAdeMO connectors have ultra-fast charging and V2G 

integration ability for 400 kW with 1000 V maximum voltage and 400 A current [48]. Tesla 

offers a connector for both AC and DC charging for all the charging levels. Tesla 

superchargers offer excellent fast charging speeds via their own designed charging stations 

and connectors can supply 72 kW, 150 kW, or 250 kW electric power [49]. Type 2 connector 

required for AC charging with Tesla station which allowed power up to 11.5 kW and an AC 

voltage of 250 V single phase. Tesla superchargers are built for Tesla cars and version 3 

models have a maximin power of 250 kW. The Australian standard for EV charging plugs 

and connectors (IEC 62196) encourages the adoption of both United State and Europe 

connector standards rather than imposing a single standard for EV charging systems [50]. 

1.5. Research Problem 

EV chargers can be classified as unidirectional or bi-directional chargers depending on the 

possible power flow direction [51]. Unidirectional charging is an economical solution 

because it limits hardware requirements, simplifies interconnection issues, and reduces 

battery degradation. However, bidirectional battery chargers have additional advantages, such 

as EV batteries can be used to deliver power to the grid during peak power demand [9], [51]. 

Table 1.10: Advantages and Disadvantages of Different Charging Systems 

AC Charging 

• EV charging at different speed 
• Alternating current or alternating power 

• Availability in power grid 
• Economic transmission over long distances 

• Converted to DC using power electronic converter 
• Low cost 

• Found in parking lots 
• More prevalent 

 

DC Charging  

• Fast EV charging 
• Direct current or direct power 

• Constant 
• Stored in batteries 

• High cost 
• Found in highways 

• Less prevalent 
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The physical positioning of the EV battery charger in the vehicle is also a deciding factor 

for the converter topology selection [52]. For example, battery chargers are generally placed 

close to the internal combustion (IC) engine in the case of plugin hybrid EVs. In this 
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scenario, the converter and the associated electronic circuits like gate drivers are exposed to 

high ambient temperature (more than 1500𝐶) [53]. Therefore, it is preferred to implement 

thermally more stable converters to reduce the complexity of the cooling system. 

The conventional EV battery chargers are developed with two power conversion stages as 

depicted in Fig. 1.11 (a) [9], [51]. The first stage converts the AC voltage to a DC voltage 

employing power factor correction (PFC). The second stage is an isolated DC-DC converter 

stage, which performs the output DC voltage regulation. These two stages are interconnected 

by relatively large DC link capacitors. Two-stage battery charger exhibits low efficiency due 

to having two separate power conversion stages. Meanwhile, power density is limited by 

these DC link capacitors. Usually, electrolytic capacitors with higher capacitance value are 

utilized as DC link capacitors. These electrolytic capacitors are most susceptible to failure at 

high ambient temperature, thus affecting the reliability of the charger [53].  

The alternative solution to improve the efficiency and power density of EV battery chargers 

with reliable high-temperature operation capability is to use single-stage isolated converter, 

as shown in Fig. 1.11 (b) that do not require any intermediate DC link capacitors [51]. In this 

converter, power factor correction (PFC) operation and battery voltage regulation are 

implemented in one stage by sharing common devices. 

High-density, low cost, and light-weight are the most desirable attributes for any power 

electronics system. To achieve these objectives, the most prevalent ways are to use fewer 

conversion stages, and by increasing the converter’s switching frequency leading to reduced 

footprint with smaller inductors and output capacitors. However, higher switching frequency 

causes additional switching losses that deteriorates the efficiency and thermal performance. 

Maintaining soft switching of the semiconductor devices for the entire range of operation is 

one of the key requirements to enable efficient operation at high switching frequencies. This 

thesis focuses on developing simple soft-switching techniques to improve the overall 

performance of the HF single-stage converter for EV charging application. In addition, the 

current-fed converters are justified to be more plausible choice for EV charging application 

over existing voltage-fed converters. Current-fed topologies that attracted great attention 

because of their evident merits over conventional voltage-fed converters as follows: 1) 

inherent short-circuit protection; 2) low HF turns ratio; 3) high step-up ratio; 4) low input 

current ripple; 5) lower duty cycle loss; 6) negligible diode ringing; 7) more accessible 

current control capability and 8) reduced circulating current leading to the low peak and RMS 

current through the switches [155]. 
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This thesis proposes a family of current-fed single-stage isolated converter topologies with 

soft-switched modulation techniques for EV battery charging. These topologies, in addition 

to addressing the above-mentioned shortcomings of the conventional two-stage battery 

chargers, also provide V2G (vehicle to grid) and G2V (grid to vehicle) mode of operation. 

In addition, the flexibility of the EVs can be enhanced using the vehicle-to-vehicle (V2V) 

charging system. This system will help in mitigating the range anxiety and also offers 

emergency charge transfer to another user. The energy exchange between EVs can be a 

viable option in an emergency situation where an EV is about to run out of charge at a 

location without any charging station nearby, then another EV with enough state-of-charge 

can transfer the energy required by the first EV. However, very few investigations from 

power electronics perspective on the domain of V2V charging have been reported [54]. The 

battery charger in each of the EV comprises front end AC-DC converter and a back-end DC-

DC converter for implementing the V2G and G2V operations, the converters are bidirectional 

[55]. This method combines the two operational modes of V2G and G2V where both the EVs 

have a connection to the power grid, which is presented in Fig. 1.12 (a). EV1 is providing the 

energy and is operating in V2G mode where it injects the stored energy into the batteries to 

the power grid. EV2 works in G2V mode and recharges the batteries by accepting energy 

from the grid [56]. The two EVs are in connection with the power grid. The flow of power is 

controlled by current regulation on the AC side. The current between two EVs has 180 

degrees phase-shift. The resultant current of the power grid is zero as the current requirement 

of EV2 is equal in amplitude to the current generated by EV1 or a set of EVs. The physical 

meaning is that the energy requirement for recharging EV2 batteries is completely furnished 

by EV1. Therefore, the power grid does not get overloaded, which represents the critical 

aspect of V2V operation [57]. However, this mode has a greater number of power conversion 

stages which leads to decrease efficiency and power density. 

Therefore, the DC-DC converter for the battery chargers permits the batteries to be charged 

and discharged with current or voltage control. Suppose a second DC-DC converter is joined 

at the output of the first DC-DC converter and both the dc-dc converter can operate in 

bidirectional mode then a power exchange is possible between the two EVs batteries. This is 

outlined in Fig. 1.12 (b). The cascaded DC-DC converter permits bidirectional operation with 

a regulated charging current in a varied operating voltage range. There is a possibility to 

charge batteries having higher voltage using lower voltage batteries. Thus, the external plug 
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that is connected to enable the V2V power transfer in DC mode do not require any additional 

power converters or hardware. 

1.6. Research Objectives and Proposal 

The prime objective of the thesis is the investigation and implementation of G2V, V2G and 

V2V charging techniques using a single-stage current-fed converters. The advantages of the 

single-stage converters in comparison to the existing ones are the reduced components count, 

convenient control strategy with PFC operation, compact size, higher power density, and low 

total harmonic distortion (THD < 5%). The AC-DC and DC-DC modes of operation are 

explored using the single-stage converters with primary goals to reduce components’ count, 

improved power quality, higher reliability with robustness, flexible charging options to 

reduce range anxiety, and maintain overall high efficiency (> 95%). The power converter 

design is tested under source and load perturbations.  

This overall objective is divided into the following sub-objectives: 

1) A comprehensive literature overview of on-board chargers for more EVs. 

2) Study of possible improvements in power converters and modulation techniques for 

EV charging application. 

3) Proposing new snubber-less single-stage current-fed bidirectional single-stage (AC-

DC and DC-DC) power converters for multifunctional plug-in EV charging (G2V, 

V2G, and V2V). 

4) Proposing a novel soft-switching modulation scheme and reporting the detailed of 

steady-state performance and converter design. 

5) Develop scale-down prototypes for all the proposed single-stage current-fed power 

converter topologies to verify mathematical analysis and simulations with 

experimental results. 

To accomplish the above-mentioned objectives, the thesis investigates and implements 

different charging techniques using the single-stage current-fed topology, a brief description 

of the same is provided in the thesis outline next section 1.8 and the detailed description is 

provided in various Chapters 3 to 6. 

1.7. Methodology 

To achieve the objectives within the given time limit, the following methodology has been 

adopted: 



22 
 

Report a comprehensive study of existing power converters topologies for plug-in EV 
chargers, and identify merits and demerits 

 
 

Considering the fact that an extensive study of voltage-source converter topologies has 
already been carried out, and feasibility of current-fed topologies received very limited 

attention, perform a systematic study on possible use of current-fed converters 
 

Based on the merits and demerits of current-fed converters, propose new converter 
topologies, novel modulation, and modified control techniques to make it more acceptable for 

practical use 
 
 

Perform preliminary simulation on a suitable platform to find the suitability of the proposed 
system 

 
 

Analyse comprehensively to find out all justification of successes or failures in achieving 
desired results 

 
 

Modify converter topology or modulation and control schemes to achieve desired results 
 

 
Verify the results with the help of mathematical expressions, and also through simulation 

results 
 

 
If the mathematical model and simulation results have acceptable agreement, then build a 
scale-down lab prototype and verify analytical and simulation results with experimental 

results 
 

1.8. Thesis Outline 

The contents of the thesis in various Chapters are organized as follow: 

In Chapter 2, a comprehensive review of wide-band gap (WBG) device-based topologies of 

on-board chargers (OBCs) for more electric vehicles (MEVs). It reviews the current state-of-

the-art solutions of OBCs, including architectures and configurations, soft-switching 

techniques, charging infrastructure consideration, commercially available products, and 

future trends with challenges. A detailed overview of the promising topologies for WBG 

based OBCs, including two-stage and single-stage structures, is provided. Future trends and 

challenges for topologies, wide bandgap technologies, thermal management, system 

integration, fast charging and wireless charging systems are also discussed in this chapter.  
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 In Chapter 3, a novel zero-current assisted soft-switching bidirectional single-stage single-

phase current-fed isolated power factor correction (PFC) based converter for plug-in EV 

charger is reported. The steady-state analysis and operation, modulation technique, control 

scheme, and design have been discussed. An isolated topology consists of a current-fed full-

bridge converter with bidirectional switches on the AC-side that is connected with a full-

bridge converter on the DC-side of a high-frequency transformer (HFT). The modulation 

strategy and control technique are presented for promising the soft-switching operation of all 

semiconductor devices where zero-current switching (ZCS) at AC-side and zero-current turn-

on at DC-side throughout the range for all modes with bidirectional power flow capability. 

The analysis and design are validated with the simulation results from PSIM 11.4 software, 

and further verified with the experimental results from a 1.5 kW hardware prototype 

developed in the lab. 

In Chapter 4, a novel isolated single-stage single-phase bidirectional current-fed PFC AC-

DC converter without an intermediate DC-link for EV charging application has been 

investigated. The steady-state analysis and operation, modulation technique, control scheme, 

and design have been reported. The proposed configuration comprises a current-fed push-pull 

circuit on the primary side and a full-bridge circuit on the secondary side via a high-

frequency transformer (HFT). The modulation strategy and control technique are presented 

for promising the soft-switching operation of all semiconductor devices where zero-current 

switching (ZCS) at AC-side and zero-current turn-on at DC-side throughout the range for all 

modes with bidirectional power flow capability. The performance and the analysis have been 

validated with the simulation results from PSIM 11.4 software, and further verified with the 

experimental results from a 1.5 kW hardware prototype developed in the lab. 

In Chapter 5, a soft-switched single-stage single-phase current-fed full-bridge isolated DC-

DC converter for vehicle-to-vehicle (V2V) energy exchange has been discussed. The detailed 

steady-state operation, secondary-modulation technique, and converter design have been 

described. A novel secondary modulation technique is proposed to naturally clamp the device 

voltage across the primary side eliminating the necessity for traditional active-clamp circuit 

or passive snubbers. The operation and performance of the converter are demonstrated with 

the simulation results from PSIM 11.4 software, and the experimental results from a 1.5 kW 

laboratory prototype. Experiment results clearly justify the soft-switching operation where 

zero-current switching (ZCS) of primary side devices and zero current turn-on of secondary 

side devices. 
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In Chapter 6, a snubber-less naturally clamped zero current commutated (ZCC) soft-

switching single-stage single-phase current-fed push-pull configuration-based DC-DC 

converter for vehicle-to-vehicle (V2V) charge sharing application has been investigated. The 

converter steady-state analysis, secondary-modulation technique, and design of converter 

have been discussed. A novel secondary modulation soft-switching technique has been 

introduced to resolve the device turn-off voltage spike issue without the use of additional 

snubber circuit. The simulation results, and the experimental results from a 1.5 kW laboratory 

are presented in order to validate the converter analysis and the design and demonstrated the 

performance.  

In Chapter 7, the contributions of the thesis are summarized, and guidelines for the future 

work are presented. 

1.9. Conclusion 

This chapter establishes the indispensable role and appropriateness of the EVs and their 

charging infrastructure. Also, the need to shift to EVs from conventional ICE vehicles owing 

to the strict emission restrictions and eco-friendly nature of the EVs has been explored in this 

chapter. The commercial aspects of EVs, FCEVs, and ICE vehicles detailing the range and 

refuelling time are discussed. A brief description on classification and comparison of all 

electric vehicles (AEVs) namely battery electric vehicles (BEVs) and fuel cell electric 

vehicles (FCEVs) is presented. A comprehensive review on categories of EVs along with 

their characteristics and classification are outlined in this Chapter. Further, different EVs 

charging infrastructure, types of EV charging systems, charging levels and modes with 

connectors are described. 

Since, the plug-in EV charger system is a crucial part of electric vehicles, the next Chapter 

deals with a detailed review of state-of-the-art power converter topologies for EV charging 

application. The disadvantages of two-stage battery charger are low efficiency and poor 

power density due to presence of DC-link capacitors. These electrolytic capacitors are most 

susceptible to failure at high ambient temperature, thus affecting the efficiency, power 

density, reliability, and cost of the charger. The alternative solution to improve the efficiency 

and power density of EV battery chargers with reliable high-temperature operation capability 

is to use single-stage converter that do not require any intermediate DC link capacitors. 
These single-stage power converter topologies, in addition to addressing the above-

mentioned shortcomings of the conventional two-stage battery chargers, also provide V2G 
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(vehicle to grid), G2V (grid to vehicle), and Vehicle-to-Vehicle (V2V) mode of operation. 

The fundamental objective of this thesis is to study, analyse, and develop wide bandgap 

semiconductor based single-stage isolated power converter topologies for EV charging 

applications. Performance of these converters are verified with full functionality enabling 

V2G, G2V and V2V mode of operation. 
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Chapter 2: A Comprehensive Review of Wide Band-
Gap (WBG) Semiconductor Based On-Board 

Chargers for More Electric Vehicles 
2.1 Introduction 

The efficiency is critical regardless of whether the charging unit is on the ground or on the 

EV, wired or wireless. Even a minor enhancement in converter efficiency can save 

substantial energy for the enormous number of vehicles on the ground. Hence, higher 

conversion efficiency and power density in power electronics applications lead to decreased 

volume and price of passive elements and cooling equipment [58]. The price and power 

capability are crucial factors on the roadside, while on the EV side, power density, efficiency, 

reliability, and price are paramount factors.  

The EV charging infrastructure and advanced technologies are continually changing to 

enhance efficiency, power capability, power density, and lowering prices. Power converters 

are fundamental to the aforesaid technologies, determining and influencing the progress of all 

other technologies. The power density and efficiency of EV recharging infrastructure are 

determined mainly by their operations and properties. After decades of progress, 

conventional silicon-based (Si) power devices have exceeded their limitations [58]. 

Moreover, the power density of the OBC is currently at 3.3kW/L, and the highest efficiency 

is estimated over 97%. Table 2.1 shows the US Drive OBC target for 2025 [59]. It shows that 

the specific power and power density of the OBC are expected to reach 4kW/kg and 

4.6kW/L, respectively, while a peak efficiency of 98% should be achieved. 

The interest in wide bandgap (WBG) power semiconductor devices stems from 

outstanding features of WBG materials, power device operation at higher temperatures, larger 

breakdown voltages, and the ability to sustain larger switching transients than silicon (Si) 

Table 2.1: The US Drive OBC Targets 

OBC Target PFC DC/DC OBC 

Specific Power (kW/kg) 4 4 4 

Power Density (kW/L) 
 4.6 4.6 4.6 

Efficiency (%) 
 >99 >98 98 
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devices. The WBG material, especially SiC and GaN, which has a more significant energy 

gap between the valence and conduction bands, is thought to be a new generation of materials 

that can significantly enhance the performance of power devices, as shown in Fig. 2.1. As a 

result, recent progress and development of converter topologies, based on WBG power 

devices, are well-established for power conversion system for OBCs in which classical Si-

based power devices show limited operation. Currently, Si-carbide (SiC) and gallium nitride 

(GaN) are the most promising semiconductor materials that are being considered for the new 

generation of power devices. The use of new power semiconductor devices, such as GaN 

high electron mobility transistors (GaN HEMTs), leads to minimization of switching losses, 

allowing high switching frequencies (from kHz to MHz) for realizing compact power 

converters. The timeline of the development of SiC and GaN-based power devices with the 

main industrial players involved are depicted in Fig. 2.2.  

The early research power device of SiC MOSFET and its capability has been beyond the 

hindrance of silicon devices [60,61]. WBG material-based devices have previously been used 

to produce a high-power-density battery charger with better efficiency [62]. WBG devices are 

being employed and launched in many research activities and large manufacturing. In the 

recent decade, OBCs have received a lot of attention due to a reduction in the conduction 

losses, size, and cost by increasing the voltage gain and efficiency [63]. 

 
Fig. 2.1. Comparison between Si, SiC, and GaN. 
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2.2 Topological Overview 

The on-board chargers (OBC) system should have a high-power density, high energy 

utilization, small form factor, lightweight, high reliability, more efficient, economical, and 

grid-friendly [64]. Also, OBC can be broadly classified based on the number of power 

processing stages into two groups: two-stage and single-stage chargers as shown in Fig. 2.3. 

The OBC can be classified as unidirectional chargers and bidirectional chargers based on the 

power flow [64]. For the two-stage OBC architecture, an active front-end AC/DC PFC 

converter and an active isolated DC/DC converter are necessary. The AC/DC PFC converter 

is used to provide a controllable DC voltage and meet the harmonic requirements of the grid. 

(a)

(b)

Fig. 2.2. Power electronics devices milestones and main industrial players (a) SiC-based Power Device; (b) 

GaN-based Power Device. 
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Isolated DC/DC converters provide galvanic isolation and regulate the power delivered to the 

battery. Most EVs use two-stage OBCs in the automotive industry [65]. On the other hand, 

single-stage configurations have emerged in OBC applications as the DC-link capacitor of the 

two-stage OBC is voluminous and has a limited lifetime. Indeed, single-stage removes the 

DC-link capacitor and is comprised of solely an isolated AC/DC converter, which can 

provide higher power density and reduce the hardware cost [66]. This section provides a 

detail about the architectures and configurations of OBC. 

2.2.1 Two-Stage OBC 

Most commercial WBG-based OBCs used in the automotive market are two-stage 

architectures. This section reviews the most promising PFC AC-DC converters and DC/DC 

converter topologies. 

2.2.1.1 PFC AC-DC Converters 

Single-phase PFC converters are the most widely studied in the OBC research. As a key 

component of a charger system, the front-end AC–DC converter must achieve high efficiency 

and high-power density. Additionally, to meet the efficiency and power factor requirements 

and regulatory standards for the AC supply mains, power factor correction is essential. The 

critical comparative analysis of PFC AC-DC converters is shown in Table 2.2. 

AC-DC 
Converter

Isolated 
DC-DC 

Converter

+

-

Controller

Grid

Vdc

DC-Link

Vb

Battery Packs

Isolated 
AC-DC 

Converter

Controller

Grid

Vb

Battery Packs

(a)

(b)
 

Fig. 2.3. (a) Power architecture 2-Stage battery charger; (b) Power architecture of 1-

Stage battery charger. 
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2.2.1.1.1 Interleaved Boost PFC Converter 

The interleaved boost converter, illustrated in Fig. 2.4 (a), consists of two boost converters 

in parallel operating 180◦ out of phase [67]. The input current is the sum of the two input 

inductor currents. Because the inductors’ ripple currents are out of phase, they tend to cancel 

each other and reduce the input ripple current caused by the boost switching action. The 

interleaved boost converter has the advantage of paralleled semiconductors. Furthermore, by 

switching 180◦ out of phase, it doubles the effective switching frequency and introduces 

smaller input current ripple, so the input EMI filter is relatively small. With ripple 

cancellation at the output, it also reduces stress on output capacitors. 
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 Fig. 2.4. PFC AC-DC Converters; (a) Interleaved Boost PFC; (b) Semi-Bridgeless PFC; (c) Bridgeless 

Interleaved PFC; (d) Interleaved Totem-pole PFC; (e) Bridgeless Totem-pole PFC; (f) Interleaved Buck-
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2.2.1.1.2 Semi-Bridgeless PFC Converter 

Fig. 2.4 (b) exhibits the semi-bridgeless PFC topology consisting of two extra diodes at the 

input side to address the EMI issues. The conduction losses are very low in the converter, and 

it also resolves the issue of floating ground. The converter control and current sensing are 

complex and expensive as it requires either three current transformers or the use of Hall 

effect sensors and can also be measured by a differential amplifier with a noise in the signal 

[68]. 

Table 2.2: PFC AC-DC Converters with specifications 

Attributes [67] [68] [69] [70] [71] [72] 

PFC Topology Interleaved 
Boost 

Semi-
Bridgeless 

Bridgeless 
Interleaved 

Boost 

Interleaved 
Totem-

Pole 

Bridgeless 
Totem-

Pole 

Interleaved 
Buck-Boost 

Switching 
Device GaN SiC SiC SiC GaN SiC 

No. of devices 
(Active 

Switches/ 
Diodes/ 

Inductors/ 
Capacitors) 

2/6/2/1 2/4/2/1 4/4/4/1 6/0/2/1 4/0/1/1 2/4/3/3 

Inductor’s Place DC-side AC-side AC-side AC-side AC-side AC-side 

Input Voltage 200 85-265 85-265 85-265 85-265 110-230 

Output Voltage 400 200-430 400 300-600 280-460 400 

Rated Power 
(kW) 3 3.3 3.3 3.3 3 1 

Power Factor 
(PF) --- --- 0.999 0.999 0.999 0.999 

Modulation 
Technique --- --- CCM CCM CCM DCM 

Switching 
Frequency 

(kHz) 
300 200 70 100 100 50 

Control and 
Modelling 
Approach 

Simple Complex Complex Simple Simple Very 
Simple 

EMI Emission Moderate Moderate Low Moderate Low Low 

Power Density 
(kW/L) --- 1.13 --- --- 3.9 0.04 

Efficiency (%) 97.94 97.7 98 99.2 96.3 92.8 
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2.2.1.1.3 Bridgeless Interleaved PFC Converter 

Fig. 2.4 (c) exhibits the bridgeless interleaved boost PFC converter consisting of four 

diodes, four switches, and four inductors and is used for power level above 3.3 kW. The 

converter demonstrates a high input power factor, high efficiency, and low input current 

harmonics. The topology has the highest number of component count than any other 

bridgeless PFC topology making it costly and bulky in size for practical usage with complex 

control strategies [69]. 

2.2.1.1.4 Interleaved Totem-Pole PFC Converter 

Fig. 2.4 (d) exhibits the bridgeless totem-pole topology housing six switches, large two-

inductor, shutting out the need for input diode bridge. The topology is preferred where the 

need for higher power density and efficiency is a major concern. The converter resolves the 

issues of heat management at the input side but raises the concern of high electromagnetic 

interference (EMI). It also generates high common-mode noise than traditional other 

bridgeless topologies. Current sensing is challenging making the control complex [70]. 

2.2.1.1.5 Bridgeless Totem-Pole PFC Converter 

Fig. 2.4 (e) exhibits the totem-pole PFC topology. It uses only one inductor and neither 

diodes nor AC return diodes are required. It has fewer components count and simpler circuit 

topology. It has very simple control strategy with CCM modulation. This topology has a 

serval advantage compared to other PFC topologies in terms of power density, thermal 

management, and power quality. The design of inductor and compatibility with different 

devices are challenging [71]. 

2.2.1.1.6 Interleaved Buck-Boost PFC Converter 

Fig. 2.4 (f) exhibits the interleaved buck-boost PFC converter consisting of four diodes, 

two switches, and three inductors. The converter operated in DCM to ensure natural PFC for 

all operating conditions. The interleaved PFC consists of two DCM buck–boost converters in 

parallel, which operates at 180◦ out of phase. The topology has the lower control complexity 

by using of lower number of sensors which enhances the reliability of the system. To reduce 

the peak current through switches is very challenging during the higher power level [72]. 
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2.2.1.2 Isolated DC-DC Converters 

A single-phase isolated DC-DC converters are widely used in the OBC market and research 

area. The DC–DC stage converts the DC bus voltage into a regulated output DC voltage for 

charging batteries, which is required to meet the regulation and transient requirements. In the 

following paragraphs, the most popular and promising WBG-based isolated DC-DC 

converters are presented. The comparative critical analysis with specifications is mentioned 

in Table 2.3. 

