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Abstract— In this paper, a novel ac to ac wireless power 
transfer (WPT) system is introduced for electric vehicle 
(EV) charging applications to reduce cost and design 
complexity. The presented wireless power transfer concept 
achieves unity power factor (UPF) on the grid-side by using 
a hybrid frequency ac / ac converter without an additional 
converter stage and closed loop control compared to the 
conventional systems. Due to inherent merit of the proposed 
ac / ac converter, ac input with 60 Hz grid frequency can be 
directly transferred to the load by superimposing with high 
frequency switching signal through the wireless coils. To 
validate the theoretical analysis of the proposed WPT 
system, the experimental results of the proposed converter 
are provided for 650 W output power by using 6 inches air 
gap between the couplers with the input of 110 VRMS ac 
source. The system overall efficiency is measured 89 % 
achieving 0.99 power factor (PF) and 1.5 % current total 
harmonic distortion (THD). 

Keywords—ac-to-ac converter, grid frequency, high frequency, 
wireless power transfer, EV / PEV charger 

I. INTRODUCTION 

Due to elimination of physical electrical contacts, wireless 
power transfer has several advantages in electric vehicle 
charging systems [1]. An EV charging system consists of two 
different charging points, ac and dc platforms in the car as shown 
in Fig. 1. As seen from the figure, WPT system is usually 
integrated to the dc charging platform that requires four power 
conversion stages, ac / dc and dc / ac out of the vehicle, ac / ac 
through the coupling coils, and ac / dc stage on the vehicle [2]. 
Single or three phase grid power is converted to dc in ac / dc 
stage that provides power factor correction and dc link voltage 

regulation at the output [3]-[4]. This stage might require larger 
dc link capacitors in order to operate at constant dc voltage. High 
frequency sinusoidal current is generated by dc / ac inverter and 
applied to the resonant stage and the primary coil and 
transmitted to the magnetically coupled pick-up coil. High 
frequency ac current in the secondary side coil is converted to 
the dc through ac / dc stage and used for charging the battery 
[5]-[6]. Considering the WPT system infrastructure from grid to 
the battery, a direct ac to ac system would be more cost effective 
without requiring the ac / dc conversion stage and the dc link 
with the bulky capacitor. Thus, a direct ac / ac WPT might be a 
good alternative for EV charging systems. 

 

Fig. 1. PEV/EV charger system, ac and dc platforms. 

Several single and three phase matrix converter topologies are 
explored to convert ac grid voltage to high frequency voltage in 
the literature [7]-[8]. Although their converter structure can 
eliminate the dc link, their configuration is complicated that 
usually employs bi-directional semiconductor switches and their 
circuit transient process is difficult and complex to analyze. 
Moreover, due to the signal chopping with complicated 
switching combinations, power quality of these systems is lower 
than the standard limitations. Single stage integrated ac / dc 
power factor correction (PFC) and dc / dc conversion topologies 
have also been investigated for WPT systems [9]-[10]. Although 
the overall system cost margin is reduced considering the single 
switch simplicity, these converters usually suffer from high 
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voltage / current stresses that might be required in commutation 
or compensation circuits to reduce switching and conduction 
losses. Authors in [11] proposed a direct ac / ac converter to 
generate high frequency current on the primary side of a WPT 
system by using energy injection control to the load when it is 
needed. Proposed converter of Ref. [7] can reduce switching 
losses without reverse flow and a commutation circuit; however, 
the system input current THD is very high as shown from the 
experimental results. It might be convenient to inject the power 
to the load in a short period of time such as dynamic wireless 
charging applications, but the system may not be suitable to run 
continuously for stationary charging systems. 

In this study, a novel hybrid frequency converter is proposed 
for EV charging applications. In this topology it is possible to 
have an open-loop controller without changing any control 
parameters such as frequency, phase shift, etc. With this 
property of the circuit, 60 Hz ac grid frequency can be converted 
to high frequency for use with the WPT. In the proposed hybrid 
frequency converter topology, half bridge lower and upper legs 
are driven with opposite gate signals during positive and 
negative half line cycles of the grid with 50 % duty cycle PWM. 
The simple topology provides a unique solution by reducing the 
system cost and ensures less complexity for ac / ac converter 
technologies, especially for WPT systems and EV chargers. 
Considering similar studies, the system THD can be reduced and 
PF can be improved with the proposed topology and front-end 
filter at the constant switching frequency. In order to prove the 
idea and demonstrated the operating principle, the system 
topology state model is analyzed, and theoretical analysis of the 
converter is presented. The system performance is validated 
with experimental results at 650 W output load with an input of 
110 VRMS ac source. From the results, the input power factor of 
0.99 and input current THD of 1.5 % are achieved and the 
overall system efficiency is measured 89 % in the laboratory 
conditions. The efficiency is expected to be significantly higher 
at rated power levels compared to efficiency obtained at this low 
power level. 

