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Abstract—A wireless power transfer (WPT) system has been
considered to be applied to various charging applications. Con-
version efficiency is one of the important factors and is in need of
improvement in various approaches. This paper proposes a WPT
system consisted of a synchronous rectification without transfer
side signals. The proposed rectifier is applied to a magnetic-
field WPT system with a series-series topology. This system is
characterized by the use of the voltage sensor at the secondary
resonant capacitor to achieve the synchronous rectification.
The theoretical analysis concludes by the secondary resonant
capacitor voltage being 90 degrees forward from the rectifier
input voltage. A synchronous rectifier is designed, constructed,
and tested to verify the principles of operation. The conversion
efficiency of the proposed synchronous system from dc to dc is
91.8% achieved at 85-kHz 3-kW output power and 1.6pt higher
than the diode rectifier method. The efficiency distribution results
from the loss of the synchronous rectifier is 53.2 W lower than
that of the diode rectifier.

Index Terms—Inductive power transfer, magnetic-field wireless
power transfer, synchronous rectification, wireless power transfer,
voltage sensor

I. INTRODUCTION

AWireless power transfer (WPT) system has been widely
considered as a charging application in terms of research

and development [1]- [7]. The system is expected to be applied
to drones [3], automatic underwater vehicles [4], and electric
vehicles (EVs) [5]- [7] since the WPT system has no elec-
trical contact, thus bringing safety, convenience, and easiness
for users. The WPT systems for EVs are considered to be
separately produced as primary (transfer-side) assemblies and
secondary (receiving-side) assemblies by each manufacturer
respectively. In order to spread WPT systems for EVs and
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improve usability, the possibility of power transfer is needed to
guarantee even different manufacturers’ combinations. Thus,
some standardizing organizations are now discussed about
international standards in WPT system for EVs, especially
magnetic-field WPT system (inductive power transfer) [8]-
[10]. SAE J2954 working group [8] defines some classifica-
tions which are included in the transfer air gap, interoperable
level, and power transfer. For example, the classification of
power transfer levels is separated into 3 classes which are
defined by the input power from the grid and are regulated
by 3.7 kVA, 7.7 kVA, and 11.1 kVA. Also, they regulate
various performances in order to keep interoperability between
primary and secondary side assemblies or safety for users.
One of these regulated performances, conversion efficiency
from the grid to a battery needs to be over 85% at nominal
alignment which is the point of maximum efficiency. Also, ef-
ficiency being over 80% at offset position means misalignment
condition [10].

A magnetic-field WPT system consists of 4 components.
The first component is a grid to dc converter. The second is
an inverter to achieve dc to high-frequency ac. The third is
WPT parts which transfer power using a magnetic field. The
last component is a rectifier to convert from high-frequency
ac to dc. In order to increase conversion efficiency, it needs
to decrease the loss of each component in the WPT system.
In the rectifier, the power loss caused by the forward voltage
drop of diodes is large at high current conditions. To cope with
the diode voltage, some papers have reported the synchronous
rectification of WPT systems: One leg of a rectifier has
consisted of FETs, and the other has been diodes [11]. One
timing controller of the synchronous rectifier is generated by
communication with the ground side [12]. The other controller
is made by secondary current [13], [14]. Using a rectifier
controller, the system has a wide operating range regarding
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Fig. 1. Concept of the proposed wireless power transfer system.

coupling factor, battery voltage variation, and partial load [15].
The WPT system with pulse width control at receiving side
using a resonant capacitor voltage performs 400 W power
transfer configured with a DSP and an analog PLL circuit [16].

The receiving-side assembly is not easy to get a syn-
chronous signal for the rectification in a WPT system from the
transfer-side assembly at market products. Since the WPT sys-
tem is made separately on the transfer-side and the receiving-
side assemblies which are not electrically connected. There-
fore, if the transfer-side assembly tries to send a synchronous
signal to the receiving side, advanced communication devices
are required in each assembly. To simplify the synchronous
WPT system, it needs to detect the synchronous signal inde-
pendently on the receiving side.