2.2.1.2.1 Dual Active Bridge (DAB) Converter 

Fig. 2.5 (a) shows the dual active bridge (DAB) converter which is commonly used for EV 

charging systems due to its high efficiency, reliability, bidirectional power flow, buck and 

boost capability, low stress on components, and small filter requirements. The converter has a 

fixed switching frequency and small passive components [73]. 
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2.2.1.2.2 Series Resonant Converter 

Fig. 2.5 (b) shows the dual active bridge (DAB) series resonant converter [74]. The LC 

resonant frequency is set less than the switching frequency of the converter and therefore it 

works in continuous current mode and may suffer from hard switching with a variation of 

battery voltages. The controlled switch inductor network is added in the DAB LC type 

converter to reduce the hard switching effects range and improve the operating battery 

voltage range. 

Table 2.3: Isolated DC-DC Converters with specifications 

Attributes [73] [74] [75] [76] [77] [78] 

DC-DC 
Topology DAB Series 

Resonant LLC CLLC LCL PSFB 

Switching 
Device SiC SiC SiC SiC GaN SiC 

No. of devices 
(Active 

Switches/ 
Diodes/ 

Transformers/ 
Inductors/ 

Capacitors) 

8/0/1/1/1 8/0/1/1/2 4/4/1/2/2 8/0/1/2/3 8/0/1/2/2 4/4/1/3/1 

Input Voltage 700-800 750 500-900 385-425 800 350 

Output Voltage 380-500 400 250-450 250-450 150-950 250-400 

Rated Power 
(kW) 10 5 10 6.6 6.6 2 

Modulation 
Technique 

PWM and 
PSM SPS Frequency 

No 
Control 
DCX 
Mode 

PSM PSM 

Switching 
Frequency (kHz) 500 150-190 150 500 500 500 

Control and 
Modelling 
Approach 

Very 
Simple Simple Complex Complex Complex Very 

Simple 

Gain Range 1.5x 2x 1.67x 1x 6x 1x 

Power Density 
(kW/L) 5.44 1.4 4 8 7.3 5 

Efficiency (%) 98.2 98.5 98.5 >96.5 >97 96.5 
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2.2.1.2.3 LLC Resonant Converter 

The LLC-type DC-DC converter is widely used for EV charging systems due to its wide 

range of voltage output, ability to control voltage output at light load states, high efficiency, 

power density, and soft switching control capabilities. The schematic diagram of DAB with 

LLC resonant tank is shown in Fig. 2.5 (c) which is included a full-bridge converter, resonant 

tank, and filter capacitor. The efficiency of this topology achieves more than 96 % with an 

extendable voltage range [75]. 

2.2.1.2.4 CLLC Resonant Converter 

Fig. 2.5 (d) shows the schematic diagram of the DAB bidirectional CLLC resonant 

converter. The CLLC resonant converter has a wide range of output voltage, great soft 

switching, and symmetrical bidirectional power flow capabilities [76]. However, the 

converter has low efficiency and voltage regulation challenges under light load conditions. 

Compared to the DAB converter, the CLLC converter is controlled by a variable switching 

frequency and works with a much wider soft-switching region, especially at light load 

conditions. Although its control and design are more complicated, the CLLC resonant 

converter achieves higher efficiency. 

2.2.1.2.5 LCL Resonant Converter 

The LCL resonant converter is shown in Fig. 2.5 (e). The reactive power is reduced as the 

bridge currents are in phase and sinusoidal and therefore the efficiency of this converter is 

extremely high. Moreover, conduction losses are very low compared to the DAB converter as 

it has a soft-switching range over all switchers [77]. However, the use of a single central 

resonant tank may increase electric stress on the passive components and lead to an increase 

in current and voltage range. 

2.2.1.2.6 Phase-Shifted Full Bridge (PSFB) Converter 

The phase-shifted full bridge (PSFB) converter is commonly used for onboard charger due 

to many advantages such as low EMI, current stress on the components, soft switching 

capability, simple PWM control, and high-power density. In the schematic diagram of the 

PSFB converter shown in Fig. 2.5 (f), the secondary side active switches are replaced with 

the diodes for unidirectional power flow. However, the PSFB converter has conduction loss 
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due to current circulation during the freewheeling gap, voltage overshoots across the 

secondary side, limited ZVS range, and duty cycle loss [78]. 

2.2.2 Single-Stage OBC 

Single-stage OBCs combine the PFC converter with DC/DC converter without a bulky DC-

link capacitor. Therefore, it has higher power density, lower cost, and higher reliability 

potential than the two-stage configuration. This section reviews the recent developed WBG-

based single-stage isolated PFC AC-DC converter topologies. The critical comparative 

analysis of single-stage PFC AC-DC converters is shown in Table 2.4.  

2.2.2.1 DAB-Based Matrix Converter 

The DAB-based matrix converter topology is shown in Fig. 2.6 (a). It removes the DC-link 

capacitor, which improves reliability and power density. This OBC topology has the 

following merits: 1) No switching loss because of full ZVS operation of all MOSFETs of the 

converter; 2) open-loop input PFC without load current sensor; and 3) simple closed-loop 
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control due to the fact that the phase shift is proportional to the active power [79]. The 

downside is that the bidirectional switch requirement doubles the switch count and gate 

driver demand, which increases cost. The performance of this matrix converter is similar to 

the traditional two-stage OBC topology. Since there are no switching losses, the switching 

frequency can be increased, leading to passive components with reduced volume. Therefore, 

this topology can be a promising solution for the OBC application because of its high-power 

density and low system loss. 

2.2.2.2 Boost-Based Matrix Converter 

Fig. 2.6 (b) shows the current-fed single-stage single-phase isolated ac–dc converter [80]. 

The over-voltage problem is completely eliminated by changing the position of the resonant 

Table 2.4: Single-Stage OBCs with specifications 

Attributes [79] [80] [81] [82] [83] 

Single-Stage 
Topology 

DAB-Based 
Matrix 

Converter 

Boost-Based 
Matrix 

Converter 

Phase-Shifted 
Boost-Based 

Converter 

Current-fed 
Half-Bridge 
Converter 

Current-
Source PFC 
Converter 

Switching Device SiC SiC SiC/GaN SiC SiC 

No. of devices 
(Active Switches/ 

Diodes/ 
Transformers/ 

Inductors/ 
Capacitors) 

12/0/1/1/1 10/4/1/2/2 10/0/1/4/2 8/0/1/3/1 10/4/1/2/1 

Input Voltage 120 190-220 100-120 120 207-253 

Output Voltage 300-400 400 200-240 220-330 330-470 

Rated Power (kW) 1.6 3 3.8 3 3 

Modulation 
Technique --- Fixed 

Frequency PSM Fixed 
Frequency PSM 

Switching 
Frequency (kHz) 10 20 150 100 50 

Control and 
Modelling 
Approach 

Complex Complex Simple Simple Complex 

Power Density 
(kW/L) --- 3.8 6.09 --- --- 

THD (%) 3.5 --- --- 2.5 --- 

Efficiency (%) 89 94.5 96.6 96.5 95.4 
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components. Thus, lower voltage rating IGBTs can be applied. Furthermore, only one 

resonant capacitor is required now to realize ZCS operation. At the same time, all features 

such as one-stage power conversion, no dc-link capacitor, and good THD performance are 

inherited by the proposed converter. 

2.2.2.3 Phase-Shifted Boost-Based Converter 

Fig. 2.6 (c) shows the phase-shifted single-stage isolated OBC where it is operated on 

mixed adaptive duty cycle and phase-shift modulation strategy for achieving the soft-

switching range [81]. In addition, the fourth-harmonic injection method greatly reduces the 

grid current THD. The converter has high reliability and power density compared to 

conventional single-stage converter. However, the effectiveness of the modulation technique 

is not able to attain full range of input voltage and battery voltage.    

2.2.2.4 Current-fed Half-Bridge Converter 

Fig. 2.6 (d) shows the current-fed single-stage half-bridge ac-dc converter for EV charging 

application [82]. The converter achieves soft-switching at primary side primary side switches 

and secondary side devices throughout the operation without any additional components or 

snubber circuit. The modulation technique and control algorithm to ensure soft switching 

throughout the operation range of the converter in both directions of power flow. Also, the 

converter has high THD suppression and low control complexity. 

2.2.2.5 Current Source PFC Converter 

Fig. 2.6 (e) shows the current source isolated single-stage ac-dc OBC. Development and 

implementation of the AC-DC modulation and a control system for the asymmetrical 

secondary-modulated DC-DC converter [83] (ASMC) enable PFC operation and soft-

switching of the semiconductors for the whole period of the grid voltage. Other advantages 

include constant switching frequency and absence of clamping circuits. However, the 

converter is suffering from low reliability and high switching losses. 

2.2.3 Unidirectional Chargers 

The typical structure of a unidirectional charger is shown in Fig. 2.7 (a). To reduce system 

complexity, the front-end and DC-DC secondary side after isolation are typically realized 

using diode bridges. However, there are several unidirectional chargers that at least use an 

active front-end. Benefits of an active front-end power factor correction (PFC) stage in 
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unidirectional chargers includes a reduction in total PFC circuit components in the 

conduction path leading to higher efficiency, and enhanced functionality such as adjustable 

power factor control. Advantages of unidirectional chargers are reduced system complexity, 

fewer active circuit components, thus reduced system cost, and compact size. However, their 

profound disadvantage lies in the inability to facilitate the future of advanced smart grid 

functionalities. 

2.2.4 Bidirectional Chargers 

The typical structure of a bidirectional charger is shown in Fig. 2.7 (b). Bidirectional 

chargers enable power flow control from the grid to the vehicle (G2V), as well as V2H, 

external load (V2L), or most commonly back to the grid (V2G). Together, V2H, V2L, and 

V2G power flow control will be designated as (V2x). In bidirectional OBCs, active front-end 

PFC stage and active DC-DC secondary side are necessary. Although bidirectional chargers 

can facilitate a variety of beneficial functionalities, they come at the price of more circuit 

components, which increases the system cost and reliability burden, and could slightly impact 

the power density and weight of the OBC [84]. 
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2.3 Commercial Chargers in Market 

Many manufacturers are composed of WBG-based commercial OBCs for commercial in 

the automotive market. Table 2.5 represents the WBG-based commercialized chargers in the 

market for EV charging. A 6.6kW bidirectional OBC composed of a continuous conduction-

mode (CCM) totem-pole PFC and a resonant CLLC DC/DC converter was presented in. The 

interleaving architectures increases the power level and reduces the power loss at light load. 

the charger achieves a maximum efficiency of 97% utilizing Silicon Carbide (SiC) 

MOSFETs. Texas Instruments also developed a bidirectional 3.3kW PFC with Gallium 

Nitride (GaN) devices [85]. The Wolfspeed provides a bidirectional 6.6kW consists of a 

Table 2.5: Commercial WBG-based OBCs in Market 

Manufacturer Switching 
Device 

Input 
Voltage 

(V) 

Output 
Voltage 

(V) 

Power 
(kW) 

Efficiency 
(%) 

Power 
Density 
(kW/L) 

Cooling 
Method 

Texas Instruments 
[85] SiC 208-240 250-450 6.6 97 --- --- 

Wolf Speed [86] SiC --- 250-450 6.6 96.5 3.3 --- 

On Semiconductor 
[87] SiC 90-260 250-450 6.6 95 --- --- 

Eaton [88] SiC 110-240 225-500 22 >95 2 --- 

VisIC 
Technologies [89] GaN 90-264 240-420 6.6 96 3 Liquid 

Canoo [90] SiC/GaN --- --- 7.2 98.7 --- --- 

Delta-q [91] SiC/GaN 85-265 250-450 6.6 96 2.26 Liquid 

Hella [92] SiC/GaN --- 800 22 >96 4 --- 

Continental [93] SiC/GaN --- ---- 3 >94 --- --- 

BorgWarner [94] SiC --- 400 7 --- --- --- 

Current Ways [95] SiC 97-265 250-425 6.6 96 3.3 Liquid 

Fraunhofer [96] SiC 115-230 315-395 3.7 95.3 --- Air 

Valeo Siemens 
[97] SiC 85-265 --- 3.5 94 --- --- 

Delta [98] SiC/GaN 120-240 250-450 6.6 >95 0.37 Liquid 

ST-
Microelectronics 

[99] 
SiC 85-265 250-450 7 --- --- --- 
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totem-pole PFC and an isolated CLLC DC/DC converter [86]. The bidirectional OBC 

demonstrates a power density of 3.3kW/L and a peak efficiency exceeding 96.5%. On 

Semiconductor developed SiC-based 6.6 kW OBC with higher reliability [87]. Also, the 

battery charger consists of interleaved boost PFC converter with LLC DC-DC converter 

which achieves 95% efficiency. Eaton provides a bidirectional 3kW to 22kW OBC [88]. The 

range of input voltage varies from 110V to 240V, and the output voltage is from 225V to 

500V. It can achieve over 95% efficiency with the maximum charging rate, and a power 

density of 2kW/L [84]. GaN-based 6.6 kW OBC offered by Visic Technologies has a higher 

power density with wide input and output voltage range [89]. This charger consists of dual 

boost bridgeless PFC with lower size of inductor and full-bridge LLC converter with 

minimum power losses. It also showcases the optimal heat dissipation design with the 

package isolated top colling solution.  

Canoo developed 7.2 kW OBC with lower switching loss and efficient thermal 

management [90]. This battery charger has higher power conversion efficiency at 98.7% with 

maximum charging rate. Delta-q provided a bidirectional 6.6 kW OBC, which uses 650 V 

GaN and 1200 V SiC devices achieves an efficiency above 96% and has a power density of 

2.26 kW/L [91]. The OBC topology includes a totem-pole bridgeless PFC converter that 

operates in critical conduction mode (CRM) and downstream CLLC resonant topology as the 

second-end stage. Hella developed a GaN-based 22 kW EV charger with higher reliability, 

higher power density and decreased vehicle weight, giving more excellent driving range and 

opening up new diversity in structure [92]. Continental composed GaN-based 3 kW OBC, 

which has a higher frequency operating range, leads to compact size, great air-cooled, and 

design flexibility for battery charger incorporation [93]. A SiC-based 7 kW OBC is designed 

and developed by BorgWarner, it provides a robust design, higher power density, and low 

cost [94]. 

Current Ways also provides a 20kW modular SiC bidirectional OBC, which can achieve an 

efficiency higher than 97% and a power density of [95]. SiC-based 22 kW OBC offered by 

Fraunhofer has higher power density and efficient air-cooling system [96]. Valeo Siemens 

developed a bidirectional 3.5 kW OBC, which reaches an efficiency over 94% [97]. The 

input voltage of the totem-pole PFC varies from 85 V to 275 V, and the output voltage from 

200 V to 1000 V. However, the information of the DC/DC converter is limited. Delta 

developed 6.6 kW SiC and GaN-based OBC, it comprises of totem-pole PFC and CLLC 

based DC-DC converter [98]. It has better thermal management system and higher reliability. 
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ST Microelectronics provides the 7kW OBC, which has wide range of input and output 

voltage [99]. Also, it offers dynamic power management and lower acoustic noise emissions. 

2.4 EV Charging Infrastructure Consideration 

EVs have not been extensively popular among public in spite of positive impact on the 

environment and high energy efficiency. One of the prime reasons is the lack of battery 

charging infrastructure, which requires a huge investment from the Government and the 

private sectors. The major barriers to infrastructure installations are codes and standards, 

costs of installation, planning of utility infrastructure, construction, knowledge of consumer, 

metering, role of contactor, permission procedures, etc. This section reviews the mainly 

infrastructure-based charging strategies and future capabilities of OBCs. 

2.4.1 Infrastructure-Based Charging Strategies 

Due to the year-over-year projected influx of EVs across the world, more intelligent 

charging of EVs will be necessary to realize EVs full benefits in the electric grid and protect 

potentially at-risk distribution systems. Case studies in Greece and Toronto have been carried 

out in [100] and [101], respectively. In Greece, large EV deployment resulted in voltage 

deviation violations in rural electric network lines, as well as overloading in urban electric 

network lines. However, smart, coordinated, charging methods were shown to alleviate these 

problems and enable higher EV penetration rates. In the case of Toronto, while slow EV 

OBCs (<6.6 kW) were not likely to cause significant overloading problems to the local 

electric grid, the long charging times were seen to absorb available spare capacity of 

transformers and negatively affect their cooling cycles. On the other hand, higher power 

OBCs (6.6 kW) showed significant impact on equipment capacity and margins of safe 

operation, and it was therefore recommended for utilities to upgrade the electrical equipment 

before accommodating these chargers. 

2.4.1.1 Uncoordinated Charging 

Uncoordinated charging is currently the predominant method of charging EVs throughout 

the world, as a large percentage of users charge their EVs when they return home. 

Uncoordinated charging designates that when a user plugs in their EV, charging begins. 

While this is convenient for EV owners, it may negatively impact the electric grid, for 

example in equipment overloading or spare capacity absorption as detailed in both of the 

aforementioned case studies. 
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2.4.1.2 Coordinated Charging 

Coordinated charging is the future direction for EV charging infrastructures. This type of 

charging is significant for utility providers as they would be able to shape instantaneous 

energy consumption, in particular the EV charging load, to maintain a desirable load profile 

at the distribution level and thus ensure high energy efficiency and grid stability [102]. 

Coordinated charging can also benefit EV owners, by ensuring a reasonable SoC level at 

times of lower electricity cost as compared to the uncoordinated case [102], [103]. A 

coordinated charging pilot program was initiated by PG&E and BMW in the state of 

California from July 2015 to December 2016, called BMW iCharge Forward [104]. This pilot 

program successfully tested the feasibility of managed EV charging as a flexible grid 

resource, and was a success from the viewpoints of energy reduction as well as customer 

satisfaction [104]. 

2.4.2 Future Capabilities of OBCs 

As EVs become more popular on a global scale, utilities will look to utilize advanced 

functionalities that OBCs are able to accommodate. 

2.4.2.1 Peak Shaving (V2G) 

One of the well-known and sought-after functionalities for EV OBCs is active V2G power 

flow control, deemed peak shaving. V2G enables EVs to behave as an energy storage unit 

that can distribute energy back to the grid whenever required by the utility, typically in a 

period of high electricity demand. Additionally, EVs can store energy in periods of excess 

grid-side generation and later deliver it back to the grid, if required [105]. One of the 

limitations in peak shaving is increased battery degradation, since active power is transferred 

in both the G2V and V2G operation modes. The effect of daily contributions from both 

modes has been analysed in [106]. As expected, battery degradation was pronounced in peak 

shaving operations primarily due to the high depth-of-discharge requested by the utility. A 

further limitation for V2G power flow is the power ratings of current OBCs. 

2.4.2.2 Ancillary Services (G2V, V2x) 

While the predominant modes of operation for EV OBCs involve simple G2V and V2G, 

other smart operations have been identified and investigated [9]. For instance, in [107], 

additional operational modes include V2H, where the EV is used as a power source for an 
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isolated home or potentially an offline UPS for a grid-connected home, and vehicle-for-grid 

(V4G), where the EV provides grid support functions, such as reactive power compensation 

and frequency regulation. A two-stage non-isolated charger exhibiting simultaneous active 

and reactive power control has been shown in [108], where further it was demonstrated that 

neither battery lifetime nor SoC were affected by the reactive power support. The same 

procedure could also be applied to two-stage isolated chargers with the same conclusions, 

since the front-end PFC stage can take sole responsibility for generating a variable DC link 

voltage at the requested power factor [109]. One disadvantage is that the two-stage charger 

will have increased burden on the DC link capacitor, as there will be more charge and 

discharge cycles compared to only active power control. 

Additional to reactive power compensation is grid frequency regulation. In [110], a 

comprehensive analysis is presented for OBCs providing frequency regulation services as 

well as the potential impacts on EV battery degradation. As opposed to mechanical systems 

that take time to react to grid disturbances, EV OBCs could provide more rapid support if 

controlled appropriately. While EV owners could be paid for offering this service to the grid, 

based on the presented cost-benefit analysis, it appeared unlikely that financial incentives 

would be enough, and thus the authors recommend for utilities and government to draft 

additional motivations. One facet of the second phase of the iCharge Forward project aims to 

investigate engagement strategies to incentivize drivers to participate in V2x programs [104]. 

While some smart charging techniques and advanced capabilities of OBCs were 

introduced, an additional point of reference regarding these topics can be found in [9]. 

Furthermore, a more recent comprehensive overview of smart microgrid control strategies 

utilizing distributed energy storage (ES) systems is developed in [111]. While [111] applies 

generally to any ES system, EVs equipped with a bidirectional OBC can be considered as a 

battery ES system in a smart grid network. 

2.5 Future Trends and Challenges 

To push the performance and adoption of OBCs, the main goals focus on low-cost, high-

power density, high power level, and high efficiency. This section reviews the future research 

trends and potential challenges from the point of view of the topology, soft-switching 

techniques, advanced control techniques, thermal design, system integration, wireless 

charging system, and challenges. 
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2.5.1 Power Converter Topology 

It is expected that the majority of bidirectional OBCs will be single-stage structure within 

the after 10 years. Due to its simple structures and controls, and high efficiency. As the power 

level requirement increases, a three-phase system is required where modular single-phase 

converters are a suitable option to achieve 22kW OBC. Three-phase full-bridge PFC is also a 

suitable option for bidirectional battery charging applications, in particular the three-level T-

type converter, due to higher efficiency, although it has higher component number and higher 

complexity in control. Moreover, at high power levels, single-stage OBC converters would be 

preferred for bidirectional applications since they can achieve high power density and 

compactness, although they raise some challenges in terms of hardware design and achieving 

high efficiency [112]. Higher efficiency and better reliability could be achieved by an 

advanced control method and high-performance components. 

2.5.2 Soft-Switching Techniques for WBG-Based Power 

Converters Topology 

For EV applications, novel soft-switching approaches are being developed using unique 

power circuit topologies and digital control methodologies. soft-switching techniques play a 

cardinal role in reducing conduction losses. The goal of novel soft-switching approaches for 

EV power converters is to accomplish soft switching with minimum changes in power 

circuitry and to employ more complex modulation and control systems [113]. The study will 

primarily focus on employing easy and simple modulation and control techniques to improve 

the performance of power circuits utilizing power configuration. 

2.5.3 Advanced Control Techniques 

Advanced control techniques can be applied to WBG-based OBCs such as Model 

Predictive Control (MPC) which has a higher optimized performance level and precise 

tracking prediction with fast dynamics [114]. The backstepping control method has a higher 

signal and control stability [115]. Passivity-based control technique has more play and plug 

stability with accurate estimation without chattering problems [116]. The sliding mode 

control technique is simple in terms of implementation and higher robustness [117]. The 

observer technique has a precise tracking system against uncertainties and disturbances [118]. 

The intelligent control system has fast dynamic control and is less complicated in any system 

[119]. Artificial Intelligence (AI) control-based technique has higher accuracy and improves 
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system performance [120]. Deep Learning (DL) and Machine Learning (ML)- based control 

methods reduce the control complexity [121]. Distance-range concerns, long-duration 

charging times, and significant financial pressure from off-board chargers will all be 

addressed in the future by increasing the size of the EV battery. The automotive industry’s 

next step is to build a fast charger that enables high efficiency, power levels, and power 

density. 

2.5.4 Thermal Design 

The high switching frequency and integrated power electronics devices cause significant 

thermal management challenges due to a more compact packaging and higher eddy current 

and skin effect losses of passive components. These eddy current losses induced in the 

magnetic components have a detrimental effect on the charger’s performance and reliability. 

The future thermal design of OBCs will likely use high-end liquid cold plates integrated into 

the OBC enclosure along with intelligent interfaces with the vehicle liquid cooling system 

like motor and DC/DC system. Hence, the thermal management engineer will have to 

consider the vehicle thermal design comprehensively and very early to dissipate all the heat 

loads efficiently, including the OBC, inverter, and battery pack. Moreover, common heat sink 

manufacturing process like extrusion and casting have well known limitations for heat sink 

designs. On the other hand, additive manufacturing technology opens up an opportunity for 

nonconventional geometries that can achieve higher surface density and excellent heat 

exchange. Additionally, heat pipes are becoming an attractive solution for automotive cooling 

because of its high heat transfer, low thermal resistance and low cost [122]. 

2.5.5 System Integration 

To further increase the power density of the overall system, the OBC integration with the 

traction inverter is an alternative. Some production vehicles already include mechanical 

integration of the OBC with other vehicle power electronics modules such that they share a 

common housing, reducing cost and weight [123]. Beyond simple mechanical integration, 

there is potential to further increase the power density while simultaneously increasing the 

charging power capability by electrically integrating the OBC with the inverter at the 

topology level. This is often referred to as an integrated battery charger topology, and has 

received significant attention by the research community and some limited 

commercialization. Integrated battery charger topologies generally repurpose some 

combination of the traction inverter, electric motor windings, and high voltage DC/DC 
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converter if available, to achieve battery charging functionality from the AC grid. Since the 

traction inverter is inherently a bidirectional DC/AC converter, integrated battery charger 

topologies can often have bidirectional capabilities as well, depending on how the system is 

configured in charging mode. Common challenges with integrated battery charger topologies 

include torque production in the electric machine during the charging mode, and a lack of 

galvanic isolation between the AC grid and the vehicle. Torque production can be eliminated 

by restricting it to high frequency components with a zero average [124], phase transposition 

in the charging mode or through flux cancellation with split winding machines [125]. 

Galvanic isolation is primarily required to prevent common mode currents from creating a 

shock hazard for the user. Renault has included a 43kW non isolated integrated charger in the 

Zoe [124], demonstrating the commercial viability of these solutions. 

