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Abstract—Adopting the In-Wheel Motor technology (IWM)
for the traction system of electric vehicles (EVs) leads to
several advantages. Since the motors can drive each wheel in
the vehicle independently, the EV can take full advantages of
technologies such as anti-slip control of tires for enhanced safety
and performance, and optimal torque distribution for extension
of the vehicle mileage. However, a major problem of conventional
IWM is that the power cables and signal wires from the vehicle
body to the wheel are exposed to harsh environment, and may be
damaged due to continuous bending, impact with debris from the
road, or become brittle because of the freezing in snowy areas.
To overcome this problem, a system in which the IWM receives
its power wirelessly from the vehicle body has been proposed,
resulting in the Wireless In-Wheel Motor (W-IWM) concept. This
cutting-edge technology eliminates the risk of cable disconnection
of IWM and therefore raises the reliability of the whole vehicle
system. Due to steering and to the operation of suspensions, the
relative position between the car body and the wheel assembly
changes during driving. Therefore, the wireless power transfer
has been implemented using the principle of magnetic resonant
coupling, which is robust to misalignment between the transmit-
ter and receiver coils. A single phase inverter is installed in the
car body side (transmitter side). Single phase converter is also
installed the wheel side (receiver side). This paper discusses two
control schemes on transmitter side and three control schemes
on receiver side. The loss analysis of each converter aims to
verify the most efficient control combination. Eventually, the
DC/DC chopper control regulating the inverter output voltage
amplitude is selected because of its better efficiency compared

to other control schemes on transmitter side. In addition, this
paper proposes symmetric synchronous rectification control on
receiver side. The proposed control effectiveness is confirmed by
numerical analysis considering its efficiency and total harmonic
distortion.

Keywords—Wireless power transfer, Electric vehicle, Magnetic
resonant coupling.

I. I NTRODUCTION

In recent years, global environmental issues have been in-
creasing. Although the conventional automobile is convenient.
However, it emits polluting gas and mentioned that gasoline
resources are limited. Therefore, low emission vehicles are
necessary. Among them, electric vehicles (EVs) are a notable
alternative. In fact, EVs’ torque response is two orders faster
compared to the one of an internal combustion engine vehicle.
This is an excellent control performance. In particular, various
papers about EVs with in-wheel motor for each of the four
driving wheels have been studied from that perspective.

• Since the differential gear and drive shaft are unnecessary,
the car design has less constraints. Moreover, it is also
possible to reduce the weight of the whole car body;
according to, the whole drive system will be 36% lighter.
Therefore, energy losses are reduced[4].

• Motion controllability and vehicle stability are improved
because of each wheel can be controlled independently.
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Fig. 1. The concept of W-IWM.

Currently, the in-wheel motor system has the following
issues.

• The driving comfort deteriorates because the unsprung
weight is increased.

• The power and signal cables might be disconnected from
prolonged and repetitive bending as well as small debris
impact or freeze in cold regions.

The first problem can be solved by using the anti-dive force
control of the in-wheel motor[4]. The second problem has
been tackled by increasing durability and reliability of the
cables[5]. However, this is still not sufficient to guarantee
the safe transmission of input signal and electric power.
Therefore, a novel solution consisting in a bidirectional power
transmission system between car body and a wheel has been
proposed. A prototype has been built and test runs have been
conducted. This structure is called Wireless In-Wheel Motor
(W-IWM). In this circuit, coils for wireless power transfer
and communication system are installed in the wheel and the
car body, thus eliminating the cables in between. The relative
position of the power transmitting and receiving coil changes
with the movement of the suspension in the actual car body.
Consequently, the authors’ choice is the magnetic resonant
coupling for wireless power transfer[6], [7]. Since the W-
IWM is capable of both receiving and transmitting power,
it also allows for regenerating energy when the vehicle is
decelerating. With this technology, dynamic charging where
electric vehicles are powered by devices embedded is the
highway surface are a definite possibility in future. It is
well known that the receiver side coil voltage and current
fluctuate because of the variation of either the coils relative
position or the load[8]. Furthermore, in the case of a constant
power load, the secondary side load voltage is unstable[9].
Therefore, controlling the voltage or the current by converters
in both transmitter and receiver side is necessary for the stable
operation of the W-IWM[10].

