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ABSTRACT 

Plug-in On-Board Single-Phase Cuk-Derived Bridgeless EV Charger for AC and DC 

Charging Systems 

 
 
Sukanya Dutta, M.A.Sc. 

Concordia University, 2021 

 
 

Electric vehicles (EVs) have recently garnered popularity in the consumer market due to 

its environment friendly nature as it uses clean energy to power vehicles. The EVs that are on 

road majorly comprise of two-wheeler, E-rickshaw, intralogistics equipment, trio, golf carts, 

short range mobility vehicle, which come under the category of low power EVs and passenger 

buses, loading trucks, electric trucks, which fall under the category of high power EVs. 

Batteries are the primary source of energy to power these EVs. Therefore, to recharge these 

batteries a battery charger is required. The conventional battery chargers have the merit of 

easy implementation but have higher component count, lower efficiency, complex control, 

low input power quality, and inflexible charging options. In order to achieve unity power 

factor (UPF), low THD, and high power quality; a power factor correction (PFC) unit becomes 

a crucial part of the AC-DC converters of the battery charger. The DCM design proves 

advantageous due to its inherent PFC operation at the input side, reduction of switching losses 

due to zero turn-on losses as well as zero reverse recovery diode losses. Also, the control 

circuit becomes simple as it requires only a single control loop and a single sensor. Thereby, 

making the converter reliable and robust towards high frequency noise. Further, to make the 

EV battery chargers flexible and to combat range anxiety, vehicle-to-vehicle power transfer 

aids in solving the issue. 

This thesis analyses and designs a single-phase bridgeless Cuk-derived converter as on-

board EV charger for AC and DC charging systems. At first, a single sensor based Cuk-

derived PFC AC-DC converter has been analyzed and studied which has the advantages of 

lower component count, improved efficiency, high power quality, and low cost. The converter 

is designed in DCM to accomplish PFC naturally on the input side. The voltage stress is lower 

compared to the conventional Cuk converter thereby, reducing the switching losses and 

enhancing the overall system efficiency. The converter control is simple requiring only one 
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voltage loop and sensor. The detailed small-signal modelling using the current injected 

equivalent circuit approach and controller design has been presented. Further, to enhance the 

charging flexibility to mitigate the range anxiety, the same topology has been analyzed and 

designed for V2V charge transfer. A novel charge transfer technique has been implemented 

using the same topology. The loss analysis for both configurations has been reported in detail. 

The steady-state analysis and converter design for both configurations has been provided. 

Simulation results from PSIM 11 as well as proof-of-concept hardware prototype results are 

discussed extensively to validate the converter analysis, design and high performance.
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CHAPTER 1: INTRODUCTION 
 

1.1. Introduction 

Owing to the reduced cost of vehicles, the demand for personal vehicle for transportation 

has grown significantly. Since internal combustion engine (ICE) vehicles have been relevant for 

over 100 years, the oil demand has significantly risen. The emission from these vehicles is a major 

reason for global warming [1]. Fig 1.1 represents the carbon dioxide emission of ICE vehicles in 

comparison to the electric vehicles (EVs) and Table 1.1 presents the commercial aspects of 

different vehicle types [2][3]. Thus, with the strict restrictions on emissions and fuel economy, the 

requirement of sustainable and eco-friendly sources of energy becomes essential and thereby, the 

alternative energy sources garnered immense attention in the past decades. One of the crucial needs 

to improve the environment condition 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 

advancement in the EVs technologies can be deemed as a constructive step towards clean 

automobile technology [4][5].  

0
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manufacturing battery
manufacturing car
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tail pipe

ICE EV
 

Fig 1.1. ICE vehicle V/S EV CO2 emissions 

The global EV sales have been rising rapidly and as per the analysis [6], by 2030 the global 

sales will increase to 120 million. The global fleet of plug-in light vehicles was 7.5 million by the 

end of 2019 [7]. The contribution of commercial medium and heavy plug-in vehicles to the global  



2  

 Table 1.1: Commercial Aspects 

 

stock is 700,000 units [8].  The different types of EVs that are available in the market are the 

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

(FCEVs) as shown in Fig 1.2.  These can be further majorly classified into two-wheelers, three-

wheelers, and four-wheelers. Most of them require batteries as their energy source and to recharge 

these batteries the requirement of a battery charger becomes fundamental [9]. As the mass adoption 

of EVs are restrained because of the range anxiety, charging infrastructure requirement, and high 

cost. Increasing the battery capacity cannot be a feasible solution as it increases the weight and 

cost of the EVs. Therefore, the design of compact and cost-effective on-board battery charger 

enabling flexible charging techniques such as grid-to-vehicle (G2V) and vehicle-to-vehicle (V2V) 

without compromising the input current harmonic limitations as per standards [10] is crucial.   

Electric Vehicles

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

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

Fig 1.2. Types of electric vehicles 

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. 

 

Vehicle Range Refuel Time 

Hydrogen Fuel Cell Vehicle 320-405km/200-250 miles 3-4 minutes 

Electric Vehicle 160-500km/100-310 miles 30 minutes to 12 hours 

Petrol or Diesel Vehicle 480-640km/300-400 miles 2-3 minutes 
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1.2.1. Battery Electric Vehicles (BEVs) 

 BEVs are one of the solutions to combat the energy crisis and global warming issue. The 

electric motor drive based is the propulsion system of the BEVs. Battery and ultracapacitor are the 

energy storage systems in BEVs. Electric grid charging facilities and infrastructure are utilized to 

recharge the energy source. The basic characteristics of BEVs are zero emissions, high efficiency, 

independence from crude oils, and commercial availability. The disadvantages of BEVs are its high 

initial cost and range anxiety. To achieve the requisite driveability at the highest energy efficiency and 

the lowest emissions, the automotive engineering and electrical engineering have to come together for 

the optimal design. The main components of the BEVs are the motor, batteries, converter, controller, 

and energy management system.  

Table 1.2: BEVs and FCEVs attributes 
 

Attributes Battery Electric Vehicles 

(BEVs) 

Fuel Cell Electric Vehicles 

(FCEVs) 

Propulsion 

System 

Electric motor drives system Electric Motor Drives System 

Energy System Batteries and ultracapacitors Fuel cells, batteries, and 

ultracapacitors 

Energy Source 

and 

Infrastructure 

Electric grid based charging Hydrogen 

Basic 

Characteristics 

Zero emission, highly energy 

efficient, free from crude oil, 

commercial availability 

Ultra low emission, highly energy 

efficient, low crude oil dependence, 

sufficient driving range 

Key Issues Initial cost, range anxiety, battery 

and battery management, 

charging infrastructure  

Under developed, high cost, 

reliability, cycle life, hydrogen 

infrastructure 

 

The BEVs can transfer power in different modes such as grid-to-vehicle (G2V) where the EVs get 

charged from the grid, vehicle-to-vehicle (V2V) where the vehicle gets charged from another vehicle, 

vehicle-to-grid (V2G) where the power is transferred from the EV to the grid, vehicle-to-home (V2H) 
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where the power is transferred from the EV to home for emergency power backup. These features 

contributed to the solution of range anxiety issue thus, 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 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 

Electric Vehicles

Low Power Electric Vehicles High Power Electric Vehicles

Two wheelers
Three wheelers

E-rickshaw, golfcart
Intra logistics equipment

Short range mobility vehicles

Passenger buses
Electric trucks
Loading trucks

 

Fig 1.3. Categories of electric vehicles 
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The EVs can be divided into two categories based on battery voltage namely; (a) low power 

EVs having battery voltage 48V/72V and (b) high power EVs having battery voltage 400V/600V, 

which is shown in Fig. 1.3. Typical examples of low power EVs are two wheelers, three wheelers, 

golf carts, e-rickshaw, intra logistics equipment, short range mobility vehicles whereas passenger 

cars, electric buses are the examples of high power EVs.  Table 1.3 lists the characteristics of 

different EV types [11]. 

Table 1.3: EV types with characteristics 

 

1.4. Electric Vehicle Battery Charging Infrastructure 

 This section describes the methods of battery charging such as the grid based AC 

charging, solar based DC charging and fast DC charging [12][13]. Different levels of EV 

charging are shown in Fig. 1.4 [14]. Fig 1.5 represents the basic AC charging and DC charging 

features [16]. 

Supply from household outlet
EV s onboard charger is used

120V 1ph AC; 12-16A

Supply from household outlet or EV Charge point
EV s onboard charger is used

208-240V 1ph AC; 12-80A (Typ. 30A)

Supply from 208-600V 3ph AC
Offboard DC fast charger is used

400A (Typ. 60A)

Level 1

Level 3

Level 2

 
Fig 1.4. Different charging levels in North America 

Electric Vehicle Two-Wheeler/ E-

rikshaw/ Intra 

Logistics 

Equipment 
 

Trio/Golf Carts 
 

Short Range 

Mobility Vehicle 
 

Passenger 

cars/ Buses 
 

Battery Voltage 48V 48V 120V 400-600V 

Charger Power 0.5-1kW 1-3kW 3.3-7kW 62-500kW 

Charging time 6-8hrs 3-4hrs 4hrs 30mins 
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1.4.1. Grid based Slow AC Charging 

This charging method uses low power and the usual charging time is 6-10 hours. This 

method is suitable for the EVs, which are charged during the night and driven in the daytime. 

The charging cost is low here as it uses the low night electricity price whereas the slow night 

charging can contribute to the increment of power grid load rate for the power grid companies 

during the night time. AC charging piles are utilized by on-board EV chargers in slow charging 

mode. 

1.4.2. Medium Speed Charging 

         This method is to provide short time charging facilities for EVs and is based on 0.5C-1C 

charging current. 1-2 hours are required for full battery charging. The charging time is short and 

the charging current is less compared to the fast charging thus, the battery impacts are also less. 

This charging method is suitable for taxi drivers owing to its low charging time, which can be 

charged during lunch time/shift change and thereby, providing enough driving range for the next 

shift with less impact on the battery life. The size and investment of medium speed battery charger 

are lower compared to fast charging. If the power is less than 30kW, there is no requirement to 

construct the charging piles as a portable charger can be used in its place because any three-phase 

charging port can be utilized for the process. The construction of charging stations is not required; 

thereby reducing the investment. Also, the power grid effect is less. 

1.4.3. Fast DC Charging 

The fast DC charging current requirement is high which is about 1C-3C. It is usually used 

for emergency charging in particular on highways; It is a solution to the issue of short driving 

range and intercity drive but the disadvantage of this method is the battery lifetime impact as the 

current is high. Also, the requirement and considerations to develop a charging infrastructure are 

very high. 

1.4.4. Solar based DC Charging 

 PV-grid and PV-standalone are two approaches to charge the EVs using PV. PV-grid 

charging can be conducted utilizing the grid during inadequate solar irradiance, which is an 

advantage. Also, the power can be injected into the grid in absence of EV. PV-standalone systems 
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are more suitable for remote areas where the utility supply is unavailable or costly. This system 

has simpler configuration due to the requirement of less power conversion stages. The grid stability 

is improved due to the availability of PV power. 

