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Abstract— In this paper, a novel three-phase converter is 
proposed for ac to dc wireless power transfer (WPT) systems 
for electric vehicle (EV) charging applications. The 
proposed innovative solution, called as Oak Ridge 
Converter, reduces the design complexity and cost by 
eliminating the front-end converter stage compared to the 
conventional systems. Additionally, grid side requirements 
can be met with the proposed creative concept. In this 
concept, the three-phase single-stage Oak Ridge Converter 
directly converts the 60 Hz grid frequency into high-
frequency voltage and utilizes hybrid grid-source and high-
frequency to realize power transfer from AC source through 
resonant network and coupling coils to the battery load. 
Simulation validation of the proposed three-phase system is 
currently being carried on and the results will be will be 
provided to validate the theoretical studies with the input of 
277 VAC,RMS and output of 675 VDC at 35 kW power. The 
system current total harmonic distortion (THD) is measured 
5% with a power factor (PF) of 0.98 and overall hardware 
development of the system that will be used for experiments 
is presented.

Keywords— Oak Ridge, resonant, converter, grid, high 
frequency, wireless, EV, charger

I. INTRODUCTION

Wireless power transfer (WPT) technology for electric 
vehicle (EV) charging applications is very convenient for 
industrial and commercial systems considering any environment 
and weather conditions [1]-[2]. As EV charger power density 
increases, WPT technology is more suitable in higher power 
applications that wired/plug-in systems would be more difficult 
to deploy due to the wire thickness and weight. For instance, for 

a 350 kW charger, the input current from the 480V 3-phase input 
would be close to 500A per phase that requires bulky cables and 
plugs; thus plug-in chargers would be prohibitive at these high 
power levels. Moreover, high power charging system may 
require a special infrastructure with a dedicated plug and 
receptacle that users might not be allowed to handle high power 
equipment [3]-[4]. Therefore, WPT technology offers highly 
reliable, flexible, convenient, and a safe method for EV charging 
applications thorough inductively coupled coils within an air 
gap for stationary and dynamic charging systems [5].

WPT systems are usually consists of minimum two 
converter stages on the primary-side including a grid connected 
rectifier stage and a high-frequency inverter [6]-[7]. Considering 
the size, weight, volume, and cost of the WPT system from grid 
to the battery, a direct ac to ac system (60 Hz grid frequency to 
85 kHz high-frequency switching) on the primary-side would be 
more cost effective without requiring the ac / dc conversion 
stage. This approach would also reduce the dc link bulk 
capacitor requirement. Matrix converter topologies have been 
studied to transfer the energy from directly ac grid without front-
end rectifiers with power factor correction (PFC) in several 
WPT applications [8]-[11]. Although the dc link requirement 
can be eliminated with matrix converter structure, the converter 
configuration is complicated to analyze the circuit switching 
transitions; especially due to the fact that usually three-phase bi-
directional semiconductor switches are employed to achieve the 
single-phase WET system. Moreover, these converters require 
complex commutation strategy to control the switches during 
the transition. Due to their high input current harmonic 
distortions as reported in [12]-[13], matrix converters are not 
suitable for charging systems; especially for long operating 
periods; however, they might be used for energy injection to the 
load for a short period of time such as in dynamic wireless 
charging applications. Bi-directional matrix converter 
topologies have also been investigated between grid and vehicle 
battery for WPT applications in [14]-[15]. Single-phase 
integrated converter topologies are explored with Z-source 
circuit and bridgeless PFC converter for WPT application in [16]
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Although the converter construction provides less active and 
passive components than the conventional two-stage converters, 
their grid-side THD values are above the standard limitations. 
Authors in [17] proposed single stage WPT system through three 
-phase grid and six-pulse rectifier by using T-type topology. The 
converter can maintain the low THD and high PF; however, the 
converter efficiency is low.

