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Abstract— So far, the charging functionality for vehicles has 
been integrated either into the traction drive system or to the dc-
dc converters in plug-in electric vehicles (PEV). This study 
features a unique way of combining the wired and wireless 
charging functionalities with vehicle side boost converter and 
maintaining the isolation to provide a hybrid plug-in and wireless 
charging solution to the plug-in electric vehicle users. The 
proposed integrated charger combined with SiC technology 
shows the end-to-end and dc-to-dc system efficiencies of 85.9% 
and 88.9% for wireless charging mode, and 88.8% and 92.4% for 
the wired charging mode of operation. 

Keywords—wireless power transfer, on-board charger, 
integrated charger, wireless charging, boost converter, plug-in 
electric vehicle charger. 

I. INTRODUCTION 
With the increased growth in electric vehicles, there is a 

need for reduction in weight, size, and cost while increasing 
the efficiency and power rating of the on-board chargers 
(OBCs). Integrating the function of charging into the traction 
drive systems of PEVs has been proven to significantly reduce 
the volume and weight and increase the power density of the of 
OBCs [1]-[6]. Since all the components are on-board, the 
power levels are typically limited because of the size and 
weight constraints on the vehicle; therefore, charging times are 
usually long. Higher power levels can be achieved with off-
board chargers; however, both the on-board and off-board 
chargers featuring plug-in options inherently pose a danger of 
electric shock. Furthermore, depending on the plug and cable 
ratings, they are heavy and inconvenient. Additionally, there is 
always a possibility of forgetting to plug-in and running out of 
charge.  

Some of the challenges associated with plug-in chargers can 
be eliminated by implementing wireless power transfer (WPT) 
technology. WPT is a safe, convenient and flexible charging 
method for PEVs. However, having the wired (plug-in) and 
wireless charging systems available at the same time is 
critical, especially before the wireless charging infrastructure 
is readily available. Along with convenience, the other aspects 

of the charging technology that need to be addressed are the 
cost and the efficiency of the charger. 

Integrated chargers generally will provide huge cost 
benefits by utilizing same components for different 
functionalities. By integrating vehicle side components with 
wireless charging functionalities, substantial cost benefits can 
be achieved [7], [8]. In this integration, multi-functional 
operations can be achieved since charging and boost modes of 
operation are independent. However, because of the high 
number of power conversion states, the other challenge for 
wireless integrated topologies is the total system efficiency. 
According to the Society of Automotive Engineers (SAE) 
J2954 standard development activity [9], greater than 85% 
efficiency is expected from utility outlet to the vehicle high 
voltage (HV) bus in wireless charging applications. Currently, 
silicon (Si) based devices, comprised mostly of integrated gate 
bipolar transistors (IGBTs) and PiN diodes, are being used in 
charging and traction drive systems. With the limitations of Si 
based technology, it becomes extremely difficult to achieve 
the desired efficiency, especially at higher frequencies and 
power levels. WBG device technology with lower losses and 
higher operating temperature can be utilized to address this 
issue and prove to be a vital solution for the wireless charging 
technology. 

It is evident, from the literature survey, that the topologies 
with integrated dc-dc converter and charging functionality 
have no isolation in the system [1]-[6], [10]-[19]. Isolation is 
an important feature that is required for user interface systems 
that have grid connections to prevent potential shock hazards 
and also ground faults and therefore isolation is a major 
limitation that needs to be addressed along with the integrated 
functionality. There are two solutions that can be used to 
essentially address this issue. One is a traditional high 
frequency (HF) isolation transformer that can be added to the 
integrated system on board. However, this adds an additional 
power stage, complexity, component cost, and weight to the 
car, and minimizes the impact of the integrated functionality. 
The other solution that can be utilized is an inherently isolated 
wireless charging system that can provide the required 
isolation from the grid. The WPT system has a significant 
benefit compared to other systems in terms of the component 
count that can be added to the car. The secondary system in 
the car can be as simple as a LC resonant coil with a rectifier 
and a filter capacitor. The rest of the system is located on the 
grid side stationary unit that has several stages of power 
conversion. Both the above-mentioned solutions are very 
attractive and have their pros and cons. However, there is a 

This manuscript has been authored by the Oak Ridge National Laboratory
operated by the UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 
with the U.S. Department of Energy.  The United States Government retains
and the publisher, by accepting the article for publication, acknowledges that
the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this
manuscript, or allow others to do so, for United States Government
purposes.  The Department of Energy will provide public access to these
results of federally sponsored research in accordance with the DOE Public
Access Plan (http://energy.gov/downloads/doe-public-access-plan).  