2.5.6 Wireless Charging Systems 

Conductive charging techniques for EVs bring challenges such as charging time, range 

anxiety, charging infrastructures, and queuing time at the charging station. On the other hand, 

the wireless power transfer (WPT) technique is a promising trend for EV charging, since it 

aims to address the issues above while bringing safety and convenience for the users. Many 

OEMs have started to research inductive power transfer (IPT) techniques for EVs. The BMW 

530e PEV features wireless charging in California, US. Honda also presented its wireless 

V2G concept with wireless charging specialist WiTricity in 2019, which combines the WPT 

and bidirectional power transfer function. Moreover, SEA 2954 offers standard guidelines of 

WPT industry specifications [126]. WPT theory for EVs has been widely studied in the 

research field. Although WPT can be applied in both on-board and off-board chargers, this 

paper focuses on wireless charging of OBCs. 

WPT is classified as static wireless charging (SWC), dynamic wireless charging (DWC), 

and quasi-dynamic wireless charging (QWC). SWC avoids the shock hazard of wires and 

metal and can be charged at a convenient location like home garages or parking lots. The 

control strategies like variable frequency and fixed frequency are presented to improve the 

operating efficiency in [126]. Some structures and shapes of the coil are proposed in [126] for 

better robustness, cost-effectiveness, and minimization of the stray magnetic field. DWC 

charges the EV with the specific charging lane, which can prolong the EV range and reduce 

the battery size. Many methods are proposed like road built-in pad [127], pad array-based 

coupling technique [128], and segmental track strategy [129]. However, due to high 
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maintenance costs and complicated models, they are challenging to be applied in practice. 

The double couple method is presented in [130], but it fails because of high-frequency 

transmission. SWC and DWC are combined in [131] and show promising results but are 

expected to also feature a high cost. QWC charges the EV when it stops for a short time, like 

at a traffic light, which combines the advantages of the SWC and DWC and also simplifies 

the complex implementation of the DWC. WPT has many challenges to be overcome, such as 

relatively low efficiency and power density, high cost, and manufacturing complexity. 

Moreover, distant charging is also a challenge at a high-power level. 

2.5.7 Challenges 

Due to the increasing number of active components, it is challenging to maintain the 

system reliability of OBCs. [132] presents a fault-tolerant system to improve reliability, but it 

adds additional models that cause more weight and cost. Some control methods are proposed 

to optimize the reliability, such as the switching function algorithm [133], the bi-objective 

algorithm based on efficiency and reliability [134], and the adaptive control method [135]. 

[136] offers a modular power converter to obtain reliable operations. The active thermal 

control method is also a valuable way to reduce failure [137]. Moreover, the development of 

bidirectional OBC also exposes challenges for the infrastructures in the related industry. 

Firstly, the bidirectional power flow needs to be compatible with advanced smart grid 

functionalities. Hence, updating the grid and infrastructures is a major concern. Secondly, 

although bidirectional OBC has some merits like peak shaving and frequency regulation for 

the grid, it has some potential impact on battery degradation because of frequent charging or 

discharging operations. Government or utilities need to provide additional motivation policies 

like financial incentives to encourage potential consumers to choose bidirectional power flow 

capable EV. On the other hand, safety monitoring and protection are required in the V2G and 

G2V modes. The smart grid should be robust and reliable to accept V2G. 

2.6 Conclusion 

The capacity of the EV battery will increase in the future to deal with issues such as range 

anxiety, long charging time, and high financial pressure of off-board chargers. Facilitating a 

higher-power level, higher efficiency, and higher power density is the next step in the 

automotive industry. This chapter presents a detailed overview and future trends of WBG-

based OBCs for EVs. The current status of OBCs including architectures, power converter 

topologies including two-stage and single-stage, WBG-based commercial chargers in the 
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global market, and charging infrastructure consideration have been reviewed. Two-stage and 

single-stage solutions have been investigated. Most high-power OBCs for commercial 

applications use a two-stage configuration with a DC-link capacitor because of its simple 

structure and excellent performance. Front-end totem-pole PFC converter and downstream 

CLLC DC/DC converter are widely used. Single-stage OBCs without DC-link capacitors for 

high power levels may be attractive because of high power density. In addition to industrial 

examples, this chapter reviews key promising OBC topologies. The future work of OBCs is 

summarized from the viewpoints of topology, soft-switching techniques, advanced control 

methods, thermal design, system integration, wireless charging system, and challenges. 

Single-stage OBC is a new trend to achieve high power density. WBG devices are of interest 

to OBC manufacturers due to their superior performance. Moreover, it is expected that the 

cost of WBG devices will further decrease, which will help broaden their use in cost-

competitive applications such as the automotive industry. Research areas like gate driver 

design and EMI design deserve attention. The thermal design of OBCs is also projected to 

integrate with the thermal design of other parts of EVs. Highly integrated OBC with other 

electrical components like the traction inverter or motor is also a trend to improve power 

density. Wireless charging system will keep the popular trend. Further work is ongoing to 

meet the expectations in terms of efficiency, power density, reliability, and cost of OBCs. 
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Chapter 3: Single-Stage Bidirectional PFC 
Converter Based Plug-in V2G EV Charger  

3.1 Introduction 

Typically, in single-phase converters, the PFC with isolation is implemented using a two-

stage conversion. In two-stage conversion, a single-phase ac-dc non-isolated active PFC 

converter is employed at first stage followed by an isolated dc-dc converter at second stage 

[64], [138]. The front-end active PFC converter provides sinusoidal input currents with unity 

power factor and low THD. The second stage DC-DC converter provides isolation and 

regulated output voltage according to the load requirements. This is the simplest approach, 

but the total power has to be processed two times, which leads to higher losses and low 

efficiency. In addition, the two-stage conversion requires more number of semiconductors 

and a bulky DC-link electrolytic capacitor, which increases the system weight and 

compromises the system reliability [138]. Therefore, it is not a viable option for EV charging 

application. The alternate option is the single-stage approach, where the power is processed 

only one time. The PFC and isolation stages are combined to have direct power conversion. 

As a single-conversion stage, it is expected to have less number of components, higher power 

density and reliability. Also, single-stage OBCs are potential candidates for providing power 

quality enhancements like reactive power compensation, power factor correction, voltage 

regulation, and vehicle-to-grid (V2G) functionalities, such as frequency regulation and peak 

shaving.  

Recent studies have emphasized a new class of current-fed topologies that attracted great 

attention because of their evident merits over conventional voltage-fed converters as follows: 

1) inherent short-circuit protection; 2) low HF turns ratio; 3) high step-up ratio; 4) low input 

current ripple; 5) lower duty cycle loss; 6) negligible diode ringing; 7) more accessible 

current control capability and 8) reduced circulating current leading to the low peak and RMS 

current through the switches. Usually, current-fed converters were implemented with a 

resistor-capacitor-diode (RCD) snubber, active clamp, or lossy regenerative snubber to avoid 

the voltage spike across the switched turn-off device [139]. Nevertheless, passive snubber 

circuits attribute to costly, bulky, and lower efficiency, while active snubber circuits need 

floating active devices and large HF capacitors and add peak current with less reliability. 

This chapter proposes a novel topology for EV charger with soft-switched modulation 

technique (zero-current switching). A single-stage single-phase PFC converter comprising a 
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current-fed full-bridge with bidirectional switches at the primary side and a full-bridge 

converter at the secondary with an HF transformer, as shown in Fig. 3.1 for EV charging 

application. Also, a current-fed converter-based novel modulation scheme has been proposed 

for the topology depicted that results as: 1) reduced ripple at the supply grid side and 

enhancing the ripple frequency to 2x switching frequency; 2) less switching loss: zero current 

switching at primary side switches and zero-current turn-on at secondary side switches; 3) 

snubber-less naturally clamped soft-switching is maintained during operating range 

throughout bidirectional power flow; 4) ZCS and mitigating the voltage-spike problems in 

semiconductor devices and limits the RMS current attribute to higher efficiency; 5) high 

power factor correction operation and better THD profile. Therefore, a comprehensive study 

of proposed steady-state operation, design, simulation results, experimental results and merits 

of the proposed converter with other state-of-the-art single-stage converters has been studied 

and analyzed in this chapter. 

3.2 Proposed Converter 

Fig. 3.1 shows the circuit diagram of a novel single-phase single-stage current-fed 

bidirectional dual active bridge PFC converter for Level-1 EV charging application. The 

configuration has a current-fed bidirectional full-bridge topology connected through 

galvanically isolated HFT to a full-bridge topology affiliated with the battery. L is the boost 

inductor, and Llk is the series leakage inductance of the HFT. An external inductance should 

be connected in series if the leakage inductance is lower than necessary. C0 is the output filter 
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Fig. 3.1. Proposed single-stage PFC topology for Level-1 EV charger. 

 



52 
 

capacitor. This topology can operate in four modes based on the polarity of grid voltage and 

grid current, as depicted in Fig. 3.2(a). Also, it can operate effectively in regions of the active 

and reactive power (P-Q) under the four modes of operation as shown in Fig. 3.2(b). During 

grid-to-vehicle battery (G2V) of Mode-I and Mode-III, the topology behaves as a full-bridge 

isolated boost converter (current-fed full-bridge with bidirectional switches at grid-side), and 

while in vehicle battery-to-grid (V2G) of Mode-II and Mode-IV, the topology behaves as a 

Mode IV  
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Fig. 3.2. Diagram of four modes of operation. 
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Fig. 3.3. One typical AC-line frequency cycle for different modes of operation. 
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standard voltage-fed full-bridge isolated converter with an inductive output filter L. Fig. 3.3 

demonstrates the Vin and Iin with power factor angle θ in the time-domain-plot for standard 

operation. All modes of operation of the introduced converter are illustrated in Section III. 

3.3 Converter Steady-State Analysis 

The operational scheme of the proposed converter is divided into four modes based on the 

polarization of grid current and voltage with the handling to perform in a bidirectional way 

containing active and reactive power flow. Table 3.1 exhibits the modulation technique used 

for the proposed configuration. The detailed analysis and operation of the proposed converter 

in all four modes are described as follows. 

3.3.1 Mode-I (Grid-to-Battery Operation) 

The operational scheme of the proposed converter is divided into four modes based on the 

polarization of grid current and voltage with the handling to perform in a bidirectional way 

containing active and reactive power flow. In Mode-I, the power is transmitted from the 

supply grid to the vehicle battery when grid voltage and grid current are positive. Fig. 3.4 

Table 3.1: Modulation Technique for the Proposed Converter 

Parameters Mode-I Mode-II Mode-III Mode-IV 

Grid Voltage, Vin Vin >0 Vin >0 Vin <0 Vin <0 

Grid Current, Iin Iin >0 Iin <0 Iin <0 Iin >0 

Input Power, Pin G2V V2G G2V V2G 

S1a, S2a, S3a, and S4a HF at duty ratio 
d1 

OFF Remained-ON Remained-ON 

S1b, S2b, S3b, and S4b Remained-ON Remained-ON HF at duty ratio 
d1 

OFF 

S5, S6, S7, and S8 

Fixed duty ratio 

(d2) 

S5, S8 similar 

S6, S7, similar 

0.5 duty ratio dr 

and PSM 

S5, S8 

complementary 

S6, S7, 
complementary 

Fixed duty ratio 

(d2) 

S5, S8 similar 

S6, S7, similar 

0.5 duty ratio dr 

and PSM 

S5, S8 

complementary 

S6, S7, 
complementary 

where, 𝑑 = duty cycle of the switch, 𝑇𝑠 = switching period 
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shows the gate pulses of AC-side switches S1a, S4a, and S2a, S3a of two-phases. They are 

phase-shifted by 180θ. During mode-I, primary-side switches S1a, S2a, S3a, and S4a are 

operated with high-frequency duty cycle d1 modulation, and it is maintained greater than 50% 

for ensuring overlap between the legs during the conduction. At the same time, other AC-side 

switches S1b, S2b, S3b, and S4b are continuously ON during the cycle when the grid voltage is 

positive in this operation. DC-side switches S5, S8, and S6, and S7 are operated with fixed 

duty-cycle d2. The turned-OFF of all DC-side switches is associated with the AC-side 

switches as depicted in Fig. 3.4. 

The grid current Iin flows through AC-side switches S1a and S4a when they are turned-ON, 

and S2a and S3a are turned-OFF. The inductor current IL transfers through HFT from AC-side 

to DC-side. The current IL is shifted from HFT to the switch linearly when S2a and S3a are 

turned-ON, followed by current via S1a and S4a gradually falling and reaching out at Iin/2. The 
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Fig. 3.4. Typical waveforms of Mode-I operation for proposed converter. 
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current flows through DC-side switches S6 and S7 until its body diodes reach zero. The DC-

side switches are utilized to minimize the current at AC-side switches and naturally switched 

OFF to achieve ZCS. The voltage -V0/𝑛 at the AC-side of HFT is gained by gating the DC 

side switches S6 and S7 just before the turned-OFF the AC-side switches. This makes the 

current flow through AC-side switches reach zero naturally, regardless of load variations. The 

current flows through AC-side switches reaches zero before it is switched OFF by the value 

of duty cycle d2, of DC-side switches. Higher peak current results from the need to deliver 

power to the DC-side in lesser time of (1-𝑑1) 𝑇𝑠 when 𝑑1 is higher. For that, Under the 

operating conditions of grid voltage and grid current during this mode, the peak current flows 

through AC-side switches can be minimized by fixing the duty cycle d2 of DC-side switches; 
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Fig. 3.5. Typical waveforms of Mode-II operation for proposed converter. 
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likewise, it can be reduced in the switch at another leg. Also, it minimizes the circulating 

current at grid side devices with the help of secondary side duty ratio d2, resulting in lower 

conduction loss and increased efficiency. During this mode, it can be clearly seen that the 

ZCS of AC-side switches by the current flowing through HFT and semiconductor devices 

which is shown in Fig. 3.4. Voltage across the AC-side and DC-side of HFT is depicted in 

Fig. 3.4. As per the on-state and off-state of the grid side switches and DC-side switches 

during the mode-I, the 𝑉𝑖𝑛 and 𝑉0 a relationship is calculated as, 

 

𝑉0 =
𝑛 . 𝑉𝑖𝑛 

2. (1 − 𝑑1) 
 (3.1) 
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Fig. 3.6. Typical waveforms of Mode-III operation for proposed converter. 
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In [140], the full operation and analysis of this mode have been showcased in details for 

DC-DC applications. The limited power is being shifted by the product of switching 

frequency and series inductance. However, the current controller is designed to regulate the 

duty cycle of AC-side switches by more than 50% to follow the grid current to the reference 

value. 

3.3.2 Mode-II (Battery-to-Grid Operation) 

In Mode-II, the power is transmitted to the grid from the vehicle battery. For the negative 

grid current during this mode, the current flowing through diodes of of 𝑆1𝑏, 𝑆2𝑏, 𝑆3𝑏, and 𝑆4𝑏 

and AC-side switches 𝑆1𝑎, 𝑆2𝑎, 𝑆3𝑎, and 𝑆4𝑎 are remained OFF. This configuration behaves 

as a standard voltage-fed full-bridge isolated converter with an inductive output filter [141]. 

The gate pulses of upper and lower switches at the DC-side complement each other and the 

phase-shifted modulation (PSM) technique by 𝛷𝑇𝑆 between two legs, as depicted in Fig. 3.5.  

In addition, the dead-band between upper and lower devices on the DC-side are selected to 

ensure the zero voltage switching (ZVS) by anti-parallel diodes are operating before turned-

ON. For getting the variant efficient 𝑉0, the phase angle can be changed from 0-50% during 

this mode. The 𝑉𝑖𝑛 and 𝑉0 a relationship is calculated as, 

𝑉𝑖𝑛 =
(𝛷 − 𝛷′). 𝑉0 

2. 𝑛
 (3.2) 

where 𝛷 is the phase angle and 𝛷′𝑇𝑆 represents the amount of time consumed by 𝐿𝑙𝑘 for 

transiting current from positive to negative and contrariwise, which is described in Fig. 3.5. 

The current flows via AC-side devices 𝑆1𝑏, 𝑆2𝑏, 𝑆3𝑏, and 𝑆4𝑏 and via diodes of devices 𝑆1𝑎, 

𝑆2𝑎, 𝑆3𝑎, and 𝑆4𝑎 are remaining continuous with ZCS operation, which enhances the power 

conversion efficiency of the converter. 

3.3.3 Mode-III (Grid-to-Battery Operation) 

During this mode of operation, the power is transmitted from the supply grid to the vehicle 

battery when the negative half-cycle of grid voltage. Since the grid current in reverse polarity, 

the gate pulses of AC-side devices S1b, S4b and S2b, S3b are conducted with phase-shifted by 

180θ as shown in Fig. 3.6. During mode-III, primary-side switches S1b, S2b, S3b, and S4b are 

operated with high-frequency (HF) duty cycle d1 modulation, and it is maintained greater 

than 50% for ensuring overlap between the legs during the operation. At the same time, other 

AC-side switches S1a, S2a, S3a, and S4a are continuously remained ON during the cycle due to 
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grid voltage is in negative direction. DC-side switches S5, S6, S7, and S8 are operated with 

fixed duty-cycle d2. The gate pulses are exchanged compared to the positive cycle of grid 

voltage and current to achieve the reverse direction of AC-side voltage across the HFT as 

shown in Fig. 3.6. The grid current Iin flows through AC-side switches S1b and S4b when S2b 

and S3b are turned-OFF and S1b and S4b are turned-ON. The turn-OFF of S5 and S8 are 

associated with turn-OFF of S1b and S4b. The turn-OFF of S6 and S7 are associated with turn-

OFF of S2b and S3b. The current flowing through AC-side devices S1b and S4b, S2b and S3b fall 

to zero before turned-OFF leads to ZCS-off and also minimizing the turn-on losses during 

turned-ON mode of operation. The 𝑉𝑖𝑛 and 𝑉0 a relationship is calculated as, 
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Fig. 3.7. Typical waveforms of Mode-IV operation for proposed converter. 
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𝑉0 = −
𝑛 . 𝑉𝑖𝑛 

2. (1 − 𝑑1) 
 (3.3) 

3.3.4 Mode-IV (Battery-to-Grid Operation) 

In Mode-IV, the power is being taken from the vehicle battery to the grid. For the positive 

grid current during this mode, the current is flowing through diodes of of 𝑆1𝑎, 𝑆2𝑎, 𝑆3𝑎, and 

𝑆4𝑎 and AC-side switches 𝑆1𝑏, 𝑆2𝑏, 𝑆3𝑏, and 𝑆4𝑏 are continuously remained ON, while 

devices are conducted with ZVS by maintaining the PSM technique at DC-side as shown in 

Fig. 3.7. The 𝑉𝑖𝑛 and 𝑉0 a relationship is derived as, 

𝑉𝑖𝑛 = −
(𝛷 − 𝛷′). 𝑉0 

2. 𝑛
 (3.4) 

3.4 Control Scheme 

Fig. 3.8 exhibits the general control scheme with G2V and V2G capabilities for a plug-in 

EV charger. A conventional PLL is suffering from extra noise immunity due to the presence 

of second-order harmonic. In order to lessen the second harmonic and higher-order ripples, 

more feedback terms are used. A mixer phase detector creates trigonometric correlations 

between the sum and difference of the input and estimated frequencies in the resultant signal 

by multiplying two sinusoidal signals. A modified single-phase phase-locked loop (PLL) is 

utilized to get the phase angle and magnitude of input voltage [142]. A reference for the 

active power Pref is calculated from the vehicle battery controller. The iin,ref is derived based 

on reactive power Qref that must be delivered to the grid. The goal of a current controller is to 
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Fig. 3.8. Control scheme for proposed charger. 
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perfectly follow the iin,ref of grid frequency with the least amount of steady-state error and 

distortion as feasible, which can be achieved by offering high open-loop gain at grid 

frequency.  It is known as a proportional resonant (PR) controller for providing high gain 

with correctly tunned grid frequency, and it is employed and designed for regulating iin,ref. 

Based on the mode of operation listed in Table 3.1, a proposed four-mode modulation 

technique is employed to generate the gating signals for semiconductor devices of the 

proposed converter. 

3.5 Converter Design 

In this section, the proposed converter is designed according to a proposed procedure as per 

the given specification for Level-1 EV charging application: : Grid voltage 𝑉𝑖𝑛=120 𝑉𝑟𝑚𝑠, 

Line frequency 𝑓𝑠=60 Hz, Power  𝑃𝑜=1.5 kW, Input peak grid current 𝐼𝑖𝑛,𝑚𝑎𝑥=17.1 A, 

switching frequency 𝑓𝑠=100 kHz. The vehicle battery voltage 𝑉𝐵𝑎𝑡=220-330 V and it utilizes 

Table 3.2: Converter Specifications 

Parameter Value 

Grid Voltage, Vin 120V (rms) 

Grid Current, Iin,max 17.76 A 

Grid frequency, fline 60 Hz 

Output voltage, Vo 300 V 

Output power, Po 1500W 

Switching frequency, fsw 100 kHz 

 
Table 3.3: Converter Design Parameters 

Parameter Value 

Input Boost Inductor, L 170μH 

Leakage Inductance of Ls 6.5μH 

Turns ratio, n 1.2 

Output Capacitor, C0 2*1200μF 
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80 Li-ion batteries connections. During Mode-I and III operation, the duty ratio of AC-side 

switches is limited to more than 0.6 [143]. 

1) The maximum voltage across the AC-side switches is, 

𝑉𝑆𝑊,𝑃 =
𝑉0,𝑚𝑎𝑥 

𝑛 
 (3.5) 

2) The Transformer turns ratio is rated as, 

𝑛 =
2. 𝑉0,𝑚𝑖𝑛. (1 − 𝑑1,𝑚𝑖𝑛) 

𝑉𝑖𝑛,𝑚𝑎𝑥
 (3.6) 

Where, 𝑑1,𝑚𝑖𝑛 is the duty cycle for mode-I and III,  𝑉0,𝑚𝑖𝑛 is the minimum output voltage, 

and 𝑉𝑖𝑛,𝑚𝑎𝑥 is the peak input voltage. 

3) Series leakage inductance of 𝐿𝑙𝑘 is needed to verify ZCS through the operating 

requirements. It can be calculated as, 

𝐿𝑙𝑘 =
𝑉0,𝑚𝑖𝑛. (𝑑1,𝑚𝑖𝑛 − 0.5) 

2. 𝐼𝑖𝑛,𝑚𝑎𝑥 . 𝑓𝑠 . 𝑛 
 (3.7) 

The experimental value of 𝐿𝑙𝑘is marginally low than the designing value for verifying ZCS 

operation is achieved during the range of operation. Also, it has primary effect on the peak 

current of AC-side switches, and it is merely the same as the designed calculation. 

4) The input boost inductor 𝐿 is calculated as per input current ripple specification, 

𝐿 =
𝑉𝑖𝑛,𝑚𝑎𝑥 . 𝑑1,𝑚𝑖𝑛 

𝛥𝐼𝐿 . 𝑓𝑠 
 (3.8) 

Whereas, 𝛥𝐼𝐿 demonstrates the peak-peak value in input boost inductor current. The 

optimal value of the boost inductor should be chosen to reduce the conduction losses to gain 

better converter utilization factor and converter efficiency [144]. 

5) The essential condition of ZCS of AC-side switches depend on the duty cycle of DC-

side switches and it is derived as, 

𝑑𝑟 ≥
𝐼𝑖𝑛,𝑚𝑎𝑥. 𝑓𝑠 . 𝑛 . 𝐿𝑠 

𝑉0,𝑚𝑖𝑛 
 (3.9) 
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For ZCS soft-switching operation, the value of 𝑑𝑟 is chosen a little more than the minimum 

threshold value as mentioned by equation (3.9). Nonetheless, the value of 𝑑𝑟 should not be 

much higher than its minimum value for reducing the circulating and peak current through 

the devices. 

6) The peak and RMS values of the AC-side switches are derived as, 

𝐼𝑃,𝑝𝑒𝑎𝑘 =
𝐼𝑖𝑛,𝑚𝑎𝑥 

2
+  

𝑉0,𝑚𝑎𝑥. 𝑑𝑟  

𝐿𝑠 . 𝑓𝑠 . 𝑛 
 (3.10) 

𝐼𝑃,𝑅𝑀𝑆 = 𝐼𝑖𝑛,𝑚𝑎𝑥√
9 + 4. 𝑑𝑟 − 6. 𝑑1,𝑚𝑖𝑛 

12
 (3.11) 

By accounting the full-AC cycle during the mode of operation, the RMS current can be 

measured. 

7) The peak and RMS values of the DC-side switches are derived as, 

𝐼𝑠,𝑝𝑒𝑎𝑘 =
𝑉0,𝑚𝑎𝑥. 𝑑𝑟  

 𝑛2𝐿𝑠 . 𝑓𝑠  
 (3.12) 

𝐼𝑠,𝑅𝑀𝑆 =
𝐼𝑖𝑛,𝑚𝑎𝑥 

 𝑛
√

9 + 4. 𝑑𝑟 − 6. 𝑑1,𝑚𝑖𝑛 

12
 (3.13) 

The RMS current can be measured by considering the full-AC cycle during the mode of 

operation. Additionally, the maximum voltage of DC-side switches should be more than the 

maximum voltage at output as, 𝑉𝑆𝑊,𝑆 ≥ 𝑉0,𝑚𝑎𝑥. 