II. THE PROPOSED CONVERTER AND SYSTEM STATE 

ANALYSIS 

The proposed hybrid frequency ac / ac converter topology is 
shown for the WPT on-board chargers in Fig. 2. It comprises a 
front-end filter, series connected two half-bridge resonant 
inverters, a pair of coupling coils (or a closely coupled 
transformer in the case of a wired charger) with resonant 
capacitors, charger, and vehicle battery. The grid-side frequency 
and high frequency switching are superimposed through the 
coupling coils and fundamental frequency of the energy is 
transferred to the vehicle-side with a 60 Hz sinusoidal carrier 
signal. The converter state and switch transitions are presented 

the behavior of the proposed system in Figs. 3-6. To simplify the 
circuit analysis, filter losses are assumed to be negligible, the 
input capacitor is assumed to be large enough, and primary side 
active switches are ideal. The proposed circuit is analyzed when 
the grid sinusoidal voltage is in positive and negative half-cycles 
in the following operation modes, respectively. 

 

Fig. 2. The proposed ac/ac converter topology. 

Mode 1 [t0<t<t1] 
During this interval, the active switches S1 and S4 are turned 

on and body diode of switch S3 is on-state when the grid voltage 
is in positive half-cycle. As shown in Fig. 3, the current flows 
through S1, CP, LP, and S4. Also, Cu is charged through S4 and 
body diode of switch S3 in the converter as depicted in Fig. 5.a. 
In negative half-cycle shown in Fig. 4, the current flows through 
S4, LP, CP, and S1. And, Cd is reverse charged through S1 and 
body diode of switch S2 as demonstrated in Fig. 6.a. 
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Fig. 3. Voltage and current waveforms of the switches, diodes, and 
capacitors during grid positive half-cycle. 
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Fig. 4. Voltage and current waveforms of the switches, diodes, and 
capacitors during grid negative half-cycle. 
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Fig. 5. Mode analysis, current path and switching transition during grid 
positive half-cycle. 

Mode 2 [t1<t<t2] 
In the positive half-cycle, the current flows through S1, CP, 

LP, and S4 as shown in Fig. 3 and Fig. 5.b. Also, Cd discharges 
and charges to Cu in opposite polarity in this state. In the 

negative half-cycle, the current is negative polarity and flows 
through S4, LP, CP, and S1 as shown in Fig. 4 and Fig. 6.b. Also, 
Cu discharges into Cd in this cycle. 

Mode 3 [t2<t<t3] 
The resonant tank current in LP and CP discharges through S2, 

Cd, and S4 during the positive cycle of grid voltage as plotted in 
Fig. 3 and Fig. 5.c. However, the resonant current in CP and LP 
circulates through S1, S3, and Cu when the grid voltage is in the 
negative half-cycle as shown in Fig. 4 and Fig. 6.c. 

Mode 4 [t3<t<t4] 
The resonant tank current flows through S2, S4, LP, and CP in 

the positive cycle of the grid voltage, and the capacitor Cd 
discharges through body diode of switch S3 as shown in Fig. 3 
and Fig. 5.d. The negative polarity of the grid voltage is 
demonstrated in Fig. 4 and Fig. 6.d. As seen from the negative 
interval state, the current flows through CP, LP, S3 and the 
capacitor Cd discharges through body diode of switch S4. 
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Fig. 6. Mode analysis, current path, and switching transition during grid 
negative half-cycle. 