U.S. Government work not protected by U.S. copyright 1307



unique way of combining these functionalities and providing 
the best solution to EV and PHEV users. The topology 
proposed in this study integrates the wireless charging system 
and the boost converter of the traction drive system while 
moving the high frequency isolation stage off-board in 
addition to the inherent airgap. This architecture has two 
levels of isolation with multifunctional operation flexibility, 
such as charging and boosting function. The proposed system 
also utlizes Silicon carbide devices to improve the overall 
efficieny and makes the system more comparable with on-
board charger systems efficiencies in a commercial EVs. The 
overall system architecture and the details of the design trade-
offs compared to an on-board charging system are discussed 
in the following sections. 

II. SYSTEM DESCRIPTION 
 Figure 1 illustrates the integrated stationary wireless 
charging circuit topology that is proposed. The topology has 
five stages of power conversion from the wall to the vehicle 
battery in the wireless charging mode and four stages in the 
wired charging mode. The boost mode of operation essentially 
remains the same as it is in the on-road vehicles.  

A. Wireless Charging Mode of Operation 
 Figure 2 demonstrates the circuit topology for the wireless 
mode of operation. Utility ac power is converted to 
controllable dc voltage by the active front-end rectifier with 
power factor correction (PFC). Adjustable dc voltage is applied 
to the input of the high frequency (HF) full-bridge inverter 
with a controlled duty ratio. The HF stage delivers excitation 
current to a series tuned primary coil for magnetic field 
generation that is linked to the secondary coil on the vehicle 
across the air gap. Voltage induced at the secondary is 
rectified, filtered, and delivered to the vehicle HV battery.  The 
integrated wireless charger has an advantage compared to the 
conventional topology. The boost inductor in series with the 
battery pack will minimize the battery current ripples, and with 
the capacitor, it acts as a low pass filter. This feature will 
increase the reliability and the lifetime of the battery. WPT 
applications may require inclusion of a HF transformer to 
provide electrical isolation of the WPT primary pad and 
cabling from the utility.  Isolation requirements and grid power 
quality are currently being discussed by SAE J2954 standards 
development committee [9]. In addition to the isolation, the HF 
transformer can be utilized to step down the HF inverter output 
voltage that enables the inverter to be operated at high voltage 
and low currents and results in higher efficiencies for the 
system. 

B. Wired Charging Mode of Operation 
The HF transformer solution also provides the flexibility of 

using the system as a wired charger. This can be achieved by 
simply using a relay system that can be operated to disconnect 
the resonant coil system and connect the output of the HF 
transformer to the on-board section of the integrated charger 
system. The wired charging mode of operation has four power 
conversion stages. This mode of operation will enable the EV 
users to use the plug-in charger wherever there is no wireless 
charging option. The efficiency of the system is compared to 
the wireless mode of operation in Section VI. Figure 2 shows 
the circuit topology for the wireless mode of operation. 

C. Boost Mode of Operation 
The boost mode operation simply utilizes a single stage 

switch and a diode combined with an inductor designed for 
boost operation. The wireless and wired charging power stages 
are completely isolated by using the relays in the system. This 
topology is completely based on the two independent functions 
of the integrated systems, (1) charging and (2) boost, which do 
not require simultaneous operation as shown in Fig. 4. 