This study presents a novel three phase Oak Ridge ac / dc 
wireless power transfer topology for EV charging applications. 
In the proposed converter topology, 60 Hz ac grid frequency can 
be converted to the high frequency ac with a single power 
conversion stage for wireless power transfer through three-phase 
coupler coils and then it is converted to the dc on the secondary-
side. Compared to the conventional wireless EV charger 
systems, the innovative solution reduces the design complexity 
and cost and also meets the grid-side PF and THD requirements 
at the constant operating frequency. Three-phase converter 
switches are driven with 50 % duty cycle and 120o phase shifted 
PWM complementary gate signals during positive and negative 
half line cycles of three-phase grid for upper and lower 
switching legs. The system state model and theoretical analysis 
of the converter are provided for delta connected three phase 
LCC - LCC tuning topology. The simulation result of the 
presented converter will validate the system performance at 
power of 35 kW from an input of three phase source 277 VAC,RMS 
with the output voltage of 675 VDC. The system overall design 
parameters are presented for simulation analysis and simulation 
results show PF of 0.98 and the input current THD of 5% at full 
load.

II. THE PROPOSED SYSTEM AND SYSTEM ANALYSIS

The proposed three phase Oak Ridge ac / dc converter 
topology is demonstrated for the WET applications in Fig. 1. As 
seen from the figure, the invented technology allows transferring 
power directly from grid to the EV battery without a front-end 
PFC converter. The system contains a three-phase filter 
inductor, three-phase active switches, three-phase LCC / LCC 
resonant compensation circuit, a pair of three-phase coupling 
coils, a six-pulse (three-phase) rectifier, output decoupling filter 

capacitor, and a three-phase common mode choke filter, and 
battery load. The grid-side frequency and high frequency 
switching are superimposed through the three-phase LCC 
resonant compensation circuits and coupling coils and rectified 
through the output rectifier and decoupling capacitors and 
common mode choke to the EV battery load.

The proposed converter switch transition and state analysis 
are presented the behavior of the three-phase system in Fig. 2 
and Fig. 3, respectively. To simplify the circuit analysis, input 
and output filter losses are assumed to be negligible, three phase 
active switches and gate drive system are ideal and switching 
losses are not concerned. Also, the secondary side rectifier diode 
losses are assumed negligible. The oak ridge converter system 
is analyzed in the following operation modes.

Mode 1 [t0<t<t1]
The current flow of the active switches, decoupling 

capacitors, resonant compensation, and coupler coil are 
presented during first interval in Fig. 2.a. While the phase - B 
grid voltage is in positive half-cycle and phase - A and phase - 
C are in negative half-cycle, the active switches S2, S4, and S5 are 
turned on-state and body diode of switch S2 is on-state as shown 
in Fig. 3. The coupling capacitors C2 is charged and C1, C3 are 
discharged to the input filter Lf1, Lf3 and active switch S5. The 
current flows through the first and third phase series inductors 
LP1, LP3 and returns from the second phase series inductor LP2. 
The parallel capacitor between first and second phases CPp1 is 
charged and CPp2 and CPp3 are discharged through the second 
phase series inductor LP2 and series capacitor CSp2. In this way, 
the series capacitor CSp2 is charged through the coupler 
transformer. The current flows from phase - B winding LB and 
phase - C windings LC and returns to phase - A windings LA in 
coupler transformer and series capacitors CSp1, CSp3, discharged 
through the parallel capacitors.

Mode 2 [t1<t<t2]
As stated in the second mode in Fig. 3, S2, S4, and S5 are turned 

on-state and body diodes of switches S2, S5, S6 are on-state. The 
coupler capacitors C2 and C3 are charged and C1 is discharged 
thorough input filter Lf1 as seen in Fig. 2.b. The current flows 
through resonant tank series inductors LP1, LP3, and returns from 

Fig. 1. The proposed three-phase Oak Ridge converter for wireless EV charging applications .
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the series inductor LP2. While, the parallel capacitors CPp1 is 
charged, CPp2 and CPp3 are discharged. The current flows 
through the series capacitors and charges CSp1 and CSp3, and CSp2 
is discharged through the series inductor LP2. The current goes 
through the three-phase coupler transformer phase - A winding 
LA, and returns from phase - B winding LB and phase - C winding 
LC to the series capacitor CSp2.