III. THE SYSTEM THEORETICAL ANALYSIS 

As shown in Fig. 7, the WPT system model can be 
represented with an input voltage source Vi, resonant tuning 
capacitors CP and CS and, coupled inductors LP and LS with 
equivalent series resistances RP and RS, respectively. k is the 
coupling factor between the two coils such that leakage LL and 
magnetizing inductance LM values can be equivalently 
calculated from two coupled inductors as, 

ெܮ  = ݇ඥܮ௉ܮௌ =  (1) ܮ݇

௅ܮ  = ܮ − ெܮ = ሺ1 − ݇ሻ(2) ܮ 
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where, both coils LP and LS are assumed to be identical and equal 
to L. Primary ZP and secondary ZS equivalent impedances, where 

 ܼ௉ = ଵ௝ఠ஼ು + ܴ௉ +  ௅ (3)ܮ݆߱

 ܼௌ = ௅ܮ݆߱ + ܴௌ + ଵ௝ఠ஼ೄ (4) 

LP

CP

Vi

RP

k

iP
LS

CSRS

iS
RL

+
_VO

 

Fig. 7. Equivalent circuit of wireless power link. 

ZM is the magnetizing impedance related to the coupled 
inductors by ZM=jωLM. In these equations, ω={2πfsw} represents 
switching frequency of fsw. The primary-side sinusoidal input 
voltage Vi is positive or negative, depending on the sign of the 
fundamental grid voltage with the frequency of f60 and can be 
defined as: 

 ௜ܸሺݐሻ = ቐ ߨሺ2݊݅ݏ௜,௠௔௫ݒ ଺݂଴ሻ,				0 < ߱ ≤ ߨሺ2݊݅ݏ௜,௠௔௫ݒ−	ߨ ଺݂଴ሻ, ߨ < ߱ ≤  (5) ߨ2

Using the Kirchhoff’s voltage law, primary and secondary 
resonant tank voltages in a matrix form can be written as 

 ቂ ௜ܸ0 ቃ = ൤ܼ௉ + ܼெ−ܼெ −ܼெ					ܼெ + ܼௌ + ܴ௅൨ ൤ܫ௉ܫௌ ൨ (6) 

If the system is operated at the resonant frequency ωR as where, ߱ோ = 1 ඥܮ௉ܥ௉⁄ = 1 ඥܮௌܥௌ⁄ , the corresponding voltage and 

current transfer function of the WPT system can be written as, 

|௏ܯ|  = ቚ௏೚௏೔ቚ = ቚ௓ುோಽ + ௓ೄሺ௓ುା௓ಾሻோಽ௓ಾ + ௓ುା௓ಾ௓ಾ ቚିଵ (7) 

|ூܯ|  = ቚூೄூುቚ = ቚ ௓ಾ௓ಾା௓ೄାோಽቚ (8) 

IV. EXPERIMENTAL RESULTS 

The proposed ac / ac wireless system is validated for 650 W, 
110 VRMS ac input, and 110 VRMS output voltage as a laboratory 
prototype. The WPT system is tested with 6-inch distance 
between coils which results in a coupling factor of 0.15. Primary 
coil dimensions are 28 inches by 28 inches and secondary coil 
dimensions are 15 inches by 19 inches, respectively. The power 
circuit hardware set-up diagram is given in Fig. 8. 

 

Fig. 8. The proposed converter experimental set-up diagram. 

It’s considered that the on-board charger has a rectifier stage 
with a unity power factor PFC inside. Thus, the system 
secondary is modelled through the rectifier and ohmic load as 
shown in laboratory set-up diagram. The corresponding 
parameters of the experimental setup are given in Table I. The 
characteristic waveforms of the proposed converter described in 
previous sections are given in the following records. 

TABLE I 

Symbol Parameter Value 
VAC ac input voltage 110 VRMS 
VO output voltage 110 VRMS 
PO output power 650 W 
Li input filter inductor 180 μH 

Cu, Cd decoupling capacitor 20 μF 
CP primary resonant capacitor 47.76 nF 
CS secondary resonant capacitor 40.8 nF 
LP primary self-inductances 74.56 μH 
LS secondary self-inductance 85.52 μH 
k coupling co-efficient 0.15 

Co output capacitor 9 μF 
f60 grid frequency 60 Hz 
fSW operating frequency 85 kHz 
tdead dead time 500 ns 

 

Fig. 9 (a) shows switch gate waveforms with grid 60 Hz 
sinusoidal voltage that S1 and S2 are 50 % duty complementary 
gate signals, S3 is in on-state, and S4 is in off-state in positive 
half-cycle. During the negative half-cycle, S3 and S4 gate signals 
are 50 % duty complementary, S1 is in on-state, and S2 is in off-
state as demonstrated in Fig. 9 (b). The gate signal waveform 
data is collected using Tektronix MDO3024 mixed domain 
oscilloscope. 
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Fig. 9. The proposed converter modulation gate signals G1, G2, G3, and 
G4 (1 V / div) when the grid voltage VAC (50 V / div) in a) positive 

half-cycle, and b) negative half-cycle [10 μs / div]. 