III. SIMULATIONS OF THE PROPOSED SYSTEM 
A simulation model was built using PSIM which is an 

implementation of the overall system depicted in Fig. 1. The 
resonant coil system is modeled as a loosely coupled 
transformer model. The HF transformer is modeled as an ideal 
transformer with series leakage inductance. The magnetizing 
branch inductance, Lm, is assumed to be too high for this highly 
coupled core based HF transformer and therefore has not been 
included in the model. The control system that was 
implemented for this model is discussed in detail in [20], [21]. 
The only difference is the addition of the transformer model 
which affects the controller gains. The parameters used for the 
simulation are shown in Table I. The inductances of the coils 
were obtained from the measured values of the prototypes built. 
The turns-ratio of the transformer is designed to be 10:2. This 
was enough to step the voltage of the inverter output and 
accommodate the designed resonant system gain of 3.1 at 22 
kHz. This turns ratio also enabled control over a wide range of 
power and a boost voltage of up to 600 V max. 

A. Wireless Charging Mode of Operation 
 Figures 5 and 6 show the complete system response to a 6.6 
kW charge power request at the battery terminals. The current 
that the controlled rectifier draws from the grid is in phase with 
the grid voltage with close to unity power factor. The reference 
and actual measured grid current waveforms are plotted in Fig. 
5 (a) in order to demonstrate the performance of the current 
control loop.   

 
Fig. 1. Circuit architecture of the proposed integrated charger. 
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Fig. 2. Circuit configuration for wireless operation mode. 

 
Fig. 3. Circuit configuration for wired operation mode. 

 
Fig. 4. Circuit configuration for boost mode of operation.

In order to supply this amount of power, the control system 
automatically boosts and regulates the dc-link voltage to 
~450V as shown in Fig. 5 (b). The inverter output voltage, 
primary coil voltage, and the transformer output voltage in Fig. 
6 (a) and (b) show the impact of the total transformer leakage 
inductance. The voltage has a transient curve because of the 
drop across the leakage inductance and the RMS value of the 
voltage across the coil is reduced. The battery voltage and 
battery current with detailed zoom show the resulting ripples in 
Fig. 6 (c). Figure 6 (c) also shows the amount of power transfer 
to the load side (~6.6kW). 

TABLE I. SIMULATION MODEL PARAMETERS 
Parameter Symbol Value Unit 

AC input voltage Vac 220 [Vac] 
DC link voltage Vdo 350-600 (controlled) [Vdc] 

Primary tuning capacitor C1 0.45 [μF] 
Primary coil inductance L1 115.79 [μH] 

L1 internal resistance RL1 122.7 [mΩ] 
Secondary coil inductance L2 132.6 [μH] 

L2 internal resistance RL2 150.8 [mΩ] 
Secondary tuning capacitor C2 0.40 [μF] 

Coupling factor k 0.23 # 
Distance between the coils z 160 [mm] 

Filtering capacitor Co 680 [μF] 
Battery nominal voltage  Vb 310 [Vdc] 

Battery target power Pb 6600 (target) [W] 

 

 
(a) 

 
(b) 

Fig. 5. Simulation result: AC line voltage and current (a) and the boosted DC 
link voltage (b). 
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(a)  

 
(b) 

 
(c) 

Fig. 6. Simulation results: Inverter output voltage and current (a), inverter 
output voltage and primary coil voltage (transformer output) (b), vehicle 

battery power, voltage and current (c) waveforms. 

B. Wired Charging Mode of Operation 
 The wired mode was simulated without the resonant tank 
and the parameters of the components except the transformer 
were kept the same. The turns ratio of the transformer was 
changed to 8:5 to account for the abesnce in the resonant gain 
and the corresponding design parameters were used.  

 
Fig. 7. Wired mode simulation results showing grid voltage and current. 

The control system strategy for the wired mode was kept the 
same. Unity power factor is achieved with the wired mode as 
well. AC line grid voltage and current are plotted in Fig. 7 
whereas Fig. 8 shows the DC link voltage without coils. It is 
seen from Fig. 8 that the rectfied boosted voltage is higher 

than that of the wireless mode. This is due to the fact that 
system requires higher voltage since there is no resonating 
circuit after the inverter and there is no resonant voltage gain 
and therefore a higher voltage level is needed for the same 
level of power transfer to the load. The inverter and the 
transformer output voltages and currents are shown in Fig. 9. 
Finally, Fig. 10 shows the amount of power transfer to the 
load side (~6.6 kW). Again this verifies that the closed loop 
control system is working and the output power is regulated to 
the designed value. 