This paper proposes a full-digital control method for the
synchronous rectifier on the WPT system. The series-series
topology WPT system is selected to achieve the proposed
method. The synchronous signal for the rectifier uses a volt-
age sensor of the secondary resonant capacitor voltage. This
method is a simple configuration and minimizes the cost to
achieve synchronous rectification, not using advanced com-
munication with the transfer side and a high-frequency high-
current sensor on the secondary side. Theoretical analysis of an
equivalent transformer model is done at WPT parts on how to
detect the synchronous signal and demonstrates basic theories.
The WPT system, which adopted the synchronous rectifier is
constructed and tested to verify fundamental characteristics
including waveforms, transfer power, and components’ effi-
ciencies.

II. THEORETICAL ANALYSIS AND CONTROL METHOD

A. Main Circuit Configuration

Fig. 1 shows the circuit configuration of a WPT system
in this experiment, which is based on the so-called ”series-
series” WPT system [17]. A full-bridge inverter operating
at a high frequency of 85 kHz is used for the proposed
WPT system. The switching devices used in the inverter are
SiC MOSFETs. The primary coil and the secondary coil are
connected in series with the primary resonant capacitor CP and
the secondary resonant capacitor CS, respectively. A single-
phase full-bridge synchronous rectifier is used to achieve ac-
to-dc power conversion at the receiving end. The devices are
also used for SiC MOSFETs. A load is a constant voltage load
instead of a battery. The positive directions of each voltage and
current are defined, respectively, as shown in Fig. 1.
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Fig. 2. Equivalent circuit to the SS topology WPT system.

B. WPT Circuit Analysis

Fig. 2 shows an equivalent circuit of the WPT system at
a fundamental frequency of 85 kHz in Fig. 1. The winding
resistances take account of skin effect and proximity effect
and the equivalent ferrite-core-loss resistance. At first, these
resistances are eliminated from the following analysis. The
input voltage and angular frequency are represented as VIN
and ω, assuming a sinusoidal voltage. The self inductances
of the primary coil and the secondary coil are defined as
LP and LS, respectively. The mutual inductance between the
primary and secondary coils is defined as M. The current and
voltage directions are defined as shown in Fig. 2. The back
electromotive forces VP and VS are given by a function of the
primary and secondary coil currents IIN and IO as follows:

VP = jωLPIIN + jωMIO. (1)
VS = jωMIIN + jωLSIO. (2)

Two resonant capacitors are determined from ((3)) [17].

ω =
1√
CPLP

=
1√
CSLS

(3)

These resistances rP and rS which are much lower than
the mutual and self reactances at the resonant frequency are
eliminated from the following analysis, and further analysis
was made in [18]. The input and output voltage are calculated
as

VIN = jωMIO. (4)
VO = jωMIIN. (5)

Eq. (4) indecate the output current IO is proportional to input
voltage VIN.

C. Synchronized Control Circuit Configuration

Discussing above, the power factors at output voltage VO
and current IO in Fig. 2 should be unity for maximize active
power transfer.

VO = −ROIO. (6)

From (6), the synchronous rectification is established by
detecting the polarity of the current. In the SS topology WPT
system described in fig. 1, the output current IO is almost a
sinusoidal wave since the circuit is resonant conditions shown
in (3). The secondary resonant capacitor voltage VCS gives

VCS = − IO
jωCS

. (7)
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Fig. 3. The block diagram for the proposed synchronous rectification of the
SS topology WPT system.

Fig. 4. Photograph of the mounted secondary resonant capacitor board in this
paper.

Substituting (6) into (7) as

VO = −j RO

ωCS
VCS. (8)

Eq. (8) shows that VCS is 90 degrees forward by VO. The
synchronous rectification is formed by detecting VCS in the
same way as the output current and delaying it by 90 degrees.
Substituting eq. (4) into eq. (7) as

VCS =
1

ω2CSM
VIN. (9)

Eq. (9) shows that VCS is the same phase of VIN and does not
depend on load resistance RO.

