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Abstract—The authors’ research group invented a Wireless In-
Wheel Motor (W-IWM) in order to overcome the low reliability
of In-wheel motor’s power and signal wires. This system uses
Wireless Power Transfer (WPT) via magnetic resonant coupling.
In order to control the WPT systems with variable power
load such as motor, it is required to achieve high efficiency
and transfer power corresponding to the load at any time
are required. We have developed W-IWM’s control methods
to transfer desired power with high efficiency. However, the
efficiency in the low power output range still has room for
improvement. In this paper, novel control method using the
intermittent synchronous rectification is proposed. This method
improves the efficiency of the W-IWM system in low power
output range by improved transient current. Experiments and
simulations verify the effectiveness of the proposed method.

Index Terms—wireless power transfer, magnetic resonant cou-
pling, power flow control, supercapacitor, in-wheel motor

I. INTRODUCTION

In recent years, electric vehicles (EVs) have attracted atten-
tion for their less harmful emissions. Electric vehicles have
had the problem of short cruising range so far. Nowadays,
in order to solve this problem, research on dynamic wireless
power transfer to electric vehicles is in progress [1]. EVs have
a very quick torque response provided by motors compared
to internal combustion engine vehicles [2]. Moreover, In-
wheel motor (IWM)-type EVs have various benefits such as
body weight reduction, improvement of body design freedom
and independent control of each wheel [3] [4]. However,
conventional IWMs have a risk of disconnection of power and
signal cables from vehicle body. Those cables are exposed
to harsh environment and may became disconnected due to
continuous bending, and impacts caused by debris colliding
from the road.

To overcome the risk of the disconnection, the authors’
research group invented Wireless In-Wheel Motor (W-IWM)
in which the IWM receives power without cables [5]. This
system employs magnetic resonance coupling as a WPT
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Fig. 1. W-IWM attached to the test vehicle.

method since this method is robust to the coil misalignment
caused by steering and suspension vibration. In the Wireless
Power Transfer (WPT) systems with variable power load such
as a motor, the secondary side DC-link voltage is unstable.
Then, the transmission power should be controlled to desired
power to stabilize the secondary side DC-link voltage.

The control methods for the WPT system under the constant
power load have been developed in previous studies. Two-
mode control [6] is the simplest method. This method control
transmission power by switching rectification mode and short
mode of the secondary side converter. In this method, although
it is easy to control transmission power, the conduction loss
of diode and the loss caused by transient current during mode
switching can not be ignored.

In order to reduce those losses, intermittent synchronous
rectification was proposed [7]. This method rectifies received
current by turning on the SiC MOSFETs instead of SiC diodes
and switches between rectification mode and short mode with
the zero-crossing of the current. Those features provide low
conduction loss.
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Fig. 2. System configuration of W-IWM2.
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Fig. 3. Equivalent circuit of wireless power transfer via magnetic resonance
coupling.

Phase shift control [8] improves the transients by eliminat-
ing mode switching. In this method, the PWM duty ratio of
3-level waveform which is the output of the secondary side
converter, is manipulated to adjust the transmission power.
However, switching loss of the secondary side converter is
large especially in the low power output range since the width
of the 3-level waveform is thin.

An innovative control method using wheel side supercapac-
itor is proposed [9]. In the second-generation W-IWM (W-
IWM2), a supercapacitor is attached as a power compensator.
The system configuration is shown in Fig. 2. This method
proposed in [9], overcame those problems such as transients
and switching loss. In this method, primary side inverter and
secondary side converter always operate in rectification mode.
Transmission power is controlled by adjusting the primary
side voltage and the secondary side voltage dynamically. The
primary side voltage is controlled by back-boost converter con-
nected on battery, and the secondary side voltage is controlled
by DC/DC converter connected on supercapacitor. Moreover,
the voltage ratio of the primary side and the secondary side
is controlled to the optimal value. This control method maxi-
mized the efficiency in wide power output range. However, in
the low power output range, this method cannot be used since
there is a lower limit of the secondary side DC-link voltage
to operate motor [10]. Then, efficient control method in low
power output range is desired.

In this paper, a novel control method which is efficient
in low power output range is proposed. This method is an
improvement on the intermittent synchronous rectification.

II. CONTROL METHOD OF W-IWM

A. Wireless Power Transfer system

The equivalent circuit of WPT system via magnetic reso-
nance coupling is shown in Fig. 3. To fulfill the resonance
condition, the operating frequency ω0 is expressed as

ω0 =
1√
L1C1

=
1√
L2C2

. (1)

In the resonance condition, the impedance matrix of the
equivalent circuit can be expressed as

Z =

[
R1 jω0Lm

jω0Lm R2

]
. (2)

The relationship between the voltage and the current on the
primary side and the secondary side can be expressed by the
following equation. [

V̇1
V̇2

]
= Z

[
İ1
−İ2

]
(3)

In the resonance condition, the secondary side voltage V̇2 and
the current İ2 are leading π

2 compared to the primary side
voltage V̇1 and the current İ1. Then, they can be expressed as

