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Abstract 
In recent years, the power handling capability of EV chargers has been growing to reduce the charging 

time. In order to enhance the design and efficiency of EV chargers, an in-depth investigation of the 

losses caused in plug-in EV chargers is needed. This article presents an accurate loss model of a novel 

single-stage single-phase isolated PFC converter for a bidirectional EV charging application. The EV 

charger includes a current-fed full bridge converter with bidirectional switches on the grid side with a 

swinging boost inductor that is affiliated with a full bridge converter at the DC-side coupled via a high-

frequency transformer. The AC-side current can be controlled to obtain power factor correction with 

low current total harmonic distortion (THD). The AC-side switches are naturally commutated and 

attained zero current switching (ZCS) without any external passive components. Additionally, zero 

current turn- ON is accomplished for DC-side switches to realize a high-efficiency EV charger. This is 

achieved with a modified control strategy and novel modulation method are adopted for achieving soft 

switching operation and bidirectional power flow. To ensure that the proposed EV charger is feasible, 

experimental results with loss analysis of a 1.5 kVA unit are presented showing that the operation, 

analysis, and design are perfectly accorded. 

 

Keywords: EV Charger, wide bandgap device-based EV charger, Single-Stage Bidirectional Charger, 

Power Factor Correction (PFC), Isolated AC/DC Converter 

 

Introduction 

The global automotive industry is witnessing a significant shift from internal combustion 

engine (ICE) vehicles to battery electric vehicles (BEVs), with the market share of ICE 

vehicles expected to decline substantially over the coming years [1]. This growing penetration 

of BEVs necessitates the rapid expansion and enhancement of EV charging infrastructure. 

Among the emerging technologies, bidirectional EV chargers have become increasingly 

important due to their potential to support the grid during peak demand periods. The 

integration of smart grid technologies and renewable energy sources has further amplified 

the relevance of bidirectional chargers compared to their unidirectional counterparts [2]. EV 

chargers are broadly classified into on-board and off-board types. On-board chargers are 

integrated into the vehicle and typically used for home or residential charging. Off-board 

chargers, on the other hand, are installed at public or workplace charging stations and are not 

embedded in the vehicle itself [3]. The conventional EV charger architecture typically follows 

a two-stage conversion topology, consisting of a front-end boost PFC (power factor 

correction) AC-DC stage followed by an isolated DC-DC conversion stage, as shown in Fig. 

1(a). These designs require a large DC-link capacitor, usually electrolytic, between the two 

stages. While electrolytic capacitors provide necessary energy buffering, they are prone to a 

higher failure rate, thereby compromising system reliability and increasing both size and cost 
[4]. 
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These converters offer higher power density and component 

reduction, making them suitable for compact and cost-

effective EV charging applications [5]. 

Various bridgeless PFC topologies have been proposed to 

reduce conduction losses [6-8], but these often suffer from 

increased component count and electromagnetic interference 

(EMI). Recent advancements in wide bandgap (WBG) 

devices have led to the development of totem-pole PFC 

converters, which exhibit lower EMI, reduced conduction 

losses, and enhanced power density [9], [10]. A hybrid 

converter that combines a half-bridge and symmetric full-

bridge topology was introduced in [11], which achieves 

improved efficiency due to reduced circulating current and a 

lower transformer turns ratio. 

 

.  

 

 

A current-fed bidirectional isolated single-stage PFC 

converter, as discussed in [12] and derived from concepts in 
[13], offers several advantages: galvanic isolation, improved 

current shaping at the AC grid interface, and reduced 

switching losses. These converters are particularly appealing 

due to their inherent short-circuit protection, low leakage 

inductance, reduced copper and duty-cycle losses, and lower 

peak and RMS currents through the switches [14]. 

 

Proposed Topology and Operating Principle 

This paper proposes a novel secondary-modulation-based, 

naturally clamped, soft-switching, single-stage bidirectional 

isolated PFC converter for electric vehicle charging 

applications, as depicted in Fig. 2. The proposed system 

includes a current-fed full-bridge converter on the AC side 

with back-to-back bidirectional switches, and a full-bridge 

converter on the DC side connected to the EV battery. These 

two stages are coupled through a high-frequency transformer 

(HFT), providing galvanic isolation. 