1.4.5. Battery Swapping 

 In this method, batteries are replaced instead of charging the batteries. It takes only 5-10 

minutes and is the fastest among all methods. But this method is based on several conditions such 

as standardisation of EV batteries as well as huge investment from the Government and power 

grids. The conditions are in fact difficult to implement. Further, professionals and expensive 

mechanical equipment are necessary for battery pack replacement. Lowest process time and the 

easy maintenance are the advantages of this method. But more space is needed to store more 

batteries and larger power lines are required for their charging power. Therefore, the initial 

investment is very high for such charging stations. 

• 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

AC Charging

DC Charging

• Fast EV charging 
• Direct current or direct power
• Constant
• Stored in batteries
• High cost
• Found in highways
• Less prevalent

 

Fig 1.5. AC charging and DC charging features 
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1.5. Battery Charging Strategies and Temperature Effect: 

The different battery charging strategies have been briefly discussed in this section [81].   

(i) Constant current constant voltage (CC-CV),  

(ii) Multi-step constant current (MSCC),  

(iii) Boost charging, 

(iv) Pulse charging 

CC-CV is the standard charging strategy because of its simplified nature and easy implementation. 

The charging profile is shown in fig. 1.6. It is a two-stage charging process. The high current rate 

during the CC period will decrease the charging time. MSCC is an alternative charging strategy 

that aids in charging time reduction, energy efficiency improvement, and prolonged cycle life. The 

boost charging strategy has high charging current in the initial stage and requires a charger with 

high power capability. Its BMS system requires an extra timer functionality. The pulse charging 

strategy requires a large energy buffer device for its pulse current. The pulse charging without the 

large energy buffer such as inner battery storage will have deleterious effect on the power quality 

of the grid, which is caused due to the intermittent power demand. The overall efficiency of the 

charger is impacted due to different charging strategies because the power electronic converters 

generally have limited range of operation with optimal efficiency. Thus, it is important to select a 

charging strategy that matches the operation of the converter within its optimal efficiency range. 

Charge time

Current

Voltage
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h
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Fig 1.6. EV battery charging profile in CC-CV mode 

The EV batteries can get degraded faster during hot climates as the rate and efficiency of chemical 

reactions occurring in the batteries are affected due to the high temperature [82][83]. High 
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temperature promotes faster reaction. Some chemical reactions that degrade the batteries occur 

faster at higher temperatures. Further, using a DC fast charger at such temperature can make the 

battery degrade at a higher rate as fast charging increases the temperature due to high electric 

current injection, which doubles the effect that hot weather has on the EV battery. In such cases, 

low power slow chargers can promote sustained battery health. 

1.6. Thesis Objectives 

The prime objective of the thesis is the investigation and implementation of G2V and V2V 

charging techniques using a single-phase universal converter. The advantages of the universal 

converter in comparison to the existing ones are the reduced components’ count, simple control 

strategy with low sensor count along with PFC operation and low total harmonic distortion (THD). 

The AC-DC and DC-DC modes of operation are explored using the universal converter with 

primary goals to reduce components’ count, improved power quality, flexible charging options to 

reduce range anxiety, and maintain overall efficiency. The converter is designed to operate in 

discontinuous conduction mode (DCM) to achieve natural PFC and thereby, reduced control 

requirements and sensors’ count, which increases converter robustness. The power converter 

design is tested under source and load perturbations. 

The main objectives of the thesis are: 

1. Flexible charging  

2. Components reduction 

3. Simple control design and implementation  

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

charging techniques using the same topology, a brief description of the same is provided in the 

thesis outline and the detailed description is provided in Chapter 3 and Chapter 4. 

1.7. Thesis Outline 

The major contributions of the thesis are outlined as follows: 

In Chapter 3, a single-phase bridgeless Cuk-derived PFC converter with reduced 

components’ count for on-board G2V charging application is proposed. The converter output 

inductor is designed to operate in DCM to attain PFC naturally at the AC side, and thereby reducing 
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the sensor requirement, the cost of operation, and enhancing the converter robustness. The 

proposed bridgeless Cuk-derived converter has lower components’ voltage stress, which results in 

decrement in the components’ switching losses and efficiency enhancement. Throughout the 

converter operation range, only a single semiconductor device is in current flow path. Thus, 

reducing the converter losses due to conduction, and makes thermal management easy. The 

converter detailed steady-state analysis, converter design, small-signal-modeling, and closed loop 

controller design, and loss analysis are presented. The converter analysis and the design are 

validated with PSIM 11 simulation results as well as with a 1 kW proof-of-concept hardware 

prototype results.  

In Chapter 4, a novel V2V charge transfer technique using the same bridgeless single phase 

Cuk-derived converter is proposed, studied and analysed in Chapter 3. The V2V charge transfer 

technique uses the on-board charger of only one EV, which reduces two redundant conversion 

stages and increases efficiency. Only dc-dc conversion and already available terminals are used to 

accomplish the charging process. The battery of one EV is charged using the battery of another 

EV. The detailed steady-state analysis, design in DC charging mode along with loss analysis and 

comparative study are reported. The validity of the proposed power converter in DC charging 

mode for the V2V power transfer is proved using PSIM 11 simulation results and a 500 W 

laboratory-based proof-of-concept hardware prototype. 

1.8. Conclusion 

This Chapter discussed the need to shift to EVs from conventional ICE vehicles owing to 

the strict emission restrictions and eco-friendly nature of the EVs. 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. Categories of EVs along with their 

characteristics are outlined in this Chapter. Further, different EVs charging infrastructure such as 

grid based slow AC charging, medium speed charging, fast dc charging, solar based dc charging, 

and battery swapping are described.  

Since, the battery charger system is a crucial part of electric vehicles, the next Chapter 

deals with a detailed review of state-of-art EV battery charger topologies for G2V charge transfer.  
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CHAPTER 2: ELECTRIC VEHICLE CHARGING 

SYSTEMS  
 

2.1. Introduction 

Battery packs are the power source for electric vehicles (EVs) and a battery charger is 

required to recharge these battery packs. A power electronic device converting AC voltage to 

required DC voltage and current level is known as a battery charger. EV battery chargers can be 

mainly classified into two types; namely a) Plug-in Chargers, and b) Wireless Chargers. Fig. 2.1 

illustrates the types and sub-types of EV battery chargers. The wireless chargers can be further 

classified into inductive and capacitive. Inductive chargers are more efficient and have higher 

power rating whereas capacitive chargers are less efficient and have lower power ratings. Plug-in 

chargers are more popular comparatively because of the complicated design and low efficiency of 

the wireless chargers [15]. 

Electric Vehicle 
Battery Chargers

Plug-in Battery 
Chargers

Wireless Battery 
Chargers

On-board 
Chargers

Off-board 
Chargers

Inductive 
Chargers

Capacitive 
Chargers

Isolated 
Chargers

Non-Isolated 
Chargers  

Fig 2.1. Electric Vehicle Battery Chargers Classification 

2.2. Plug-in Battery Chargers 

On-board and off-board chargers are the broad divisions of plug-in chargers. Table 2.1 lists 

the basic attributes of the on-board and the off-board battery chargers. Off-board chargers are 

capable of transferring higher kilowatts of power reducing battery charging time and has the 

requirement of exclusive power system for battery charging as well as advanced battery 

management systems (BMS). Off-board chargers are usually termed as fast chargers as an off-

board charger of power rating more than 100 kW can charge the batteries within half an hour [11]. 

The off-board chargers aid in enhancing the overall efficiency of the vehicle as they are not placed 
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on the vehicle and thereby, reducing substantial weight from the EV. The major disadvantage of 

off-board chargers is the high current injection, which reflects in temperature rise and may require 

frequent battery maintenance and replacement. On the other hand, on-board chargers are slow 

chargers with lower power rating of about 3.3 kW or less, which are utilized by plugging-in to the 

AC mains. The on-board chargers can be classified into isolated and non-isolated chargers. The 

non-isolated topologies do not incorporate galvanic isolation since there is no electrical 

requirement of the battery to be isolated from the AC source [16]. Thus, the non-isolated topologies 

are compact, lightweight, and achieve higher efficiency [17]. The isolated chargers are heavier due 

to the inclusion of galvanic isolation, which is implemented using an high frequency transformer. 

The isolated chargers can be further divided into single-stage topologies and two stage topologies. 

These topologies as reported in literature have low efficiency owing to the leakage inductance and 

complicated control for the PFC acquirement [18] [19]. Based on the power level, these topologies 

charge the EV batteries within 4-7 hours. The current injection is low thus, the battery lifetime is 

enhanced as well as the maintenance is low. Two-stage non-isolated topologies incorporate higher 

number of switches and have higher losses [19]. 

Table 2.1: Attributes of Battery Charger 
 

Type of Charger Attributes 

On-board Charger • 120 VAC/ 240 VAC, 20 Amp/ 80 Amp, 1-phase  

• Low power transfer  

• Slow charger 

• Charging time – 4 to 12 hrs 

• On-board rectifier controls the BMS 

• Low battery heating  

• Weight addition  

Off-board Charger • 600 VDC/ 450 VAC, 400 Amp/ 200 Amp, 3- phase 

• High power transfer  

• Fast Charger 

• Charge within 30 minutes 

• Advanced BMS systems 

• Battery heating management 

• Zero weight added 
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2.3. Review of Conventional On-board Battery Charger Architectures 

This Section provides a description of the conventional onboard battery chargers 

architectures reported in the literature for charging high voltage and low voltage EV battery packs. 

Advanced EVs employ high voltage lithium-ion based high voltage battery packs whereas low 

voltage lead-acid battery packs are deployed in two wheelers, e-rickshaw, golf carts, etc. 

2.3.1. Single-Stage Isolated Structure 

The single stage isolated structures are illustrated in Fig. 2.2 (a) and Fig. 2.2 (b) [20][21]. These 

structures comprise of diode bridge rectifier along with an isolated flyback converter/half-bridge DC-

DC isolated resonant converter. Fig. 2.2 (a) is a common topology used for charging battery packs. It 

is a simple and effective battery charging solution. This charger has the advantage of lower 

components’ count thereby, making it cost effective AC/DC PFC charger.  

E
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(b) 

Fig 2.2. Single stage structures; (a) Isolated Flyback Converter; (b) Isolated Half Bridge DC-DC Resonant 

Converter; 
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Also, the control strategy for the converter is simpler. The major disadvantage of the isolated flyback 

converter topology is the effect of leakage inductance, which affects the switch voltage resulting in 

high voltage stress requiring overrated devices [21]. While turning off the switch, it has been observed 

that the discharge of leakage inductance of the transformer gives rise to a huge voltage spike across 

the switch. Therefore, for energy dissipation and to clamp the switch voltage, an external RCD snubber 

is connected, which results in additional losses [22]. Moreover, incorporation of diode on the 

secondary side involves hard switching operation leading to high power loss and thereby, reduction of 

converter efficiency. This topology is incapable of accomplishing PFC for various line voltages and 

provides low power factor and THD due to absence of active current wave shaping unit [20].  