This paper is organized as follows: in Section II a brief
introduction of WIWM and wireless power transfer is pro-
vided. In Section III the concept of high efficiency by primary
side is explored via loss model while in Section IV the
same reasoning is applied to the secondary side. In Section
V the system loss breakdown as well as the simulation and
experimental results are presented. Finally, in Section VI there
is the summary of this paper.

(a) FPEV4-Sawyer

Primary circuit Primary coil

Secondary coil W-IWM

(b) First trial unit

Fig. 2. Test vehicle and prototype unit.

TABLE I
TARGET VALUE OF THE VEHICLE PERFORMANCE AND THE FIRST

PROTOTYPE GOAL.

Final target First target
Number of in-wheel motor 4 2

Rated output power 48 kW 6.6 kW
Rated wheel torque 1300 Nm 475 Nm

Dynamic charging from road possible N/A

II. W IRELESSIN-WHEEL MOTOR.

A. Expected vehicle performance.

The in-wheel motor conceptual scheme is shown in 1. The
vehicle for the experiment, FPEV4-Sawyer, shown in 2(a),
has been developed in the authors’ laboratory at the University
of Tokyo[11].

This vehicle has a replaceable sub-unit configuration for
both the front and rear wheels, consequently it can test and
compare a wide variety of drive units on the same platform.
The sub-unit in the prototype is shown in 2(b). In Table I,
the vehicle specifications are reported. The final target output
power is 48 kW with all the wheel, while the first trial output
power is 6.6 kW by using the two rear wheels. In other words,
the aim is a continuous rated output power of 3.3 kW per
wheel, a necessary parameter for designing a large power
transmission control and the coils. In addition, considering the
space between the in-wheel motor and the body necessary to
the suspension stroke, the gap between the transmitting and
receiving coils is set to 100 mm.

B. Wireless power transmission of the magnetic resonant
coupling method

In the wireless power transmission by magnetic resonant
coupling method adopted in the W-IWM, matching the reso-
nant frequency of the LC circuit used in the coils is mandatory.
The operation point angular frequency of the primary-side
inverter is

ω0 =
1√
L1C1

=
1√
L2C2

, (1)

whereL1 andL2 as primary and secondary coil inductance,
respectively; similarly,C1 and C2 are the primary and sec-
ondary coil resonant capacitors. In this paper the coils and
their relative resonant capacitors form the system, referred
to as resonator. Furthermore, the vehicle body side becomes
the primary side (power transmission side) and the in-wheel
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motor is considered the secondary side (power receiving side).
Finally, the resonant frequencyf0(= ω0/2π), is assumed to
be 85 kHz, in compliance to the international standards for
static wireless power transmission to electric vehicles[12].

III. H IGH EFFICIENCY OF THEW-IWM SYSTEM IN

PRIMARY SIDE

This section introduces the high efficiency control of W-
IWM converter. Fig. 3 shows a circuit configuration diagram
of a W-IWM. In order to use the same configuration of the
actual WIWM, the resonant frequency is considered to be 85
kHz. The output power of the power transmission circuit in
(the input power of the resonator)P can be expressed as
follows[13].

P =
V1V2

2πf0Lm
(2)

The output voltage fundamental wave RMS value of the
transmission-side inverterV1 must be generated from the vehi-
cle battery voltageVbatt. Here, a two-stage power conversion
system is adopted. Then, a variable DC-link voltageE is
generated as DC/DC converter output voltage and used as
a DC-link voltage of the subsequent single-phase H bridge
inverter. In the AC side, the voltage is operated as a variable
amplitude square wave. This is called chopper mode. The
power receiving side (wheel side) is equipped with single-
phase H bridge converter and generates an inverter DC-link
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Fig. 6. experimental results and the calculated result of primary converter
efficiency
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Fig. 7. Primary converter loss of chopper mode vs phase shift mode

voltageVdc used to drive the IWM. Receiving-side output AC
voltage of the resonator is defined asV2.