8) The peak and RMS values of the AC-side high frequency transformer (HFT) are given 

as, 

𝐼𝑃𝑇,𝑝𝑒𝑎𝑘 =  
𝑉0,𝑚𝑎𝑥. 𝑑𝑟 

𝐿𝑠 . 𝑓𝑠 . 𝑛 
 (3.14) 

𝐼𝑃𝑇,𝑅𝑀𝑆 = 𝐼𝑖𝑛,𝑚𝑎𝑥√[
1 − 𝑑1,𝑚𝑖𝑛 

2
+  

𝑑𝑟 

3
] (3.15) 

By accounting the full-HF over AC-cycle with fluctuations of 𝐼𝑖𝑛,𝑚𝑎𝑥 and 𝑑1,𝑚𝑖𝑛 during the 

mode of operation, the RMS current can be measured. 
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9) The RMS and peak values of the DC-side high frequency transformer (HFT) are given 

as, 

𝐼𝑆𝑇,𝑝𝑒𝑎𝑘 =  
𝑉0,𝑚𝑎𝑥. 𝑑𝑟  

𝐿𝑠 . 𝑓𝑠 . 𝑛2 
 (3.16) 

𝐼𝑆𝑇,𝑅𝑀𝑆 =
𝐼𝑖𝑛,𝑚𝑎𝑥 

 𝑛
√[

1 − 𝑑1,𝑚𝑖𝑛 

2
+  

𝑑𝑟 

3
] (3.17) 

The RMS current can be measured by considering the full-HF over AC-cycle with 

fluctuations of 𝐼𝑖𝑛,𝑚𝑎𝑥 and 𝑑1,𝑚𝑖𝑛 during the mode of operation. 

10) The primary and secondary turns of transformer are calculated as, 

𝑁𝑃 =
𝑉0,𝑚𝑎𝑥. (1 − 𝑑1,𝑚𝑖𝑛) 

2. 𝐴𝐶 . 𝑓𝑠 . 𝑛. 𝐵𝑚  
 (3.18) 

𝑁𝑆 =
𝑉0,𝑚𝑎𝑥. (1 − 𝑑1,𝑚𝑖𝑛) 

2. 𝐴𝐶 . 𝑓𝑠 . 𝐵𝑚  
 (3.19) 

Whereas, 𝐵𝑚 denotes as maximum magnetic flux density of core and 𝐴𝐶  is the cross-

sectional area of core. For the HFT, 

𝐴𝑓 . 𝐽𝑓 . 𝐾𝑓 = 𝑁𝑃 . 𝐼𝑃𝑇,𝑅𝑀𝑆 + 𝑁𝑆 . 𝐼𝑆𝑇,𝑅𝑀𝑆 (3.20) 

Whereas, 𝐴𝑓 is the cross-sectional area of frame-winding, 𝐾𝑓 is the frame-

windownutilization ratio, and 𝐽𝑓 is the frame-current denstity. From eauations (3.17) to 

(3.20), the product of core-area of HFT is derived as, 

𝐴𝑓 . 𝐴𝐶 =
2. 𝑉0,𝑚𝑎𝑥. (1 − 𝑑1,𝑚𝑖𝑛). 𝐼𝑃𝑇,𝑅𝑀𝑆 

𝐾𝑓 . 𝐽𝑓 . 𝑓𝑠 . 𝑛. 𝐵𝑚  
 (3.21) 

11) The output capacitor is designed by considering to imbibe the fluctuation in power 

related to 2x the grid frequency [145]. The designed equation of output capacitance 𝐶0 

is given by, 

 𝐶0 =
2.  𝑃0

𝑉0,𝑚𝑖𝑛. 𝜔. 𝛥𝑉0  
 (3.22) 

Whereas, 𝛥𝑉0 is the output voltage ripple range and 𝜔 = 2. 𝜋. 𝑓 𝑟𝑎𝑑/𝑠𝑒𝑐 is the grid 

frequency. 
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3.6 Results and Discussion 

In this section, the proposed converter is designed according to a proposed procedure as per 

the given specification for Level-1 EV charging application. In this section, the proposed 

converter analysis and designed expressions are verified through simulation and experimental 

results. The proposed configuration as shown in Fig. 3.1. is simulated in PSIM 11.04 

software. Table 3.2 and Table 3.3 represent the converter input specifications and design 

parameters, respectively. To corroborate the analysis and design of the proposed 

configuration for EV charger, a 1.5-kW proof-of-concept experimental laboratory prototype 

is established as shown in Fig. 3.9. 

3.6.1 Simulation Results 

Fig. 3.10 presents the simulation results of the proposed configuration which is examined 

in all four modes of operation of power direction. From the converter design calculation in 

Section 3.5 and above-given topology requirements, the values of devices and components 

are selected. Fig. 3.10(a) demonstrates the power flowing bidirectionally via grid voltage 𝑉𝑖𝑛, 

grid current 𝐼𝑖𝑛, and input boost inductor current 𝐼𝐿 . In the beginning, 𝑃𝑟𝑒𝑓=1.50 kW is 
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Fig. 3.9. A 1.5 kW proof-of-concept experimental prototype of the proposed converter. 
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instructed to the control system to shifting the 𝐼𝑖𝑛=17.7A at 𝑡 =0.07s. The grid current and 

grid voltage are in phase with unity power factor (UPF) mode. Afterward, 𝑃𝑟𝑒𝑓 is altered to -

1.5kW at 𝑡 =0.10s, grid current moves 180θ phase-shifted regarding grid voltage forthwith 

exhibiting the rugged and dynamic execution design of the controller. Furthermore, 

interposing the reactive power to the converter is presented in Fig. 3.10(b) and (c) which are 

showcased that the ability to perform the converter in all different modes of power flow to 

offer the flexibleness to command over the 𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 in both the ways. In which, 

𝑃𝑟𝑒𝑓=1.3 kW at 𝑡 =0.07s maintaining the 𝑄𝑟𝑒𝑓=0 kVAr. 𝑄𝑟𝑒𝑓= -0.7 kVAr is changed at 𝑡 

=0.10s with the converter working at 1.5-kW Fig. 3.10(c) provides information on the ideal 

concept of transferring reactive power in the absence of battery charging or discharging, in 

which case the power converter can be used to compensate for reactive power. It is clearly 

seen that this topology is operated in all modes of operation and offering the flexibleness to 

control the bidirectional flow of active and reactive power. Fig. 3.10(d) represents the 

primary-side voltage HFT during the mode-I and mode-III. operated in all modes of operation 

Table 3.4: Component Specifications of the Laboratory Prototype 

Component Specifications 

AC-side switches 
CREE-SiC MOSFET, 

C3M0032120D, 1.2 kV, 63A, 
32mΩ 

DC-side switches 
CREE-SiC MOSFET, 

C3M0021120D, 1.2 kV, 81A, 
21mΩ 

Boost Inductor 55 x 28 x 21 EE ferrite Core, 
170μH 

High Frequency Transformer 
(HFT) 

EE ferrite core, Primary turns, 
N1=26, secondary turns N2=30, 

Llk1= 1.65μH 

Series Inductance EE ferrite core, 4.85μH 

Output Capacitor 2*1200μF 450V electrolytic 
capacitor 

Gate Driver IC IC-IXYS-IXDN609SI 

DSP Board TMS320F28335 

Power Source California Instruments AST1503 

Voltage Sensor Broadcom-ACPL-C79 

Current Sensor Allegro ACS714 
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and offering the flexibleness to control the bidirectional flow of active and reactive power. 

Fig. 3.10(d) represents the primary-side voltage HFT during the mode-I and mode-III. During 

the mode-I and III, the gating pulses and current through AC-side switches are shown in Fig. 

3.10(e).   

From Fig. 3.10(e), it is clearly denoted that primary switches achieve naturally zero current 

switching (ZCS) during the operation of the converter in G2V mode, the primary switch 

current attains zero without any extra components, snubber circuit, or active clamped before 

taking out the gate pulse reaching ZCS. These results are verified through given load and 

voltage range of converter. When the gate pulse is turned on, current begins to conduct from 

zero with a positive slope to attain the ZCS turn-ON of the DC-side as shown in Fig. 3.10(f). 
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Fig. 3.10. Simulation results at rated output power 𝑃𝑜=1.5 kW (a) Transient operation and grid synchronized; 

(b) Reactive power shifting; (c) Reactive power compensation; (d) Primary-side voltage across HFT (e) Zero 

Current Switching (ZCS) of AC-side switches; (f) Zero Current turn-ON Switching (ZCS-turn ON) of DC-

side switches. 
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3.6.2 Experimental Results 

In this section, the proposed converter is designed according to a proposed procedure as per 

the given specification for Level-1 EV charging application. 1.5 kW experimental prototype 

is established for validating the performance and design as shown in Fig. 3.9. for converter 

specifications given in Table 3.2 and 3.3. The components specifications are required to build 

(a) (b)

(c) (d)

(e) (f)
 

Fig. 3.11. Experimental results for G2V mode; (a) G2V operation at with Input Current, Input Voltage, 

Primary HFT Current, and Primary HFT Voltage. (b) PFC opratrion at 1.5kW. (c) ZCS operation at AC-side 

switch 𝑆2𝑎 and 𝑆3𝑎. (d) ZCS Turn-ON operation at DC-side switch 𝑆6 and 𝑆7. (e) ZCS operation at AC-side 

switch 𝑆1𝑎 and 𝑆4𝑎. (f) ZCS Turn-ON operation at DC-side switch 𝑆5 and 𝑆8. 
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the laboratory hardware and it is listed in Table 3.4. The measurements of the proposed 

topology are 7.5*9.5*0.40 in3 (l*b*h) resulting in power density of 52.63 W/in3. The 

proposed converter grid voltage of 120V rms is considered from California Instruments 

AST1503. The gating signals for the primary and secondary switches were generated by 

using the TI DSP TMS320F28335 Board. By using gate driver IC IXYS-IXDN609SI and 

Broadcom-ACPL4800 optocoupler, the isolated gate-driver circuits are designed for the 

semiconductor devices. The experimental results are observed very closely and it is estimated 

as per digital simulation results. SiC-MOSFETs based PFC converter has been built, tested 

and performed with different operating conditions. Fig. 13.11. exhibits the experimental 

results at rated 1.5 kW for AC-DC power conversion, where the power is transmitted from 

grid to battery during mode-I and III. The value of primary HFT current and voltage are 

illustrated in Fig. 3.11(a) and it is within the anticipated boundaries. Fig. 3.11(a) and (b) 

demonstrates the grid current is purely sinusoidal and follow in both phase and shape with 

grid-voltage. Also, it should be observed that the grid current is nearly unity power factor 

(a) (b)

(c) (d)
 

Fig. 3.12. Experimental results for V2G mode; (a) V2G operation at with Input Current, Input Voltage, 

Primary HFT Current, and Voltage. (b) Input Volatge and Current are out of phase at 1.5kW. (c) ZVS Turn-

ON operation at DC-side switch 𝑆6 and 𝑆7. (d) Current Sharing at AC-side switch 𝑆2𝑎, 𝑆3𝑎and 𝑆1𝑎 , 𝑆4𝑎. 
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(PF) operation (0.99) and THD of 2.55% (< 5% as per IEEE Standard 519-2014) [146] is 

maintained during mode of operation. The current falls to zero naturally and anti-parallel 

diodes are operated across the AC-side semiconductor devices, which shows the negative 

current resulting into ZCS turn-off operation. Fig. 3.11(c) and (e) depicts the primary 

switches 𝑆2𝑎, 𝑆3𝑎  and 𝑆1𝑎, 𝑆4𝑎  are achieved the ZCS turn-off soft switching operation at 

different time-interval. Similar waveforms have been observed in the other switches to ensure 

the soft-switching during mode-III. Along with, DC-side switches 𝑆6, 𝑆7 and 𝑆5, 𝑆8 are 

operated with ZCS turn-ON at different time-interval and it can be seen from Fig. 3.11(d) and 

(f), in which the current goes from zero to positive when switch turned-ON results into ZCS 

turn-ON operation. Similarly, other switches of secondary-side achieved the soft-switching 

during mode-III. Fig. 3.12(a). represents the experimental outcomes of V2G mode of 

operation, where power is converted from dc to ac. The grid voltage and current are out of 

phase and that indicates the negative power flow as shown in Fig. 3.12(b). Fig. 3.12(c) 

presents the anti-parallel diodes of DC-side switches are operating before the turned-ON the 

switches resulting in ZVS-turn-ON operation during mode-II and IV. The current is mutually 

sharing with diodes of primary switches which enhances the efficiency of converter as shown 

in Fig. 3.12(d) during mode-II and IV. The experimental results and digital simulation results 

are proved that the design and mathematical analysis of the proposed converter is accurate. 

Fig. 3.13 describes that the proposed converter has better dynamic response when the load 

 

Fig. 3.13. Dynamic response of the converter at load change from 100% to 50%. 
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changes from 100% to 50% which can be examined as mode differ from constant current 

(CC) to constant voltage (CV). It is clear that a battery functions as a current sink throughout 

the charging process, with CC mode representing a large load for the charger and CV mode 

representing a small load. As a result, a battery charger must maintain high efficiency over 

the whole power-range. The output voltage is shown to follow the reference voltage 

accurately and to settle in less than 60 rms. Fig. 3.14 describes the total power distribution at 

1.5 kW. More than 70% losses of primary and secondary side semiconductor switches 

contribute to the total losses. HFT losses depicts the total losses of HFT and series inductor. 

Also, it shows that the selecting a SiC-MOSFET with lower on-state resistance is operating 

for achieving the high efficiency with significantly reduced the switching losses. The 

measured power factor (PF) is 0.9996, while the input current THD is 2.55% at full-load 

condition. Table 3.5 represents the information on the input current THD (%) of the converter 

and PF at various output power levels. It is noted that the input current THD (%) is under 3% 

and the converter PF is 0.999 (almost unity). 

From Table 3.6 elucidates the comparative and efficiency analysis of the proposed 

converter with other existing topologies for EV chargers. In [147], Barbosa et al. proposed 

three-state switching cells (3SSCs) based bidirectional ac-dc converter. The higher number of 

active devices and magnetic components leads to higher costs, is voluminous, and suffers 

from poor efficiency with lower reliability. The current-fed ZCS-enabled single-stage PFC 

 

Fig. 3.14. Power loss distribution at 1.5kW. 

31%

39%

25% 3%

2%

POWER LOSS DISTRIBUTION (TOTAL 52.5W 
@1.5KW)

AC-Side (Primary)
Bridge Loss

DC-Side (Secondary)
Bridge Loss

High Frequency
Transformer (HFT)
Loss
Input Boost Inductor
Loss

Miscellaneous



71 
 

converter is presented in [154]. However, owing to resonant circuit design limits, maximum 

power is reduced at the output voltage range boundaries. However, this topology has higher 

efficiency and reliability. In [83], Zinchenko et al. proposed an ac-dc current source OBC, 

but the transformer has a higher RMS current and requires additional snubber circuits and HF 

capacitors than previous ones. Nevertheless, this configuration has higher reliability and 

lifespan with better efficiency at full load. A high-gain dc-ac HFL inverter with a quasi-

resonant modulation technique is presented in [150]. This topology has better efficiency and 

performance at a low cost. However, the design, modeling, and control approach of this 

configuration is very tricky and complex. The peak efficiency of the proposed converter is 

96.7%, which is higher than other single-stage isolated AC/DC with PFC topologies. At 50% 

of full-load, the converter achieves around efficiency of 95.5% as compared to 94.3% in [83], 

and 91.1% in [148] respectively. Also, converter provides efficiency of 94.7% at light-load 

conditions which comparatively higher than 93.3% in [147], 92.1% in [149], and 94.1% in 

[150]. The proposed converter has lower conduction and switching losses, simple control 

technique, and snubber-free circuits leads to better power quality and higher efficiency. Due 

to absence of DC-link capacitor, the proposed converter has higher-temperature operation 

capability and power density which ultimately enhances the reliability and lifespan of the 

converter. 

 

Table 3.5: Power Factor and Input Current THD (%) of the Proposed Converter at different power levels 

Po, kW PF THD (%) 

0.5 0.9992 3.56 

0.7 0.9993 3.37 

0.9 0.9993 3.05 

1.1 0.9994 2.91 

1.3 0.9996 2.67 

1.5 0.9996 2.55 
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3.7 Conclusion 

A novel zero-current-switching assisted current-fed full bridge (CFFB) based bidirectional 

single-stage single-phase isolated power factor correction-based converter is proposed for 

plug-in EV charger. The isolated converter offers a simple solution towards compact design 

and lightweight. A novel modulation technique and control strategy has been formulated, 

where ac-side CFFBA with bidirectional switch that attains the ZCS which is connected with 

Table 3.6: Comparison of the proposed converter with other state-of-the-art topologies for EV chargers 

Description [151] [152] [147] [148] [153] [149] [154] [83] [150] Proposed 

Switches (S) 6 11 16 6 16 5 10 10 12 12 

Diodes (D) 9 14 0 20 0 13 4 4 0 0 

Total = S+D 15 25 16 26 16 18 14 14 12 12 

Inductors (I) 1 2 1 2 3 4 4 2 3 2 

Capacitors (C) 2 3 1 5 4 3 2 1 2 1 

Total = I+C 3 5 2 7 7 7 6 3 5 3 

DBR Y N N Y N N N Y N N 

Transformer 1 0 4 2 1 1 1 1 1 1 

Circuit 

Complexity 
** * *** *** *** * * * ** * 

CMA ** + + *** *** + + + *** + 

Soft-Switching N Y N Y Y Y Y Y Y Y 

Bidirectional 

Operation Method 
N Y N N Y N N N Y Y 

Efficiency ** ** ** * ** ** *** ** ** *** 

*DBR= Diode Bridge Rectifier, CMA= Control and Modelling Approach, N=No, Y=Yes, * =Low, ** 

=Moderate, *** =High, + =Simple                  
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a full-bridge converter at the secondary side that attains zero current turned-ON through high-

frequency (HF) transformer offers safety and galvanic isolation towards the design of the 

converter with a wide range of battery voltages and grid voltages. Soft-switching is 

accomplished throughout all modes of operation without any additional passive components, 

active clamped or snubber circuits which leads to cost-effective, compact size, reliable, 

robust design, lightweight, and higher efficiency and it establishes for all the switches during 

the working of the power converter in all different modes with active and reactive power flow 

balancing in both directions. Steady-state operation for all modes and design procedures with 

equations are given in detail. Also, the simulation and experiment results of the proposed 

converter have been demonstrated for a 1.5 kW EV charger which is closely matched with 

theoretical waveforms. 
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Chapter 4: High-Efficiency Single-Stage PFC 
Converter Based Bidirectional Plug-in G2V EV 

Charger  
4.1 Introduction 

In Chapter 3, a single-stage matrix based bidirectional AC-DC PFC converter has been 

proposed for EV charging. It provides merits like higher reliability, robust design, and high-

power density. The main issue with this PFC topology is higher number of devices with 

associated gate driving requirements and higher chances of false switching compromising 

reliability. In this chapter, a novel current-fed push-pull (CFPP) bidirectional single-phase 

PFC converter with novel modulation technique of zero current communication is 

investigated for plug-in EV charger. 

This chapter introduces a single inductor topology with two 4-quadrant switches is derived 

from the CFPP DC-DC converter topology [155]. A single-stage single-phase HFL 

bidirectional CFPP PFC AC-DC topology is studied as shown in Fig. 2. The proposed 

modulation for AC-DC conversion is a modified technique than that of used in dc/dc 

conversion discussed in [155]. It is a variable duty cycle modulation with duty cycle > 0.5 for 

grid-side devices (overlap in conduction time of the switches in two legs) while duty cycle < 

0.5 for battery-side devices. The revised modulation is also implemented, keeping PFC 

requirements in mind. Natural voltage clamping (NVC) across the grid side switches, at 

battery voltage transmitted to the grid side. Additionally, zero current switching (ZCS) turn-

on at DC-side semiconductor devices is accomplished, which minimizes the switching losses. 
The proposed soft-switching converter effectively solves the historical problem of voltage 

spike across the switching devices at their turn-off and thus, eliminates the requirement of the 

snubber or the clamping circuit across them. This reduces the hardware complexity while 

making the converter snubber-less, compact, and cost-effective. Soft switching is achieved in 

the proposed configuration without the need for any snubber or resonant circuit, and it is 

maintained throughout the full operating range in both directions of power flow. Due to 

minimizing the switching losses, the proposed converter can be performed with higher 

frequency, attaining better power density and efficiency. Also, Push-pull topology is 

advantageous by virtue of having only four switching devices with common ground with the 
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source simplifying the gate driving requirements to cater cost and control limitations. In 

addition, this configuration utilizes single boost inductor with relatively less components.  

Table 4.1 demonstrates the merits of the proposed soft-switching topology with other 

single-stage topologies. The proposed topology is competent in high-density owing to the 

reduced number of components and less magnetics, the objectives of this paper are 

accomplished in different sections as follows. The description of the proposed converter, 

Table 4.1: Comparison of the proposed topology with other state-of-the-art topologies for EV chargers 

Description [5] [12] [14] [15] [20] [21] [22] [23] [24] Proposed 

Switches (S) 16 12 2 8 2 2 2 6 5 8 

Diodes (D) 0 0 8 0 2 2 4 16 13 0 

Total = S+D 16 12 10 8 4 4 6 22 18 8 

Inductors (I) 1 3 2 4 1 2 3 2 2 1 

Capacitors (C) 1 3 4 6 1 3 2 5 3 1 

Total = I+C 2 6 6 10 2 5 5 7 5 2 

DBR N N Y N N N N Y Y N 

Transformer 4 1 1 1 0 0 0 2 1 1 

Circuit 

Complexity 
** * ** ** ** ** ** *** * * 

CMA ** ++ + ** + + ++ ++ **      + 

Soft-Switching N Y Y Y N N N Y Y Y 

Bidirectional 

Operation Method 
N Y N Y N N N N N Y 

Efficiency ** ** *** ** ** ** *** * ** *** 

*DBR= Diode Bridge Rectifier, CMA= Control and Modelling Approach, N=No, Y=Yes, * =Low, ** 

=Moderate, *** =High, + =Simple                  
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steady-state operation with novel modulation technique, and control strategy are explicated in 

Section 4.2, 4.3, and 4.4 respectively. In Section 4.5, the detailed design procedure of the 

converter is explicated. Simulation results from PSIM 11.04 software, hardware prototype 

components details, and experimental results are illustrated in Section 4.6. Section 4.7 

describes the key features of the proposed EV charger. 

4.2 Proposed Topology 

VbatC0

1:1:n

S3 S4

S5 S6

IbatLlk1

S1a S2a

S1b S2b

Llk2

LIin

Vin
+
-

Ilk1

Ilk2

A C

B D

 

Fig. 4.1. Proposed single-stage bidirectional PFC-based converter. 
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Fig. 4.2. Operation area of Plug-in EV charger. 
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The proposed single-stage isolated bidirectional PFC-based configuration has a current-fed 

bidirectional push-pull topology at the grid side with a boost inductor L and full-bridge 

topology at the battery side with output filter capacitor C0, through HFT as per shown in Fig. 

4.1. The topology is derived from current-fed push-pull DC-DC converter by replacing the 

primary side switches with 4-quadrant switches [155] to perform AC-DC conversion. It is 

operated with fixed-frequency pulse-width modulation and maintains ZCS at switches of the 

primary side and ZCS turn-on at switches of the secondary side. The design takes into 

account the boost inductor (L) and the HFT's series leakage inductances (Llk1 and Llk2). An 

external inductance must be coupled in series if the Llk1 and Llk2 are less than required. From 

Fig. 4.2., the proposed converter can work in four modes of operation based on the polarity of 

the grid voltage (Vin) and grid current (Iin). During the grid-to-vehicle (G2V) charging mode 

of I and III, the topology behaves as an isolated boost converter (current-fed bidirectional 

push-pull topology at the grid-side). In contrast, the converter behaves as a typical voltage-

fed converter with an inductive output filter when power is being transmitted from the 

vehicle-to-grid (V2G) mode of II and IV. 

4.3 Operation Principal Analysis 

The operation of the proposed configuration is divided into four different modes depending 

upon the polarity of grid voltage and grid current with the ability to handle power flow 

bidirectionally, including active and reactive power flow. In order to investigate the operation 

and analysis of the converter, some presumptions are as follows:  

1. In a switching cycle, the boost inductor L is high enough to keep constant current 

through it. 

2. All the components are assumed ideal and parasitic PCB is neglected. 

3. Transformer magnetizing inductance is infinitely large. 

4. The ac-line frequency is much lower than the switching frequency, and the grid 

inductor current is deemed as stiff at HF mode. 

The following description explains the operation of the proposed converter in all four 

different modes. 

4.3.1 Mode-I (G2V Operation) 

The instantaneous power flows from the ac grid to the battery. The grid voltage and grid 

current are in a positive half-cycle during this mode. In Fig. 4.3., the grid side upper switches 
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S1a and S2a are operated at high-frequency (HF) with duty cycle modulation and identical gate 

signals phase-shifted with 180θ. The duty cycle d1 associated with primary switches is always 

considered more than 0.6 for promising overlay operation between primary switches of S1a 

and S2a. The grid side lower side switches S1b and S2b remained in ON-position throughout 

this mode due to the grid voltage and current being positive during this cycle. The secondary 

side switches S3, S4, S5, and S6 are fixed with duty-cycle dr, and their turn-OFF is associated 

with the turn-OFF of grid side switches. The current is flowing through S1a when S1a is in ON 

condition, and S2a is in OFF state. 