 The half bridge series resonant converter as shown in Fig. 2.2 (b) is an improved topology for 

battery charger application. This topology undergoes soft switching because of the series resonant tank 

thus, the losses due to the leakage inductance are avoided. The development of this topology is 

basically based on the reduction of the switching losses. However, the topology incurs losses due to 

the presence of diode bridge rectifier which results in high conduction and turn on losses thereby, the 

thermal management requirements of the power converter become high [15]. Moreover, the PFC unit 

is not present in such battery charger topology, which reduces the power quality of the system. The 

LC filter present at the transformer secondary side induces duty cycle loss on the primary voltage of 

the transformer. Since the sudden change of current is restricted by the inductor, the diodes at the 

secondary are shorted resulting in duty cycle and rectifier snubber loss [16].  

 The battery charger configuration described above are float chargers [23]. These have easy 

control strategy with only a single control loop. These require current limiting resistors at the output 

and utilize single sensor making the battery charger less complicated. But these topologies require a 

diode bridge rectifier for AC to DC conversion which draws a peak input current. These configurations 

do not employ an active PFC unit at the front-end thereby, odd harmonics are injected into the grid 

that results into low power quality and high THD in grid current [24]. To filter out these harmonics, 

bulky filters are required, which increase the weight and volume of the charger.  

2.3.2. Two-Stage Isolated Structure 

Fig. 2.3 presents the two stage isolated configuration of a battery charger. These topologies 

garnered popularity in industries, which consist of a dedicated PFC unit and a battery charging 

control unit [25]. These chargers mainly are of two types; (a) Post-regulator type and (b) Pre-
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regulator type. The post-regulator type as reported in [26] comprises of an isolated converter, 

which provides isolation from AC mains and a non-isolated converter for input current shaping 

and for battery charging process control. But these converters are less efficient due to high 

conduction losses in the primary side switches. 

Gate

Driver

Controller

AC/DC Boost 

Converter 

Isolated DC/DC 

Converter

Diode Bridge 

Rectifier

Vgrid

Vin Iin Vout Iout

-

DC Link 

Capacitors

Gate

Driver

VDC,link 

IDC,link

 

Fig 2.3. Two Stage Converter Configuration 

Also, the current shaping unit has high losses due to conduction and switching losses 

therefore, this topology is not suitable for the charging of low voltage battery packs charging. 

However, a pre-regulator structure [27]-[29] has a non-isolated converter for the input current 

shaping for UPF operation and an isolated converter for the battery charging control. This topology 

is preferred in battery chargers for its higher reliability. The AC/DC PFC converter as the first 

stage consists of EMI filter, rectifier, PFC converter, and a DC link capacitor. The first stage 

converts the AC voltage to DC with PFC operation.  

A high frequency signal controls the converter for input current shaping to accomplish UPF 

operation. The current shaping is done using one of the methods such as peak current control, 

average current control, and hysteresis control. The main objectives of the PFC converter are to 

draw sinusoidal input current and in phase with the input voltage, power quality improvement and 

lower THD of grid current, and stiff DC voltage at output. These power converters work in 

continuous conduction mode (CCM) and usually employ three sensors to accomplish PFC 

[27][28]. Fig. 2.4 presents different front-end PFC converters. These systems necessitate high  
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Fig 2.4. Frontend Converters; (a) Dual Boost PFC; (b) Phase Shifted Semi Bridgeless PFC; (c) Bridgeless 

Interleaved Boost PFC; (d) Conventional Buck-Boost PFC; (e) Sepic PFC; 

sampling frequency for input current shaping. The second stage isolated DC-DC converter 

typically comprises of a switching network, transformer, rectifier, and a low pass filter. This stage 

converts the DC link voltage to a regulated DC voltage at the output as per the battery charger 

specifications requirement. The different categories of EV battery pack voltage range from 48V-
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650V and the DC-DC converter used for the battery current control is usually a unidirectional buck 

converter, which steps down the voltage at the DC link to the battery voltage level. Fig. 2.5 shows 

few examples of the DC-DC converter employed in the second stage. An additional resonant tank 

maybe added for soft switching at high switching frequency of semiconductor devices and a high 

frequency transformer. It is advantageous to use a high frequency transformer than a line frequency 

transformer owing to size, cost, and weight [30].  
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Fig 2.5. Backend Converter; (a) Buck Topology; (b) Interleaved Buck Topology; (c) Non Inverted Buck-Boost 

Topology; 

The two most commonly used DC-DC converter configurations are the phase-shifted full-bridge 

(PSFB) converter [27] and LLC resonant converter [29][31] as shown in Fig. 2.6 (a) and (b), 

respectively. These topologies have issues of battery charge control. The PSFB converter by 

controlling the gating signals accomplishes the zero voltage switching turn-on of the primary side 
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switches but these converters lose ZVS at light load and thereby, the efficiency of the overall 

system is reduced [32]-[35]. However, LLC converters attain ZVS throughout the complete load 

range but to control the load voltage and current, these converters require complicated variable 

frequency modulation and a microcontroller with high clock rate, which reduces the reliability of 

the converter [36]-[39] as well as they have complex magnetics design. The two stage topology 

having galvanic isolation is a common topology with added safety measure but isolation is not a 

necessary requirement for the on-board battery chargers as per the standards [40][41]. The non-

isolated topology can be suitably applied to the battery chargers and have more benefits than the 

single-stage and two-stage isolated topologies. These topologies have improved efficiency, and 

lower volume but they have higher semiconductor and sensor count, which makes the converter 

costly. 
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Fig 2.6. (a) Phase Shifted Full Bridge Topology; (b) Full Bridge LLC Resonant Topology; 
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2.4. Electric Vehicles Future Trends 

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. The charging infrastructure demand is based upon three factors 

namely; (a) penetration rates, (b) charging degree, and (c) range anxiety. Smart grid impacts on 

EV batteries and charging infrastructure is substantially uncertain. 

 In future, Level I and Level II slow EV charging are preferred schemes because of lower 

electricity rates and convenience. Charging at home will be crucial for accomplishing high EV 

usage rates. Public charging is more fundamental to move past the initial stages of EV adoption. 

Due to the non-requirement of wall box, this is the most economical infrastructure. But with battery 

capacity, EV range improvement, and potential requirement of Level III fast charging by EVs for 

range extension then there would be a higher requirement of building off-board charging station 

infrastructure. For passenger EVs, Level III fast charging reduces range anxiety. The high 

investment for fast charging infrastructure installation and the problems associated with large 

amount of energy transfer from the electricity grid assures that overnight and standard charging 

would be the prevalent methods for EV charging. For wide commercialization, the requirement of 

recharging in communities and highways is crucial. It is more probable that unidirectional charging 

would be the main aspect for development in the near future [42]. The basic attributes of 

unidirectional charging are listed in Table 2.2.  

The successful EV adoption in the coming decade depends on the following: 

a) Deployment of EV charging infrastructure is the primary consideration. The necessary 

parts consist of conductors, EV connectors, attachment plugs, device power outlets, 

apparatus installed for safe energy transfer. 

b) Reliability, durability, and safety. 

c) Reduced cost and higher efficiency. 

d) Vehicle-to-grid (V2G) power flow, communication, and metering. 
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e) Accommodation of high-power charging. 

f) Standardization of internationally agreed upon EV charging stations. Requirement of 

regulatory procedures and policies in the distribution market for commercial firms. 

g) Ease in the charger and connector usage by the consumer. 

Table 2.2: Attributes of Unidirectional Battery Charger 
 

Attributes Unidirectional EV Battery Charger and Infrastructure 

Electric power flow and switches  Electric power flow in one way, Grid-to-Vehicle charging, diode 

bridge, and unidirectional converter 

Availability Available 

Power level Level 1, Level 2, and Level 3 

Requirements Power grid connection 

Isolation Isolated, and non-isolated 

Control Simple and charging current active control 

Cost Low cost and no added expense 

Effect of battery No degradation in discharging 

Advantages • Services of reactive power and dynamic adjustments of 

charge rates without reversal is provided  

• Supplies and absorbs reactive power even without 

discharging a battery by using current phase angle control 

• Control using voltage and frequency 

 

 

2.5. Conclusion 

This Chapter describes the EV battery charging classification concentrating primarily on 

the plug-in EV battery chargers. The basic attributes of the on-board and the off-board battery 

chargers are discussed. A comprehensive overview of the currently employed EV battery charging 

AC-DC converters along with their power quality limitations have been provided. This Chapter 

thoroughly discusses the recent trends in EV battery charger structure including the isolated and 

non-isolated topologies together with the single-stage and two-stage topologies. The disadvantages 

of flyback and half-bridge resonant single stage topologies involving low efficiency and higher 

component count has been discussed. The limitations of front-end diode bridge rectifier in terms 

of PFC operation has been explained. The two-stage configurations along with front-end and back-
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end converter configurations are discussed. These converters operate in CCM and require at least 

three sensors and two control loops therefore, they increase the computational burden on the 

microcontroller. Sensors’ count reduction makes the converter cost effective, lightweight, reliable, 

and robust. Different front-end and back-end battery charger topologies have been illustrated. 

Finally, the future EV trends and their successful deployment strategies have been discussed. 

In the next chapter, a single phase bridgeless Cuk-derived AC-DC PFC converter as on-

board EV charger is presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22  

CHAPTER 3: SINGLE SENSOR BASED CUK DERIVED 

PFC CONVERTER FOR GRID TO VEHICLE 

CHARGING 
 

3.1. Introduction 

Increasing concerns regarding the environmental issues have immensely encouraged 

adoption of the electric vehicles (EVs) worldwide owing to their environmental friendly and 

pollution free operation. The EVs utilize high voltage batteries as their source of power and 

therefore, a charger is required for recharging the batteries. A typical EV battery charger block 

diagram is shown in Fig 3.1 [31]. The battery chargers are divided into two categories; a) on-board 

charger and b) off-board charger [43]. The on-board chargers (OBC) as represented in Fig 3.2 are 

mounted on the EV, thus it has to be compact in size as well as lightweight. Also, they are 

connected to the single-phase AC grid for the battery charging process. So, to meet the harmonic 

limits as required by standards [10], a power factor corrected (PFC) AC/DC converter becomes 

necessary at the front end of the AC supply. 
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Fig 3.1. Block diagram for a typical battery charger 

 

Fig 3.2. Grid to Vehicle (G2V) Charging using On-board EV Charger 
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Different PFC based charger topologies are reported in literature for OBC applications. The two-

stage configuration [26][30[44]-[46] consists of a PFC converter and an isolated DC-DC converter 

in the first and second stage, respectively. This charger is easy to implement but has higher 

components’ count, cost, and low density. The single stage configuration [17][31][47]-[52] is 

formed using a combination of a diode-bridge rectifier and a DC-DC converter. The input diode 

bridge rectifier contributes to high conduction losses. Thus, the bridgeless topologies [17][31][49]-

[52] have been proposed, which removes the input diode bridge but still uses the same number of 

components. Therefore, this work proposes a novel single-phase bridgeless Cuk-derived front-end 

PFC converter with reduced components’ count having simple control, which requires only a 

single loop and a single sensor. 