Fig. 3 shows the proposed diagram for the synchronous
rectification. The diagram just needs the polarity of VCS. The
resonant capacitor voltage of the SS topology WPT system is
several kilo-volts as the power increases. Therefore, several
capacitor chips are connected in series to form the resonant
capacitor. The divided voltage is obtained from one chip of
the resonant capacitors composed of multiple capacitor chips
in series. The resonant capacitor voltage is further divided to
be input to the comparator. The output signal Scomp of the
comparator which waveform is square shape was isolated and
input the digital signal to the FPGA. The gate signal gXP is
generated by the FPGA after calculating the delay time tdelay.

Fig. 4 shows the mounted secondary resonant capacitor
board in this paper. The board is shown on the right-side
diagram of fig. 3. The upper terminal is connected to the
synchronous rectifier, the other is connected to the secondary
coil. The capacitor board is fabricated in eight series and
twelve parallel capacitor chips. Besides, resistors are installed

Fig. 5. Photograph of the experimental converter board.

in parallel on the chips to suppress the imbalance of the
chip voltage due to element variations which the value is
91 kΩ. In the actual capacitor, not only the pure capacitance
component but also the effective series resistance and effective
series inductance exists. At the fundamental frequency of
this experiment, the angle of the capacitor impedance is
7.79× 10−3 deg. which value is negligibly small. 1

When using a high-frequency, large-current current sensor
for synchronous rectification, it is necessary to consider the
delay of the current sensor. Comparing the output value of the
current sensor CTL-12-S30-2.5Z produced by U.R.D. Co. Ltd.
that can be mounted on the board with a current probe
TCP0020 Tektronix, it was found that the sensor output was
delayed by about 1.6 µs compared to the current probe.
Furthermore, it was found that even with the same current
sensor, there is a difference of about 300 ns between the
minimum and maximum delay values. The problem is that
the specifications of the current sensor do not compensate for
the delay. When using a current sensor with a large delay
time error, it is necessary to calibrate the delay time for each
device. Furthermore, due to the delay, it is difficult to generate
gates within the same timing at each current sensor. On the
other hand, when the detecting voltage method is used, it
is composed of a passive component consisting of resistors,
capacitors, and ICs, and it is easy to estimate and design the
delay time of the proposed method. From the above, when
a voltage sensor is used, an additional insulating element is
required, but it can be configured without using an expensive
current sensor, and the board area can be reduced.

III. EXPERIMENTAL RESULT

A. Experimental Setup

Fig. 5 shows the synchronous rectification converter board
used in this paper. The SiC half-bridge modules are mounted
on the backside of the converter board at the two capacitors
where the blue squares are indicated in fig. 5. The yellow
square part is the implementation of the synchronous rectifi-
cation control circuit shown in fig. 3. The isolated synchronous
signal is connected to the FPGA board through the connector
on the lower right. The voltage, current, and temperature of

1The capacitors used in this experiment are CKG32KC0G3A223J335AJ
made by TDK.
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Fig. 6. Photograph of the experimental wireless power transfer system.
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Fig. 7. Experimental results of the WPT system with diode rectification
shown in fig. 1 at VDC = 190 V, VL = 280 V. (a) Waveforms of inverter
output voltage vIN and current iIN. (b) Waveforms of rectifier input voltage
vO and current iO.

the SiC devices are also monitored by the FPGA for safety
through the two connectors. The phase locking loop (PLL)
and the delay algorithms are shown in fig. 3 programmed on
the FPGA board as an MWPE4-FPGA6.

Fig. 6 shows the photograph of the synchronous WPT sys-
tem used in the following experiments. PE-Expert4 is installed
on the upper right side of the photo, and the synchronous
rectification board is installed under the board. The secondary
resonant capacitor is placed on the right side of the board, and
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Fig. 8. Experimental graphs of the synchronous WPT system shown in fig. 1
at VDC = 190 V, VL = 280 V. (a) Waveforms of inverter output voltage vIN
and current iIN. (b) Waveforms of synchronous rectifier input voltage vO and
current iO. (c) Waveforms of upper gate signal at synchronous rectifier gXP

and lower signal gXN. (d) Waveforms of the secondary resonant capacitor
volgate vCS and the input signal of FPGA .