The power is exchanged from the primary to the secondary side through the inductor 

current IL via HFT. At t1, the current is transmitted linearly from HFT to the switch when 

switch S2a is turned-ON. Likewise, the current flowing through device S1a declines till it 

attains Iin/2. At t2, the current flows through the battery side devices S4 and S5 till its body 

diode achieves null. The battery side devices are utilized to decline the current at the grid side 

devices and inherently switched OFF to plausibly attain zero current switching (ZCS) 

operation. At t3, the voltage -2.V0/𝑛 at on the primary side of the transformer is obtained by 

Table 4.2: Modulation Technique for the Proposed Converter 

Parameters Mode-I Mode-II Mode-III Mode-IV 

Grid Voltage, Vin Vin >0 Vin >0 Vin <0 Vin <0 

Grid Current, Iin Iin >0 Iin <0 Iin <0 Iin >0 

Input Power, Pin G2V V2G G2V V2G 

S1a and S2a HF at duty ratio 
d1 

OFF Remained-ON Remained-ON 

S1b and S2b Remained-ON Remained-ON HF at duty ratio 
d1 

OFF 

S3, S4, S5, and S6 

Fixed duty ratio 

(d2) 

S3, S6 similar 

S4, S5 similar 

0.5 duty ratio dr 

and PSM 

S3, S5 

complementary 

S4, S6 
complementary 

Fixed duty ratio 

(d2) 

S3, S6 similar 

S4, S5 similar 

0.5 duty ratio dr 

and PSM 

S3, S5 

complementary 

S4, S6 
complementary 

where, 𝑑 = duty cycle of the switch, 𝑇𝑠 = switching period 
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gating pulses at the secondary side devices S4 and S5 just before the turned-OFF at the 

primary side devices. With similar at t4 -t6, it makes the current going through primary side 

devices attain inherently zero independent of changes in load characteristics. At t7, the current 

flows via the gid side switches attain zero just before it is turned OFF with the duty cycle dr, 

of the battery side switches. The peak current through switches on the grid side can be 

reduced by adjusting the duty cycle of battery side switches during this mode; similarly, it 

can be decreased in the switch on other leg. In this mode, the current flows through the HFT 

and switches of the grid side with achieving ZCS as shown in Fig. 4.3. The voltages of HFT 

across the grid side and battery side are shown in Fig. 4.3. The 𝑉𝑖𝑛 and 𝑉0 a relationship is 

determined as, 

𝑉0 =
𝑛 . 𝑉𝑖𝑛 

2. (1 − 𝑑1) 
 (4.1) 
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Fig. 4.3. G2V (Mode-I) operational waveform for proposed converter. 
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The analysis and design of this mode have been discussed in detail for dc-dc application of 

fuel-cell vehicles (FCVs) [155]. The power of switching frequency and series inductances 

shift the restricted power. However, the duty cycle of the grid-side switches is adjusted by 

more than 0.6 using the current controller to ensure that the grid current tracks the reference 

value. 

4.3.2 Mode-II (V2G Operation) 

The power is transmitted to the grid side from the vehicle battery during mode-II. The grid 

side switches S1a and S2a are continuous ON state and the current flows via diodes of S1b and 

S2b devices. The proposed converter mimics as a standard full-bridge voltage-fed topology 

TS
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GS4
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iS6

iS4
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i1a

t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 
 

Fig. 4.4. V2G (Mode-II) operational waveform for proposed converter. 

 



81 
 

with an inductive output filter [156]. The phase shifted modulation (PSM) method is utilized 

by 𝛷𝑇𝑆 between two legs, and the gate pulses are applied to the top (t1 -t3) and bottom 

switches (t3 -t5) complement to each other at the battery side, as shown in Fig. 4.4. 

Furthermore, in order to achieve zero voltage switching (ZVS) operation, a dead band gap is 

implemented between the top and bottom devices on the battery side, ensuring that anti-

parallel diodes are activated before it is turned ON condition. During this mode, the phase 

angle is varied from 0 to 50% for acquiring the effective output voltage, which is determined 

by, 

𝑉𝑖𝑛 =
(𝛷 − 𝛷′). 𝑉0 

2. 𝑛
 (4.2) 

GS1b

GS2b

GS3,GS6

GS4,GS5

iS1b

iS2b

iS4,iS5

iS3,iS6

VAB

VCD

d1TS
TS /2

d2TS

Iin

Iin /2
Iin

TS

ilk1

Iin /2

ilk2

t0 t1 t2 t3 t4 t5 t6 t7 t8 t9  

Fig. 4.5. G2V (Mode-III) operational waveform for proposed converter. 
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While 𝛷 denotes the phase angle, 𝛷′𝑇𝑆 refers to the time required (t5 -t6) by 𝐿𝑙𝑘 to transfer 

current from positive to negative and vice versa, which is illustrated in Fig. 4.4. With zero 

current switching (ZCS) operation, the current flows through the diodes of the grid-side 

switches S1a and S2a, through switches S1b and S2b, thereby improving the efficiency of the 

proposed converter. 

4.3.3 Mode-III (G2V Operation) 

During this mode, if the grid voltage is in the negative half-cycle, the power is being drawn 

from the supply grid to the vehicle battery. The gate pulses of grid side switches S1b and S2b 
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Fig. 4.6. V2G (Mode-IV) operational waveform for proposed converter. 
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are conducted with a 180θ phase shift because the grid current is in the positive half-cycle, as 

illustrated in Fig. 4.5. High-frequency duty cycle d1 modulation is utilized in mode-III to 

operate the primary side devices S1b and S2b, and d1 is held above 0.6 to guarantee overlap 

among the converter legs. At the same time, the grid-side devices S1a and S2a are held in the 

ON state condition whilst the battery-side devices S3, S4, S5, and S6 are set to a duty-cycle of 

dr when the grid voltage is in the negative cycle. The gate pulses are reversed in relation to 

the positive half-cycle of the grid current and voltage to attain the reverse direction of the 

grid-side voltage at HFT, as illustrated in Fig. 4.5. As similar mode-I operation with Sb 

switches, during the turn-OFF condition of S2b, the current in the grid flows through S1b as it 

is turned-ON mode. The turn-OFF of S2b is related to S4 and S5, whilst the turn-OFF mode of 

S1b device is associated with S6 and S7. The current that passes through the grid side devices 

S1b and S2b decreases to zero just before their turn-OFF, which leads to ZCS-off operation, 

reducing the turn-ON losses while in operation condition. The 𝑉𝑖𝑛 and 𝑉0 a relationship is 

calculated as, 

𝑉0 = −
𝑛 . 𝑉𝑖𝑛 

2. (1 − 𝑑1) 
 (4.3) 

4.3.4 Mode-IV (V2G Operation) 

The power is transferred to the vehicle battery from the supply grid during mode-IV. As 

similar mode-I operation with Sb switches, the power is passing via primary side devices S1b 

and S2b, and diodes of devices S1a and S2a. The devices S1b and S2b are remained-ON in 
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Fig. 4.7. Control scheme for proposed charger. 
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condition during the switches are operated with ZVS by regulation of the PSM method at the 

battery side as illustrated in Fig. 4.6. The output voltage is given as, 

 𝑉𝑖𝑛 = −
(𝛷 − 𝛷′). 𝑉0 

2. 𝑛
 (4.4) 

4.4 Control Technique 

The control architecture of the Plug-in EV charger with G2V and V2G capabilities is 

shown in Fig. 4.7. To determine the magnitude of grid voltage and the phase angle, an 

effectuated single-phase phase-locked loop (PLL) is used [142]. In order to supply the 

required reactive power Qref to the grid, the vehicle battery controller calculates the active 

power reference Pref, and the current controller achieves accurate tracking of the grid 

frequency iin,ref with low steady-state error and distortion by providing high open-loop gain at 

grid frequency. The iin,ref is controlled using a Proportional Resonant (PR) controller which is 

optimized for high gain at the grid frequency. The gating pulses for the switches of the 

proposed converter are generated using a specified novel modulation approach based on the 

mode of operation as shown in Table 4.2. 

4.5 Design of the Proposed Converter 

This section describes the proposed converter is designed and validated as per the 

following specifications: 𝑉𝑖𝑛=120 𝑉𝑟𝑚𝑠; 𝐼𝑖𝑛,𝑚𝑎𝑥=17.1 A; 𝑓𝑙𝑖𝑛𝑒=60 Hz; 𝑓𝑠=100 kHz; 𝑃𝑜=1.5 

kVA and 𝑉𝐵𝑎𝑡=220-330 V employs 80 Li-ion batteries. The duty cycle at grid-side switches 

during G2V mode of operation is restricted above 0.6 [143]. The duty cycle at battery-side 

switches during is restricted at 0.05. The designed parameters are outlined in Table 4.3 and 

4.4. 

12) Maximum voltage across SiC-MOSFETs at grid-side is, 

𝑉𝑆𝑊,𝑃 =
2. 𝑉0,𝑚𝑎𝑥 

𝑛 
 (4.5) 

13) The Transformer turns ratio is rated as, 

𝑛 =
2. 𝑉0,𝑚𝑖𝑛. (1 − 𝑑1,𝑚𝑖𝑛) 

𝑉𝑖𝑛,𝑚𝑎𝑥
 (4.6) 
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The transformer turn ratio is selected to achieve low conduction losses in primary switches 

and secondary switches because converter efficiency primarily depends upon losses in 

primary and secondary switches due to conduction of higher current compared to other 

components in the converter. Losses in the HF transformer like core loss and copper loss in 

windings are also considered while selecting the turn ratio. The primary and secondary windings 

of the transformer are tested for various turn ratios, ensuring that the maximum flux density in the core 

remains constant across all cases. Using the primary and secondary winding currents, the gauge of the 

windings is selected, and the winding resistances are calculated. The duty cycle for G2V mode is 

denoted as 𝑑1,𝑚𝑖𝑛, while the minimum output voltage is represented by 𝑉0,𝑚𝑖𝑛, and the 

maximum input voltage is designated as 𝑉𝑖𝑛,𝑚𝑎𝑥.   

14) To ensure ZCS mode at operating conditions, the selection of total series leakage 

inductance of 𝐿𝑙𝑘_𝑇  is validated. It can be derived as, 

Table 4.3: Converter Specifications 

Parameter Value 

Grid Voltage, Vin 120V (rms) 

Grid Current, Iin,max 17.76 A 

Grid frequency, fline 60 Hz 

Output voltage, Vo 300 V 

Output power, Po 1500W 

Switching frequency, fsw 100 kHz 

 

Table 4.4: Converter Design Parameters 

Parameter Value 

Input Boost Inductor, L 170μH 

Leakage Inductance of Ls 7.2μH 

Turns ratio, n 1.1 

Output Capacitor, C0 2*1200μF 
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𝐿𝑙𝑘_𝑇 = 𝐿𝑙𝑘1 +  𝐿𝑙𝑘2 =
2. 𝑉0,𝑚𝑖𝑛. (𝑑1,𝑚𝑖𝑛 − 0.5) 

 𝐼𝑖𝑛,𝑚𝑎𝑥 . 𝑓𝑠 . 𝑛 
 (4.7) 

In the experimental validation of ZCS operation, the total series leakage inductance 𝐿𝑙𝑘_𝑇 is 

set to be lower than the designed value. Nonetheless, the effect of 𝐿𝑙𝑘_𝑇 on the peak current of 

the grid side switches was not significantly different from the design calculation. 

15) To meet the input current ripple (𝛥𝐼𝐿) specification, the input boost inductor 𝐿 is 

calculated as, 

𝐿 =
𝑉𝑖𝑛,𝑚𝑎𝑥 . 𝑑1,𝑚𝑖𝑛 

𝛥𝐼𝐿 . 𝑓𝑠 
 (4.8) 

The value of the input boost inductor 𝐿 is determined according to the input current ripple 

specification, with 𝛥𝐼𝐿 indicating the peak-to-peak value of the inductor current. To achieve 

high converter efficiency and utilization factor, an appropriate boost inductor value that 

minimizes conduction losses must be selected, as described in [144]. 

If 𝐿𝑙𝑘1and 𝐿𝑙𝑘2 are not equal then equation (4.8) is modified as follows, 

 𝐿 =
(𝑉𝑖𝑛,𝑚𝑎𝑥 +  

𝑉0,𝑚𝑖𝑛 
 𝑛

−  
2. 𝑉0,𝑚𝑖𝑛. 𝐿𝑙𝑘_𝑇_𝑚𝑖𝑛 

𝐿𝑙𝑘_𝑇 . 𝑛 
). 𝑑1,𝑚𝑖𝑛 

𝛥𝐼𝐿  . 𝑓𝑠 
 (4.9) 

Whereas, 𝐿𝑙𝑘_𝑇_𝑚𝑖𝑛 is the minimum value of 𝐿𝑙𝑘1 and 𝐿𝑙𝑘2. 

16) To achieve zero current switching (ZCS) condition in the primary side switches, it is 

necessary to determine the duty cycle of the battery side and it is computed by, 

𝑑𝑟 ≥
𝐼𝑖𝑛,𝑚𝑎𝑥. 𝑓𝑠 . 𝑛 . 𝐿𝑙𝑘_𝑇 

2. 𝑉0,𝑚𝑖𝑛 
 (4.10) 

The duty cycle value of 𝑑𝑟 is selected to maintain ZCS condition, but it should not exceed 

its least value by a significant amount to prevent excessive current flow through the devices. 

17) The RMS and peak current of the primary side switches can be determined by, 

𝐼𝑃,𝑝𝑒𝑎𝑘 = 𝐼𝑖𝑛,𝑚𝑎𝑥 +  
2. 𝑉0,𝑚𝑎𝑥 . 𝑑𝑟 

𝐿𝑙𝑘_𝑇 . 𝑓𝑠 . 𝑛 
 (4.11) 
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𝐼𝑃,𝑅𝑀𝑆 = 𝐼𝑖𝑛,𝑚𝑎𝑥√
9 + 4. 𝑑𝑟 − 6. 𝑑1,𝑚𝑖𝑛 

12
 (4.12) 

In order to determine the RMS current at the primary side, it is essential to account for the 

complete the grid cycle while the system is under operational mode. 

18) The RMS and peak current of the secondary side switches can be determined by, 

𝐼𝑠,𝑝𝑒𝑎𝑘 =
2. 𝑉0,𝑚𝑎𝑥. 𝑑𝑟 

 𝑛2𝐿𝑙𝑘_𝑇 . 𝑓𝑠  
 (4.13) 

𝐼𝑠,𝑅𝑀𝑆 =
𝐼𝑖𝑛,𝑚𝑎𝑥 

 2. 𝑛
√

2. 𝑑𝑟 − 3. 𝑑1,𝑚𝑖𝑛 + 5 

6
 (4.14) 

When measuring the RMS current during operation at the secondary side, it is important to 

consider the entire grid cycle. Additionally, the voltage at the secondary side switches should 

exceed the maximum voltage at the battery side as, 𝑉𝑆𝑊,𝑆 ≥ 𝑉0,𝑚𝑎𝑥. 

19) The RMS and peak current of the primary side HFT can be computed as, 

𝐼𝑃𝑇,𝑝𝑒𝑎𝑘 =  
2. 𝑉0,𝑚𝑎𝑥. 𝑑𝑟 

𝐿𝑙𝑘_𝑇 . 𝑓𝑠 . 𝑛 
 (4.15) 

𝐼𝑃𝑇,𝑅𝑀𝑆 = 𝐼𝑖𝑛,𝑚𝑎𝑥√[
1 − 𝑑1,𝑚𝑖𝑛 

2
+  

𝑑𝑟 

3
] (4.16) 

The RMS current can be determined by considering the complete HF over grid cycle, 

which fluctuates with 𝐼𝑖𝑛,𝑚𝑎𝑥 and 𝑑1,𝑚𝑖𝑛 during the mode of operation. 

20) The peak and RMS current of the secondary side HFT can be given as, 

𝐼𝑆𝑇,𝑝𝑒𝑎𝑘 =  
2. 𝑉0,𝑚𝑎𝑥. 𝑑𝑟 

𝐿𝑙𝑘_𝑇 . 𝑓𝑠 . 𝑛2 
 (4.17) 

𝐼𝑆𝑇,𝑅𝑀𝑆 =
𝐼𝑖𝑛,𝑚𝑎𝑥 

2. 𝑛
√[

1 − 𝑑1,𝑚𝑖𝑛 

2
+  

𝑑𝑟 

3
] (4.18) 

In order to determine the RMS current during operational mode, it is considered the 

complete HF over a grid cycle, taking into account the variations in both 𝐼𝑖𝑛,𝑚𝑎𝑥 and 𝑑1,𝑚𝑖𝑛. 
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21) To account for power fluctuations related to twice of the grid frequency, the output 

capacitor is designed. The output capacitance 𝐶0 is calculated as, 

𝐶0 =
2.  𝑃0

𝑉0,𝑚𝑖𝑛. 𝜔. 𝛥𝑉0  
 (4.19) 

Whereas, the range of output voltage ripple is represented by 𝛥𝑉0, while grid frequency is 

denoted by 𝜔 = 2. 𝜋. 𝑓 𝑟𝑎𝑑/𝑠𝑒𝑐. 

4.6 Results and Discussion 

Simulation and experimental results, loss analysis, efficiency performance, and comparison 

between proposed topology with conventional two-stage topology are discussed in this 

section and it is used to validate the proposed topology from the analysis and designed 

expressions from previous sections. 

4.6.1 Simulation Results 

The proposed topology is depicted in Fig. 4.1 is simulated using PSIM 11.04 software, and 

Tables 4.3 and 4.4 provide the input specifications and design parameters of the converter, 

respectively. The values of devices and components are selected based on the converter 

design calculation in Section 4.5 and the topology requirements. The circulating power 

flowing through source current 𝐼𝑖𝑛, source voltage 𝑉𝑖𝑛, and source inductor current 𝐼𝐿 in both 

directions is illustrated in Fig. 4.8. The control algorithm is to transfer the 𝐼𝑖𝑛=17.7A at 𝑡 

=0.07s at initially by usage of 𝑃𝑟𝑒𝑓=1.50 kVA. The source voltage and source current are 

synchronized in the unity power factor (UPF) mode. When 𝑃𝑟𝑒𝑓 is changed to -1.5 kVA at 𝑡 
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Fig. 4.8. Transient operation and grid synchronized converter. 
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=0.10s, the source current immediately changes 180θ phase-shifted with respect to the source 

voltage, demonstrating the controller’s robust and dynamic execution architecture. 

The capacity of the proposed converter to operate in a variety of modes with power flow to 

provide the flexibility to control the 𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 in bidirectionally is shown in Fig. 4.9 and 

4.10, which interpose reactive power to the converter. In that case, the 𝑄𝑟𝑒𝑓=0 kVAr and 

𝑃𝑟𝑒𝑓=1.3 kVA at 𝑡 =0.07s has to be set. At 1.5 kVA operation, 𝑄𝑟𝑒𝑓 is changed to -0.7 kVAr 

at 𝑡=0.10s. The proposed topology is utilized for compensating reactive power without 

charging or discharging the battery, and Fig. 4.10 shows the transfer of reactive power. The 

proposed topology is employed in all operating modes and offers the flexibility to control the 

flow of active and reactive power in both directions. Fig. 4.11 illustrates the gate pulses and 

current flowing through the primary side switches during mode-I and III. It can be clearly 

observed that zero current switching (ZCS) is achieved by the grid-side switches during G2V 
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Fig. 4.9. Reactive power shifting converter. 
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Fig. 4.10. Reactive power compensation. 
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mode operation. The grid side switch current reaches zero without the aid of any snubber 

circuit, additional circuitry, or active clamp just before the gate pulse reaches ZCS. Across 

the full range of voltage and specified load condition of the proposed converter, the 

simulation results are verified. Fig. 4.12 demonstrates that the current starts conducting from 

zero with a positive slope and reaches the ZCS turn-ON of the battery side when the gate 

pulses is switched-ON. 

4.6.2 Experimental Results 

An experimental laboratory prototype with a power rating of 1.5 kVA is established to 

verify the analysis and design of the proposed topology for single-stage EV charger, as 

shown in Fig. 4.13. The laboratory prototype is constructed using the converter specifications 

described in Tables 4.3 and 4.4, as well as the component specifications listed in Table 4.5. 

The gating pulses for the grid side and battery side switches in the proposed topology are 
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Fig. 4.11. Zero Current Switching (ZCS) of grid side switches. 
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Fig. 4.12. Zero Current turn-ON Switching (ZCS-turn ON) of battery side switches. 
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generated using the TI DSP TMS320F28335 Board, with a 120V rms grid voltage sourced 
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Fig. 4.13. Fabricated hardware prototype demonstration of the proposed topology with 1.5 kW. 

Table 4.5: Component Specifications of the Laboratory Prototype 

Component Specifications 

AC-side switches 
CREE-SiC MOSFET, 

C3M0032120D, 1.2 kV, 63A, 
32mΩ 

DC-side switches 
CREE-SiC MOSFET, 

C3M0021120D, 1.2 kV, 81A, 
21mΩ 

Boost Inductor 55 x 28 x 21 EE ferrite Core, 
170μH 

High Frequency Transformer 
(HFT) 

EE ferrite core, Primary turns, 
N1=26, secondary turns N2=30, 

Llk1= 1.65μH 

Series Inductance EE ferrite core, Llk1 = 13μH, Llk1 = 
12μH 

Output Capacitor 2*1200μF 450V electrolytic 
capacitor 

Gate Driver IC IC-IXYS-IXDN609SI 

DSP Board TMS320F28335 

Power Source California Instruments AST1503 

Voltage Sensor Broadcom-ACPL-C79 

Current Sensor Allegro ACS714 
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and generated from California Instruments AST1503. The isolated gate-driver circuits for the 

semiconductor devices are designed with the gate driver IC IXYS-IXDN609SI and 

Broadcom-ACPL4800 optocoupler. The results of the experiment were carefully analyzed 

and compared to the digital simulation results. 

The proposed isolated ac-dc topology, which is based on wide-band gap (WBG) 

technology, has been developed, tested, and executed in different modes to recharge the 

battery application. The experimental results of the high-frequency link isolated AC-DC 

converter topology at 1.5 kVA have been illustrated in Fig. 4.14. Fig. 4.14(a) and (b) 

represent the source current and source voltage are completely sinusoidal with each other 

during the power is exchanged from grid to the vehicle battery of mode-I and mode-III, 

which includes a high-frequency transformer (HFT) voltage and current within expected 
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Fig. 4.14. Experimental results at 1.5 kVA (a) Source Current, Source Voltage, HFT Current, HFT Voltage 

at the primary side with G2V mode of operation; (b) PFC operation at 1.5 kVA; (c) ZCS operation at source 

side switch 𝑆1𝑎; (d) ZCS Turn-ON operation at battery side switch 𝑆3; (e) Source Current, Source Voltage, 

HFT Current, HFT Voltage at the primary side with V2G mode of operation; (f) Source Current and Source 

Voltage are out of phase; (g) ZVS turn-ON performance at battery side switch 𝑆5; (h) Sharable current at 

grid side switches 𝑆1𝑎 and 𝑆2𝑎; (i) The input current THD (%) and power factor at various power levels. 
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ranges. In addition, it ought to be noted that the source current or grid current is closely 

operates with a power factor to unity (0.999), and that the operating mode maintains a THD 

of 2.67% (<5% as per IEC 6100-2-2 standard). 

In order to demonstrate the negative current that results in the ZCS turn-off operating 

condition, anti-parallel diodes are driven at the source side switches as the current inherently 

goes to zero. The grid side switch 𝑆1𝑎 is shown in Fig. 4.14(c) as being accomplished via 

ZCS turn-off operation. Likewise, for assuring soft-switching with a mode-III operating 

conditions, identical experimental waveforms have been observed in the other devices as 
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Input Voltage 

Input Current 

Output Current 

20 ms/div
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Fig. 4.15. Dynamic response of the converter at load change from 100% to 50%. 
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well. Moreover, the output DC side switch 𝑆3 is triggered when ZCS is turned-ON as shown 

in Fig. 4.14(d). ZCS turn-ON operation is shown in Fig. 4.14(d), where the current changes 

from zero to positive when the switch is switched-ON. However, others battery side switches 

are also accomplished during the operation of mode-III. The experimental results of the 

vehicle battery to grid (V2G) operational modes are shown in Fig. 4.14(e). Fig. 4.14(e) and 

(f) exhibit that the source current, and source voltage are out of phase, showing the negative 

flow of power. In Fig. 4.14(g), it is clearly seen that the output side switches’ anti-parallel 

diodes are operating before the switches are ON condition, causing ZVS turn-ON functioning 

in mode-II and IV. As illustrated in Fig. 4.14(h), the current is shared across the diodes of 

source side switches while operation of modes II and IV, which increases the efficiency of 

the converter. During full-load testing, the proposed topology had a power factor (PF) of 

0.9995 and a grid current THD of 2.67%. Fig. 4.14(i) demonstrates the information regarding 

on the grid current THD (%) and PF of the proposed topology at various output power levels. 

Both experimental and digital simulation results have depicted the accuracy the design and 

mathematical analysis of the proposed EV charger. 