3.2. Bridgeless Cuk-derived Topologies 

The following bridgeless Cuk-derived topologies are derived from the conventional Cuk 

PFC converter as shown in Fig 3.3 [46].  The topology 1 (T1), topology 2 (T2), and topology 3 

(T3) as reported are presented in Fig 3.4(a), Fig 3.4(b), and Fig 3.4(c), respectively [53].  

Dp

Dn

Dn

Dp

Vac Do

L1

Co RLS

LoC1
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Fig 3.3. Conventional Cuk PFC converter 

T1 has low input current, reduced EMI, and simple implementation but has the disadvantage of 

current circulation which contributes to extra losses in supply voltage which is the result of two 

intermediate capacitors interconnection. T2 has better thermal management however this 

configuration has higher component count. Additionally, T2 has an added floating terminal 

drawback as the load is located in between the two output capacitors. The switch arrangement adds 

an issue of floating neutral in the independent supply voltage half. Topology 3 (T3) has lower 

current stress and still incur losses because the inactive switch’s ‘S2’ body diode is always 

conducting in the positive half cycle through inductor ‘L2’. In the negative half cycle, the circuit 
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has some additional losses across the inactive switch body diode because of partial current flow 

return through it [46][53]. Fig 3.4 (d) and Fig 3.4 (e) [46] show two other bridgeless Cuk-derived 

topologies, which has same number of components and semiconductor device stress as 

conventional Cuk PFC converter. But these topologies have input and output  
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Fig 3.4. Bridgeless Cuk-derived Topologies; (a) BL-Cuk Topology 1 (T1) in [53] (b) BL-Cuk Topology 2, (T2) in 

[53] (c) BL-Cuk Topology 3 (T3) in [53] (d) BL-Cuk in [54] (e) BL-Cuk in [55] 

inductor coupling issues which might result in high input and output ripple resulting in 

unsuitability for the service life of battery [54] [55]. Therefore, a novel bridgeless Cuk-derived 

converter with less components, and a simple control scheme compared to the prevailing 

topologies is introduced in this thesis. The output inductor in the proposed converter is designed 
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The steady state operation over one switching cycle is explained in this Section. Due to the 

symmetric operation of the converter, the operation in the positive half cycle is described here. 

The key waveforms for the converter operation description during positive half cycle over one 

switching cycle is presented in Fig 3.6. The discontinuous output diode current proves the DCM 

operation of the converter throughout the power range. The converter operation has three modes 

in one switching cycle as presented in Fig 3.7 with their equivalent circuits. 

The following assumptions are made to understand the steady state analysis and operation of the 

converter: 

a) The components are assumed ideal and lossless. 

b) The output filter capacitor is large enough to maintain constant output voltage. 

c) Co1 Co2 share output voltage equally. 

d) The transfer capacitor ‘Ct’ has average voltage equal to the input voltage. 

e) As switching frequency is very high compared to the supply frequency; the source voltage, 

output capacitor voltage and voltage across transfer capacitor are considered constant in 

one switching cycle. 

Converter Operation Description: 

Mode 1 (to – t1): When the switch ‘S’ is turned ON, this mode begins. Prior to this mode, 

the input current ‘iLin’ is represented as ‘ifw’ freewheels in the loop formed by ‘Vin’ ‘Lin’ ‘Ct’ and 

‘Lo’ as shown in Fig 3.6. The equivalent circuit of operation is depicted in Fig 3.7(a). In this mode, 

the source ‘Vin’ supplies energy to the input inductor ‘Lin’ and the transfer capacitor ‘Ct’ supplies 

energy to the output inductor ‘Lo’ with a slope of 𝑉𝑖𝑛𝐿𝑖𝑛 and 
𝑉𝑖𝑛𝐿𝑜 , respectively. 

                                                              iLin = ifw + 
𝑉𝑖𝑛𝐿𝑖𝑛t                                                                    (3.1) 

                                                              iLo = -ifw + 
𝑉𝑖𝑛𝐿𝑜 t                                                                 (3.2) 

Mode 2 (t1 – t2): This mode begins when the switch ‘S’ is turned off. Before this mode 

initiates, the currents through input and output inductor has reached their maximum values. The 

complete switch current is carried by the ‘Do1’ output diode when the switch is turned off and is 

represented in Fig 3.6. Fig 3.7(b) shows the converter operation equivalent circuit during this 
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3.5. Converter Design 

The following section provides the detailed design procedure of the bridgeless Cuk-derived 

converter. 

3.5.1. DCM Operation Condition 

The condition for DCM operation of the converter is 

                                                               DTs + D1Ts  ≤ Ts                                                                                      (3.7) 

                                                                 D ≤ 𝑀𝑀+2𝑠𝑖𝑛𝜔𝑡                                                                      (3.8) 

where Vin = Vpk sinωt and M = 𝑉𝑜𝑉𝑝𝑘 

In (3.8), the worst case scenario is when sinωt = 1 that implies to ωt = 𝜋2. So, the DCM operation 

condition becomes  

                                                                    D ≤ 𝑀𝑀+2                                                                              (3.9) 

From (3.9), the critical value of the voltage conversion ratio for a specific duty cycle is  

                                                                   Mcr ≥ 2𝐷1−𝐷                                                                            (3.10) 

where Mcr = critical voltage conversion ratio. The output voltage of the converter must be twice as 

high as the peak input voltage such that output diodes are reverse biased, which is evident from 

the converter configuration. So, for the proposed converter operation, to work correctly the voltage 

gain should be 

                                                                 M ≥ Mcr ≥ 2                                                                (3.11) 

3.5.2. Average Output Current 

The average output current of the converter for one switching cycle is equal to the average 

output diode ‘Do1’ current. The shape of output diode current is triangular and the average of it can 

be determined by 

                                                             IDo1,avg =
𝑖𝐷𝑜1,𝑝𝑘𝐷1𝑇𝑠2𝑇𝑠                                                                 (3.12) 
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where iDo1,pk = 
𝑉𝑖𝑛𝐿𝑒𝑞 𝐷𝑇𝑠,  Leq = 

𝐿𝑖𝑛𝐿𝑜𝐿𝑖𝑛+𝐿𝑜 and iDo1,pk stands for peak output diode ‘Do1’ current. 

Solving (3.12), 

                                                           iDo1,avg = 
𝑉𝑝𝑘2 𝐷2𝑇𝑠𝐿𝑒𝑞𝑉𝑜  sin2ωt                                                            (3.13) 

The average diode output current ‘Do1’ over a line period is  

                                                              iDo1,avg = 
𝑉𝑝𝑘2 𝐷2𝑇𝑠4 𝐿𝑒𝑞𝑉𝑜                                                                    (3.14) 

3.5.3. Passive Components Design of Converter 

The design of input inductor is done based on the peak input current ripple through a 

switching cycle. The peak input inductor current ripple (∆iLin) is 

                                                                ∆iLin = 
𝑉𝑝𝑘𝐿𝑖𝑛 𝐷𝑇𝑠                                                                   (3.15) 

                                                               𝐿𝑖𝑛 =  𝑉𝑝𝑘∆𝑖𝐿𝑖𝑛 DTs                                                                                                   (3.16) 

‘Lo’ is given by  

                                                                 Lo = 
𝐿𝑖𝑛𝐿𝑒𝑞𝐿𝑖𝑛−𝐿𝑒𝑞                                                                        (3.17) 

‘Leq’ is derived using (3.9) and (3.14), and is given by 

                                                            Leq ≤  
𝑉𝑝𝑘2 𝑉𝑜2𝑇𝑠4 𝑃𝑜𝑢𝑡(𝑉𝑜+2𝑉𝑝𝑘)2                                                     (3.18) 

where Pout = rated output power of converter 

The output capacitor in single phase PFC converter is designed to filter out the second order 

harmonics of supply frequency which are visible in the output voltage. Taking Co1 = Co2 = Co, the 

low frequency ripple of output voltage is  

                                                   ∆Vo,ripple = 
1𝐶𝑜 (∫ 𝑖𝑐𝑜1𝑑𝑡 +  ∫ 𝑖𝑐𝑜2𝑑𝑡)                                           (3.19) 

                                                   ∆Vo,ripple = 
1𝐶𝑜 (∫ 𝑖𝐷𝑜1,𝑎𝑣𝑔 − 2𝑖𝑜)𝑑𝑡                                        (3.20) 
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                                                                 =
2𝑖𝑜𝜔𝐶𝑜                                                                              (3.21) 

                                                           𝐶𝑜=
2𝑖𝑜𝜔∆Vo,ripple                                                                          (3.22) 

The transfer capacitor ‘Ct’ is critical because the input current quality is highly influenced by its 

value. The value should be chosen in a way that it does not result in low frequency oscillations 

with both input and output inductors. Therefore, the resonant frequency ‘fres’ for the transfer 

capacitor ‘Ct’ must be between the value of switch and supply frequency. 

                                                              fin << fres << fs                                                                                                      (3.23) 

where fin is defined as input supply frequency, fs as switching frequency and  

                                                           fres = 
12𝜋√𝐶𝑡(𝐿𝑖𝑛+𝐿𝑜)                                                                   (3.24) 

3.6. Small Signal Modeling 

+ PI Controller
Saturation 

block
-

-

+Vout,ref

Vout,sensed

Gate signal

WW

+

 

Fig. 3.8. Output voltage controller configuration 
 

 The design of the converter is in discontinuous inductor current conduction mode to attain 

the PFC naturally at the AC input thereby, avoiding the input voltage and current sensing. 

Therefore, only one voltage control loop is required as shown in Fig. 3.8. A straightforward 

approach known as ‘Current Injected Equivalent Circuit Approach’ is used to develop the control-

to-output voltage transfer function of the converter [56]. The modeling based on this technique is 

very simple and easy to comprehend. The fundamental idea of this method is linearization of the 

non-linear part of the power converter by putting the average output current over a line period in 

its place, which is shown in Fig. 3.9. The perturbation in output voltage can be represented as 

(3.25). 
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Fig. 3.10. Small signal model 

3.7. Results and Discussions 

This Section provides the detailed discussions about the simulation and experimental 

results. 

3.7.1. Simulation Results 

 The modeling and simulation of the converter as shown in Fig 3.5(a) is done in PSIM 11. 

The specifications and the design values are listed in Table 3.1 and Table 3.2, respectively. Using 

the design parameters in (3.28), the plant transfer function is obtained in (3.29). For attaining the 

required system response, a PI controller (
𝐾𝑖𝑠 + 𝐾𝑝) is employed, which is sufficient as the plant 

transfer function is only a single pole system. The tuning of the controller is done using MATLAB 

Sisotool having phase margin (PM) of 60 degrees and a bandwidth having value less than 754 

rad/s. The PM of 60 degrees has a corresponding damping of 60 percent and 10 percent overshoot.  

Table 3.1: Input Specifications 
 

 

 

 

 

The obtained transfer function is given in (3.30). The value of kp (=0.0062) and ki (=0.28286) can 

be derived from (3.30). The capability of the system for tracking the reference DC with zero 

steady-state error can be implied from the open loop transfer function in (3.31), which has a gain 

of infinity for lower frequencies. Also, the robustness towards source voltage and load change 

disturbance is confirmed.  