 
Fig. 8. DC link voltage in wired mode of operation.   

 
(a) 

 
(b) 

Fig. 9. Inverter output voltage and current (a) and transformer output voltage 
and current (b). 

 
Fig. 10. Battery power, current, and voltage under wired mode.    
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IV. EXPERIMENTAL TEST SETUP AND

The active front-end rectifier was b
commercially available 1200V, 100A SiC 
phase-leg modules. The SiC modules were use
high voltage in the dc-link. The details of
presented in [20]. The HF inverter was built
SiC devices. Also, vehicle side rectifier consi
SiC diodes of these devices The inverter an
cooled using a water ethylene glycol mix and 
rectifier was cooled using fan based heat s
system of the inverter is implemen
TMS320F28335PGFA DSP module from Te
The primary side (grid-side) power stage is g
including the front-end rectifier (a) and the 
The experimental setup of the system with S
rectifier including primary (bottom) and seco
and in the background the HF transformer, 
capacitors and vehicle side rectifier with
capacitor are shown in Fig. 12 (a) and (b). 

 
(a) 

Fig. 11. SiC-based active front-end rectifier with PFC (
bridge inverter (b).  
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to the inverter are given in Fig. 13 where
transformer, coil, and rectifier output wavefo
Fig. 14. The detailed stage-by-stage power flo
is illustrated in Fig. 15 (highlighted with frame
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Fig. 12. Experimental test setup: PFC converter integr
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expected value for the design, the resonant tank load makes 
the parameters in the transformer more critical. The most 
important parameter is the leakage inductance and the turns-
ratio associated with that design which will make the voltage 
drop across the leakage inductance. This will affect the RMS 
value of the voltage on the secondary side. So for this design 
the turns-ratio being close shows that voltage-drop across the 
leakage inductance for the transformer is negligible. This can 
also be observed in the waveforms of the transformer 
secondary voltage as shown in Fig. 14. The value of leakage 
inductance is 45 µH and the current is around 18 Arms. The 
inductive reactance is dependent on the resonant frequency. So 
for higher frequencies the voltage drop could be even higher 
which makes the impact of the transformer parameters even 
more critical. As shown in Fig. 15, stage by stage cascaded 
efficiencies are found as follows: Active front-end rectifier: 
96.6%, inverter: 96%, transformer: 99%, coils: 94.9%, and 
rectifier: 98.6%. This results in 85.9% end-to-end efficiency 
and 88.9% dc-to-dc efficiency in wireless charging mode. The 
proposed system is also tested at different power levels; i.e., at 
0.93, 2.35, 3.21, 4.01, 4.79, 5.54, 6.28, 6.56 kW, and the 
efficiency of the each power conversion stage is obtained with 
respect to the different levels of the charging power delivered 
to the load. The efficiency vs. power curves of the PFC, 
inverter, coils, and the rectifier are presented in Fig. 16 (a) and 
(b). 

 
(a) 

 
(b) 

Fig. 16. System efficiency at different power transfer levels for wireless 
operation: (a) Overal efficiency and (b) dc-to-dc efficiency. 

B. Wired Mode of Operation Experimental Results 

 The experimental set-up that was used to evaluate the 
wireless mode was changed to the wired mode test by 

changing the transformer and removing the resonant network. 
The transformer was wound for a turns-ratio of 8:5 as per the 
design and the load voltage was set to 311 Vdc. The ac input 
voltage was ramped up to 220 Vrms  and the required power 
output was changed in steps. The dc-link boost voltage is 
555.76 Vdc which closely matches with the simulated value of 
554 Vdc for the same system parameters. Unlike the wireless 
mode of operation the effect of leakage inductance is 
negligible. The desired 6.7 kW power transfer to the vehicle 
battery for an input power of 7.58 kW to the system was 
achieved. This power level corresponds to ~88.76% overall 
efficiency from AC grid to the vehicle battery terminals. The 
detailed stage-by-stage power output of the system is 
illustrated in Fig. 17. The voltage and current waveforms for 
the AC input and DC link to the inverter are given in Fig. 18, 
whereas the inverter, transformer, coil, and rectifier output 
waveforms are given in Fig. 19. 