Fig. 4.15(a) represents the system robustness and dynamic response while changing the 

output voltage from 300V to 250V with harmonics-free rectifications. In Fig. 4.15(b), the 

proposed converter has a superior dynamic response when the load is reduced from 100% to 

50%, which can be evaluated when the mode alters from constant current (CC) to constant 

 

Fig. 4.16. Total power distribution losses at 1.5 kVA. 
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voltage (CV). Throughout the charging process, a battery operates as a current sink, with CC 

mode indicating a big load for the charger and CV mode representing a small load. As a 

result, a battery charger has higher efficiency over the full power range. Due to presence of 

inherent parasitic elements such as resistance, capacitance, and inductance in the inductors 

and capacitors of the proposed converter, it causes temporary deviations from the constant 

current behaviours during transient when the grid voltage zero-crossing, followed by grid-

current will also zero-crossing. However, a small damping resistor which is 2.4* V0/𝑛 has 

been utilized at the grid side switches to alleviate this deviation and the resonance. 

A new generation wide band gap (WBG) silicon carbide (SiC) based semiconductor device 

has been used in the proposed converter. Also, SiC MOSFET has higher electron mobility 

which results in faster switching and reduced energy losses compared to silicon devices. In 

addition, SiC MOSFET can operate at high-temperature which allows for a more compact 

and efficient thermal design, reducing the need for additional cooling requirements. Thence, 

the selection of a SiC MOSFET with lower on-state resistance can effectively reduce the 

switching losses which enhances the conversion efficiency in the proposed EV charger 

topology. A digital control system in power conversion plays a crucial role in optimizing the 

power transfer between the AC grid and the EV battery. Unlike analog control systems, 

digital control utilizes TI DSP TMS320F28335 advanced digital signal processor with 32-bit 

static CMOS high-performance technology for monitoring precisely and adjusting various 

parameters in real-time with efficient power management and lower power losses, leading to 

improved efficiency. Also, it provides a faster and more accurate control mechanism with 

changing operating conditions, flexible adaptive control to achieve optimal efficiency in 

dynamic EV charging, and to detect and respond to abnormal conditions which prevent 

system damage. Also, the pie chart in Fig. 4.16 shows the total power distribution at 1.5 kVA 

for identifying the percentage of losses occurring in various converter components. It is 

clearly visible that the primary causes of power loss are due to the power semiconductor 

devices which accounting for over 70% of the total losses. The losses are computed using all 

information from different components datasheet. 

4.7 Conclusion 

This chapter studied and investigated on an isolated single-stage bidirectional current-fed 

push-pull AC-DC converter with PFC for a plug-in EV charging application. With single-

inductor and two 4-quadrant switches PFC along with soft-switching is obtained while doing 
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efficient AC-DC conversion. Natural commutation or ZCS is very crucial in current-fed 

devices to eliminate the turn-off device voltage spike and snubbers associated with voltage 

clamping. The ZCS turn-off of the grid-side devices is obtained making the topology 

snubber-less. The implemented modulation is a modified technique, used in current-fed push-

pull DC-DC converter, to attain PFC and AC-DC conversion. The developed modulation 

ensures soft-switching of all semiconductor devices during G2V and V2G modes of operation 

with active and reactive power flow. The analysis and design of the proposed converter are 

validated with simulation results from PSIM 11.04. A proof-of-concept hardware prototype 

of 1.5 kVA is developed and tested to demonstrate the converter performance and the 

modified modulation. The developed prototype has demonstrated an impressive efficiency of 

96.7%, PF of 0.99, and a low THD of 2.67%, which is in good agreement with the analysis. 
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Chapter 5: Single-Stage Current-fed Derived 
Isolated DC-DC Converter for Vehicle-to-Vehicle 

Energy Exchange 
5.1 Introduction 

Widespread electric vehicle (EV) adoption is critically challenged by the limited range of 

driving, longer charging duration, and non-availability of charging stations everywhere [157]. 

The flexibility of the EVs can be enhanced using the vehicle-to-vehicle (V2V) charging 

system. This system will help in mitigating the range anxiety and also offers emergency 

charge transfer to another user. According to a report released by Idaho National Laboratory 

(INL) [158], about 85 % EV owners recharge the EV batteries at their residence. The main 

reason behind this is the nonavailability of battery charging stations at different locations at 

present as well as cost. Development of new charging stations involves extra cost and the 

EVs are limited to locations close to grid infrastructure. 

The energy exchange between EVs can be a viable option in an emergency situation where 

an EV is about to run out of charge at a location without any charging station nearby, then 

another EV with enough state-of-charge can transfer the energy required by the first EV. The 

V2V charging operation is represented in Fig. 5.1. Different EV charging techniques have 

been reported in literature [159]-[161]. However, very few investigations from power 

electronics perspective on the domain of V2V charging have been reported. 

5.2 Different Vehicle to Vehicle Charging Techniques 

This section describes the various charging modes for the V2V power transfer between two 

EVs [162]-[165]. 

 

Fig. 5.1. Vehicle-to-Vehicle (V2V) Charging using On-board Chargers. 
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5.2.1 V2V Power Transfer in AC Mode 

The power transfer in AC mode for the V2V charging operation are described below: 

(a)  Indirect Traditional Approach: In this method, the power grid is used as an 

intermediate point. Here the V2G operation is combined with G2V 

(b) Direct Approach: In this method, the connection to the power grid is not necessary. 

Here the V2H operation is combined with the G2V operation.  

The power transfer takes place between two EVs where EV1 is transmitting power to EV2 

in all the considered cases. The battery charger in each of the EV comprises front end AC-

DC converter and a back-end DC-DC converter for implementing the V2G and G2V 

operations, the converters are bidirectional. 

5.2.1.1 V2G Operation in Combination with G2V Operation 

This method combines the two operational modes of V2G and G2V where both the EVs 

have a connection to the power grid, which is presented in Fig. 5.2. EV1 is providing the 

energy and is operating in V2G mode where it injects the stored energy into the batteries to 

the power grid. EV2 works in G2V mode and recharges the batteries by accepting energy 

from the grid. The two EVs are in connection with the power grid. The flow of power is 

controlled by current regulation on the AC side. The current between two EVs has 180 

degrees phase-shift. The resultant current of the power grid is zero as the current requirement 

of EV2 is equal in amplitude to the current generated by EV1 or a set of EVs. The physical 

meaning is that the energy requirement for recharging EV2 batteries is completely furnished 

by EV1. Therefore, the power grid does not get overloaded, which represents the critical 

aspect of V2V operation. 
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Fig. 5.2. V2G Operation in Combination with G2V Operation. 
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5.2.1.2 V2H Operation in Combination with G2V Operation 

On the contrary to the previous case, there is a possibility of direct V2V transfer of power 

utilizing AC power. The V2H mode of operation is an aspect of isolated systems in which 

there is no connection to the power grid. In this case, an EV is regulated to generate AC 

voltage to give energy to the electrical loads. The method can be utilized for V2V power 

transfer where EV1 acts as the AC voltage source work in V2H mode as depicted in Fig. 5.3 

and the EV is feeding from it working in G2V mode where the current and voltage are in-

phase. The difference between the traditional and direct method is that in the latter there is no 

power grid connection. As there is no grid connection in the second method, it is considered 

as direct method because the two EVs are only connected to each other and there is a direct 

V2V power transfer between them. This approach is a good option when the batteries of the 

EVs are completely discharged and there is no possibility to move. 

5.2.2 V2V Power Transfer in DC Mode 

This section describes the methods of DC mode V2V power transfer. There are several 

advantages to the direct V2V power transfer in AC mode, which combines the V2H and G2V 

modes. But there are four power conversion stages in AC V2V power transfer irrespective of 

direct or traditional method. As the batteries are charged using DC power, there is an 

advantage in connecting the EVs using the DC terminals. This can be implemented using the 

following methods: 

(a) On-board DC-DC converter: In this method, both the EVs will have on-board DC-DC 

converter and the power will be transferred by establishing a back-to-back connection 

between them. 
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Fig. 5.3. V2H Operation in combination with G2V Operation. 
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(b) Off-board DC-DC converter: In this method, an external DC-DC converter is used to 

connect the battery terminals in both the EVs. 

5.2.2.1 V2V Charging using On-board DC-DC Converter 

A bidirectional power flow is allowed in the on-board EV battery charger so that the V2G 

and G2V operations can be implemented. Therefore, the DC-DC converter for the battery 

chargers permits the batteries to be charged and discharged with current or voltage control. 

Suppose a second DC-DC converter is joined at the output of the first DC-DC converter and 

both the dc-dc converter can operate in bidirectional mode then a power exchange is possible 

between the two EVs batteries. This is outlined in Fig. 5.4. The cascaded DC-DC converter 

permits bidirectional operation with a regulated charging current in a varied operating voltage 

range. There is a possibility to charge batteries having higher voltage using lower voltage 

batteries. The EV connections should be using the DC links for such condition. The DC link 

nodes are common to both the DC-DC and AC-DC converters for each charger. Thus, the 

external plug that is connected to enable the V2V power transfer in DC mode do not require 

any additional power converters or hardware. 

5.2.2.2 V2V Charging using Off-board DC-DC Converter 

The V2V power transfer is possible using an off-board DC-DC converter instead of an 

onboard charger. This is a useful method when there is a need of galvanic isolation or in 

situations when there is a significant voltage difference in EV batteries. In such cases, the 

EVs should be interfaced directly to the batteries and is shown in Fig. 5.5. The on-board 

battery charger operation is not required in such a case because as the off-board DC-DC 

converters permit the operation using regulated current or voltage. An off-board charger does 

not require a power source as each of the terminals are connected to the batteries of each EV. 

Battery 1 Battery 2EV#1 EV#2

B2C C2BOn-Board DC V2V
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Converter

DC-DC 
Converter

 

Fig. 5.4. V2V Charging using On-board DC-DC Converter. 
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Thus, to enable this mode of operation, the power plug must comprise of power 

semiconductors and high frequency transformer. Though there is no requirement to use the 

on-board EV chargers, which is an advantage to the EVs but the external DC-DC converter 

for off-board V2V EV charging comprises extra cost in comparison to the on-board charging 

solution. Therefore, this Chapter presents a novel V2V charge transfer using the proposed 

converter where only the on-board charger of the EV to be charged is utilized for charging 

the EV battery. 

5.3 Proposed Converter Working in DC Charging Mode 

In this chapter, a novel zero current switched secondary-modulation enabled single-phase 

single-stage naturally clamped snubber-less isolated DC-DC converter is utilized for V2V 

DC charge transfer technique as per shown in Fig. 5.6. When compared to existing AC and 

DC charging procedures, this method uses a smaller number of power conversion stages 

because it just uses the on-board charger of the EV that needs to be charged to the EV 

battery. Additionally, this method only uses one on-board charger with single-stage, which 

gives it an advantage over other V2V charging techniques that normally use two-stage. The 

charger satisfies the requirements for an on-board charger by being compact in size, high 

power density, and lower cost. Also, this converter has more advantageous than other V2V 

DC chargers are, such as lower duty cycle loss, lower high-frequency (HF) transformer turns 

ratio, lower current ripple, less circulating current which leads to low RMS and peak current, 

and snubber-free or without active-clamp or snubber circuits. Also, a novel modulation 

technique has been proposed for this configuration which gives results as: 1) lower switching 

losses: zero current turn-on at the secondary or output side switches and zero current at the 

primary or input side switches; 2) Alleviating the traditional voltage-spike problems in 

primary and secondary switches with ZCS method and limiting the RMS current which leads 

Battery 1 Battery 2
EV#1 EV#2

B2C C2BOff-Board DC V2V

DC-DC 
Converter

 

Fig. 5.5. V2V Charging using Off-board DC-DC Converter. 
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to higher efficiency; 3) Snubber-less inherently clamped soft-switching is tracked and 

maintained during the full operation. 

The article is organized as follows: V2V DC-DC converter configuration and steady state 

analysis in DC charging mode is proposed in Section 5.4. Section 5.5 describes the design of 

the converter for V2V charge transfer. In Section 5.6, the simulation results are demonstrated. 

The hardware laboratory prototype has been developed and experimental results are reported 

in section 5.7. Section 5.8 concludes this paper. 

5.4 Converter Steady-State Analysis and Operation for V2V DC 

Charge Transfer 

The detailed steady-state analysis and operation of the ZCS concept are explained and 

articulated in this section. Two diagonal switches of the output side (secondary side) are 

turned-ON just before taking out the gating pulses of the input side (primary side) switches, 

and the reflected output voltage 𝑉0/𝑛 visible at the primary side of HFT. As a result of this, 

the current is redirected from the input side switches to the HFT which lead to the current of 

the HFT is to rise and the input side switches current to fall until it becomes null. The gating 

pulses are withdrawn once the current drops below null, and the body diodes at the switches 

commences conducting, resulting in ZCS turn-off operation. To ensure output voltage 

stability and power exchange control, fixed-frequency duty-cycle (FFDC) modulation 

technique is adopted. 
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Fig. 5.6. Single-Stage Single-Phase V2V EV Charger. 
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The operating waveforms of V2V charger in steady-state are displayed in Fig. 5.7. The 

gating signals are used to control the input side switches S1, S4 and S2, S3 and are phase-

shifted by 180θ with an overlap across the legs at the conduction time. The dP (should be > 

0.5) and dS (should be < 0.5) are the duty ratios of the input side and output side devices, 

respectively. The amount of overlap in the gating pulses changes based on the value of duty 

ratio, which is determined by the input voltage and load characteristics. As depicted in Fig. 

5.7, the duty cycle of the secondary side devices S5 and S8 is dS, and they are switched-off 

synchronously with devices of the primary side S1 and S4. Likewise, the turn-off of the device 

GS2,GS3

GS1,GS4

GS5,GS8

GS6,GS7

ILlk

IS2+ID2
IS3+ID3

IS1+ID1
IS4+ID4

IS6+ID6

IS5+ID5

VAB

VCD

t
t
t
t

t

t

t

t

t

t

t

t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11t12 t13 t14t15 t16

dPTS

dSTS

ILlk,peak

-ILlk,peak

Iin /2

Iin /2 Iin /2 Iin /2
Iin

Iin

Iin /2 Iin /2

V0 /n

-V0 /n

IS2, S3,peak

IS1, S4,peak

TS

 

Fig. 5.7. Operational waveforms-I of the DC-DC converter for V2V charging. 
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S2 and S3 are synchronized with the turn-off with the devices of S6 and S7. A few assumptions 

have been made to make the analysis more easy and under-stable of V2V charger, which are 

exhibited as below: 

(a) Input boost inductor (𝐿) with a big enough value to guarantee that the input ripple 

current (IL) remains as minimum. 

(b) All the semiconductor devices are lossless and ideal. 

(c) The HFT has a large magnetizing inductance (𝐿𝑙𝑘). 
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Fig. 5.8. Equivalent circuits while various intervals of operation of the converter-I. 
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(d) Throughout one switching cycle of the converter, the input voltages (𝑉𝑖𝑛) and output 

voltages (𝑉0) are presumed to remain constant. 

(e) The output voltage is regulated by capacitor in the output filter (𝐶0), which have a high 

capacitance value. 

By using equivalent circuits of the proposed V2V charger shown in Fig. 5.8 and 5.9, the 

operation of the converter throughout different intervals in a half high frequency (HF) cycle 

can be elucidated. 

Mode-1: (t0 < t < t1) 

In Mode-1, the input current (Iin) is flowing through the input side switches S1, S4 and S2, S3 

as they conduct simultaneously which is shown in Fig. 5.8(a). The output capacitor is 

responsible for supplying power to the load. By utilizing the given equations as follows, one 

can ascertain the currents passing through different primary side components. 

 𝐼𝐿 = 𝐼in (5.1) 

𝐼𝑆1 = 𝐼𝑆2 = 𝐼𝑆3 = 𝐼𝑆4 =
𝐼in

2
 (5.2) 

Mode-2: (t1 < t < t2) 

In Mode-2, the activation of output side switches S6 and S7 occurs at t = t1 which is shown 

in Fig. 5.8(b). This conduction causes the voltage V0/𝑛 to emerge across the input side of 

HFT, initiating the buildup of leakage inductor current ILlk of HFT. Consequently, the input 

boost inductor current IL, which was originally passing through devices of S2 and S3, is 

redirected towards the primary winding of HFT. Consequently, there is a linear decline in the 

current of the input side switches S2 and S3, whilst the current ILlk is gradually increases. The 

following provided equations offer insight into the currents that traverse various elements in 

the converter. 

At the completion of this mode, the current in the devices of S2 and S3 diminish to zero, 

resulting in its ZCS turn-off condition, despite the ongoing gating pulses. Meanwhile, the 

currents of devices S1, S4, and Llk attain values of Iin. 

𝐼𝐿𝑙𝑘 =
𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘

(𝑡 − 𝑡2) (5.3) 
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𝐼𝑆2 = 𝐼𝑆3 = 𝐼𝑖𝑛 −
𝑉𝑜

2. 𝑛 ⋅ 𝐿𝑙𝑘

(𝑡 − 𝑡2) (5.4) 

𝐼𝑆1 = 𝐼𝑆4 = 𝐼𝑖𝑛 +
𝑉𝑜

2. 𝑛 ⋅ 𝐿𝑆

(𝑡 − 𝑡2) (5.5) 

𝐼𝑆6 = 𝐼𝑆7 =
𝐼𝑖𝑛

𝑛
+

𝑉𝑜

𝑛2 ⋅ 𝐿𝑙𝑘

(𝑡 − 𝑡2) (5.6) 

Mode-3: (t2 < t < t3) 

With commencing at t = t2, the antiparallel diodes D2 and D3 of devices S2 and S3 becomes 

conductive as demonstrated in Fig. 5.8(c). Consequently, the currents passing through the 

HFT, as well as switches S1, S4, S6, and S7 progressively increase at the same rate. At the 

culmination of this mode, denoted by t = t3, both ILlk and the currents of devices S1 and S4 

achieve their peak magnitudes. It is worth mentioning that the magnitude of these peaks 

depends on the duration of the gating pulses G6 and G7 applied to the output side devices. 

Mode-4: (t3 < t < t4) 

When t = t3, output side devices S6 and S7 are deactivated. This prompts the current on the 

output side to be taken over by antiparallel diodes D5 and D8, which are positioned across 

output side devices S5 and S8, respectively. As a result, a negative voltage of -V0/𝑛 

materializes across the input side of the HFT, causing the current ILlk to commence a decline 

from its peak level as shown in Fig. 5.8(d). 

𝐼lk = 𝐼lk,peak −
𝑉𝑜

𝑛 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡4)            (5.7) 

𝐼𝑆1 = 𝐼𝑆4 = 𝐼sw,peak −
𝑉𝑜

2. 𝑛 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡4) (5.8) 

𝐼𝐷2 = 𝐼𝐷3 = 𝐼𝐷2,peak −
𝑉𝑜

2. 𝑛 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡4) (5.9) 

𝐼𝐷5 = 𝐼𝐷8 =
𝐼lk,peak

𝑛
−

𝑉𝑜

𝑛2 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡4) (5.10) 

At t = t4, the current passing through diodes D2 and D3 inherently drops down to null. 

Meanwhile, the current ILlk and currents through devices S2 and S3 reach levels of Iin. 
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Mode-5: (t4 < t < t5) 

From Fig. 5.9(e), during this mode, the snubber capacitor across the input side devices S2 

and S3 rapidly accumulate charge and reaches the voltage level of V0/𝑛. This phase is small, 

and the rate of charging is controlled by the series snubber resistance. 
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Fig. 5.9. Equivalent circuits while various intervals of operation of the converter-II. 
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Mode-6: (t5 < t < t6) 

In this mode, the input voltage of the HFT remains at zero, causing a consistent current of 

Iin to flow through its input side winding. The semiconductor devices S1 and S4 handle the 

entire input current Iin, while the antiparallel diodes D5 and D8 enable the charging of the 

output capacitor C0 with a constant current of Iin/𝑛 as per Fig. 5.9(f). The gating pulses G1-G8 

are assigned to devices S1-S8 in the given order. 

Mode-7: (t6 < t < t7) 

At t = t6, the input side devices S2 and S3 are switched ON condition, leading to the 

discharge of the snubber capacitor through the series snubber resistance which is shown in 

Fig. 5.9(g). This discharge process causes the switch voltage to progressively diminish and 

eventually reach null within a short duration. 

Mode-8: (t6 < t < t7) 

A negative voltage of -V0/𝑛 becomes present across the input side of the HFT, leading to a 

descent in the input side current from its initial value of Iin during this mode which can shown 

in Fig. 5.9(h). The initiation of an increase in current through devices S2 and S3 indicate the 

transfer of current ILlk from the HFT. This moment denotes the zero-current turn-on operation 

of devices S2 and S3. When t reaches t8, the ILlk current reduces to null, and the current of 

devices current S2 and S3 rises to Iin. The current flowing through elements can be determined 

using the following equations. 

𝐼lk = −𝐼in +
𝑉𝑜

𝑛 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡7)          (5.11) 

𝐼𝑆1 = 𝐼𝑆4 =
𝑉𝑜

2𝑛 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡7)     (5.12) 

𝐼𝑆2 = 𝐼𝑆3 = 𝐼in −
𝑉𝑜

2𝑛 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡7)     (5.13) 

𝐼𝐷6 = 𝐼𝐷7 =
𝐼in

𝑛
−

𝑉𝑜

𝑛2 ⋅ 𝐿lk
⋅ (𝑡 − 𝑡7)     (5.14) 

The end of this interval signifies the completion of a half high-frequency (HF) switching 

cycle. The intervals are repeated in a similar fashion in next half cycle, with other 

symmetrical switches taking turns to conduct and complete the full HF cycle. 
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5.5 Design of the Converter 

This section describes the procedure for designing of the proposed single-phase single-

stage current-fed DC-DC converter for vehicle-to-vehicle charging application. The 

parameters include: Input voltage 𝑉𝑖𝑛=170 𝑉, Output voltage 𝑉0=220-330 𝑉, Output power 

𝑃𝑜=1.5 kW, nominal output voltage = 300 V, and switching frequency 𝑓𝑠=100 kHz. The 

following presented design equations assist in determining the ratings of the components used 

in the proposed converter. This information is beneficial in the selection process of 

components and estimating the performance of the converter as theoretically and practically. 

22) The input current 𝐼𝑖𝑛 is calculated by, 

𝐼𝑖𝑛 =
𝑃𝑜 

𝑛. 𝑉𝑖𝑛 
 (5.15) 

Presuming an ideal efficiency η=100%. 

23) The maximum allowable voltage across at the switches of the primary side is, 

𝑉𝑆𝑊,𝑃 =
𝑉0 

𝑛 
 (5.16) 

    Where 𝑛 is the high-frequency transformer (HFT) turns-ratio. 

24)  The high-frequency transformer (HFT) turns ratio is given by, 

𝑛 =
2. 𝑉0. (1 − 𝑑𝑃) 

𝑉𝑖𝑛
  (5.17) 

Where 𝑑𝑃 is the duty cycle of the primary side switches. 

Table 5.1: Converter Specifications 

Parameter Value 

Input Voltage, Vin 170V (rms) 

Input Current, Iin 17.76 A 

Output voltage, Vo 300 V 

Output power, Po 1500W 

Switching frequency, fsw 100 kHz 
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25) The leakage series inductance 𝐿𝑙𝑘 of HFT is required to yield ZCS with operating 

requirements necessities and it can be computed as, 

𝐿𝑙𝑘 =
𝑉0. (𝑑𝑃 − 0.5) 

2. 𝐼𝑖𝑛 . 𝑓𝑠 . 𝑛 
  (5.18) 

Where 𝑓𝑠 is the switching frequency of the converter. Although the experimental value of 

𝐿𝑙𝑘 is slightly lower than the design value, it is still enough to ensure ZCS operation within 

the boundary of operation. Additionally, this has a substantial effect on the peak current of 

the primary side switches, but it matches the designed calculation as well. 

26) The input boost inductor 𝐿 can be calculated according to the specification for input 
current ripple, 

𝐿 =
𝑉𝑖𝑛 . 𝑑𝑃 

𝛥𝐼𝐿 . 𝑓𝑠 
  (5.19) 

    The peak-to-peak current value of the input boost inductor is denoted by 𝛥𝐼𝐿, where 𝛥𝐼𝐿=1. 

To achieve maximum converter efficiency and utilization factor, it is critical to choose the 

ideal boost inductor value that minimizes conduction losses. 

27) The relationship between input voltage 𝑉𝑖𝑛 and output voltage 𝑉0 is given as, 

 𝑉0 =
 𝑛. 𝑉𝑖𝑛 

2. (1 − 𝑑𝑃)
  (5.20) 

28) The duty cycle of the secondary side switches 𝑑𝑆 is a crucial factor that determines the 

zero-current-switching (ZCS) condition of the primary side switches, and it can be 

expressed as follow, 

𝑑𝑆 ≥
𝐼𝑖𝑛. 𝑓𝑠 . 𝑛 . 𝐿𝑙𝑘 

𝑉0 
  (5.21) 

Table 5.2: Converter Design Parameters 

Parameter Value 

Input Boost Inductor, L 170μH 

Leakage Inductance of Ls 6.5μH 

Turns ratio, n 1.2 

Output Capacitor, C0 2*1200μF 
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      The peak-to-peak current value of the input boost inductor is denoted by 𝛥𝐼𝐿, where 

𝛥𝐼𝐿=1. To achieve maximum converter efficiency and utilization factor, it is critical to choose 

the ideal boost inductor value that minimizes conduction losses. 