(a)

(b)

(c)

(d)

Fig. 2. Mode analysis, current path, and switching transition.

Fig. 3. Three phase voltage and current waveforms of the switches, and 
decoupling capacitors.

Mode 3 [t2<t<t3]
The converter active switches S1, S3, and S5 are on-state, and 

body diodes of S3 and S5 are conducting in this interval as shown 
in Fig. 3. Similar to the previous mode, the coupler capacitors 
C2 and C3 are charged and C1 is discharged. The resonant tank 
current flows through the series inductors LP1 and LP3 to the 
parallel capacitors and returns to series inductor LP2. While the 
parallel capacitors CPp2 and CPp3 are charged and the parallel 
capacitor CPp1 is discharged to the series inductor LP2. The series 
capacitors CSp1 and CSp3 are charged and the first phase series 
capacitor CSp2 is discharged to the series inductor LP2 as 
demonstrated in Fig. 2.c. The coupler coil current flows through 
the phase - A winding LA and returns from phase - B winding LB 
and phase - C winding LC to the series capacitor CSp2.

Mode 4 [t3<t<t4]
As described in Fig. 3, the converter active switches S1, S3, 

and S5 are on-state and body diode of S5 are on-state in this 
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interval. The coupling capacitors C1 and C3 are charged and C2 
is discharged to the second phase series inductor LP2. The 
resonant tank current returns from the first and third phase series 
inductors LP1, LP3 to the coupling capacitors and input filter 
inductors as presented in Fig. 2.d. The parallel capacitor CPp2 
and CPp3 are charged and the parallel capacitors CPp1 is 
discharged through the second phase series capacitor CSp2. In 
this interval, the series capacitor CSp2 is charged through the 
three-phase coupler transformer and the series capacitors CSp1 
and CSp3 are discharged to the parallel capacitors and the series 
inductors LP1 and LP3. The coupler coil current flows from phase 
- B winding LB and phase - C winding LC and returns from phase 
- A to the series capacitors CSp1 and CSp3.

III. THE OAK RIDGE CONVERTER SYSTEM ANALYSIS

The input phase voltages respect to the ground van, vbn, vcn of 
the proposed WPT system can be represented considering the 
three-phase balanced system with the rms values of the input 
phase voltages in time domain as,

𝑣𝑎𝑛(𝑡) = 2𝑉𝑎𝑛,𝑟𝑚𝑠𝑠𝑖𝑛(2𝜋𝑓60𝑡) 

𝑣𝑏𝑛(𝑡) = 2𝑉𝑏𝑛,𝑟𝑚𝑠𝑠𝑖𝑛 2𝜋𝑓60𝑡 + 2𝜋
3  

𝑣𝑐𝑛(𝑡) = 2𝑉𝑐𝑛,𝑟𝑚𝑠𝑠𝑖𝑛 2𝜋𝑓60𝑡 ― 2𝜋
3  

where f60 is the fundamental of the grid frequency. The input 
phase currents of the system ia, ib, ic can be described in time 
domain with the rms values of the input currents since the 
proposed converter can achieve the unity power factor,

𝑖𝑎(𝑡) = 2𝐼𝑎,𝑟𝑚𝑠𝑠𝑖𝑛(2𝜋𝑓60𝑡) 

𝑖𝑏(𝑡) = 2𝐼𝑏,𝑟𝑚𝑠𝑠𝑖𝑛 2𝜋𝑓60𝑡 + 2𝜋
3  

𝑖𝑐(𝑡) = 2𝐼𝑐,𝑟𝑚𝑠𝑠𝑖𝑛 2𝜋𝑓60𝑡 ― 2𝜋
3  

The system decoupling capacitors should be designed at the 
maximum output power to provide the unity power factor at the 
minimum load conditions. The system phase powers pa, pb, pc 
can be defined considering the decoupling capacitors charge and 
discharge of the energy within one switching period as,