The input and output voltage / current waveforms are 
presented at 650 W load in Fig. 10. As seen from the figure, the 
system input voltage and current waveforms are purely 
sinusoidal, and the system input and output voltages are 110 
VRMS. The input ac source power factor and the input current 
THD are 0.9979 and 1.5 %, respectively. The overall efficiency 
of the system from the input ac source to the output load 
terminals is 89 %. The total conduction and switching losses are 
around 79 W and the input reactive power is 47 VAr. The grid 
frequency input and output waveforms are collected with a 
Yokogawa WT1806E precision power analyzer. 

 

Fig. 10. The system input voltage VAC and output voltage VO (60 V / div), 
and input current iAC and output current iO (10 A / div) [5 ms / div]. 

The selected primary and secondary resonant tank voltage 
and current waveforms are given in Fig. 11 (a) with the 
switching frequency is constant at 85 kHz during grid 60 Hz 
frequency. Fig. 11 (b) and (c) present the zoomed-in waveforms 
during positive and negative half-cycles, respectively. As seen 

from the results, the system is running in open loop with 50 % 
duty cycle that the primary switches are ZVS during the 
operation in both positive and negative half-cycles. Moreover, 
the system current in primary and secondary sides are purely 
sinusoidal as seen from the waveforms. Teledyne Lecroy 
HDO8108 1GHz high-definition oscilloscope is used for data 
collection in this step. 

 

(a) 
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(c) 

Fig. 11. The system experimental results; a) the system primary voltage VP 
(100 V / div) and current iP (40 A / div), and secondary resonant tank 
voltage VS (100 V / div) and current iS (20 A / div) waveforms during 

b) positive half-cycle, and c) negative half-cycle [100 us / div]. 
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The proposed system comparison with conventional solutions 
is provided in Table II. The most significant achievement of the 
proposed system is the elimination of the bulky dc bus 
capacitors which reduces the weight, volume, and cost of the 
WPT power assembly. Furthermore, considering the system 
design requirements in WPT applications, the proposed solution 
reduces the system design process which is one of the most 
important aspects considering production engineering work. 

TABLE II  

Conventional WPT Proposed WPT 
 

Grid + Filter + 
Rectifier + 

Single Phase 
PFC + Half 
Bridge HF 
DC/AC + 
Wireless + 
Rectifier + 

Battery 

Grid + Filter + 
Rectifier + 
Interleaved 
PFC + Full 
Bridge HF 
DC/AC + 
Wireless + 
Rectifier + 

Battery 

Grid + Filter + 
Single Phase 

Hybrid DC/AC 
+ Wireless + 

On-board 
Charger + 

Battery 

FET 3 6 4 

Diode 9 10 0 

dc Bus 
Capacitor 

1 1 0 

Design Stages 2 2 1 
 

V. CONCLUSIONS 

In this study, a new ac / ac converter topology is presented for 
wired or wireless EV charging system. State analysis and 
analytic equations of the converter are described by the switch 
state conditions. Grid and output voltage and current waveforms 
are presented with primary and secondary resonant tank voltage 
and current waveforms at 60 Hz and 85 kHz frequencies. The 
experimental results are performed with 110 VRMS ac input 
voltage and 110 VRMS output voltage. It is demonstrated that the 
grid voltage at 60 Hz frequency can be converted to high-
frequency ac voltage required for wireless power transfer with 
the proposed ac / ac hybrid frequency converter. The other 
important result is that the designed converter can be operated 
with constant frequency without requiring closed-loop control 
or additional converter stages. The output power of 650 W is 
observed at 89 % efficiency and obtained with 0.99 power factor 

and 1.5 % current THD. The efficiency is expected to be much 
higher at rated power as the experimental setup was operated at 
a much lower power than the rated in this initial proof of concept 
stage. 
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