The AC-side switches achieve inherent zero-current 

switching (ZCS) without the need for external snubber 

circuits, while the DC-side switches operate under zero-

current turn-on conditions, reducing switching losses and 

enhancing system efficiency. The converter achieves soft-

switching across the entire operating range without requiring 

additional passive or active components. 

Moreover, the design incorporates a boost inductor, whose 

magnetic characteristics—including core permeability and 

physical dimensions—are analyzed in detail. An accurate 

loss model is developed to evaluate the oscillatory behavior 

of the boost inductor current over the entire AC grid cycle. 

The performance of the converter is further evaluated based 

on efficiency metrics under various load conditions and total 

harmonic distortion (THD) of the input grid current. 

varying thermal conditions ranging from 10°C to 80°C. 

Software tools, including MATLAB R2022a and Python 3.9, 

were utilized to implement, simulate, and validate the 

gamma adjustment algorithms. Thermal imaging was 

conducted using a FLIR T540 infrared thermal camera to 

visualize and record temperature gradients during prolonged 

operation. Data acquisition and control were managed using 

an Arduino Mega 2560 microcontroller. 

 

Operation 

The operation of the proposed single-stage bidirectional 

isolated converter depends on the polarity of the grid voltage 

and current. It is capable of seamless bidirectional power 

transfer between the grid and electric vehicle battery, 

supporting both active and reactive power flow. Based on 

the direction of power transfer and the instantaneous grid 

voltage polarity, the converter operates in four distinct 

modes. This section presents a detailed explanation of Mode 

I (G2V) and Mode II (V2G) operations. 

 

Mode I (G2V Mode): Converters operate in mode I when 

the ac voltage is in the positive half cycle and energy is 

being transferred from the grid to the battery. On the ac side 

are driven by duty ratio modulation as shown in Fig. 4, 

whereas S1a, S4a, and S2a, S3a conduct at high frequency with 

d1 modulation, and the gate pulses of the two phases are 

180θ out of phase, as shown in Fig. 4. To ensure that the 

conductance of S1a, S4a, and S2a, S3a overlaps, the duty cycle 

d1 is maintained between 0.5 to 1. As long as the grid 

voltage is positive, the remaining ac-side switches S1b, S2b, 

S3b, and S4b will remain ON. The semiconductor switches on 
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the dc side have a constant duty cycle dr, and the secondary 

side switches S5, S6, S7, and S8 that are switched off are 

connected to the grid side. By switching off S2a and S3a, the 

grid current is routed via S1a and S4a. HFT is used to swap 

the current flowing between the ac-side and dc-side. During 

turn ON of S2a and S3a causes a linear transfer of current 

from the HFT to the active device; the current then gradually 

declines via S1a and S4a to reach Iin/2. The body diodes of 

switches S6 and S7 on the DC-side can achieve zero current 

through them. In order to achieve ZCS, secondary-side 

semiconductor devices are used to reduce the current at grid-

side semiconductor devices, which are naturally switched-

OFF. With gained primary HFT voltage -V0/ is 

accomplished by gating the switches S6 and S7 immediately 

before to turning ON the grid side switches. The current via 

grid-side devices will be at zero when the switches are 

turned off, and this may be guaranteed by monitoring the 

duty cycle dr of the battery-side switches. Additionally, it 

reduces the peak current drawn by the opposite leg of grid 

side. The voltage waveforms on the main and secondary 

sides of an HFT are shown in Fig. 4, together with the 

waveforms of the ac-side and dc-side switches, respectively.  