Another method used for generating a variable AC voltage
V1 from anotherVbatt is phase shift method. In this method,
by controlling the pulse width, it is possible to control the
power sent from the primary side. In this case, the DC/DC
converter is bypassed and therefore no losses are generated.

The basic operation of these two power conversion systems
is shown in Fig. 4 and Fig. 5. In chopper mode, the switching
loss of the H-bridge inverter is minimized; on the other hand
the DC/DC converter switching pattern for manipulatingE
results in increased switching losses as well as conduction
losses and core losses of the inductor.

Loss model of the phase shift method is described as
follows. Fig. 5 shows the phase shift of the H-bridge inverter
output voltageV1,phsh. V1,phsh can be expressed as follows.

V1,phsh =
2
√
2

π
Vbatt · cosφ (3)

Where, φ is the phase of zero voltage. If the system is
operated at resonance frequency, the resonator current is the
fundamental wave component in phase with the quasi sine
wave voltage. As a result, the switching currentsI1,1 andI1,2
are calculated as follows.

I1,1 = I1,2 = I1,pksinφ ≈
√
2
P

V1
sinφ

=

√
2V2

2πf0Lm
sinφ (4)
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Fig. 3. wireless in-wheel motor circuit configuration
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Fig. 8. Primary converter loss break down of chopper mode

Switching losses are evaluated as follows.

Psw,HB (P, Vbatt, V2)

= 2f0 (Eon (I1,1, Vbatt) + Eoff (I1,1, Vbatt)) (5)

Fig. 6 shows the results of the efficiency comparison between
chopper mode system and the phase shift system. In addition,
Fig. 7 shows experimental values of primary converter loss
comparison of the chopper mode system and the phase shift
mode system (primary DC/DC converter is bypassed).

To verify the loss model, the measured values are acquired
in actual W-IWM. Here, if the secondary coil terminals are
short-circuited, the switching mode of secondary converter is
called short mode. If all the secondary converter switches are
OFF, the switching mode is called rectification mode. In all
the operating point, the WIWM has been used in such a way
that V1 = V2.

It means that the receiving-side converter does not operate in
short mode, and consequently all the transmitting-side inverter
controls are compared in rectification mode. Although loss
model of the phase shift indicates a very satisfactory perfor-
mance, some errors in the case of the chopper mode system are
observed. This error is mainly due to inaccurate modeling of
the inductor loss. As expected from the comparison between
chopper and the phase shift method, it appears that the phase-
shift scheme is more efficient ifV1 is at the maximum and the
H-bridge converter is operated in quasi square-wave mode. In
this case the phase shift method is close to the chopper system,
because the switching losses of the H-bridge converter are
reduced and there is no loss in the previous DC/DC converter.
Consequently the efficiency is improved.
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Fig. 9. Intermittent synchronous rectification control

However, since the chopper is expected to be used during
most of the travel pattern of a normal W-IWM, chopper system
during normal driving is considered as appropriate.

Fig.8 shows the loss break down of transmitter side con-
verter of chopper mode system. As mentioned above, total
loss of the converter is measured by experiments. The DC/DC
converter losses are composed by core loss of inductor of
the DC/DC converter, switching loss of IGBT of the DC/DC
converter, conduction loss of the IGBT and gate driving loss of
the IGBT. The loss of the H-bridge converter can be calculated
by (5) and other formula of conduction loss estimation. The
switching loss, conduction loss and gate driving loss of the
DC/DC converter can be calculated. Therefore, the authors can
estimate the core loss of the inductor of the DC/DC converter
by subtracting the H-bridge converter loss and the IGBT loss
from total converter loss.
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Fig. 10. 2 type of synchronous rectification control

IV. H IGH EFFICIENCY OF THEW-IWM SYSTEM IN THE

SECONDARY SIDE

In this section, we discuss the comparison among the phase
shift control, intermittent synchronous rectification control and
symmetric rectification control in the receiving side. Fig.9
shows experimental results of intermittent synchronous rec-
tification control[14]. Fig.10 shows the concept of two type of
synchronous rectification control as above.