𝑝𝑎(𝑡) = 1
2𝐶1 2𝑉𝑎𝑛,𝑟𝑚𝑠 𝑠𝑖𝑛(2𝜋𝑓60𝑡)

2
𝑓𝑠𝑤 

𝑝𝑏(𝑡) = 1
2𝐶2 2𝑉𝑏𝑛,𝑟𝑚𝑠 𝑠𝑖𝑛 2𝜋𝑓60𝑡 + 2𝜋

3

2
𝑓𝑠𝑤 

𝑝𝑐(𝑡) = 1
2𝐶3 2𝑉𝑐𝑛,𝑟𝑚𝑠 𝑠𝑖𝑛 2𝜋𝑓60𝑡 ― 2𝜋

3

2
𝑓𝑠𝑤 

where fsw is the resonant system switching frequency. The total 
input instantaneous power can be calculated considering the 
equivalent amplitude of the phase voltages Vph 
(=Van,rms=Vbn,rms=Vcn,rms) and the same value of the decoupling 
capacitors Cd (=C1=C2=C3) as,

𝑝𝑖𝑛(𝑡) = 𝑝𝑎(𝑡) + 𝑝𝑏(𝑡) + 𝑝𝑐(𝑡) = 𝐶𝑑𝑉2
𝑝ℎ

𝑠𝑖𝑛2(2𝜋𝑓60𝑡) + 𝑠𝑖𝑛2 2𝜋𝑓60𝑡 + 2𝜋
3

+ 𝑠𝑖𝑛2 2𝜋𝑓60𝑡 ― 2𝜋
3

𝑓𝑠𝑤         

The total input average power can be obtained considering the 
unity power factor through the resonant compensation and 
wireless coupling coils to the output, and three-phase balanced 
system as,

𝑃𝑖𝑛 = 3
2𝐶𝑑𝑉2

𝑝ℎ𝑓𝑠𝑤 

The decoupling capacitor Cd value can be calculated 
averaging total output power PO since the three phase input 
phase voltages Vph are constant at the constant output power PO 
as,

𝐶𝑑 =
2𝑃𝑂

3𝑉2
𝑝ℎ𝑓𝑠𝑤𝜂 

where η is the efficiency of the proposed converter. The input 
filter inductor value Lf (=Lf1=Lf2=Lf3) of the system can be 
calculated considering the input impedance of the system seen 
from the output of the input filter. In order to avoid phase shift 
of input current, the filter inductor should be much lower than 
the input impedance of the proposed converter at the line 
frequency f60. Since the input has unity power factor at the 
minimum load condition, the input impedance can be considered 
to be an almost resistive load, Rin. The minimum input 
impedance can be found at the maximum output power 
conditions and the filter inductor Lf is,

𝐿𝑓 ≪ 𝑉2
𝑝ℎ𝜂

2𝜋𝑓60𝑃𝑂


The single-phase equivalent of the resonant tank circuit is 
demonstrated in Fig. 4.

Fig. 4. Single-phase equivalent circuit of the resonant stage.

The phase input voltage vP can be written as

𝑣𝑃(𝑡) = 2
𝜋

𝑉𝑎𝑛,𝑟𝑚𝑠𝑠𝑖𝑛(2𝜋𝑓60𝑡)∑∞
𝑛=1,3,..

1
𝑛

𝑠𝑖𝑛(𝑛2𝜋𝑓𝑠𝑤𝑡) 

Since the system is balanced, the average magnitude of the 
equivalent input voltage VP and the resonant tank phase current 
IP (=IP1=IP2=IP3) can be expressed as,

𝑉𝑃 =
2

𝜋 2𝑉𝑝ℎ,   𝐼𝑃 = 𝜋 2
2

𝑃𝑂
𝜂𝑉𝑝ℎ



The equivalent primary and secondary inductances LP, LS of 
coupling transformer can be stated in matrix form as,