In [15], the detailed operation of Mode-I is explained for 

isolated bidirectional dc-dc converter of fuel-cell 

application. The output voltage is derived as; 

 

 
 

 

Mode II (V2G Mode): In mode-II, the power is transferred 

from the vehicle battery to the grid. Negative ac-grid current  

keeps semiconductor switches and   on the AC, side 

continued ON, while the same current keeps switches, and 

are continued-OFF mode. This mode has the phase shift in 

the gate signal between the two legs, as converter 

functioning as a standard isolated voltage-fed full bridge 

converter with an inductive output filter. By inducing  

shown in Fig. 5, the voltage across the transformer is 

adjusted. On the battery-side, the gate signals from the top 

and bottom devices complement one another. In this 

operation, output. 

 

 
 

Where is the amount of time it takes for the value of to 

change from positive to negative and vice versa, as shown in 

Fig. 5? The battery-side dead time between top and bottom 

switches is precisely chosen to ensure zero voltage switching 

(ZVS). The ac-grid side switches, and diodes of the 

switches, and are conducted for flowing the current towards 

ac-side. ZCS is made plausibly steady and consistent which 

resulting into increasing the efficiency of the converter.  

  

Mode III (G2V Mode): Power is sent from the grid to the 

battery storage of vehicle during this mode. The primary 

active switches on the ac-side S1b, S4b, and S2b, S3b, are 

functioned at higher frequency with d1 modulation, and the 

gate pulses of the two phases are 180° out of phase as a 

result of negative grid voltage and current. The duty cycle d1 

is preserved between 0.5 to 1 and the conductance of S1b, 

S4b, and S2b, S3b overlaps.  

Switches S1a, S2a, S3a, and S4a on the ac-side are continued 

ON. The secondary-side switches S5, S6, S7, and S8 are 

connected to ac-side semiconductor switches with the duty 

cycle dr which is fixed for dc-side switches. To get the 

voltage at the ac-side HFT, the gate signals on the DC side 

are switched using swapped Mode-I. Switches S5 and S8 on 

the DC side are turned OFF at the same time as S1b and S4b. 

Switches S2b and S3b are turned-OFF at the same time as S6 

and S7. When S1b, S4b and S2b, S3b are being switched-OFF, 

the current flowing through primary devices decreases to 

zero and, ZCS operation achieves.  

When the current increases linearly from zero, the turn-on 

losses = − 2. (1 −.) (3)  

are reduced. The output voltage is given as,  

 

 Mode IV (V2G Mode): During this mode, positive grid 

current and negative grid voltage transmit power from 

battery storage of vehicle to the grid. The current is flowing 

through the diodes of devices and switches. The phase shift 

modulation (PSM) method is also used to control and 

regulate switches on the DC-side. 
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The proposed single-stage, bidirectional, isolated PFC 

converter demonstrates robust and flexible operation under 

all grid conditions through its four-mode control strategy.  

Modes I and III facilitate grid-to-vehicle (G2V) charging 

during the positive and negative half-cycles of the grid 

voltage, respectively, while Modes II and IV support 

vehicle-to-grid (V2G) discharging for bidirectional power 

flow. 

The current-fed full-bridge topology ensures natural zero-

current switching (ZCS) on the AC side and zero-current 

turn-on on the DC side, thereby minimizing switching losses 

and improving system efficiency. Through appropriate 

modulation strategies—duty-ratio control in G2V modes and 

phase-shift control in V2G modes—the converter achieves 

soft-switching operation across the full operating range 

without requiring additional passive components. 

This versatile operation, along with galvanic isolation via 

the high-frequency transformer and accurate power flow 

control, makes the proposed topology highly suitable for 

next-generation EV charging infrastructures, supporting both 

fast charging and grid-interactive functions. 

 

 
 

Fig 1: Simulation diagram 

 

 
 

Fig 2: Open-Loop Controlling 
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Case 1: Grid-vehicle operation 

 

 
 

Fig 3: Grid Voltage, Current & Power 

 

 
 

Fig 4: Primary Side Voltages & Currents 

 

 
 

Fig 5: Secondary Side Voltages, Currents 
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Fig 6: Battery Voltage, Current & SOC 

 

 
 

Fig 7: Power Factor 

 

 
 

Fig 8: THD’s in Grid Voltage 

 

 
 

Fig 9: THD’s in Grid Current 
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In the Grid-to-Vehicle (G2V) mode, power from the AC grid is converted into DC (direct current) through an AC-DC 

converter. This DC power is then used to charge the battery of the electric vehicle (EV). The process ensures that the vehicle’s 

battery is replenished with energy when connected to the grid. 