TABLE I
WPT COIL PARAMETERS

LP 244.2 µH rP 340.8 mΩ
LS 100.6 µH rS 82.87 mΩ
CP 14.23 nF CS 33.96 nF
k 0.157 ROmax 7.63 Ω

ηmax 98.73%
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Fig. 9. Experimental Results the synchronous rectifier.

one capacitor chip is connected to the synchronous rectifier
board displayed in fig. 3. The WPT coils are installed in the
lower right. The inverter is installed in the gray box in the
center. The input side ac/dc converter and the output side
bidirectional ac/dc converter are arranged on the right side.

Table I shows the experimental transformer parameters of
the WPT coils at 85 kHz defined by fig. 2 and measured by
Hioki IM3533. The coupling coefficient is 0.157 in this paper.
The primary resonant frequency defined at eq. (3) is 85.4 kHz,
and the secondary frequency is 86.1 kHz. ηmax and ROmax

are 98.73% and 7.63 Ω, respectively.

B. Experimental Result of Power Transfer

Fig. 7 shows the experimental waveforms of vIN, iIN, vO,
and iO, under the diode rectifier operation in fig. 1 at PL= 3
kW for adjusting input dc voltage. Other parameters are shown
in table I and the input dc voltage VDC and output dc voltage
VL are 190 V and 280 V, respectively. The output dc voltage
is determined by the lower limit of the battery voltage of SAE
J2954 for the large output current condition [8]. The operating
frequency of the inverter is 85.5 kHz. The currents iIN and iO
are 19.6 Arms and 12.0 Arms in this condition, respectively.
The input current iIN is delayed by 0.60 µsec from the input
voltage vIN according to protect the ground-side inverter in
fig. 7 (a). Besides, the output current iO is also delayed by 90
degrees from the input voltage vIN derived eq. (4). The output
current iO is inverted by 180 degrees from the output voltage
vO defined in fig. 1. The voltage fluctuation of vIN which
is near the zero-cross point of iIN is due to the insufficient
capacity of the input DC capacitor at the inverter.

Fig. 8 shows the experimental waveforms of vIN, iIN, vO,
iO, gXP, and gXN under the voltage-detection synchronous

Invereter WPT coil Rectifier
0

50

100

150

200

250

Fig. 10. Loss break down of WPT system at PL = 3 kW. The top values of
the bars are conversion efficiency in the below components.

rectifier operation in fig. 1 at PL= 3 kW. The gXP and gXN are
gate voltage of SiC devices defined by fig. 1. The experimental
parameters are the same in fig. 7 without the synchronous
rectifier operation. Other parameters are shown in table I and
the input dc voltage VDC and output dc voltage VL are 190 V
and 280 V, respectively. The output dc voltage is determined
by the lower limit of the battery voltage of SAE J2954 for the
large output current condition [8]. The operating frequency
of the inverter is 85.5 kHz. The delay time tdelay of the
gate signals shown in fig. 3 is controlled to be the same
output power at the diode condition. These currents are 19.3
Arms and 12.0 Arms in this condition, respectively. The input
current iIN is delayed by 0.64 µsec from the input voltage
vIN according to protect the ground-side inverter in fig. 8 (a).
Besides, the output current iO is also delayed by 90 degrees
from the input voltage vIN derived eq. (4). The output current
iO is inverted by 180 degrees from the output voltage vO
defined in fig. 1. The gate signals between gXP and gXN are
designed 800 ns dead time not to short circuit in the converter
leg. The secondary resonant capacitor voltage vSc is ahead of
92.5 deg. from iO derived in eq. (7). The rising voltage of the
input signal of the FPGA Scomp is delayed by 760 ns, and the
falling edge is 600 ns from vCS. This difference is caused that
the propagation delay of the rising and falling voltage of the
photocoupler (ACPL-M46T) used for isolation is different.