IP

LP1

CPp1

CSp1

LP

K LS1

CPs1

CSs1

LS

ISVP

RL,eq



𝐿𝑃 =
𝐿𝐴 𝑀𝐴𝐵 𝑀𝐶𝐴

𝑀𝐴𝐵 𝐿𝐵 𝑀𝐵𝐶
𝑀𝐶𝐴 𝑀𝐵𝐶 𝐿𝐶

,   𝐿𝑆 =
𝐿𝐷 𝑀𝐷𝐸 𝑀𝐹𝐷𝑀𝐷𝐸 𝐿𝐸 𝑀𝐸𝐹𝑀𝐹𝐷 𝑀𝐸𝐹 𝐿𝐹



where LA, LB, LC are transmitter phase inductances and MAB, 
MBC, MCA are mutual inductances between phases LA and LB, LB 
and LC, and LC and LA, respectively. While, LD, LE, LF are 
receiver coil phase inductances, the MDE, MEF, and MFD are the 
mutual inductances between phases LD and LE, LE and LF, and 
LF and LD, respectively. The coupler coil magnetizing 
inductance and leakage inductances of the transmitter coil LLp 
and receiver coil LLs can be computed with the coupling 
coefficient factor of K as,

𝐿𝑀 = 𝐾 𝐿𝑃𝐿𝑆,   𝐿𝐿𝑝 = 𝐿𝑃 ― 𝐿𝑀 𝑎𝑛𝑑
𝐿𝐿𝑠 = 𝐿𝑆 ― 𝐿𝑀

 

The equivalent load resistance RL,eq at the receiver side output 
can be obtained as,

𝑅𝐿,𝑒𝑞 = 2
3

𝑉2
𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑃𝑂
               

The transmitter and receiver resonant network equation in a 
matrix form can be shown as

𝑉𝑃𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑗𝜔𝐿𝑃1 + 1
𝑗𝜔𝐶𝑃𝑝1

// 1
𝑗𝜔𝐶𝑆𝑝1

+ 𝑗𝜔𝐿𝐿,𝑝 + 𝑗𝜔𝐿𝑀

―𝑗𝜔𝐿𝑀
―𝑗𝜔𝐿𝑀

𝑗𝜔𝐿𝑀 + 1
𝑛2 𝑗𝜔𝐿𝐿,𝑠 + 1

𝑗𝜔𝐶𝑆𝑠1
+ 1

𝑗𝜔𝐶𝑃𝑠1
//𝑗𝜔𝐿𝑆1

𝐼𝑃𝐼𝑆



where ω={2πfsw} represents switching frequency of fsw and n is 
the turns ratio between transmitter and receiver coils which is 
expressed by 𝑛 = 𝐿𝑆/𝐿𝑃. The resonant frequency of the 
compensation system can be stated with the system components 
as,

𝜔𝑜 = 1
𝐿𝑃1𝐶𝑃𝑝1

= 1
𝐿𝑆1𝐶𝑃𝑠1

= 1
(𝐿𝑃 ― 𝐿𝑃1)𝐶𝑆𝑝1

= 1
(𝐿𝑆 ― 𝐿𝑆1)𝐶𝑆𝑠1

   

The corresponding voltage transfer functions of the bi-
directional system in charging mode can be expressed by

|𝑀𝑉,𝑔𝑎𝑖𝑛| = |𝑉𝑆

𝑉𝑃
|

= | 𝜔2𝐿𝑀𝐶𝑃𝑝1

1 ― 𝜔 𝜔𝑜
2 + 𝑗𝜔𝐶𝑆𝑠1𝑅𝐿,𝑒𝑞 1 𝐶𝑃𝑠1 + 𝑗𝜔𝐿𝑆 + 𝑗𝜔𝐿𝑆1 + 𝑅𝑖𝑛

|      



IV. SIMULATION RESULTS

The design parameters of the proposed system for the 
simulation are summarized in Table I.