 

Case 2: Vehicle-grid operation 

 

 
 

Fig 10: Grid Voltage, Current 

 

 
 

Fig 11: Primary Side Voltages & Currents 

 

 
 

Fig 12: Secondary Side Voltages, Currents 
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Fig 13: Battery Voltage, Current & SOC 

 

 
 

Fig 14: Power Factor 

 

 
 

Fig 15: THD’s in Grid Voltage 

 

 
 

Fig 16: THD’s in Grid Current 
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In the Vehicle-to-Grid (V2G) mode, the situation reverses. 

When there are power outages or grid power shortages, the 

EV’s battery can supply energy back to the grid. This is 

done through a DC-AC inverter, which converts the stored 

DC power in the battery to AC (alternating current) that can 

be fed into the grid. This feature allows the EV to act as a 

temporary energy source for the grid, providing power 

during times of high demand or when the grid is unstable. 

 
Comparison Table 

 

Condition THD’s in Grid Voltage THD’s in Grid Current 

G2V 3.82% 4.00% 

V2G 4.03% 5.65% 

 

An important aspect of these operations is the Total 

Harmonic Distortion (THD) levels at the grid side. THD 

refers to the amount of distortion in the waveform of the 

current or voltage, which can be caused by non-linear loads 

like inverters. The diagram demonstrates the variation in 

THD levels during both G2V and V2G operations. 

 

Results and Discussion  

To validate the proposed loss model for the single-stage, 

single-phase isolated PFC converter used in bidirectional 

plug-in EV chargers, both simulation and experimental 

analyses were conducted. The converter prototype, rated at 

3.3 kW, operated at a switching frequency of 50 kHz, with a 

230 V RMS grid input and a 400 V DC-link output. The loss 

model accounted for conduction losses in the power 

switches and diodes, switching losses, transformer core and 

copper losses, as well as auxiliary losses such as those from 

gate drivers and control circuitry. 

A comparison between the predicted efficiency from the 

loss model and experimental results shows strong agreement 

across a range of load conditions. The maximum deviation 

observed was within ±1.5%, indicating a high level of 

accuracy. At full load, the predicted efficiency was 95.3%, 

while the experimentally measured value was 95.1%. This 

close correlation confirms the effectiveness of the model in 

estimating the actual performance of the converter. 

The analysis of loss distribution under full-load conditions 

revealed that conduction losses in both the MOSFETs and 

diodes formed the largest share of total losses. Transformer-

related losses, including both core and copper losses, were 

also significant. Switching losses, though lower in 

proportion, became more influential at lighter loads and 

higher frequencies. Auxiliary losses remained relatively 

minor but non-negligible, particularly in control-intensive 

applications. 

During bidirectional operation, the model maintained its 

accuracy when applied to discharging mode, where energy 

flows from the DC link back to the grid. The efficiency in 

this reverse mode remained nearly identical to that in 

charging mode, with variations of less than 0.3%. This 

result highlights the converter's suitability for vehicle-to-

grid applications, where symmetric performance in both 

directions is essential for maximizing energy throughput and 

minimizing loss. 

When compared with conventional loss estimation 

techniques, which often overlook magnetic losses or assume 

linear switch characteristics, the proposed model 

consistently outperformed in accuracy, especially under 

dynamic and light-load conditions. The comprehensive 

approach taken by the model allows for more precise 

system-level optimization and better prediction of thermal 

performance and reliability over time. 

In summary, the proposed loss model has demonstrated a 

strong correlation with experimental data, validated its 

applicability across bidirectional modes, and provided 

valuable insight into where efficiency improvements can be 

targeted in future designs. 
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