29) For determining the RMS and peak values of the primary side switches, the following 

equation is used and calculated as, 

𝐼𝑃,𝑝𝑒𝑎𝑘 =
𝐼𝑖𝑛 

2
+  

𝑉0. 𝑑𝑆  

𝐿𝑙𝑘 . 𝑓𝑠 . 𝑛 
  (5.22) 

𝐼𝑃,𝑅𝑀𝑆 = 𝐼𝑖𝑛√
9 + 4. 𝑑𝑆 − 6. 𝑑𝑃 

12
 (5.23) 

30) The RMS and peak values of the secondary side switches can be obtained as, 

𝐼𝑠,𝑝𝑒𝑎𝑘 =
𝑉0. 𝑑𝑆 

 𝑛2𝐿𝑙𝑘 . 𝑓𝑠  
  (5.24) 

𝐼𝑠,𝑅𝑀𝑆 =
𝐼𝑖𝑛 

 𝑛
√

9 + 4. 𝑑𝑆 − 6. 𝑑𝑃 

12
 (5.25) 

      In order to achieve reliable operation, it is important for the maximum voltage of the 

secondary side switches to exceed the maximum output voltage, which is indicated by 

𝑉𝑆𝑊,𝑆 ≥ 𝑉0,𝑚𝑎𝑥. 

31) The primary side of the high frequency transformer (HFT) has peak and RMS values 

that can be expressed as, 

𝐼𝑃𝑇,𝑝𝑒𝑎𝑘 =  
𝑉0. 𝑑𝑆 

𝐿𝑙𝑘 . 𝑓𝑠 . 𝑛 
  (5.26) 

𝐼𝑃𝑇,𝑅𝑀𝑆 = 𝐼𝑖𝑛√[
1 − 𝑑𝑃 

2
+  

𝑑𝑆 

3
] (5.27) 

32) The secondary side of the high frequency transformer (HFT) has peak and RMS values 

that can be calculated as, 

𝐼𝑆𝑇,𝑝𝑒𝑎𝑘 =  
𝑉0. 𝑑𝑆 

𝐿𝑙𝑘  . 𝑓𝑠 . 𝑛2 
  (5.28) 
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𝐼𝑆𝑇,𝑅𝑀𝑆 =
𝐼𝑖𝑛 

 𝑛
√[

1 − 𝑑𝑃 

2
+  

𝑑𝑆 

3
] (5.29) 

33) The calculation of primary and secondary turns of the HFT is carried out by, 

𝑁𝑃 =
𝑉0. (1 − 𝑑𝑃) 

2. 𝐴𝐶 . 𝑓𝑠 . 𝑛. 𝐵𝑚  
  (5.30) 

𝑁𝑆 =
𝑉0. (1 − 𝑑𝑃) 

2. 𝐴𝐶 . 𝑓𝑠 . 𝐵𝑚  
 (5.31) 

      The maximum magnetic flux density of the core is indicated by 𝐵𝑚, and the cross-

sectional area of the core is denoted by 𝐴𝐶 , both of which are important factors for the HFT. 

𝐴𝑓 . 𝐽𝑓 . 𝐾𝑓 = 𝑁𝑃 . 𝐼𝑃𝑇,𝑅𝑀𝑆 + 𝑁𝑆 . 𝐼𝑆𝑇,𝑅𝑀𝑆 (5.32) 

      The core area of the HFT can be determined using equations (5.29) to (5.32), which 

incorporate the frame winding's cross-sectional area 𝐴𝑓, frame winding utilization ratio 𝐾𝑓, 

and frame current density 𝐽𝑓. It is computed as, 

𝐴𝑓 . 𝐴𝐶 =
2. 𝑉0. (1 − 𝑑𝑃). 𝐼𝑃𝑇,𝑅𝑀𝑆 

𝐾𝑓 . 𝐽𝑓 . 𝑓𝑠 . 𝑛. 𝐵𝑚  
 (5.33) 

34) The output capacitor 𝐶0 is obtained as, 

𝐶0 =
𝐼0. (1 − 𝑑𝑃) 

𝛥𝑉0. 𝑓𝑠   
 (5.34) 

Whereas, 𝛥𝑉0 is the output voltage ripple range. 

5.6 Simulation Results of V2V Charger 

The proposed V2V charger has been designed and simulated as per specifications of Table 

5.1 and 5.2 using PSIM 11.04 software to ensure that it meets the desired performance and 

theoretical analysis. The steady-state behavior of the converter with the specified parameters 

and design characteristics, which are rated for 1.5 kW power. Fig. 5.10 and 5.11 exhibit the 

simulation results of the proposed converter in DC charging strategy. 

The DC input voltage 𝑉𝑖𝑛 and input current 𝐼𝑖𝑛 are depicted in Fig. 5.10(a). Also, Fig. 

5.10(b) affirms the DC output current 𝐼0 and the DC output voltage 𝑉0 at rated output power 
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1.5 kW. The output voltage 𝑉0 is clearly observed to stabilize precisely at 300V in Fig. 

5.10(b). Fig. 5.10(c) shows the current waveform for the input boost inductor 𝐿. The input 

boost inductor current 𝐼𝐿 ripple frequency is twice of device switching frequency 𝑓𝑠, leading 

to a smaller in size. Moreover, the peak current 𝐼𝐿𝑙𝑘 through inductor 𝐿𝑙𝑘 above the constant 

value is due to the extended enable of the anti-parallel body diodes of the corresponding 

primary semiconductor devices, which ensures ZCS turnoff operation as shown in Fig. 

5.10(d). The continuous current has the lower peak value. Furthermore, according to the 

voltage waveform 𝑉𝐴𝐵, the voltage across the main devices is inherently capped at low 

voltage, 𝑉0/ 𝑛. 

The current through the primary and secondary switches and its corresponding gate signals 

while the operation of the converter during the DC charging mode is shown in Fig. 5.11. The 

primary switch current reaches zero inherently without requiring any external circuitry before 

removing the gate signal, thereby achieving ZCS turn-off operation as shown in Fig. 5.11(a). 

This is applicable and accurate for all voltage and load ranges configurations, as discussed in 

the converter design section 5.2. The current through the secondary side devices during V2V 

charging is depicted in Fig. 5.11(b) along with its gate signal. The gate signal enables the 
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Fig. 5.10. Simulation results of V2V chargers from PSIM 11.04 Software at 𝑃𝑜=1.5 kW; (a) DC input 

voltage 𝑉𝑖𝑛 and DC input current 𝐼𝑖𝑛. (b) DC output current 𝐼0 and the DC output voltage 𝑉0. (c) Input boost 

inductor current 𝐼𝐿 . (d) Leakage series inductor current waveform 𝐼𝐿𝑙𝑘  and voltage waveform 𝑉𝐴𝐵 at primary 

side. 

 



114 
 

devices to turn-on gradually until achieving zero current turn-on (ZCS turn-on) condition. 

The waveforms displayed in Figs. 5.10 and 5.11 which are precisely match with the expected 

results predicted by theoretical analysis, demonstrating to verification of the accuracy of the 

proposed secondary side modulation strategy and the steady-state operation with its design of 

the converter as discussed in Section 5.1 and Section 5.2. 
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Fig. 5.11. (a) Simulation results of ZCS operation at primary side devices. (b) Simulation results of ZCS 

turn-on operation at secondary side devices. 
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5.7 Experimental Results 

To validate the performance and design, a laboratory prototype of the proposed V2V DC-

DC power exchange converter rated at 1.5 kW is developed, as shown in Fig. 5.12., utilizing 

the converter specifications outlined in Tables 5.1 and 5.2. The laboratory hardware 

necessitates specific component specifications, which are detailed in Table 5.3. The gating 

 

Fig. 5.12. V2V Charger laboratory hardware prototype. 

 Table 5.3: Hardware Components Specifications  

Component Specifications 

Primary-side switches CREE-SiC MOSFET, 
C3M0045065D 

Secondary-side switches CREE-SiC MOSFET, 
C3M0025065D 

Boost Inductor 55 x 28 x 21 EE ferrite Core,  
170 μH 

High Frequency Transformer 
(HFT) 

EE ferrite core, Primary turns, 
N1=26, secondary turns N2=30, 

Llk1= 1.65μH 

Series Inductance EE ferrite core, 4.85 μH 

Output Capacitor 2*1200μF 450V electrolytic 
capacitor 

Gate Driver IC IC-IXYS-IXDN609SI 

DSP Board TMS320F28335 
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signals for SiC MOSFETs are generated by code using the TI-DSP-TMS320F28335 Board. 

The dimensions of the proposed topology measure 7.59.50.40 in3 (length * width * height), 

resulting in a power density of 52.63 W/in3. The isolated gate-driver circuits for the 

semiconductor switches are designed using the gate driver IC IXYS-IXDN609SI and 

Broadcom-ACPL4800 optocoupler. The experimental results closely align with the digital 

simulation results, validating their accuracy and design of the DC-DC converter for V2V 

charger. A DC-DC converter for V2V charger based on SiC-MOSFETs is constructed, tested, 

and evaluated under diverse operating conditions. 

Experimental results in the steady-state of the DC-DC converter for V2V charger operating 

in DC-DC mode are presented in Fig. 5.13. Fig. 5.13(a) displays the DC input current and 

 

Fig. 5.13. Experimental results of DC-DC Converter for V2V Charger; (a) DC input voltage 𝑉𝑖𝑛, DC input 

current 𝐼𝑖𝑛, DC output current 𝐼0 and the DC output voltage 𝑉0 at 1500 W; (b) DC input voltage 𝑉𝑖𝑛, DC 

input current 𝐼𝑖𝑛, DC output current 𝐼0 and the DC output voltage 𝑉0 at 750 W; (c) DC input voltage 𝑉𝑖𝑛, DC 

input current 𝐼𝑖𝑛, Input boost inductor current 𝐼𝐿; (d) DC input voltage 𝑉𝑖𝑛, DC input current 𝐼𝑖𝑛, Primary 

HFT 𝐼𝐿𝑙𝑘 , Secondary HFT 𝑉𝐶𝐷; (e) ZCS operation at primary side switch 𝑆2; (f) ZCS operation at primary 

side switch 𝑆3; (g) ZCS Turn-ON operation at secondary side switch 𝑆5; (h) ZCS Turn-ON operation at 

secondary side switch 𝑆8; (i) Efficiency analysis at different power level. 
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voltage, as well as the DC output current and voltage at power levels of 1500W. The 

waveforms of DC input current and voltage and the DC output current and voltage at half-

load shown in Fig. 5.13(b). The input boost inductor current waveform which is shown in 

Fig. 5.13(c) with lower ripple magnitude and twice of the semiconductor device switching 

frequency, also with input DC current and voltage. In Fig. 5.13(d), the experimental results 

for a single high-frequency switching cycle are presented, highlighting the complete absence 

of voltage and current in the high-frequency transformer (HFT) after the active state ends 

with secondary side voltage at HFT. Additionally, the low voltage is clamped at low voltage 

semiconductor devices. Unlike traditional hard-switching and active-clamped converters, the 

primary current in the dc-dc converter maintains a continuous flow. As predicted, this 

characteristic results in a low peak value for the primary current, corroborating the findings 

outlined in the analysis and simulation results. Through the utilization of anti-parallel diodes 

across the primary side semiconductor devices, the current naturally diminishes to zero, 

leading to ZCS turn-off operation.  

Fig. 5.13(e) and (f) demonstrate the experimental results of the ZCS turn-off soft-switching 

operation achieved by primary switches S2 and S3 at different time intervals. Furthermore, 

secondary side devices S5 and S8 exhibit ZCS turn-on at different time intervals, as depicted 

in Fig. 5.13(g) and (h). These figures demonstrate that the current transitions from zero to a 

positive value upon switch turn-on, resulting in ZCS turn-on operation. Similarly, the 

remaining switches at primary side S1 and S4 and S6 and S7 on the secondary side achieve 

 

Fig. 5.14. Power loss distribution at 1.5 kW. 
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soft-switching during other mode. The experimentation conducted on the hardware prototype 

as part of the proof-of-concept demonstrates exceptional efficiency, achieving a remarkable 

96.7% efficiency level at full-load. Also, efficiency evaluation is analyzed at different power 

levels in Fig. 5.13(i). The distribution of power losses in the converter is also shown 

graphically in Fig. 5.14., using a pie chart to show the proportional percentages that each 

component contributed. Secondary side switches and capacitor, which account for 37% of the 

converter's overall loss, are the main cause of the power loss. SiC-MOSFETS are main 

responsible for 29.1% of the overall loss at primary-bridge. 27.4% of the total loss is 

accounted for by HFT, while the remaining 3.5% is caused by input boost inductor. 

Surprisingly, the observed efficiency from the experiment using the proof-of-concept 

hardware prototype nearly matches the theoretically predicted efficiency. 

5.8 Conclusion 

This chapter presents a novel zero-current-switching enabled current-fed full bridge 

(CFFB) based dc-dc converter for V2V charging application. The incorporation of an isolated 

dc-dc converter showcases a simple solution for achieving a compact and lightweight design. 

A novel modulation technique has been proposed, utilizing at primary side devices with zero 

current switching (ZCS) and zero current turn-on at secondary side devices. Soft-switching is 

maintained throughout the operation, eliminating the need for additional passive components, 

active clamped circuits, or snubber circuits. This results in high power density, cost-effective, 

compact in size, robust and reliable solution. The main benefit of this method is that it uses 

just one power conversion stage, which is more less than other V2V charging techniques that 

have been demonstrated in this chapter. A thorough analysis of steady-state functioning over 

one switching cycle is given, and design calculation for the converter in DC charging mode 

are also obtained. PSIM 11.04 simulations are used to confirm the viability of the proposed 

V2V charge transfer method employing with power converter in DC charging mode. 

Additionally, a hardware prototype with a 1.5 kW power rating is built and put through 

testing to confirm the effectiveness of the analysis and design of the proposed converter for 

V2V charger. The experimental set-up produces a remarkable V2V power transfer efficiency 

with 96.7%. 
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Chapter 6: Electric Vehicle-to-Vehicle (V2V) Energy 
Transfer Using Current-Fed DC-DC Converter  

6.1 Introduction 

Electric vehicle-to-electric vehicle (V2V) charging technology is proposed to offer 

solutions to the increased energy demand. It is considered as a new way of transferring 

energy between vehicles without directly relying on the utility grid. Some car manufacturers, 

such as Rivian, Tata Motors and Hyundai, announced to include this feature in their new EV 

models [16]-[18]. In chapter 5, the propose a V2V charge sharing using current-fed isolated 

dual active bridge (DAB). It provides the merits of modularity, scalability, high reliability, 

fault tolerance, and reduced filter requirements. The primary issue with this is the increased 

number of devices and gate driving needs, as well as false switching endangering 

dependability. 

This Chapter introduces and investigates in detail, the concept of V2V charging using 

current-fed push-pull (CFPP) converter topology to achieve zero-current switching (ZCS) of 

the semiconductor switches. The proposed soft-switching converter effectively solves the 

historical problem of voltage spike across the switching devices at their turn-off and thus, 

eliminates the requirement of the snubber or the clamping circuit across them. This reduces 

the hardware complexity while making the converter snubber-less, compact, and cost-

effective. Also, Push-pull topology is advantageous by virtue of having only two switching 

devices with common ground with the source simplifying the gate driving requirements to 

cater cost and control limitations. Push-pull configuration utilizes single boost inductor with 

relatively less components. Table 6.1 corroborates the merits of the proposed converter for 

V2V charging compared to the existing V2V chargers. The distinct attributes of the proposed 

converter configuration presented in this chapter are elaborated as 1) lower switching losses: 

zero current turn-on at the secondary or output side switches and zero current at the primary 

or input side switches; 2) Alleviating the traditional voltage-spike problems in primary and 

secondary switches with ZCS method and limiting the RMS current which leads to higher 

efficiency, and allow the high switching frequency operating with higher converter density; 

3) Snubber-less inherently clamped soft-switching is tracked and maintained during the full 

operation. 

The layout of this Chapter is as follows: Section 6.2 explains the steady-state operation of 

the proposed converter. Section 6.3 describes the steady-state analysis and mathematical 
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expressions for each mode of converter operation. Section 6.4 illustrates the converter design 

procedure to determine the desired attributes with appropriate selection of the various 

component ratings for the given specifications. Section 6.5 shows simulation and 

experimental results. Concluding remarks are presented in Section 6.6. 

6.2 Proposed Converter Topology 

Fig. 6.1. illustrates the schematic of high frequency isolated current fed push-pull converter 

for V2V charging application. Push-pull topology features a pair of symmetrical switches 𝑆1 

and 𝑆2 operated with gating signals phase shifted by 180º with duty ratio D > 0.5 which then 

periodically reverses the current polarity in the transformer primary. Therefore, continuous 

current is drawn from the source in both halves of the switching cycle resulting in steady 

input current with significantly low noise. Two diagonal switches of the output side 

(secondary side) are turned-ON just before taking out the gating pulses of the input side 

(primary side) switches, and the reflected output voltage 2. 𝑉0/𝑛 visible at the primary side of 

HFT. As a result of this, the current is redirected from the input side switches to the HFT 

which lead to the current of the HFT is to rise and the input side switches current to fall until 

it becomes null. The gating pulses are withdrawn once the current drops below null, and the 

body diodes at the switches commences conducting, resulting in ZCS turn-off operation. To 

ensure output voltage stability and power exchange control, fixed-frequency duty-cycle 

(FFDC) modulation technique is adopted. 

V2V 
Charger

C0

1:1:n
S5 S6

Io

Llk2

Ilk1

L

V1

S1 S2

S3 S4

Iin

Battery 
Pack#2

V2Cin

Llk1

Ilk2Battery 
Pack#1

A

B

C

D

 

Fig. 6.1. Single-Stage Single-Phase V2V EV Charger. 

 



121 
 

6.3 Steady State Operation of the Converter 

The detailed steady-state analysis and operation of the ZCS concept are explained and 

articulated in this section. The operating waveforms of V2V charger in steady-state are 

displayed in Fig. 6.2. The gating signals are used to control the input side switches S1 and S2 

are phase-shifted by 180θ with an overlap across the legs at the conduction time. The dP 

(should be > 0.5) and dS (should be < 0.5) are the duty ratios of the input side and output side 

devices, respectively. The amount of overlap in the gating pulses changes based on the value 

of duty ratio, which is determined by the input voltage and load characteristics. As depicted 

in Fig. 6.2, the duty cycle of the secondary side devices S3 and S6 is dS, and they are switched-
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Fig. 6.2. Operational waveforms of the DC-DC converter for V2V charging. 
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off synchronously with devices of the primary side S1. Likewise, the turn-off of the device S2 

is synchronized with the turn-off with the devices of S4 and S5. A few assumptions have been 

made to make the analysis more easy and under-stable of V2V charger, which are exhibited 

as below: 

a) Sufficiently large boost inductor is assumed to maintain constant current.  

b) All the semiconductor devices are ideal and lossless.  

c) The output filter is large enough to maintain the constant output voltage.  
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Fig. 6.3. Equivalent circuits while various intervals of operation of the converter-I. 
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d) Infinitely large magnetizing inductance of HF transformer is assumed. 

By using equivalent circuits of the proposed V2V charger shown in Fig. 6.3 and 6.4, the 

operation of the converter throughout different intervals in a half high frequency (HF) cycle 

can be elucidated. 

Mode-1: (t0 < t < t1) 

During this interval, both the primary-side switches S1 and S2 are conducting and sharing 

50% each of the input current. Power is fed to the load by the output capacitor. 
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Fig. 6.4. Equivalent circuits while various intervals of operation of the converter-II. 
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𝐼𝑆1 = 𝐼𝑆2 = 𝐼𝐿 =
𝐼𝑖𝑛

𝑛
 (6.1) 

Mode-2: (t1 < t < t2) 

In this interval, secondary-side switches S4 and S5 are turned on at t=t1. It causes voltage 

2. 𝑉0/𝑛 to appear across the primary of the transformer. In this interval, the leakage 

inductance current 𝐼𝑙𝑘1 increases further; hence, the inductor current 𝐼𝐿, which was earlier 

flowing through switch 𝑆1, is diverted to the transformer primary. Therefore, current 𝑖𝑆1 

through switch 𝑆1 starts decreasing linearly, and current 𝑖𝑙𝑘1 starts increasing. The currents 

through the several components are given by, 

𝐼𝐿𝑙𝑘1 =
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡2) (6.2) 

𝐼𝑆1 = 𝐼𝐿𝑙𝑘2 = 𝐼𝑖𝑛 −
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡2) (6.3) 

𝐼𝑆2 = 𝐼𝑖𝑛 +
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡2) (6.4) 

𝐼𝑆4 = 𝐼𝑆5 =
4. 𝑉𝑜

𝑛2 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡2) (6.5) 

 

At the end of this interval, switch 𝑆1 current reduces to zero, causing its ZCS turn-off since 

the gating signal has not been removed yet. 

Mode-3: (t2 < t < t3) 

In this interval, antiparallel diode 𝐷1 of the switch 𝑆1 starts conducting at t=t2. The currents 

through the transformer and the switches 𝑆2, 𝑆4, and 𝑆5 are increasing with the same slope. At 

the end of this interval at t=t3, currents 𝑖𝑙𝑘1 and 𝑖𝑆2 reach their peak values. The peak value 

depends upon the pulse width of the gating signal (𝐺4 and 𝐺5 shown in Fig. 6.3) applied to 

secondary switches. 

Mode-4: (t3 < t < t4) 

Secondary switches 𝑆4, and 𝑆5 are turned off at t=t3. The current on the secondary side is 

taken over by antiparallel diodes 𝐷3, and 𝐷6 across secondary switches 𝑆3, and 𝑆6, 
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respectively. A negative voltage of -2. 𝑉0/𝑛 appears across the transformer primary, and its 

current 𝑖𝑙𝑘1 starts decreasing from its peak value and 𝑖𝑙𝑘2 starts increasing. At t=t4, the current 

through diode 𝐷1 naturally reaches zero. 

𝐼𝐿𝑙𝑘1 = 𝐼𝑖𝑛 −
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡3) (6.6) 

𝐼𝑆2 = 𝐼𝑆2,𝑝𝑒𝑎𝑘 −
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡3) (6.7) 

𝐼𝐿𝑙𝑘1 = 𝐼𝑖𝑛 +
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡3) (6.8) 

Mode-5: (t4 < t < t5) 

During this interval, the snubber capacitor across the primary switch 𝑆1 charges to voltage 

2. 𝑉0/𝑛. This interval is very short. Series snubber resistance controls the charging rate. 

Mode-6: (t5 < t < t6) 

In this interval, the transformer primary voltage is zero; therefore, a constant current 𝐼𝑖𝑛/𝑛 

flows through its primary. Switch 𝑆2 conducts full input current Iin. Output capacitor 𝐶0 is 

charged by constant current 𝐼𝑖𝑛/𝑛 through the antiparallel diodes 𝐷3 and 𝐷6. 𝐺1−𝐺6 are the 

gating signals for the switches 𝑆1 − 𝑆6, respectively. 

Mode-7: (t6 < t < t7) 

At t=t6, primary switch 𝑆1 is turned on. The snubber capacitor across it discharges through 

the series snubber resistance, and switch voltage reduces to zero at the end of this interval. 

This interval is very short. 

Mode-8: (t7 < t < t8) 

During this interval, a negative voltage -2. 𝑉0/𝑛 appears across the transformer primary, 

and its primary current starts falling from 𝐼𝑖𝑛/𝑛. Switch 𝑆1 current starts increasing. It is the 

zero-current turn-on of switch 𝑆1. At the end of this interval at t=t8, current 𝑖𝑙𝑘1 reduces to 

zero, and switch current 𝑖𝑆1 increases to 𝐼𝑖𝑛/𝑛. Their mathematical expressions are given as 

follows: 
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𝐼𝑆1 =
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡7) (6.9) 

𝐼𝐿𝑙𝑘1 = 𝐼𝑖𝑛 −
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡7) (6.10) 

𝐼𝐿𝑙𝑘2 = 𝐼𝑖𝑛 +
2. 𝑉𝑜

𝑛 ⋅ 𝐿𝑙𝑘_𝑇

(𝑡 − 𝑡7) (6.11) 

A half HF switching cycle terminates at the end of this interval. For the next half HF cycle, 

the intervals are repeated in a similar sequence with other symmetrical devices conducting to 

complete the full HF cycle. 

6.4 Design of the Converter 

This section describes the procedure for designing of the proposed single-phase single-

stage current-fed DC-DC converter for vehicle-to-vehicle charging application. The 

parameters include: Input voltage 𝑉𝑖𝑛=170 𝑉, Output voltage 𝑉0=220-330 𝑉, Output power 

𝑃𝑜=1.5 kW, nominal output voltage = 300 V, and switching frequency 𝑓𝑠=100 kHz. The 

following presented design equations assist in determining the ratings of the components used 

in the proposed converter. This information is beneficial in the selection process of 

components and estimating the performance of the converter as theoretically and practically. 

35) The input current 𝐼𝑖𝑛 is calculated by, 

𝐼𝑖𝑛 =
𝑃𝑜 

𝑛. 𝑉𝑖𝑛 
 (6.12) 

Table 6.1: Converter Specifications 

Parameter Value 

Input Voltage, Vin 170V (rms) 

Input Current, Iin 17.76 A 

Output voltage, Vo 300 V 

Output power, Po 1500W 

Switching frequency, fsw 100 kHz 
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Presuming an ideal efficiency η=100%. 

36) The maximum allowable voltage across at the switches of the primary side is, 

𝑉𝑆𝑊,𝑃 =
2. 𝑉0 

𝑛 
 (6.13) 

    Where 𝑛 is the high-frequency transformer (HFT) turns-ratio. 

37)  The high-frequency transformer (HFT) turns ratio is given by, 

𝑛 =
2. 𝑉0. (1 − 𝑑𝑃) 

𝑉𝑖𝑛
  (6.14) 

Where 𝑑𝑃 is the duty cycle of the primary side switches. 