TABLE I - SIMULATED SYSTEM PARAMETERS

Symbol Parameter Value
VI,AC ac input voltage 277 VAC,RMS

VO dc output voltage 675 VDC

PO output power 35 kW
Li input filter inductor 1.2 mH
Cd decoupling capacitor 2.33 μF
LPs primary series inductor 4.27 μH
CPp primary parallel capacitor 255 nF
CPs primary series capacitor 340 nF
LP primary self-inductances 42 μH
LS secondary self-inductances 42 μH
CSs secondary series capacitance 340 nF
CSp secondary parallel capacitance 255 nF
LSs secondary series inductor 4.27 μH
k coupling co-efficient 0.15

Ce decoupling capacitor 0.34 μF
LC common mode choke 200 μH
f60 grid frequency 60 Hz
fSW operating frequency 88.5 kHz
tdead dead time 600 ns

The proposed Oak Ridge converter system simulation results 
are provided from three-phase grid system to the battery at 35 
kW, 277 VAC,RMS input, and 675 VDC output voltages as 
presented in Fig. 5. The resonant tank and input / output filter 
components are computed from theoretical calculation as 
discussed above. Furthermore, the three-phase coupling coils are 
simulated for a coupling factor of 0.15 considering 6 inches air 
gap based on the experimental measurement. The input three-
phase current THD is obtained around 5% with 0.99 PF as seen 
from the simulation result in Fig. 5 (a). As demonstrated in Fig. 
5 (b), the three-phase grid frequency is transferred to the dc 
voltage and current in the receiver side by the proposed unique 
converter. Fig. 3 (c) shows the first phase resonant tank voltage 
and current waveforms across primary and secondary resonant 
tank input / output terminals. The grid frequency is 
superimposed with the high switching frequency component 
through the proposed converter, resonant stage, and coupling 
coils and transferred to the receiver as shown in the figure. The 
primary and secondary resonant voltage and current waveforms 
are zoomed and presented in Fig. 3 (d). The resonant tank 
transmitter is at the resonant frequency with third harmonic 
injected as seen in the zoomed in current waveform at the 
primary side. The transferred power through the coupling coils 
is rectified through the diodes and filtered with the rectifier 
output capacitor and the filter common mode choke inductor 
before connection to the battery terminals. High frequency 
zoomed in voltage and current waveforms across the secondary 
resonant tank can be seen as in Fig. 3 (d).



V. CONCLUSIONS

A new patent pending ac/dc Oak Ridge converter is presented 
for wireless charging of electric vehicles in this paper. One of 
the major advantages of the proposed system is that it does not 
require a front-end PFC rectifier which is required in 
conventional charging systems. The proposed converter 
topology is presented in this paper with the state analysis and 
switching transitions through the active and passive 
components. The proposed system theoretical analysis is 
described by design equations from the input filter to the 

resonant components and three-phase coupling coils. The 
system simulation analysis is also demonstrated at the target 
power showing the input grid and output voltage / current 
waveforms with the grid active / reactive and output powers. The 
primary / secondary resonant tank voltage and current 
waveforms are simulated showing the hybrid grid and high 
frequency components. The three-phase grid power with an 
input voltage of 277 VAC,RMS is transferred to the receiver output 
across the battery terminals at a battery voltage of 675 VDC. The 
target output power is obtained at the output of 35 kW achieving 
5% THD and 0.98 power factor on the grid side. The 60 Hz 

(a) (b)

(c) (d)

Fig. 5. Simulation results of the proposed system with grid to energy storage power flow: (a) grid side three-phase voltages, currents, and active & reactive 
power, b) energy storage side three-phase voltages, currents, and active & reactive power, c) primary and secondary side resonant tank voltage & current 

waveforms, d) zoomed-in view of primary and secondary side resonant tank voltage and current waveforms.



frequency three-phase grid input is inverted to the high-
frequency signal by Oak Ridge converter and power transfer is 
achieved through the coupler coil system and resonant 
compensation to the output for battery charging as 
demonstrated. The proposed converter technology can eliminate 
the front-end PFC rectification stage ensuring high power 
quality on the grid side with harmonics and high-power factor 
with less number of active and passive components with reduced 
number of power conversion stage designs.
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