The H-bridge circuit on the wheel side is switched between
a short-circuit state (v2 = 0) and the diode rectification state
to match theVdc programmed within the hysteresis band. The
period of this switching is at a much lower frequency than the
resonant frequencyf0. Conduction losses in the rectifier mode
can be reduced by implementing synchronous rectification
techniques to avoid conduction of the antiparallel diode of
SiC[15]. When evaluating the system efficiency, the effect
of the two-mode control must be taken into account. Power
transmission currenti1 of the receiving-side converter circuit is
almost zero during short mode. In rectification mode, receiving
currenti2 is considered to be constant, as the short transient
phenomenon, after mode transition is neglected. Here, the
maximum value of the transmission currentI1,max is

I1,max =
V2

2πf0Lm
=

√
2Vdc

π2f0Lm
. (6)

The receiving-side converter duty is related to the power
P and the transmitting side voltageV1. HereD2 is the ratio
betweenV2 maximum value and theV2 fundamental wave rms
value :

D2 =
V2

2
√
2

π · Vdc

. (7)

By combining (2) and (7), the following equation is derived:

V2 = D2
2
√
2

π
Vdc =

P

V1
2πf0Lm (8)

Then, in same way for (8) and (7), the duty becomes:

D2 =
P

V1Vdc

π2f0Lm√
2

≤ 1. (9)

Assuming a much lower switching frequency thanf0,
the rms value of the transmission current with intermittent
synchronous rectificationI1,rms,2M is as follows.

I1,rms,2M =

√
1

T

∫ D2T

0

i1(t) · dt

= I1,max ·
√
D2

=
I1,rms,phsh√

D2

. (10)

where I1,rms,phsh is the rms value of the transmission
current due to the phase shift control of the receiving converter.
In (10),D2 < 1. Therefore, increasing in the transmitting-side
current rms value　 is realized with respect to the phase shift
control.

Here the powerP needed for wireless power transmission is
constant, showing various efficiency calculation results when
the power of the only cover the P has a transmission voltage
Vsend a variable that can be power transmission.

V. L OSS AND EFFICIENCY CALCULATION IN SECONDARY

SIDE

Fig.11 shows efficiency calculation results intermittently
synchronize the receiving side to the power transmission side
to the chopper system rectification system (2mode with SR),
the phase shift method, each with symmetric synchronous
rectification atVdc = 350 [V].

Fig.12 shows loss break down of three methods above
mentioned. This calculation has been done atP = 500 [W].

According (10), there is optimal point of efficiency of the
system by operatingVsend. Fig.11 shows optimal operating
point of high efficiency. This figure shows we can truck the
point of optimal efficiency by operatingVsend depending on
the requiredP .

The method with the best efficiency of the three is inter-
mittent synchronous rectification control to perform a zero-
voltage zero-current switching. The efficiency of symmetric
synchronous rectification to perform the part zero voltage zero
current switching is also acceptable.

However, intermittent synchronous rectification control for
short-circuiting radiates electromagnetic noise larger transient
current flows during a short-circuit of the power receiving
resonator.

VI. CONCLUSION

This paper proposes two methods of DC/DC chopper con-
trol and phase shift control for transmitting side, aiming
to high efficiency. The DC/DC chopper method is better
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Fig. 11. Calculation results by using DC/DC chopper control on transmitter side
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(a) The power-receiving-side: intermittent
synchronous rectification control
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(b) The power-receiving-side: phase shift
control control
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(c) The power-receiving-side: symmetric
synchronous rectification control

Fig. 12. Loss break down results on secondary side (P = 500 W, transmitting side: DC/DC chopper control)

than phase shift control. In addition, intermittent synchronous
rectification control, symmetric synchronous rectification con-
trol and phase shift control are analyzed. Among the three
proposed methods, symmetric synchronous rectification con-
trol is optimized considering the balance performance of the
harmonic and the losses for W-IWM.
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