Fig. 9 shows experimental characteristics of the syn-
chronous rectificationin which VDC in Fig. 1 was adjusted
from 110 to 190 V. The conversion efficiency η from input dc
source to output dc load was measured as 91.8% and 90.2%
at VDC = 190 V, VL = 280 V, and PL = 3.0 kW with the
synchronous control and the diode rectification, respectively.
The output voltage in this changing input voltage experiment
is the same as these ones. As shown in eq. (4), the output
current is proportional to the input voltage and the output
voltage is constant, so the output power is in the liner to the
input voltage.

Fig. 10 and Table II show the loss break downs of the
diode and synchronous rectifier WPT system at PL = 3
kW and the conversion efficiencies in each component. The



TABLE II
EXPERIMENTAL CONVERSION EFFICIENCY OF EACH COMPONENT AT

PL=3 KW

Inverter WPT coil Rectifier dc to dc
Diode 98.7% 97.4% 93.7% 90.2%

Synchronous 98.6% 97.7% 95.3% 91.8%

efficiency of the inverter component is almost the same in
the two rectifications. For the WPT coil component, the loss
of the synchronous rectification was slightly lower by 9.07
W. Since the output resistance of the synchronous mode is
close to the optimum resistance ROmax= 7.8 Ω which value
of synchronous rectification is 22.2 Ω and diode rectification
is 22.6 Ω. As shown in Table I, the optimum efficiency of
the WPT coil is 98.73%, but the experimental results are
about 1 point lower. There are because the output impedance
is higher than the optimum load resistance and does not
completely satisfy the resonance conditions shown in the
eq. (3). Regarding the rectifier section, the loss of about 53.2
W is lower when synchronous rectification is performed than
when diode rectification is performed. It is considered that this
is because not only the conduction loss due to the forward
voltage drop of the diode is reduced, but also the switching
loss is reduced.

IV. CONCLUSION

This paper has proposed a novel control method for a syn-
chronous rectifier at a 3-kW 85-kHz wireless power transfer
system. The gate signals of the synchronous rectifier have been
generated by the secondary-side resonant capacitor voltage and
constructed full-digital processing with FPGA. The method
decreases the cost not to use advanced communications with
the ground side or a high frequency current sensor and is easy
to design the delay time of the control circuit compared to a
current sensor method. Theoretical analysis of a series-series
WPT system concludes that the voltage detection method was
worked instead of the output current detection method. The
WPT system installed in the synchronous rectifier has been de-
signed, constructed, and tested to verify the proposed method.
The dc to dc conversion efficiencies have been compared
between synchronous and diode rectifiers. The synchronous
rectifier has improved the efficiency by 1.6 points compared to
the diode one at 3 kW output load. The efficiency distribution
has resulted in the loss of the synchronous rectifier which
was 53.2 W lower than that of the diode rectifier. It has been
verified that the secondary voltage sensor based synchronous
rectification improves the conversion efficiency.

ACKNOWLEDGMENT

The SiC device used in this work is provided by ROHM
Corporation. And this work was partly supported by Nagamori
Foundation, Japan.

REFERENCES

[1] N. Shinohara and H. Matsumoto, “Experimental study of large rectenna
array for microwave energy transmission,” IEEE Trans. Microw. Theory
Tech., vol. 46, no. 3, pp. 261-268, March 1998.

[2] Chwei-Sen Wang, O. H. Stielau and G. A. Covic, “Design considerations
for a contactless electric vehicle battery charger,” in IEEE Transactions
on Industrial Electronics, vol. 52, no. 5, pp. 1308-1314, Oct. 2005, doi:
10.1109/TIE.2005.855672.

[3] C. Song, H. Kim, Y. Kim, D. Kim, S. Jeong, Y. Cho, S. Lee, S. Ahn, J.
Kim, “EMI Reduction Methods in Wireless Power Transfer System for
Drone Electrical Charger Using Tightly Coupled Three-Phase Resonant
Magnetic Field,” IEEE Trans. Ind. Electron., vol. 65, no. 9, pp. 6839-
6849, Sept. 2018.