V̇1 = V1

V̇2 = jV2

İ1 = I1

İ2 = jI2 (4)

where V1 and V2 are the effective values of the primary
side and secondary side voltage, and I1 and I2 are the
effective values of the primary side and secondary side current,
respectively. I1 and I2 are expressed as

I1 =
R1V1 + ωLmV2
R1R2 + (ω0Lm)2

(5)

I2 =
R1V2 − ωLmV1
R1R2 + (ω0Lm)2

(6)

The transmission power can be expressed as

PWPT = V̇2İ2 =
ω0LmV1V2 −R2V

2
1

R1R2 + (ω0Lm)2
. (7)

The transmission efficiency is expressed as

ηWPT =
ω0LmV1V2 −R1V

2
2

ω0LmV1V2 +R2V 2
1

. (8)

The voltage ratio at the maximum efficiency can be expressed
as following equation.

AV ηmax =

√
R2

R1

ω0Lm√
R1R2 + (ω0Lm)

2
+
√
R1R2

(9)
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Fig. 4. Operation of secondary side converter (conventional intermittent
synchronous rectification).

B. System configuration of W-IWM2

In this research, the circuit configuration of second-
generation W-IWM (W-IWM2) shown in Fig. 2 is examined.
In this system, WPT system using Series-Series (S-S) mag-
netic resonant coupling introduced in the previous chapter is
employed. The primary side inverter and the secondary side
converter drive each resonator at 85 kHz and it transmits power
wirelessly. Those inverters are full-bridge inverter which uses
SiC MOSFETs to reduce switching loss. Permanent magnet
synchronous motor (PMSM) are installed on the secondary
side. The motor is driven by the voltage type three phase PWM
inverter. A supercapacitor for compensation, which is a feature
of W-IWM2, is connected to the secondary side DC-link with
a DC/DC converter.

C. Conventional intermittent synchronous rectification

Intermittent synchronous rectification [7] is proposed as
a control method of WPT system under constant power
load without supercapacitor. Fig. 4 shows the operation of
secondary side converter. The time ratio of the rectification
mode and short mode are adjusted to control transmission
power corresponding to the load power. As a consequence,
the secondary side DC-link voltage is stabilized.

In this method, the efficiency of the WPT system is im-
proved compared to the two-mode control and phase shift
control, since the MOSFETs of the secondary side converter
are operated during rectification mode in order to achieve
synchronous rectification.

However, in this method, The mode switching cycle Ts is a
very short period to stabilize secondary side DC-link voltage.
Then, transient current caused by mode switching does not
settle sufficiently and it causes an increase in copper loss.

In order to achieve higher efficiency at low load by im-
proved transients, the cycle of the rectification mode and the
short mode should be longer, and the converter operation
during mode switching should be devised.

D. Proposed intermittent synchronous rectification

The circuit configuration of W-IWM2 is shown in Fig. 2. In
the proposed method, the secondary side DC-link voltage is

controlled by the DC/DC converter attached to supercapacitor.
The secondary side AC/DC converter controls supercapacitor’s
voltage. In this method, the secondary side DC-link voltage
can be controlled with fast bandwidth regardless of Ts. Then,
the mode switching cycle Ts can be extended without voltage
ripples, and the transients caused by mode switching can be
improved.

Moreover, in order to further improve transients, gradual
mode switching operation is proposed as shown in Fig. 6.
In this method, 3-level waveform is performed during mode
switching period, and the fundamental harmonic of the sec-
ondary side voltage changes continuously. A low pass filter
was applied on the pulse width command of the 3-level
waveform.

The supercapacitor is connected to the DC/DC converter and
it controls secondary side DC-link voltage V2DC. The block
diagram is shown in Fig. 5. Inductor current of the DC/DC
converter ISC is controlled in the minor loop. The transfer
function from ISC to V2DC is expressed as

PV2DC =
V2DC

ISC
=

d

CSCs
(10)

where d is a duty ratio of the DC/DC converter. For this
transfer function, PI controller is designed to be a multi-root
arrangement.

The voltage of the supercapacitor VSC is controlled by
the time ratio of the rectification mode as shown in Fig. 5.
Received current of the secondary side DC-link I2DC can be
calculated as

I2DC =

{
0 (Short mode)
2
√
2

π I2 (Rectification mode)
(11)

The average of I2DC is expressed as

Ī2DC = α
2
√

2

π
I2. (12)

where α is the time ratio of the rectification mode which can
be expressed as

α =
Trect

Trect + Tshort
. (13)

The transfer function from ∆I2DC to ∆VSC is expressed as

∆PSC =
∆VSC

∆I2DC

=
V2DC

2CSCVSC

1

s
(14)

For this transfer function, PI controller is designed to be a
multi-root arrangement.