Parameter Value 

Input Voltage (Vin (rms)) 120V 
Output Voltage (Vo) 400V 
Output Power (Po) 1kW 
Output Voltage Ripple (Vo, ripple) 2% 
Input Current Ripple (Iin, ripple) 8% 
Switching Frequency (fsw) 50kHz 
Line Frequency (fline) 60Hz 
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Table 3.2: Design Parameters 

 

 

 

 

 

Fig. 3.11 shows the bode plot of plant transfer function, controller transfer function, and open loop 

transfer function. The Hall-effect sensor LV25-P is used to sense the output voltage. The designed 

controller is implemented by coding the TI-DSP-TMS320F28335 to generate the gating signals of 

the switches of the converter, which is done by comparing the actual voltage with the reference 

voltage and the resulting error is fed to the proportional integral (PI) controller; the controller 

output is compared with the 50 kHz sawtooth waveform. 

 

Fig. 3.11 Bode plot of G(s), H(s), and G(s)*H(s)      
 

                                                           G (s) = 
𝑉𝑜(𝑠)𝐷 (𝑠)  = 

10300.133𝑠+1                                                        (3.29) 

                                                          H (s) = 
0.28286𝑠 + 0.0062                                                      (3.30) 

                                                G (s) * H (s) = 
1030∗(0.28286+0.0062𝑠)𝑠(0.133𝑠+1)                                                  (3.31) 
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Frequency  (rad/s)

G(s)

H(s)

G(s)H(s)

Parameter Value 

Maximum Duty Cycle (Dmax) 0.541 
Input Inductor (Lin) 1.5 mH 
Output Inductor (Lo) 29 µH 
Transfer Capacitor (Ct) 2.3  µF 
Output Cpacitor (Co1,  Co2) 1.66 mF 
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As a result, the switch’s PWM signals are generated. To stop the power converter from reaching 

CCM as well as to protect against overloads, a limiter is placed.  Increasing the switching 

frequency would reduce the size of the passive components but will increase the switching losses 

of the semiconductor devices, which in turn will reduce the overall efficiency of the converter 

requiring increased cooling requirement. Since this converter is AC-to-DC and hard switching 

therefore, it is not preferred to operate the semiconductor devices at a very high switching 

frequency due to noise and efficiency concerns.  Thus, an optimum switching frequency of 50 kHz 

is selected without compromising much on the size, weight, cost, and efficiency of the converter. 

Fig 3.12(a) shows that the input current is exactly following the input voltage both in shape and 

the phase, which proves the unity power factor operation of the proposed converter at full-load 

condition. The output voltage and current at the rated output are demonstrated in Fig 3.12(b).  
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The discontinuous output diode current ‘IDo1’ in Fig 3.12(c) validates the converter design. Fig 

3.12(d) shows the average diode current and output current are equal confirming the analysis. Fig 

3.12(e) depicts the switch and output diode current, which makes the fact obvious that the current 

flow path has only one semiconductor device for the entire converter operation. The voltage across 

output capacitor sharing half of the voltage at the output are shown in Fig 3.12(f). Also, it depicts 

that the total output voltage ripple is half compared to the voltage ripple of the output capacitors. 

The output voltage settles at 400V exactly having peak to peak voltage ripple of 8V which is 2% 

as designed, thereby, aligning with the analysis. Fig. 3.12(g) and Fig. 3.12(h) show the response 

when the load is perturbed from 1kW to 500W and from 500W to 1kW, respectively. It is evident 

from Fig. 3.12(g) and Fig. 3.12(h) that the output voltage tracks the reference voltage appropriately 

and settles within 30ms. In Fig. 3.12(i) and Fig. 3.12(j), the input voltage is perturbed by 25% 

increment and decrement to test the controller’s stability. The PFC operation is verified in all cases. 
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Fig. 3.12. Simulation results (a) source voltage and source current; (b) output voltage and current; (c) diode ‘𝐷𝑜1’ current ; 
(d) diode ‘𝐷𝑜1’ current and its mean current; (e) output diodes current and switch current;  (f) output capacitor voltage and 
output voltage; (g) Load change from 1kW to 500W; (h) Load change from 500W to 1kW; (i) Source voltage change from 
90V to 120V; (j) Source voltage change from 120V to 90V 

 



37  

3.7.2. Experimental Results 

A hardware prototype rated at 1kW as shown in Fig 3.13. is developed in the laboratory 

for the purpose of analysis and design validation of the proposed converter. Components used to 

build the hardware prototype are listed in Table 3.3. For designing the input inductor, the worst 

case voltage scenario and a peak input current ripple of 8% is considered. 

Voltage 

Sensor

Gate 

Driver

DSP-TMS320F28335

MOSFETs

Transfer 

Capacitors

Diodes

Output 

Capacitors

Output 

Inductor

Input 

Inductor

 
 

Fig. 3.13. Experimental hardware prototype of the proposed BL-Cuk PFC converter 
 

All the steady-state output waveforms of the proposed converter are shown in Fig 3.14. The UPF 

operation at full- load and light-load are shown in Fig. 3.14(a) and Fig. 3.14(b), respectively. 

Moreover, the input current FFT analysis at 1kW is presented in Fig. 3.14(j). Table 3.4 lists the 

measured THD of the input current as well as power factor at different values of output power. 

The transfer capacitor voltage follows the input voltage and the average voltage of transfer 

capacitor is equal to the voltage at the input, which is represented in Fig. 3.14(c) and makes 

assumption (d) evident. Fig. 3.14(d) confirms when one diode is conducting and the other one is  

Table 3.3: Experimental Hardware Prototype Components Specifications 

Component Specifications 

MOSFET UJ3CO65030K3S, SiC, 650 V, 35 mΩ 
Diodes 60EPF12, 1200 V, 60 A 
Input Inductor (Lin) 159ZL-C14H, 1.8 mH at 50 kHz 
Output Inductor (LO) E 55/28/21 Ferrite core, 29 µH 
Transfer Capacitors (Ct) R71PI34704030M, 0.47µF*5 
Output Capacitors (CO1, Co2) ESMQ401VSN471MQ50W,470 µF*3 
DSP TMS320F28335 
Gate Driver IC- IXYS-IXDN609SI 
Power Source California Instruments AST1503 
Voltage Sensor LV25-P 
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in blocked mode. The zoomed version of the back-to-back connected switch voltage is shown in 

Fig. 3.14(e) and the peak voltage stress is 370V that is about (Vpk + 
𝑉𝑂2 ), which agrees with the 

analysis. Do1 conducts during positive half cycle and Do2 conducts during negative half cycle and 

that is seen in Fig. 3.14(f) which confirms that only one semiconductor is in current conduction 

path. Fig. 3.14(g) demonstrates that the output voltage is twice the input voltage peak so that the 

output diodes can be reverse biased to operate the converter as intended. Fig. 3.14(h) shows the 

zoomed output inductor current which is designed to operate in DCM mode. The output voltage is 

shared equally between the output capacitors and the output voltage has half the voltage ripple as 

compared to the output capacitors as seen in Fig 3.14(i) and validating assumption (c). Despite the 

DCM design, which results in high peak current, a high efficiency of 94% is achieved.  

 

Table 3.4: Input Current THD and Power Factor 

 

 

 

 

 

Fig. 3.14(k) and 3.14(l) present the power converter response for the load change from 500W to 

1kW and from 1kW to 500W, respectively. In Fig. 3.14(k), the power enhances by the current 

increment whereas in Fig. 3.14(l), the power is reduced by the current decrement. The output 

voltage is tracking the reference voltage appropriately and the settling time is as designed of 30ms.  

 

Vin (100V/div)Iin (20A/div)
Vo (200V/div)

Io (5A/div)
 

Iin (5A/div) Vin (100V/div)

Io (1A/div)

Vo (200V/div)

 

(a)                                                                                                   (b) 

Power Output (W) THD (%) PF 

250 W 3.88 .9992 
500 W 3.73 .9993 
800 W 3.54 .9994 
1000 W 3.49 .9994 
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Fig. 3.14. Experimental results (a) PFC operation and output voltage and output current at 1kW; (b) PFC operation 
and  output voltage and current at 25% load; (c) Voltage across intermediate capacitor at 500W; (d) Diode ‘𝐷𝑜1’ and 
‘𝐷𝑜2’ voltage; (e) Bidirectional switch voltage; (f) HF output diodes and switch voltage; (g) Source voltage and output 
voltage; (h) Output inductor current at 50% load; (i) Output capacitors voltage and output voltage at 80% load; (j) 
FFT analysis of source current; (k) Load change from 500W to 1kW;(l) Load change from 1kW to 500W;(m) Source 
voltage change from 120V to 90V;(n) Source voltage change from 90V to 120V; (o) Source voltage change 120V-
90V-120V-90V-120V;  

 
In Fig. 3.14(m) and Fig. 3.14(n), the input voltage is perturbed by subjecting it to 25% voltage dip 

and voltage swell condition to verify the controller’s robustness. In the voltage dip condition, it is 

observed that the current at the input rises to maintain same power. On the other hand, during 
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voltage swell condition, the input current falls to maintain the equal power. To further validate the 

robustness of the controller in Fig. 3.14(o), the source voltage is perturbed consecutively from 

120V-90V-120V-90V-120V. It should be noted that the PFC operation is maintained in all cases. 

Fig. 3.15 shows the variation of PF with power level and Fig. 3.16 shows the variation of THD 

with power level graphically to identify the trend. Table 3.5 shows the comparison of different 

bridgeless topologies with the proposed converter. 

  
Fig. 3.15. PF Vs power graph                                    Fig. 3.16. THD Vs power graph 

                             
Table 3.5: Comparison of Different Bridgeless Configurations  
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Proposed 

Component Count 13 11 11 9 11 11 13 10 10 8 

Diodes 4 4 3 3 3 2 4 2 3 2 

Inductors 4 3 3 2 3 3 4 3 3 2 

Intermediate 

Capacitor 

0 0 2 1 2 2 2 2 1 1 

Switch Voltage 

Stress 

High High Low Low High High High High High Low  

Switch Current 

Stress 

Low High High High High High Low High High High  

Input Ripple Low Low Low Low Low Low Low High Low Low 

Output Ripple Low Low Low Low Low Low Low Low Low Low 

Switching devices 

conduction in Ts 

4 2 2 3 3 2 3 1 3 1 

Mode of 

Operation 

CCM DCM DCM DCM DCM DCM DCM DCM DCM DCM 

Sensor 4 1 1 1 1 1 1 1 1 1 
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3.8. Loss Analysis 

 This section provides the loss equations required for the calculation of losses in different 

components of the power converter. 

3.8.1 Semiconductor losses 

 There are two types of losses in the power semiconductor devices; (1) conduction losses 

and (2) switching losses. 

 

Conduction losses: The loss occurring because of the ON resistance of the SiC switches 

(MOSFETs) is the conduction loss. Total conduction loss ‘Pswitch,c’ of the proposed converter 

contributed by MOSFETs. 

                                                      Pswitch,c = 2 i2
sw,rms Rds,on                                                                                                 (3.32) 

 

where ‘Rds,on’ is the on-state resistance of the MOSFET and ‘isw,rms’ is the switch RMS current. 