[4] Z. Yan, B. Song, Y. Zhang, K. Zhang, Z. Mao, Y. Hu, “A Rotation-
Free Wireless Power Transfer System With Stable Output Power and
Efficiency for Autonomous Underwater Vehicles,” IEEE Trans. Power
Electron., vol. 34, no. 5, pp. 4005-4008, May 2019.

[5] J. Huh, S. W. Lee, W. Y. Lee, G. H. Cho, and C. T. Rim, “Narrow-
width inductive power transfer system for online electrical vehicles,”
IEEE Trans. Power electron., vol. 26, no. 12, pp. 3666-3679, Jul. 2011.

[6] T. Fujita, T. Yasuda and H. Akagi, “A Dynamic Wireless Power Transfer
System Applicable to a Stationary System,” IEEE Trans. Ind. Appl.,
vol. 53, no.—4, pp. 3748-3757, July-Aug. 2017.

[7] H. Fujimoto, O. Shimizu, S. Nagai, T. Fujita, D. Gunji, Y. Ohmori,
“Development of Wireless In-wheel Motors for Dynamic Charging:
From 2nd to 3rd generation,” in Proc. 2020 IEEE PELS-WoW, Seoul,
Korea (South), pp. 56-61, Nov. 2020

[8] Society of Automotive Engineers recommended practice J2954, “Wire-
less Power Transfer for Light-Duty Plug-In/Electric Vehicles and Align-
ment Methodology,” Oct., 2020.

[9] International Electrotechnical Commission, “Electric vehicle wireless
power transfer (WPT) systems - Part 1: General requirements,” IEC
61980-1:2020, Nov. 2020.

[10] International Organization for Standardization, “Electrically propelled
road vehicles -Magnetic field wireless power transfer- Safety and inter-
operability requirements,” ISO 19363:2020, Apr. 2020.

[11] F. Liu, W. Lei, T. Wang, C. Nie, and Y. Wang, “A phase-shift soft-
switching control strategy for dual active wireless power transfer sys-
tem,” in Proc. ECCE2017, pp. 2573-2578, Oct. 2017.

[12] A. A. S. Mohamed, T. Youssef, and O. Mohammed, “Vehicle side
predictive power-flow control of bidirectional WPT system for EV
ancillary services.” in Proc. APEC2017, pp. 3211-3217 Mar. 2017.

[13] Y. Tang, T. Chen, U. K. Madawala, D. J. Thrimawithana, H. Ma, “A
new controller for bidirectional wireless power transfer systems.” IEEE
Trans. Power Electron., vol. 33, no. 10, pp. 9076-9087, Oct. 2018.

[14] M. Sato, G. Yamamoto, D. Gunji, T. Imura, H. Fujimoto, “Development
of wireless in-wheel motor using magnetic resonance coupling,” IEEE
Trans. Power Electron., vol. 31, no. 7 pp. 5270-5278. July 2016.

[15] T. Diekhans and R. W. Doncker, “A dual-side controlled inductive power
transfer system optimized for large coupling factor variations and partial
load,” IEEE Trans. Power Electron., vol. 30, no. 11, pp. 6320-6328,
Jan. 2015.

[16] X. Liu, N. Jin, X. Yang, T. Wang, K. Hashmi, H. Tang, “A Novel
Synchronization Technique for Wireless Power Transfer Systems,” Elec-
tronics, 2018, 7, 319.

[17] C. S. Wang, G. A. Covic, and O. H. Stielau, “Power transfer capability
and bifurcation phenomena of loosely coupled inductive power transfer
systems,” IEEE Trans. Ind. Electron., vol. 51, no. 1, pp. 148-157,
Feb. 2004.

[18] T. Yamanaka, Y. Kaneko, S. Abe, and T. Yasuda, “10 kW contactless
power transfer system for rapid charger of electric vehicle,” in Proc.
EVS26, pp. 1-9.