38) The leakage series inductance 𝐿𝑙𝑘_𝑇 of HFT is required to yield ZCS with operating 

requirements necessities and it can be computed as, 

𝐿𝑙𝑘_𝑇 = 𝐿𝑙𝑘1 + 𝐿𝑙𝑘2 =
2. 𝑉0. (𝑑𝑃 − 0.5) 

 𝐼𝑖𝑛 . 𝑓𝑠 . 𝑛 
  (6.15) 

Where 𝑓𝑠 is the switching frequency of the converter. Although the experimental value of 

𝐿𝑙𝑘_𝑇 is slightly lower than the design value, it is still enough to ensure ZCS operation within 

the boundary of operation. Additionally, this has a substantial effect on the peak current of 

the primary side switches, but it matches the designed calculation as well. 

39) The relationship between input voltage 𝑉𝑖𝑛 and output voltage 𝑉0 is given as, 

 𝑉0 =
 𝑛. 𝑉𝑖𝑛 

2. (1 − 𝑑𝑃)
  (6.16) 

Table 6.2: Converter Design Parameters 

Parameter Value 

Input Boost Inductor, 𝐿 170μH 

Leakage Inductance of 𝐿𝑙𝑘_𝑇 7.2μH 

Turns ratio, 𝑛 1.1 

Output Capacitor, 𝐶0 2*1200μF 
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40) The duty cycle of the secondary side switches 𝑑𝑆 is a crucial factor that determines the 

zero-current-switching (ZCS) condition of the primary side switches, and it can be 

expressed as follow, 

𝑑𝑆 ≥
𝐼𝑖𝑛. 𝑓𝑠 . 𝑛 . 𝐿𝑙𝑘 

2. 𝑉0 
  (6.17) 

      The peak-to-peak current value of the input boost inductor is denoted by 𝛥𝐼𝐿, where 

𝛥𝐼𝐿=1. To achieve maximum converter efficiency and utilization factor, it is critical to choose 

the ideal boost inductor value that minimizes conduction losses. 

41) To meet the input current ripple (𝛥𝐼𝐿) specification, the input boost inductor 𝐿 is 

calculated as, 

𝐿 =
𝑉𝑖𝑛 . 𝑑𝑃 

𝛥𝐼𝐿 . 𝑓𝑠 
 (6.18) 

The value of the input boost inductor 𝐿 is determined according to the input current ripple 

specification, with 𝛥𝐼𝐿 indicating the peak-to-peak value of the inductor current. To achieve 

high converter efficiency and utilization factor, an appropriate boost inductor value that 

minimizes conduction losses must be selected, as described in [144]. 

If 𝐿𝑙𝑘1and 𝐿𝑙𝑘2 are not equal then equation (4.8) is modified as follows, 

 𝐿 =
(𝑉𝑖𝑛 + 

𝑉0 
 𝑛 −  

2. 𝑉0. 𝐿𝑙𝑘_𝑇 
𝐿𝑙𝑘_𝑇 . 𝑛 ). 𝑑𝑃 

𝛥𝐼𝐿  . 𝑓𝑠 
 (6.19) 

Whereas, 𝐿𝑙𝑘_𝑇 is the minimum value of 𝐿𝑙𝑘1 and 𝐿𝑙𝑘2. 

42) The RMS and peak current of the primary side HFT can be computed as, 

𝐼𝑃𝑇,𝑝𝑒𝑎𝑘 =  
2. 𝑉0. 𝑑𝑆 

𝐿𝑙𝑘_𝑇 . 𝑓𝑠 . 𝑛 
 (6.20) 

𝐼𝑃𝑇,𝑅𝑀𝑆 = 𝐼𝑖𝑛√[
1 − 𝑑𝑃 

2
+  

𝑑𝑆 

3
] (6.21) 

The RMS current can be determined by considering the complete HF over grid cycle, 

which fluctuates with 𝐼𝑖𝑛 and 𝑑𝑃 during the mode of operation. 

43) The peak and RMS current of the secondary side HFT can be given as, 
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𝐼𝑆𝑇,𝑝𝑒𝑎𝑘 =  
2. 𝑉0. 𝑑𝑆 

𝐿𝑙𝑘_𝑇 . 𝑓𝑠 . 𝑛2 
 (6.22) 

𝐼𝑆𝑇,𝑅𝑀𝑆 =
𝐼𝑖𝑛 

2. 𝑛
√[

1 − 𝑑𝑃 

2
+  

𝑑𝑆 

3
] (6.23) 

In order to determine the RMS current during operational mode, it is considered the 

complete HF over a grid cycle, taking into account the variations in both 𝐼𝑖𝑛 and 𝑑𝑃. 

44) The output capacitor 𝐶0 is obtained as, 

𝐶0 =
𝐼0. (1 − 𝑑𝑃) 

𝛥𝑉0. 𝑓𝑠   
 (6.24) 

    Whereas, 𝛥𝑉0 is the output voltage ripple range. 

6.5 Simulation Results of V2V Charger 

The proposed V2V charger has been designed and simulated as per specifications of Table 

6.1 and 6.2 using PSIM 11.04 software to ensure that it meets the desired performance and 
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Fig. 6.5. Simulation results of V2V chargers from PSIM 11.04 Software at 𝑃𝑜=1.5 kW; (a) DC input voltage 

𝑉𝑖𝑛 and DC input current 𝐼𝑖𝑛. (b) DC output current 𝐼0 and the DC output voltage 𝑉0. (c) Input boost inductor 

current 𝐼𝐿 . (d) Lekage series inductor current waveform 𝐼𝐿𝑙𝑘  and voltage waveform 𝑉𝐴𝐵 at primary side. 
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theoretical analysis. The steady-state behavior of the converter with the specified parameters 

and design characteristics, which are rated for 1.5 kW power. Fig. 5.10 and 5.11 exhibit the 

simulation results of the proposed converter in DC charging strategy. 

The DC input voltage 𝑉𝑖𝑛 and input current 𝐼𝑖𝑛 are depicted in Fig. 6.5(a). Also, Fig. 6.5(b) 

affirms the DC output current 𝐼0 and the DC output voltage 𝑉0 at rated output power 1.5 kW. 

The output voltage 𝑉0 is clearly observed to stabilize precisely at 300V in Fig. 6.5(b). Fig. 

6.5(c) shows the current waveform for the input boost inductor 𝐿. The input boost inductor 
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Fig. 6.6. (a) Simulation results of ZCS operation at primary side devices. (b) Simulation results of ZCS turn-

on operation at secondary side devices. 
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current 𝐼𝐿 ripple frequency is twice of device switching frequency 𝑓𝑠, leading to a smaller in 

size. Moreover, the peak current 𝐼𝐿𝑙𝑘 through inductor 𝐿𝑙𝑘 above the constant value is due to 

the extended enable of the anti-parallel body diodes of the corresponding primary 

semiconductor devices, which ensures ZCS turnoff operation as shown in Fig. 6.5(d). The 

continuous current has the lower peak value. Furthermore, according to the voltage waveform 

𝑉𝐴𝐵, the voltage across the main devices is inherently capped at low voltage, 𝑉0/ 𝑛. 

The current through the primary and secondary switches and its corresponding gate signals 

while the operation of the converter during the DC charging mode is shown in Fig. 6.6. The 

primary switch current reaches zero inherently without requiring any external circuitry before 

removing the gate signal, thereby achieving ZCS turn-off operation as shown in Fig. 6.6(a). 

This is applicable and accurate for all voltage and load ranges configurations, as discussed in 

the converter design section 6.4. The current through the secondary side devices during V2V 

charging is depicted in Fig. 6.6(b) along with its gate signal. The gate signal enables the 

devices to turn-on gradually until achieving zero current turn-on (ZCS turn-on) condition. 

The waveforms displayed in Figs. 6.5 and 6.6 which are precisely match with the expected 

results predicted by theoretical analysis, demonstrating to verification of the accuracy of the 

proposed secondary side modulation strategy and the steady-state operation with its design of 

the converter as discussed in Section 6.2 and Section 6.4. 

 

Fig. 6.7. V2V Charger laboratory hardware prototype. 
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6.6 Experimental Results 

To validate the performance and design, a laboratory prototype of the proposed V2V DC-

DC power exchange converter rated at 1.5 kW is developed, as shown in Fig. 6.7., utilizing 

the converter specifications outlined in Tables 6.1 and 6.2. The laboratory hardware 

necessitates specific component specifications, which are detailed in Table 6.3. The gating 

signals for SiC-MOSFETs are generated by code using the TI-DSP-TMS320F28335 Board. 

The dimensions of the proposed topology measure 7.59.50.40 in3 (length * width * height), 

resulting in a power density of 52.63 W/in3. The isolated gate-driver circuits for the 

semiconductor switches are designed using the gate driver IC IXYS-IXDN609SI and 

Broadcom-ACPL4800 optocoupler. The experimental results closely align with the digital 

simulation results, validating their accuracy and design of the DC-DC converter for V2V 

charger. A DC-DC converter for V2V charger based on SiC-MOSFETs is constructed, tested, 

and evaluated under diverse operating conditions. 

Table 6.3: Component Specifications of the Laboratory Prototype 

Component Specifications 

Primary-side switches CREE-SiC MOSFET, C3M0045065D 

Secondary-side switches CREE-SiC MOSFET, C3M0025065D 

Boost Inductor 55 x 28 x 21 EE ferrite Core,  
170 μH 

High Frequency Transformer (HFT) EE ferrite core, Primary turns, N1=26, 
secondary turns N2=30, Llk1= 1.65μH 

Series Inductance EE ferrite core, Llk1 = 13μH, Llk1 = 12μH 

Output Capacitor 2*1200μF 450V electrolytic capacitor 

Gate Driver IC IC-IXYS-IXDN609SI 

DSP Board TMS320F28335 
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Experimental results in the steady-state of the DC-DC converter for V2V charger operating 

in DC-DC mode are presented in Fig. 6.8. Fig. 6.8(a) displays the DC input current and 

voltage, as well as the DC output current and voltage at power levels of 1500W. The 

waveforms of DC input current and voltage and the DC output current and voltage at half-

load shown in Fig. 6.8(b). The input boost inductor current waveform which is shown in Fig. 

6.8(c) with lower ripple magnitude and twice of the semiconductor device switching 

frequency, also with input DC current and voltage. In Fig. 6.8(d), the experimental results for 

a single high-frequency switching cycle are presented, highlighting the complete absence of 

voltage and current in the high-frequency transformer (HFT) after the active state ends with 

secondary side voltage at HFT. Additionally, the low voltage is clamped at low voltage 

semiconductor devices. Unlike traditional hard-switching and active-clamped converters, the 

 

Fig. 6.8. Experimental results of DC-DC Converter for V2V Charger; (a) DC input voltage 𝑉𝑖𝑛, DC input 

current 𝐼𝑖𝑛, DC output current 𝐼0 and the DC output voltage 𝑉0 at 1500 W; (b) DC input voltage 𝑉𝑖𝑛, DC 

input current 𝐼𝑖𝑛, DC output current 𝐼0 and the DC output voltage 𝑉0 at 750 W; (c) DC input voltage 𝑉𝑖𝑛, DC 

input current 𝐼𝑖𝑛, Input boost inductor current 𝐼𝐿; (d) DC input voltage 𝑉𝑖𝑛, DC input current 𝐼𝑖𝑛, Primary 

HFT 𝐼𝐿𝑙𝑘 , Secondary HFT 𝑉𝐶𝐷; (e) ZCS operation at primary side switch 𝑆2; (f) ZCS operation at primary 

side switch 𝑆3; (g) ZCS Turn-ON operation at secondary side switch 𝑆5; (h) ZCS Turn-ON operation at 

secondary side switch 𝑆8; (i) Efficiency analysis at different power level. 

 



134 
 

primary current in the DC-DC converter maintains a continuous flow. As predicted, this 

characteristic results in a low peak value for the primary current, corroborating the findings 

outlined in the analysis and simulation results. Through the utilization of anti-parallel diodes 

across the primary side semiconductor devices, the current naturally diminishes to zero, 

leading to ZCS turn-off operation.  

Fig. 6.8(e) and (f) demonstrate the experimental results of the ZCS turn-off soft-switching 

operation achieved by primary switch S2 at different time intervals. Furthermore, secondary 

side devices S3 and S6 exhibit ZCS turn-on at different time intervals, as depicted in Fig. 

6.8(g) and (h). These figures demonstrate that the current transitions from zero to a positive 

value upon switch turn-on, resulting in ZCS turn-on operation. Similarly, the remaining 

switches at primary side S1 and S4, S5 on the secondary side achieve soft-switching during 

other mode. The experimentation conducted on the hardware prototype as part of the proof-

of-concept demonstrates exceptional efficiency, achieving a remarkable 96.7% efficiency 

level at full-load. Also, efficiency evaluation is analyzed at different power levels in Fig. 

6.8(i). The distribution of power losses in the converter is also shown graphically in Fig. 6.9., 

using a pie chart to show the proportional percentages that each component contributed. 

Secondary side switches and capacitor, which account for 37% of the converter's overall loss, 

are the main cause of the power loss. SiC-MOSFETS are main responsible for 29.1% of the 

overall loss at primary-bridge. 27.4% of the total loss is accounted for by HFT, while the 

remaining 3.5% is caused by input boost inductor. Surprisingly, the observed efficiency from 

 

Fig. 6.9. Power loss distribution at 1.5 kW. 
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the experiment using the proof-of-concept hardware prototype nearly matches the 

theoretically predicted efficiency. 

6.7 Conclusion 

This chapter presents a novel zero-current-switching enabled current-fed push-pull (CFPP) 

based DC-DC converter for V2V charging application. The incorporation of an isolated DC-

DC converter showcases a simple solution for achieving a compact and lightweight design. A 

novel modulation technique has been proposed, utilizing at primary side devices with zero 

current switching (ZCS) and zero current turn-on at secondary side devices. Soft-switching is 

maintained throughout the operation, eliminating the need for additional passive components, 

active clamped circuits, or snubber circuits. This results in high power density, cost-effective, 

compact in size, robust and reliable solution. The main benefit of this method is that it uses 

just one power conversion stage, which is more less than other V2V charging techniques that 

have been demonstrated in this chapter. A thorough analysis of steady-state functioning over 

one switching cycle is given, and design calculation for the converter in DC charging mode 

are also obtained. PSIM 11.04 simulations are used to confirm the viability of the proposed 

V2V charge transfer method employing with power converter in DC charging mode. 

Additionally, a hardware prototype with a 1.5 kW power rating is built and put through 

testing to confirm the effectiveness of the analysis and design of the proposed converter for 

V2V charger. The experimental set-up produces a remarkable V2V power transfer efficiency 

with 96.7%. 
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Chapter 7: Conclusion and Future Research  
This chapter concludes the thesis and highlights the research contributions of the thesis in 

Section 7.1 and 7.2, respectively. Recommendations and brief description for the future scope 

of research has been discussed in Section 7.3. 

7.1  Conclusion 

The conventional EV battery chargers are developed with two cascaded power conversion 

stages. The first stage is an AC-DC converter, which performs power factor correction (PFC). 

The second stage is an isolated DC-DC converter stage, which regulates the battery voltage. 

These two stages are integrated by DC-link capacitors. This two-stage battery charger suffers 

from low overall efficiency due to two separate power conversion stages. The converter 

power density is also limited due to the inevitable presence of the intermediate DC-link 

capacitors. Generally, electrolytic capacitors with higher µF rating are selected for the 

intermediate DC link. More importantly, the battery charger is placed close to the internal 

combustion engine under the hood in the case of plug-in hybrid EV (PHEV), where the 

ambient temperature is more than 1500𝐶. The electrolytic capacitors are most susceptible to 

failure at high ambient temperature, thus the reliability of the conventional two-stage EV 

battery charger is low in the high-temperature environment. 

An alternative solution to improve the efficiency and power density of EV battery chargers 

with reliable high-temperature operation capability is to eliminate the intermediate DC link 

capacitors. This approach leads to the development of single-stage AC-DC converters, where 

the PFC operation and battery voltage regulation are accomplished in only one-stage. 

This dissertation proposes a family of novel isolated single-stage bi-directional AC-DC 

converter topologies with novel soft-switching modulation techniques for Level-1 battery 

charging application to address the shortcomings of the conventional two-stage battery 

chargers. The proposed converters achieve PFC and DC voltage regulation in one-stage, thus 

provides higher efficiency. At the same time, the converter power density and reliability are 

also improved due to the elimination of intermediate DC-link capacitors. The performance of 

the proposed converters is evaluated in the developed converter prototypes enabling G2V and 

V2G mode of operation. In addition, this dissertation also proposes a novel low-cost high-

temperature gate driver for the SiC MOSFETs. The proposed high-temperature gate driver is 

used in the battery chargers of PHEVs, where the ambient temperature is more than 1500𝐶. 
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Further, to mitigate the range anxiety battery chargers incorporating flexible charging 

options such as V2V power transfer becomes meritorious. In order to reduce the size of the 

passive components, high frequency operation of the power converter is crucial. Usually, 

these EV chargers are separate for AC and DC charging so, they are unable to incorporate the 

option of flexible charging. This thesis puts forward a single-phase current-fed derived 

battery charger for V2V battery charging operations. 

7.2  Thesis Contributions 

The thesis contributions have been explained and summarized as follows: 

i. In chapter 2, a comprehensive review of wide-band gap (WBG) device-based 

topologies of on-board chargers (OBCs) for more electric vehicles (MEVs). It 

examines the current state-of-the-art solutions for OBCs, encompassing 

architectures, configurations, soft-switching techniques, charging infrastructure, 

commercially available products, and future trends with challenges. Additionally, a 

detailed overview of promising topology options for WBG based OBCs, including 

two-stage and single-stage structures, is provided. Furthermore, this chapter 

discusses future trends and challenges for WBG technologies, thermal management, 

system integration, fast charging, and wireless charging systems. 

ii. In Chapter 3, a novel bidirectional single-stage single-phase isolated power factor 

correction (PFC) converter for plug-in EV chargers that employs zero-current 

assisted soft-switching technology is presented. The converter's steady-state 

analysis, operation, modulation technique, control scheme, and design are discussed 

in detail. The converter consists of a current-fed full-bridge converter with 

bidirectional switches on the AC-side, connected to a full-bridge converter on the 

DC-side of a high-frequency transformer (HFT). A novel modulation strategy and 

control technique are proposed to ensure soft-switching operations of all 

semiconductor devices, with zero-current switching (ZCS) at the AC-side and zero-

current turn-on at the DC-side throughout the range for all modes, even during 

bidirectional power flow. The design and analysis of the converter are validated 

through simulation results from the PSIM 11.4 software, and further verified 

through experimental results from a 1.5 kW hardware prototype developed in the 

lab. 
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iii. In Chapter 4, a novel single-stage single-phase bidirectional PFC AC-DC converter 

for EV charging application has been examined. The converter operates without an 

intermediate DC-link, and its steady-state analysis, operation, modulation 

technique, control scheme, and design have been reported. The proposed 

configuration incorporates a current-fed push-pull circuit on the primary side and a 

full-bridge circuit on the secondary side, which is controlled by a high-frequency 

transformer (HFT). Additionally, a modulation strategy and control technique have 

been presented to ensure soft-switching operation for all semiconductor devices, 

including zero-current switching (ZCS) at the AC-side and zero-current turn-on at 

the DC-side throughout the range, even when bidirectional power flow is present. 

The performance and analysis of the proposed configuration have been validated 

through simulation results from PSIM 11.4 software and further confirmed with 

experimental results from a 1.5 kW hardware prototype developed in the lab. 

iv. In Chapter 5, a single-stage single-phase current-fed full-bridge converter for V2V 

energy exchange was discussed. The steady-state operation, secondary modulation 

technique, and design of the converter were described in detail. A novel secondary 

modulation technique was proposed to eliminate the need for traditional active-

clamp or passive snubber circuits. The operation and performance of the converter 

were verified through simulation and experimental results from a 1.5 kW laboratory 

prototype. The simulation results showed that the converter operated with soft-

switching (ZCS of primary side devices and zero current turn-on of secondary side 

devices). 

v. In Chapter 6, a DC-DC converter for vehicle-to-vehicle (V2V) charge sharing has 

been proposed. This converter is a naturally clamped zero current commutated 

(ZCC) push-pull configuration that is single-stage and single-phase. The design and 

analysis of the converter, including the steady-state analysis and secondary 

modulation technique, have been discussed. A novel soft-switching technique has 

been introduced to address the issue of device turn-off voltage spikes, without the 

need for an additional snubber circuit. The performance of the converter has been 

validated through simulation and experimental results from a 1.5 kW laboratory 

setup. 
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7.3 Future Scope of Research 

Based on the research done in this thesis, the recommendations for future research are as 

follows: 

7.3.1 Modular Three-Phase Matrix-Based Electrolytic Capacitor-

less Single-Stage Isolated AC-DC PFC Bidirectional 

Converter for EV Charging 
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Fig. 7.1. Schematic of single-stage three-phase EV onboard charger. 
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In this thesis, current-fed matrix-based single-stage single-phase topology was proposed 

and studied in Chapter 3. The same can be extended to other current fed three-phase circuits, 

is shown in Fig. 7.1. One potential converter configuration is a three-inductor modular three-

phase current-fed topology for Level-2 EV charging (>10 kW). Various converter modules 

can be configured in such way to supply high power levels while reducing the current stresses 

on the individual components. The benefits with modular architecture include: lower 

component’s ratings, scalability, design flexibility and higher fault-tolerant capability. In 

addition, a current-fed push-pull based single-stage PFC converter proposed in Chapter 4. 

The same topology can be extended in three-phase mode which is shown in Fig. 7.2. The 
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Fig. 7.2. Schematic of single-stage three-inductor-based three-phase EV onboard charger. 
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operation, analysis, design, and feasibility of this topology can be considered as the extension 

of this research work. 

7.3.2 Current-Fed Bidirectional Onboard Chargers for V2H 

Operational Mode 

A modification to the single-phase single-stage current-fed PFC converter proposed in 

chapter 3 and chapter 4 for G2V and V2G application in order to charging vehicle-to-home 

(V2H) application, which is shown in Fig. 7.3, and Fig. 7.4. The modulation technique and 

control method have been modified in this topology. The examination, assessment, creation, 

and evaluation of the feasibility of this topology can be viewed as future scope of research. 

7.3.3 Single-Stage Universal Topology with V2G Capability 

In this thesis, bidirectional and single-stage power converter topologies are addressed. 

However, if universal, bidirectional, and single-stage, all these possibilities are combined in a 

single converter, then that system will be very suitable for practical use. This will increase 

flexibility, and reduce cost of the charger. Two-stage chargers will be quite expensive, 

especially due to increase of the power conversion stages and number of components. 

Therefore, a universal single-stage charger with V2G capability will not only reduce 

manufacturing cost due to mass production, but also increases flexibility by accepting power 

both from ac grid and solar PV. To explain this concept, Fig. 7.5 is included, where input to 

the charger is either ac grid or solar PV. Also, it will be able to participate in V2G, thereby 

1:n

LlkIlk

L

Vg

S8a

S6a

S7a

S5a

S8b

S6b

S7b

S5b

Iin

+

-Vbat
Cin

S1

S4

Ibat

B

A

S2

S3

Ldc

 

Fig. 7.3. Single-stage L-type current-fed bidirectional converter for V2H operation. 
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making it a single charger solution. Although, voltage-fed technology is most popular in the 

single-stage topology. But, VSI may not be a preferred choice. However, current-fed 

technology can easily perform those tasks, and this is briefly described in this thesis.  

Grid to vehicle (G2V) operation: This part is clearly explained in Chapter 4 that due to 

boost derived structure of current-fed ac-dc converter is the most suitable solution to meet all 

the control goals. 

Solar to vehicle (S2V) operation: A single-stage S2V power converter requires maximum 

power point tracking from solar PV. Traditionally, this is done using boost or boost derived 

converters. Again, due to buck derived structure of VSI at dc-side, it will not be preferred a 

choice. Therefore, the current-fed converter will be the appropriate choice. 

Vehicle to grid (V2G) operation: During this operation, the vehicle side converter acts as 

inverter and grid side converter act as a rectifier. If the vehicle side converter is built with 

active devices to enable inversion mode, then selection of voltage-fed topology in vehicle 

side will ensure this operation. The primary side converter can be either current-fed or 

voltage-fed type. With these considerations, a possible power converter structure to achieve 

all the operating modes can be derived as shown in Fig. 7.5. However, detailed converter 

analysis, design, closed-loop control, and experimental verification can be taken as future 

research work. 
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Fig. 7.4. Current-fed single-stage bidirectional topology for vehicle-to-home (V2H) charging application. 
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7.3.4 Dynamic Model and Control of Bidirectional EV Charger 

In Chapter 3 and Chapter 4, steady-state analysis and performance of a current-fed single-

stage topology is proposed. The converter control is carried out through duty-cycle 

modulation of CSI during G2V operation, and through fixed-frequency modulation of VSI 

during V2G operation. However, detailed closed-loop control and performances are not 

addressed. Therefore, this part can be taken as possible future research work. 

7.3.5 Use of GaN-based Devices 

The current hardware setup contains Silicon Carbide (SiC) based components. To improve 

the efficiency and power density of the converter, the possibility is to use devices Gallium 

Nitrate (GaN) switches. The cost of converter increases, it is a trade-off between the cost and 

efficiency. 
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