Similarly, the diodes conduction losses are calculated using the values of on-state resistance, ‘RD’ 

and the forward voltage drop, ‘Vf’. The total conduction loss ‘Pdiode,c’ in the diodes. 
 

                                                 Pdiode,c = 2 (i2D,rms RD + iD,avg Vf)                                                    (3.33) 

 

where ‘iD,rms’ and ‘iD,avg’ are the RMS and average current through the diode, respectively. 

Therefore, total conduction loss ‘Pcond’ is given by 

 

                                                         Pcond = Pswitch,c + Pdiode,c                                                                                         (3.34) 
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Fig. 3.17. Overlapping switch voltage and current during turn ON and turn OFF  
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Switching loss: 

The switching losses are categorised into three parts. The first part is because of voltage 

and current overlapping during the turn on ‘Pswitch,ON’ and turn off ‘Pswitch,OFF’ of the SiC MOSFET 

as shown in fig. 3.17 [60]. The parasitic capacitance charging and discharging is also responsible 

for the switching losses which is the second part. And the gate drive loss is the third part. 

Turn on loss: 

                                                  Pswitch,ON = 
12 Isw,avg Vsw,avg ton fsw                                                 (3.35) 

Turn off loss: 

                                                  Pswitch,OFF = 
12 Isw,avg Vsw,avg toff fsw                                              (3.36) 

 

where ‘Isw,avg’, ‘Vsw,avg’, and ‘fsw’ are the average switch current, average switch voltage, and 

switching frequency, respectively. ‘ton’ and ‘toff’ are the overlapping period during MOSFET turn 

ON and turn OFF. 

Switch Output Capacitance Loss: 

The switch output capacitance loss ‘Pcap’ due to charging and discharging is given as 

 

                                                  Pcap = 2 ( 𝐶𝑜𝑠𝑠𝑓𝑠𝑤2𝜋  ∫ 𝑉𝑠𝑤2 (𝜔𝑡) 𝑑𝜔𝑡2𝜋0  )                                                 (3.37) 

 

where ‘Coss’ stands for switch output capacitance. 
 

Gate Drive Loss: 

The gate drive loss ‘Psw,G’ is derived as  

 

                                                           Psw,G = 2 Ciss Vg
2 fsw                                                          (3.38) 

 

where ‘Ciss’ is the MOSFET input capacitance. The total switching loss is given as 

 

                                             Psw = Pswitch,on + Pswitch,off + Pcap + Psw,G                                            (3.39) 

 

Therefore, the total semiconductor loss is 

                                                              Psem = Psw + Pcond                                                           (3.40) 

3.8.2 Inductor losses 

 There are two inductors in the proposed converter. The losses for the input and the output 
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inductors are calculated as follows. 

Input Inductor: 

The input inductor losses ‘PL,in’ are due to AC resistance, ‘Rac’ 

 

                                                               PL,in = I2
L,in rms Rac                                                           (3.41) 

 

where ‘IL,in rms’ is the input inductor RMS current. 

Output Inductor: 

The output inductor loss ‘PL,out’ is 

                                                               PL,out = I2
L,out rms Rac                                                         (3.42) 

 

where ‘IL,out rms’ is the output inductor output current. 

Core loss: 

Core loss ‘Pcore’ of the inductors can be calculated as 

 

                                                                   Pcore = Pc,l Ve                                                            (3.43) 

 

where ‘Pc,l’ and ‘Ve’ are the inductor core loss limit and effective core volume, respectively. 

3.8.3 Capacitor loss 

 The transfer capacitor ‘Ct’ and the output capacitor losses ‘Pl,cap’ can be calculated as  
 

                                                                Pl,cap = I2
rms RESR                                                               (3.44) 

 

where ‘Irms’ is the RMS current through capacitor and ‘RESR’ is the equivalent series resistance. 

 

 
 

Fig. 3.18. Efficiency curve 
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Table 3.6: Parameter Values for Loss Analysis 
 

Parameter Value 

Rds,ON  27 mΩ 

RD  4.6 mΩ 

Vf  1.2 V 

Coss  320 pF 

Ciss  1500 pF 

Rac,i 79.45 mΩ 

Rac,o 17.66 mΩ 

Pc,l 44000 mm3 

Ve 22000 W/set 

RESR,f 35.63 mΩ 

RESR,e 182.23 mΩ 

 

The loss analysis is done utilizing the equations in [61] and by using information provided in 

components’ datasheet, which are listed in Table 3.6. The light-load and full-load efficiency of the 

proposed converter are 89% and 94%, respectively. The efficiency over the entire load is shown 

in fig. 3.18. Table 3.7 lists the complete breakdown of the power losses in the converter design at 

output power of 1 kW.  

Table 3.7: Breakdown of Losses for Rated Output Power 
 

 

 

 

 

 

 

Fig. 3.19 shows the pie chart representation of the same power loss to make it easier to identify 

the loss share among different components of the converter. The maximum power loss is due to 

the MOSFETs, which is usual. 

Device Power loss (W) 

Power switch 19.10 
Diode 6.70 
Transfer capacitor 1.00 
Output capacitor 8.35 
Input inductor 5.60 
Output inductor 11.00 
Constant losses 12.00 
Total power loss 63.75 
Efficiency 94% 
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Fig. 3.19. Pie chart representing percentage loss in different components 

 

Fig. 3.20 shows the efficiency comparison of different topologies with the proposed converter. 

The experiment shows that the measured and calculated efficiencies are nearly equal. 

 

Fig. 3.20. Bar graph representing efficiency comparison  
 

3.9. Conclusion 

A novel single-sensor based bridgeless Cuk-derived PFC converter with reduced 

components’ count for on-board G2V charging is presented. The proposed converter output 

inductor is designed to operate in DCM for the complete power range to attain PFC naturally at 

the AC supply, and as a result the sensor requirement reduces which decreases the cost, and 

enhances robustness of the converter towards high-frequency noise. The devices in the proposed 

bridgeless Cuk-derived converter has lower voltage stress as compared to the traditional Cuk PFC 

converter, which results in reduced switching losses and enhancement of the overall converter 
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efficiency. Further, throughout the converter operating range only a single semiconductor device 

is in current conduction path, thus, reducing the converter conduction losses, and making the 

thermal management simple. This chapter provides a brief discussion on different bridgeless Cuk-

derived topologies. The converter detailed steady-state analysis over one switching cycle is 

presented along with the design. The detailed small-signal-modeling and the closed loop controller 

design for novel Cuk-based PFC converter for onboard EV charger are presented. The control-to-

output transfer function of the Cuk-based converter is derived. A systematic procedure to design 

the voltage loop is provided. The converter analysis and the design are validated through 

simulation results using PSIM 11. A proof-of-concept hardware prototype rated at 1 kW has been 

tested to confirm the converter high performance. THD of 3.49 % and a PF of 0.9994 are achieved 

at full load in the hardware prototype. The work also provides a detailed attributes comparison 

chart with state-of-the-art bridgeless topologies. Extensive loss analysis of the proposed converter 

at full load condition is done. High efficiency of 94% is achieved in the hardware prototype and 

additionally, the efficiency has been compared with different prevailing topologies. 
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CHAPTER 4: SINGLE PHASE BRIDGELESS CUK 

DERIVED DC-DC CONVERTER FOR VEHICLE TO 

VEHICLE CHARGE TRANSFER 
 

4.1. 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 [62]. 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) [63], about 85 % EV 

owners recharge the EV batteries at their residence. The main reason behind this is the non-

availability 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. 

 

 

Fig 4.1. Vehicle-to-Vehicle (V2V) Charging using On-board EV Charger 

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. 4.1. Different EV charging techniques have been reported in 

literature [64]-[71]. However, very few investigations from power electronics perspective on the 

domain of V2V charging have been reported. This Chapter presents the V2V charging 

functionality as shown in Fig 4.2 of an EV. 
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Fig 4.2. Proposed V2V Charging Configuration using On-board EV Charger 

4.2. Different Vehicle to Vehicle Charging Techniques 

This section describes the various charging modes for the V2V power transfer between two 

EVs [72]-[78]. 

4.2.1. V2V Power Transfer in AC Mode 

 The power transfer in AC mode for the V2V charging operation are described below: 

(I) Indirect Traditional Approach: In this method, the power grid is used as an intermediate 

point. Here the V2G operation is combined with G2V 

(II) 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. 

4.2.1.1. V2G Operation in Combination with G2V Operation 
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Fig 4.3. V2G Operation in Combination with G2V Operation 
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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. 4.3. 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. 

4.2.1.2. V2H Operation in Combination with G2V Operation 
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G2V

DC

AC
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Fig 4.4. 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 4.4 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.  
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4.2.2. 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: 

(i) 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. 

(ii) Off-board DC-DC converter: In this method, an external DC-DC converter is used to 

connect the battery terminals in both the EVs.  

4.2.2.1. V2V Charging using On-board DC-DC Converter 
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EV2
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DC
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EV1
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Fig 4.5. 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. 4.5. 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. 
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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.     

4.2.2.2 V2V Charging using Off-board DC-DC Converter 

         The V2V power transfer is possible using an off-board DC-DC converter instead of an on-

board 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. 4.6. 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. 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. 
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Fig 4.6. V2V Charging using Offboard DC-DC Converter 

4.3. Proposed Converter Working Conception in DC Charging Mode 

The proposed single-phase Cuk-derived bridgeless converter in V2V DC charging mode is 

presented in Fig. 4.7. The basic set-up of the converter incorporates a bidirectional switch, two 

diodes at the output, two inductors, one at the input and the other at the output, and three capacitors, 
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Fig. 4.8. The proposed BL-Cuk derived DC-DC converter waveforms for one switching cycle  

DC-DC Converter Operation Description: 

Mode 1 (to – t1):  The switch ‘S’ and diode ‘Do2’are conducting in this mode. Before 

entering this mode, the input current ‘iLin’ freewheels in the loop, which is formed by ‘Vin’ ‘Lin’ 

‘Ct’ and ‘Lo’. The freewheeling current is shown as ‘ifw’. The equivalent circuit of the converter is 

shown in Fig 4.9(a). The input inductor ‘Lin’ and output inductor ‘Lo’ store energy from the battery 

source ‘Vin’ and the transfer capacitor ‘Ct’ having a slope of  𝑉𝑖𝑛𝐿𝑖𝑛 and 
𝑉𝑖𝑛𝐿𝑜 , respectively. 

                                                              iLin = ifw + 
𝑉𝑖𝑛𝐿𝑖𝑛t                                                                    (4.1) 

                                                              iLo = -ifw + 
𝑉𝑖𝑛𝐿𝑜 t                                                                 (4.2) 

Mode 2 (t1 – t2): The switch ‘S’ is conducting and all the output diodes are in blocking 

mode. In this mode, the input inductor ‘Lin’ and output inductor ‘Lo’ continues to store energy 

from the battery and transfer capacitor, respectively. The equivalent circuit is shown in Fig 4.9(b). 
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                                                              iLin = ifw + 
2𝑉𝑖𝑛𝐿𝑖𝑛 t                                                                    (4.3) 

                                                              iLo = -ifw + 
2𝑉𝑖𝑛𝐿𝑜 t                                                                 (4.4) 

Mode 3 (t2 – t3): The switch S is turned off and the diode ‘Do1’ is conducting in this mode. 

