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Dynamic Wireless Power Transfer (DWPT) systems can extend cruising range and reduce the capacity of the battery
of electric vehicles. The third-generation wireless in-wheel motor (W-IWM3), which has DWPT system, is one of the
key specifications of electric vehicles. W-IWM3 adopts the DWPT system with one full-bridge inverter that operates
only one coil. This paper discusses a N-phase inverter configuration and the switching algorithm that can indepen-
dently operate multiple coils in the DWPT system. With this system, it is possible to control multiple coils with only
one circuit configuration and reduce the number of inverter elements and inverter installations used on the roadside.
The fundamental operation of the system was verified by simulation and experiment.
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1. Introduction

In recent years, each country’s interest in environmental
issues including global warming has increased, and various
policies have been implemented. Among them, electric ve-
hicles (EVs), which can contribute to the reduction of green-
house gases containing carbon dioxide, are attracting a great
deal of attention. However, EVs, which have advantages such
as being eco-friendly and having high controllability, are not
as widespread as expected at present. The major reasons are
short cruising range and long charging time.

A dynamic wireless power transfer (DWPT) system is
one of the effective solutions because it can transfer electric
power to moving EVs [1] [2]. DWPT is to receive power
wirelessly from a transmitter coil installed on the road-side
with a power receiver coil attached to EV-side. As a re-
sult, it can be charged without human intervention, and only
the minimum required battery needs to be installed. Among
them, the magnetic field resonance coupling method [3] is
characterized by high efficiency and high power transmission
even with a large air gap and wide misalignment [4]. It is ex-
pected as a technology suitable for supplying power to EVs
while driving.

Vehicle system of EVs includes an onboard motor system
or an in-wheel motor IWM) system. In IWM, by installing
the motor inside the wheels, each wheel is controlled inde-
pendently to improve the motion control performance and
cruising range. Therefore, our research group has proposed a
new method of DWPT suitable for IWM-type EVs. Previous
DWPT studies have mainly assumed that onboard motor-type
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Fig. 1. The third generation wireless in-wheel motor.

EVs [5] [6]. In their studies, in-vehicle batteries are charged
via a coil attached to the bottom of the vehicle. After that, the
battery sends power to the motor to drive the EV. Instead of
transferring electric power from the road coil to the vehicle
coil to charge the battery, our proposed method is to transfer
electric power directly from the road coil to the IWM while
driving. In order to verify this concept with an actual vehicle,
we have developed the second-generation wireless in-wheel
motor (W-IWM?2) equipped with a DWPT for traveling ve-
hicles. In addition, the third-generation wireless in-wheel
motor (W-IWM3) shown as Fig. 1 has been proposed [7].
W-IWM3 has improved WPT power, motor output, and size.

Since the W-IWM3 uses SS-topology magnetic resonance
coupling, one full-bridge inverter was required to operate one
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(b) The coil switching system with N-phase inverter (switching system).

Fig.2. The concept of the coil switching system.

coil basically. However, if the number of installed coils is
increased in order to lengthen the power supply time of the
coils, the number of inverters will increase and the equip-
ment cost will increase. Therefore, it is desirable to use one
inverter to power multiple coils. Regarding previous research
on coil switching, research on circuit configurations such as
the method in which very long cables are installed along the
traveling direction of an automobile and driven by a multi-
phase inverter [8], and the method in which additional induc-
tance and capacitors are incorporated into the circuit config-
uration [9].

This paper discusses the coil switching system with a
N-phase inverter configuration and the control method that
can independently drive multiple coils in the DWPT system.
With the coil switching system, it is possible to control mul-
tiple coils with only one circuit configuration, and reduce the
number of inverter elements and inverter installations used on
the road side, making it possible to cut the cost of the DWPT
system.

2. Switching system with a N-phase inverter

The concept is shown in Fig. 2. In this paper, the coil
switching system is verified through experiments and sim-
ulations. Also, compare with the basic system, the paper
discusses if there is any influence on basic operation in the
switching system.

2.1 Basic WPT SS-topology The WPT system for
W-IWM3 adopts SS-type magnetic resonance coupling WPT.
Fig. 3 shows a general system configuration. On the road side
of the WPT network, a full-bridge inverter converts DC cur-
rent into AC current. The inverter on the transmitter side is
mainly operated by PWM control. In the SS-type magnetic
resonance coupling WPT, when the transmitter side and the
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Fig.3. Circuit configuration of SS-topology wireless
power transfer.

Table 1. Comparison of system characteristic with n—1
transmitter coils

Basic system Switching system
Inverter full-bridge inverter ~ N-phase inverter
Number of inverter n-1 1
Number of legs 2n-1) n

receiver side satisfy the resonance condition, the operating
angular frequency in the power conversion circuit can be ex-
pressed as follows [10].