 
Fig. 17. Detailed stage-by-stage powers of the wired charging operation mode. 

 
Fig. 18. Experimental voltage and current waveforms for the AC input and 

DC link to the inverter. 

 According to Fig. 17, dc-to-dc (from inverter input to the 
vehicle battery) and the overall end-to-end efficiency values of 
each power conversion stages are as follows: active front-end 
rectifier: 96%, inverter: 95.7%, transformer: 97.6%, rectifier: 
99%. The proposed system is also tested at different power 
levels; i.e., 1.42, 2.29, 3.24, 4.03, 5.6, and 6.73 kW and the 
efficiency of the each power conversion stage is obtained with 
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respect to the different levels of the charging power delivered 
to the load, as shown in Fig. 20 (a) and (b). 

 
Fig. 19. Experimental waveforms for the inverter, transformer, and rectifier 

outputs. 

 
(a) 

 
(b) 

Fig. 20. System efficiency at different power transfer levels for wired 
operation: Overal efficiency (a) and dc-to-dc efficiency (b). 

 The integrated charger is tested in wired and wireless 
modes with different transformer turns-ratios because of the 
difference in the voltage gain of the resonant tank, the input 
and output voltage requirements. In order to optimize the 
design with one single transformer turns-ratio the system had 
to be tested with 10:2 transformer for the wired mode and 8:5 
transformer for the wireless mode. For the wired mode in 
order to obtain the desired 311 V at the load with the 10:2 
transformer, the input dc-link voltage has to be around 1500 
Vrms. This voltage is above the ratings of the devices being 
used so this turns-ratio will not be suitable for the wired mode. 

However, for the wireless mode the 8:5 turns-ratio will work 
in both operating modes, wired and wireless, with some 
reduction in the overall efficiency. This is because the lower 
turns-ratio will cause an increase in the current from 35 Arms to 
58 Arms on the primary side of the transformer for the same 
output power. 
 For the repeated tests, the efficiencies are shown in Fig. 21 
with 8:5 transformer turns-ratio. The overall efficiency of the 
system dropped from 85.9% to 84.4% whereas the dc-to-dc 
efficiency dropped from 88.9% to 87.4%. There is another 
effect on the overall system performance because of the 
increase in current. The voltage drop across the leakage 
inductance of the transformer will be much higher than the 
previous case because of the increase in current. The leakage 
inductance for this transformer was 23.4 µH. At the same 
resonant frequency as in the 10:2 turns-ratio case the drop was 
less. With the resonant voltage gain considered, the effective 
turns-ratio is 2.4 instead of 1.6 (8:5). 

 
Fig. 21. Stage by stage efficiency for wireless operation with 8:5 transformer 

turns ration (repeated test). 

V. CONCLUSIONS 
A new integrated charger topology with wired and wireless 

charging and boost function is presented. According to the 
experimental test results, the end-to-end and dc-to-dc 
efficiencies of the system were 85.9% and 88.9% for wireless 
charging mode whereas these efficiency values were 88.8% 
and 92.4% for the wired charging mode of operation. Based on 
the references performance of commercially available OBCs 
from manufacturers, Chevy Volt OBC is 89.6% efficient at 
level-2 and 86.8% efficient at level-1 [22] and Nissan Leaf 
OBC efficiency is 90.9% at level-2 [23]. The proposed 
integrated charger, with both the wired and wireless charging 
functionalities, is on par with the performance of these 
commercially available units. In order to have the system 
interoperable with both wired and wireless charging modes, the 
transformer turns ratio had to be changed to 8:5 instead of 10:2 
since the wired option does not have the natural voltage gain 
effect of the resonant wireless charging. In this case, the same 
transformer turns ratio provided both wired and wireless 
charging functionalities without any additional changes in the 
system but with slight efficiency reduction due to the higher 
current levels that the primary circuit had to deliver.    
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