The input inductor current ‘iLin’ and the output inductor current ‘iLo’ has reached their peak values 

before entering this mode. The input and output inductor are demagnetizing to the load while the 

output capacitor ‘C1’ and transfer capacitor ‘Ct’ are getting charged. The equivalent circuit is 

shown in Fig 4.9(c). 

                                                           iLin = ifw + 
2𝑉𝑖𝑛𝐿𝑖𝑛 DTs -

7𝑉𝑜8𝐿𝑖𝑛t                                                            (4.5) 

                                                           iLo = -ifw + 
2𝑉𝑖𝑛𝐿𝑜 DTs -

7𝑉𝑜8𝐿𝑜t                                                                 (4.6) 

where DTs = Ton which is the ON time of the switch. The mode ends when ‘IDo1’ becomes zero. 

Therefore, 

                                                                  iLin + iLo = 0                                                                          (4.7) 

Solving (4.7), we derive 

                                                               D1Ts = 
16𝑉𝑖𝑛7𝑉𝑜 DTs                                                                     (4.8) 

where D1Ts is the time duration of mode 3. 

Mode 4 (t3 – t4): In this mode, the load supplied by the output capacitors ‘C1’ and ‘C2’ as 

all the output diodes and the bidirectional switch are in OFF state. The equivalent circuit of this 

mode is shown in Fig 4.9(d). 
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    (c)                                                                                (d) 

Fig. 4.9. Proposed BL-Cuk DC-DC converter equivalent circuits; (a) Mode-1; (b) Mode-2; (c) Mode-3; (d) Mode-4. 

4.5. Converter Design 

The following section provides the detailed design procedure of the bridgeless Cuk-derived 

DC-DC converter for V2V charging operation. 

4.5.1. Condition for Discontinuous Current Operation 

The condition to ensure discontinuous current operation of the converter is 

                                                               DTs + D1Ts  ≤ Ts                                                                                      (4.9) 

       D + D1  ≤ 1                                                                                       (4.10) 

                                                                 D ≤ 7𝑀7𝑀+16                                                                      (4.11) 

where M = 
𝑉𝑜𝑉𝑖𝑛. From (4.11), for a given duty cycle the critical voltage conversion ratio ‘Mcr’ can 

be obtained as  

                                                                   Mcr ≥ 2𝐷1−𝐷                                                                            (4.12) 

To operate the converter as per requirement, the converter voltage gain must be 

                                                                 M ≥ Mcr ≥ 8                                                                (4.13) 

4.5.2. Average Output Current 

The converter output current in DC charging mode is equal to the average current value of 

the output diode current ‘IDO1’. The average diode current can be found using the following 

expression as the output diode ‘Do1’ current is triangular in shape.  
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                                                             iDo1,avg =
𝑖𝐷𝑜1,𝑝𝑘𝐷1𝑇𝑠2𝑇𝑠                                                                 (4.14) 

where the value of iDo1,pk = 
𝑉𝑖𝑛𝐿𝑒𝑞 𝐷𝑇𝑠 is the maximum value of the output diode ‘Do1’ current and the 

value of Leq = 
𝐿𝑖𝑛𝐿𝑜𝐿𝑖𝑛+𝐿𝑜 . Solving (4.14),  

                                                               iDo1,avg = 
8𝑉𝑖𝑛2 𝐷2𝑇𝑠7𝐿𝑒𝑞𝑉𝑜                                                            (4.15) 

Now integrating (4.15) for half line period, the power converter average output current in DC 

charging mode for a line period is derived and is given in (4.16).  

                                                              IDo1,avg = 
4𝑉𝑖𝑛2 𝐷2𝑇𝑠7 𝐿𝑒𝑞𝑉𝑜                                                                    (4.16) 

4.5.3. Passive Components Design of Converter 

The design of input inductor is in terms of the input current ripple allowed in a switching 

cycle and ‘∆iLin’ is given by 

                                                                ∆iLin = 
𝑉𝑝𝑘𝐿𝑖𝑛 𝐷𝑇𝑠                                                                   (4.17) 

                                                               𝐿𝑖𝑛 =  𝑉𝑝𝑘∆𝑖𝐿𝑖𝑛 DTs                                                                                                   (4.18) 

The value of output inductor ‘Lo’ is given by  

                                                                 Lo = 
𝐿𝑖𝑛𝐿𝑒𝑞𝐿𝑖𝑛−𝐿𝑒𝑞                                                                        (4.19) 

The value of ‘Leq’ is obtained from (4.11) and (4.16) which is given as 

                                                            Leq ≤  
28𝑉𝑖𝑛2 𝑉𝑜2𝑇𝑠𝑃𝑜𝑢𝑡(7𝑉𝑜+16𝑉𝑖𝑛)2                                                     (4.20) 

Where Pout = power converter rated output power. 

The output capacitor is designed considering C1 = C2 = Co 

                                                   ∆Vo,ripple = 
1𝐶𝑜 (∫ 𝑖𝑐𝑜1𝑑𝑡 +  ∫ 𝑖𝑐𝑜2𝑑𝑡)                                           (4.21) 

                                                   ∆Vo,ripple = 
1𝐶𝑜 (∫ 𝑖𝐷𝑜1,𝑎𝑣𝑔 − 2𝑖𝑜)𝑑𝑡                                           (4.22) 
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                                                                 =
2𝑖𝑜𝜔𝐶𝑜                                                                              (4.23) 

                                                           𝐶𝑜=
2𝑖𝑜𝜔∆Vo,ripple                                                                          (4.24) 

The design of transfer capacitor ‘Ct’ in DC charging mode is designed similar to the AC charging 

mode which is given by                                         

                                                           fres = 
12𝜋√𝐶𝑡(𝐿𝑖𝑛+𝐿𝑜)                                                                   (4.25) 

where fres is defined as the resonant frequency.  

4.6. Results and Discussions 

The following section details the results and discussions about the simulation and hardware 

experimentation. 

4.6.1. Simulation Results 

 PSIM 11 is used to model and simulate the proposed Cuk-derived converter as DC-DC 

converter . Table 4.1 and Table 4.2 details the input specifications and design parameters for the 

power converter simulation in DC charging mode, respectively. Fig 4.10(a) shows the DC input 

current and DC input voltage. The DC output voltage and current at rated output are demonstrated 

in Fig 4.10(b). It can be observed that the output voltage exactly settles at 400V.  

Table 4.1: Input Specifications 
 

 

 

 

The converter intermediate capacitor voltage and its average are shown in Fig 4.10(c), which 

validates that average voltage of the transfer capacitor is equal to source voltage. Fig 4.10(d) 

depicts the diodes voltage ‘VDo1’ and ‘VDo2’ having peak voltage stress of 400V, which is equal to 

the output voltage. Fig 4.10(e) shows the output diode current and its average, which is equal to 

output current thus, aligning with the analysis. The voltage across the two output capacitors are 

shown in Fig. 4.10 (f). Co1 is charging more as higher current flows through it whereas Co2 is 

Parameter Value 

Input Voltage (Vin (rms)) 48 V 
Output Voltage (Vo) 400 V 
Output Power (Po) 500 W 
Input Current Ripple (Iin, ripple) 5% 
Switching Frequency (fsw) 50kHz 
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charging less due to lower current flow through it.  

Table 4.2: Design Parameters 

 

 

 

 

 

Parameter Value 

Maximum Duty Cycle (Dmax) 0.785 
Input Inductor (Lin) 1.5 mH 
Output Inductor (Lo) 15 µH 
Transfer Capacitor (Ct) 2.3  µF 
Output Cpacitor (Co1,  Co2) 1.66 mF 
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Fig. 4.10. Simulation results (a) Source dc voltage and source dc current; (b) output dc voltage and dc current; (c) Transfer 
capacitor voltage and its average; ; (d) diode ‘𝐷𝑜1’  and diode ‘𝐷𝑜2’ voltage; (e) output diode current and its average;  (f) output 
capacitors voltage;  



60  

4.6.2. Experimental Results 

A 500W hardware prototype is developed in the laboratory for validating the converter 

design in DC charging mode which is shown in Fig 4.11. Table 4.3 lists the components used to 

build the experimental hardware prototype. The gate signals of the power switch are generated by 

coding the TI-DSP-TMS320F28335. For designing the input inductor, the peak input current ripple 

of 5% is considered. 

 

 

 
 

Fig. 4.11. Experimental hardware prototype setup of the proposed BL-Cuk DC-DC converter  
 

 The experimental steady-state output waveforms of the proposed converter in DC charging 

mode are shown in Fig 4.12. The DC input voltage and current along with the DC output voltage 

and current at 500W and 250W are shown in Fig. 4.12(a) and Fig. 4.12(b), respectively. The 

intermediate capacitor average voltage is equal to the input voltage, which is represented in Fig. 

4.12(c) thus, making assumption (d) evident. Fig. 4.12(d) shows the zoomed output diode voltage, 
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which confirms that one diode is conducting and the other is in blocked mode having voltage stress 

of 400 V. The zoomed version of bidirectional switch voltage is shown in Fig. 4.12(e). The 

difference in switch voltage levels is due to difference in voltage levels of the output capacitors. 

Switch voltage along with the gate signal can be is seen in Fig. 4.12(f). Fig. 4.12(g) demonstrates 

the output diode current.  Fig. 4.12(h) shows the output capacitors voltage along with output DC 

voltage. The voltage levels are different due to difference in capacitor current. A high efficiency 

of 95% is achieved in the proof-of-concept hardware prototype experimentation. 

Table 4.3: Experimental Hardware Prototype Components Details 

 

Vin (50V/div)

Iin (10A/div)

Vout (200V/div)

Iout (2A/div)

      

Vin (50V/div)

Iin (5A/div)
Iout (1A/div)

Vout (200V/div)

 

     (a)                                                                                                 (b) 

Vin (50V/div)

Vct (50V/div)

    

VD1 (200V/div)

VD2 (200V/div)

 
                                                                       (c)                                                                                               (d) 

Component Details 

MOSFET UJ3CO65030K3S, SiC 
Diodes 60EPF12 
Input Inductor (Lin) 159ZL-C14H 
Output Inductor (LO) Ferrite core 
Transfer Capacitors (Ct) R71PI34704030M 
Output Capacitors (CO1, Co2) ESMQ401VSN471MQ50W 
DSP TMS320F28335 
Gate Driver IC- IXYS-IXDN609SI 
Power Source California Instruments AST1503 



62  

VSW1 (200V/div)

VSW2 (200V/div)

  

VSW1 (200V/div)

VG (50V/div)

 
                                                               (e)                                                                                                            (f) 

ILo (10A/div)

    

Vout (200V/div)

Vc1 (200V/div)

Vc2 (100V/div)

 
                                                          (g)                                                                                                            (h) 

Fig. 4.12. Experimental results (a) DC input voltage and current with dc output voltage and output current at 500W; 
(b) DC input voltage and current with dc output voltage and output current at 250W; (c) Voltage across intermediate 
capacitor and input voltage; (d) Diode ‘𝐷𝑜1’ and ‘𝐷𝑜2’ voltage; (e) Bidirectional switch voltage; (f) Gate source voltage 
and switch voltage; (g) Output inductor current; (h) Output capacitor voltage and output voltage;  
 

4.7. Efficiency Analysis 

 

Fig. 4.13. Experimental hardware prototype measured efficiency curve 
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Table 4.4: Loss Equations 
 
 
 
 
 
 

 
 
 

 

The experimental efficiency measured has been plotted in Fig 4.13 with respect to load 

variation. The loss occurring in the power converter has been analysed using the equations [79][80] 

listed in Table 4.4 as well as with the values obtained from the datasheet.  