III. SIMULATION

We performed simulations on the proposed intermittent
synchronous rectification using MATLAB/Simulink Simpower
Systems. The simulation conditions are shown in Table I. In
this simulation, DC to DC transmission efficiency and the
transient current of the secondary side were simulated at low
load, 1.3 kW. The secondary side DC-link voltage was set at
300 V which is a lower limit voltage to respond to sudden
load changes. Then, the optimal primary side DC-link voltage
is 302.5 V which is calculated by (9). In simulations of the
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Fig. 6. Operation of secondary side converter (proposed intermittent syn-
chronous rectification).

TABLE I
SPECIFICATIONS OF W-IWM SYSTEM.

Resonance frequency 86.8 kHz
Switching frequency of DC/DC converter 86.8 kHz
Switching frequency of DC/DC converter 85.0 kHz

Supercapacitor capacitance 125 F
Supercapacitor voltage reference V ∗

SC 38 V
Primary-side coil resistance R1 242.0 mΩ
Primary-side coil inductance L1 259.9 µH

Secondary-side coil resistance R2 242.0 mΩ
Secondary-side coil inductance L2 259.9 µH

Coil gap 100 mm
Coil mutual inductance Lm 53 µH
Smoothing capacitance C 1100 µF

Inductance of DC/DC converter L 60.8 µF
ESR of inductor and Supercapacitor r 41.0 mΩ

conventional method, the mode switching cycle TS, was set
at 0.5 ms. In simulations of the proposed method, the mode
switching cycle TS, was set at 20 ms, and 1 kHz low pass filter
was applied on the pulse width command of V2 not to switch
the mode suddenly. TS was set so that the voltage ripples
are comparable in those methods. Proposed method with LPF
was compared to the conventional intermittent synchronous
rectification and the proposed method without LPF. Simulation
steps are sampled at 1.0× 10−8 s.
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Fig. 7. Secondary side AC current and voltage of the conventional intermittent
synchronous rectification (PL = 1.3 kW).

A. Transients during mode switching period

In this section, the simulations are conducted to confirm the
transient current stability. Fig. 7 shows the transient current
during mode switching period of the conventional intermittent
synchronous rectification. Fig. 8 shows it of the proposed
method without LPF. Fig. 9 shows it of the proposed method
with LPF.

It can be seen that the secondary side AC current stability
is improved especially in the proposed method with LPF.

IV. EXPERIMENT

We performed experiments to confirm the effectiveness of
the proposed method. The current and voltage waveform dur-
ing mode switching period was measured with an oscilloscope
(MSO 3024: Tektronix). Transfer efficiency is measured by a
power meter (3390 POWER ANALYZER: HIOKI). Transfer
efficiency is defined by the following equation.

ηWPT =

∫
TS
V̇1İ1dt∫

TS
V̇2İ2dt

(15)
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Fig. 8. Secondary side AC current and voltage of the proposed method without
LPF (PL = 1.3 kW).
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Fig. 9. Secondary side AC current and voltage of the proposed method with
LPF (PL = 1.3 kW).

A. Experimental setup

The overview of the experimental setup is shown in Fig.
10. The setup consists of a primary side DC power supply, a
primary side back boost converter, a primary side inverter, a
transmitting and a receiving coils, a secondary side converter,
a lithium ion supercapacitor, a secondary side boost converter,
a voltage type three phase PWM inverter, and a PMSM.
Instead of a battery, a regenerative DC power supply (pCUBE
MWBFP 3-1250-J02: Myway) is used as the primary side
voltage source.

B. Experimental result

1) Transient stability: The current and the voltage of the
primary side and the secondary side are measured by a oscillo-
scope (MSO 3034: Tektronix). Fig. 11 shows the measurement
results in the proposed method with LPF, Fig. 12 shows hte
measurement results in the proposed method without LPF, and
Fig. 13 shows the measurement results in the conventional
method. Ch1, Ch2, Ch3, and Ch4 show V1, I1, V2, and I2,
respectively

(a) Motor bench and W-IWM2.

(b) Power source and power analyzer.
Fig. 10. Experimental setup.
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Fig. 11. Measurement results of the proposed method with LPF.(PL =
1.3 kW)

It can be seen that transients stability are improved espe-
cially in the proposed method with LPF.

2) Transfer efficiency: DC to DC transmission efficiency
(average value) is measured by a power meter (3390 POWER
ANALYZER: HIOKI). Measurement results are shown in Fig.
14. The experimental results shows the effectiveness of the
proposed method. It turns out that the proposed method with
LPF is particularly effective around 2.2 kW. Aroud this range,
more copper loss caused by transient current can be reduced
compared to the increased switching loss.
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Fig. 12. Measurement results of the proposed method without LPF.(PL =
1.3 kW)
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Fig. 13. Measurement results of the conventional method. (PL = 1.3 kW)

V. CONCLUSION

In this research, a high-efficiency operation method in the
low power output range is proposed as an improvement on
the intermittent synchronous rectification. In this proposed
method, the mode switching cycle is lengthened and mode
switching method between short mode and rectification mode
are devised to improve transient stability. Although the in-
genuity of the proposed mode switching method increases
switching loss, it improves transients and reduces copper loss
larger than increased switching loss within a specific range.
In this paper, simulation and experimental results show the
effectiveness of the proposed method.
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