Table 4.5: Breakdown of Losses 

 

 

 

 

 

 

Table 4.5 lists the calculated values of the power losses occurring in various devices used in the 

proposed DC-DC converter at rated power of 500W and the theoretical efficiency is estimated 

from the same. Fig. 4.14 illustrates the pie chart presentation of the power loss breakdown to show 

the percentage of loss occurring in various components of the converter.  

 
Fig. 4.14. Pie chart representing percentage loss in different components 

Description Equations 

MOSFET conduction loss i2
sw,rms Rds,on                                    

MOSFET switching loss 12 Isw,avg Vsw,avg toff fsw                                              

Gate drive loss Ciss Vg
2 fsw                                                          

Total diode loss (i2
D,rms RD + iD,avg Vf)                                                    

Inductor loss I2
L,in rms Rdc                                                           

Capacitor loss I2
rms RESR                                                               

Device Power loss (W) 

Power switch 14.20 
Diode 3.00 
Transfer capacitor 0.41 
Output capacitor 1.43 
Input inductor 4.82 
Output inductor 0.62 
Constant losses 0.32 
Total power loss 24.80 
Efficiency 95% 
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MOSFETs contribute to the major power loss occurring in the converter which is 57% of the total 

loss. The diodes losses are 12% of the total loss. The losses in the semiconductor devices sum up 

to 69% of total loss. The rest 31% loss mainly come from the passive components. The input 

inductor contributes to the second highest power loss in the power converter. The efficiency 

measured from the proof-of-concept hardware and the analytically efficiency calculated are nearly 

equal. 

 

Fig. 4.15. Bar graph comparison of different V2V configuration efficiencies 
 

The efficiency of the proposed configuration for V2V charging has been compared with different 

configurations reported in the literature [72] such as the ac-to-ac (A2A) interface, dc-to-dc (D2D) 

interface, dc-to-ac and ac-to-dc (D2A/A2D) interface, ac-to-battery and battery-to-ac (A2B/B2A) 

interface and the comparison has been represented in Fig 4.15. The efficiency data is further listed 

in numerical value in the Table 4.6. 

Table 4.6: Efficiency Data 
 

Mode Efficiency 

A2A 92.01 % 

D2D 96.93 % 

D2A/A2D 94.33 % 

A2B/B2A 94.06 % 

Proposed 95 % 
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4.8. Comparative Analysis 

This section provides a comparative analysis of different state-of-art techniques [72] with 

the proposed technique used for V2V power transfer. Table 4.7 lists the important advantages and 

disadvantages of the proposed as well as various techniques reported in the literature. Fig. 4.16 

represents the various configurations used for the comparative analysis. 
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(f) 
 

Fig. 4.16. V2V power transfer configurations: (a) A2A; (b) D2D; (c) D2A; (d) A2D; (e) A2B; (f) B2A; 
 

Table 4.7: Comparative Analysis  

 

4.9. Conclusion 

A novel V2V charge transfer technique using the proposed bridgeless single-phase Cuk-

derived converter with reduced components’ count for the on-board EV charging application is 

Mode Advantages Disadvantages 

A2A • The already available terminals are used 

• Inrush current protection is available 

• Redundant power conversion 

• Low efficiency 

D2D • Four quadrant operation is possible 

• Eliminated two redundant power conversion 

• High efficiency 

• The already available terminals 

are not used 

 

D2A/A2D • Eliminates one redundant power conversions 

• Four quadrant operation is possible 

• Medium efficiency 

• The already available terminals 

are not used 

• One redundant power 

conversion 

 

A2B/B2A • The already available terminals are used 

• Four quadrant operation is possible 

• Medium efficiency 

• One redundant power 

conversion 

 

Proposed • The converter of only one EV is used 

• The already available terminals are used 

• Eliminates two redundant power conversions 

• High Efficiency 

• One redundant power 

conversion 
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presented. A review of various V2V charge transfer technique has been discussed. The detailed 

steady-state analysis over one switching cycle is presented along with the design expressions 

derivation of the proposed converter in DC charging mode. The validity of the proposed power 

converter in DC charging mode for V2V power transfer is proved using the PSIM 11 simulation 

results. A 500 W rated proof-of-concept hardware prototype has been implemented to confirm the 

converter analysis and design. High efficiency of 95% is achieved from the laboratory hardware 

setup for the V2V power transfer. The losses occurring in different components of the power 

converter has been demonstrated along with the loss analysis. The achieved efficiency has been 

compared with several state-of-art V2V charge transfer techniques. Further, a comparative analysis 

of different configurations for V2V charging with the proposed configuration has been presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68  

CHAPTER 5: CONCLUSIONS AND FUTURE WORK  
 

EV adoption is a feasible solution to curb burning environment issues of greenhouse gas 

emission and global warming. Plug-in battery chargers are an essential part of the EV system. 

Development of high performance, highly efficient, cost-effective, light weight, reliable and 

compact battery chargers are fundamental to the success of the EVs in the consumer market. 

Improvement of EV charger input current power quality necessitates a PFC AC/DC converter. 

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 bridgeless Cuk-derived universal battery charger for G2V and 

V2V battery charging operations.  

This Chapter puts forward the research and thesis contributions in Section 5.1. The future 

extension of this research work and findings are discussed in Section 5.2. 

5.1. Thesis Contributions 

 This thesis contributes to the analysis and design of single-phase Cuk-derived PFC 

bridgeless power converter with primary goals of flexible battery charging, components reduction, 

power quality, and efficiency improvement. The converter is designed to operate in DCM to 

accomplish PFC naturally at the AC mains. The converter achieves high power factor along with 

THD (<5%) as per the standards. The DCM design also aids in simplifying the control circuit 

along with sensor reduction making the converter reliable and robust to high frequency noise. The 

main features of the Cuk-derived battery charger topology are improved efficiency, high power 

quality, simple control, and flexible charging. The contributions are highlighted as follows: 

5.1.1. Single Sensor based Cuk Derived PFC Converter for G2V Charging 

The first contribution of the thesis in Chapter 3 is the single phase bridgeless Cuk-derived 

PFC converter for G2V battery charging application. The key features of the power converter are 

the simple control, high power quality, improved efficiency, reduced components, and high 

density. The proposed converter has lower conduction losses as only semiconductor device is in 
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the current flow path throughout the converter operation thus, making the thermal management 

simpler. Also, the voltage stress is lower compared to the conventional Cuk converter, which 

reduces the switching losses. As a result, the overall system efficiency increases. The DCM design 

aids in accomplishing PFC naturally on the input side thereby, only a single voltage control loop 

and single voltage sensor are required for the control circuit making the circuit simpler. Detailed 

small signal modeling and controller design is presented. The topology has been compared to state-

of-the art battery charging topologies to prove its competitive performance. A proof-of-concept 

laboratory prototype has been built and tested to validate the analysis, design, and performance of 

the power converter. The prototype is tested for the load perturbation as well as 25% source voltage 

disturbance. UPF is maintained in all the cases. Extensive loss analysis has been reported. The 

hardware prototype attains an efficiency of 94% with a power factor and THD of 0.9994 and 

3.49%, respectively.  

5.1.2. Single Phase Bridgeless Cuk Derived DC-DC Converter for V2V 

          Charging 

The second contribution of the thesis presented in Chapter 4 is the operation and analysis 

of the same converter topology for the V2V battery charging application (DC-DC operation). A 

novel V2V charge transfer technique has been implemented with the same topology to mitigate 

the range anxiety and enable flexible battery charging options for EV consumers in case of 

emergency. The reduced component count makes the on-board charger lightweight as well as the 

lower voltage stress decrease the switching losses and boosts the system efficiency. The proposed 

V2V charge transfer technique has been compared with several charge transfer technique reported 

in literature. The laboratory prototype has been tested to validate its V2V charging operation (DC-

to-DC). Efficiency analysis has been conducted and a high efficiency of 95% has been achieved 

in the proof-of-concept hardware prototype. 

In addition to the above contributions, the conclusions common to both the battery charger 

configuration are listed below: 

• The converter is designed in DCM mode to reduce the complexity of control 

circuit. 

• The steady-state analysis and design for both the configurations have been 

reported. 
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• The turn-on losses of the switches are zero and the diodes have zero reverse 

recovery losses, which are the characteristics of DCM design. 

• The current rating of the semiconductor devices is high owing to the high current 

stress due to the DCM operation. 

• Stiff 400V DC output has been attained. 

• Simulation and experimental results are provided to validate the AC-DC and DC-

DC operation of the topology and its performance. 

• Efficiency above 94% is achieved in the laboratory developed prototype for both 

the configurations.  

5.2. Future Scope of Research 

 The future research recommendations based on the findings of this work are summarised 

in the subsections below. 

5.2.1. Analysis for Bidirectional Operation of the Converter for V2G, V2H 

          and V2V Charge Transfer 

 The present plug-in battery chargers available in the market are unidirectional chargers. 

But with the smart grid concept EVs can feed back energy into the grid. Also, EV batteries can 

supply to residential loads during a power outage or peak demand that is transferring power from 

vehicle-to-home (V2H). The EVs can become more consumer friendly when it attains the 

capability to transfer the surplus energy to another EV with no charging stations nearby in case of 

emergency. To accomplish these operations, a bidirectional EV charger is necessary. Therefore, 

the proposed Cuk-derived topology can be investigated for its bidirectional capabilities both in 

AC-DC and DC-DC mode. 

 

5.2.2. Closed Loop Control of the Bidirectional Power Flow for V2G, V2H 

          and V2V Charge Transfer 

          A robust controller design becomes very crucial to control the bi-directional power flow to 

deliver constant power to the load as well as to switch among various modes of operation such as 

G2V, V2G, V2V, and V2H. Therefore, the design of closed loop control for the bidirectional power 

flow can be another possible research scope.  
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5.2.3. Converter Operation in CCM  

 The converter configurations can be analysed in CCM and designing the controller 

accordingly can be a future scope of research. It will reduce the current stress and will require 

reduced current rated components. 

5.2.4. Efficiency Optimization  

The hardware prototype is a proof-of-concept experimental unit and is not optimized. It is 

developed using off the shelf PCB and components to validate the proposed concept. The 

efficiency can be further enhanced by optimizing the PCB design and the components selection. 

The switches have the highest losses and the conduction loss can be reduced by selecting the 

switches with low on-state resistance. 

5.3. Conclusion 

This Chapter presents the contribution of this thesis and the future scope based on the 

research and findings. The major research contributions along with discussions on extending the 

research work has been highlighted. 
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