1 1
VLG, VLG

Here, fj represents the resonance frequency. Also, the cur-
rent flowing through the coil is
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L;(i = 1,2) represents the self inductance of the transmitter
and receiver coil. L, represents the mutual inductance of the
transmitter and receiver coil, and R;(i = 1,2) represent the
resistance of the transmitter and receiver coil, respectively.
Also, V;(i = 1,2) are discussed as the basic effective values
in the operating frequency. Here, the subscript 1 represents
the transmitter side and 2 represents the receiver side.

2.2 Circuit configuration The circuit configuration
using a N-phase inverter for coil switching is shown in Fig.
4. Each transmitter coil is connected between each phase of
a N-phase inverter. n — 1 transmitter coils can be driven in-
dependently by the N-phase inverter. The most advantage of
driving multiple coils using a N-phase inverter is the reduc-
tion of the transmission equipment cost and maintainability.
The number of elements can be reduced compared to the con-
figuration with the basic system. Reducing the number of
independent inverters as much as possible and increasing the
number of coils that can be controlled also leads to the reduc-
tion of the transmission equipment system cost. Hereinafter,
the system with a full-bridge inverter is referred to as the ba-
sic system ,and the system with a N-phase inverter is referred
to as the switching system. The features of those systems are
summarized in Table 1.

The transmitter coils are connected between the two legs,
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Fig.4. Circuit configuration of the coil switching system with a N-phase inverter.

and each leg is shared by the two transmitter coils. For ex-
ample, the 1, transmitter coil is connected to the 1 and 2,4
leg. When you want to operate the 1 transmitter coil, the
switching elements of the 1 and 2,4 leg can be used. the 2,4
transmitter coil is connected to the 2,; and 3,, leg. The way
to drive the 2,, transmitter coil is the same as the 1 trans-
mitter coil. At that time, all other arms are in the gate-off
state. As in Fig. 4, the transmitter coil is switched by shift-
ing the leg connected to it in the power transmission section
according to the movement of the receiver coil.

2.3 Switching algorithm Fig. 5 shows a flowchart of
the power transmission procedure. As shown in Fig. 6, the
mutual inductance between a transmitter coil and reciever
coil is not constant in the longitudinal direction, and it be-
comes extremely smaller at the end of the coil than at the
center. Therefore, if power is transmitted in a situation where
the mutual inductance is quite small, a large current will flow,
leading to equipment failure. It is necessary to stop power
transmission at a certain place and wait until it moves to the
next coil.

In this paper, the current threshold value Iy, is set in ad-
vance, and if the primary side current I, of the nth coil ob-
tained by the current sensor exceeds that threshold value, it
is judged that the power supply is completed in the section of
the nth transmittercoil. After that, the nth full-bridge section
stop PWM control. I, is determined by the rated value of
the equipment, the power transmission stop point, and so on.
As discussed in [6], (2) and (3) are equations in the steady
state, but since the term of change in mutual inductance due
to the movement of the receiver coil can be underestimated,
they can also be used in DWPT.

Regarding vehicle detection and power transmission start
time, the method discussed in [11] and the method using sen-
sors can be considered, but this time this paper discusses the
fundamental operation of coil switching, so it is assumed that
the timing of power transmission start is known. That is,
when starting to drive the next coil, it is assumed that the
infomation of the speed of vehicle and the burial interval of
transmitter coils are obtained. During the time calculated
from that, the inverter will stop. After stopping for a certain
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Fig.5. Flowchart of coil switching.
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Fig.6. Coupling coefficient with respect to the position
of the receiver coil.

period of time, the next transmitter coil to which the vehi-
cle body has moved starts to move in the same way. At this
time, the drive of the next transmitter coil start from the point
where the receiver coil, which is a point where the mutual in-
ductance is sufficiently large, completely penetrates into the
transmitter coil section.

3. Experiment and factor analysis

The feasibility of driving multiple coils using a N-phase in-
verter was verified by simulation and experiment. The simu-



(b) Experimental set up.

Fig.7. Equipments of dynamic WPT bench.
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Fig.8. Transmitter and receiver coil of W-IWM3

Table 2. Simulational and experimental condition of
static situation.

Input voltage V4 30V
Output voltage Vg, 30V
frequency fp 85.0kHz

Table 3. Specification of coils.

Transmitter coil(TX1) Transmitter coil(TX2) Receiver coil
Size of coil 1000x250 mm 1000x250 mm 185x185 mm
Resistance R 159.17 mQ 223.15mQ 28.07 mQ
Self inductance L 238.05 uH 24491 uH 101.45 uH

lation was implemented and analyzed in MATLAB/Simulink.
The experiment was performed on the bench imitating
DWPT as shown in Fig. 7. The coils used in W-IWM3 are
shown in Fig. 8. In this simulation and experiment, for the
sake of simplicity, it is assumed that two transmitter coils
are driven using a three-phase inverter. The values and coil
parameters shown in Table 2 and Table 3 are used In the sim-
ulations and experiments.

3.1 Experimental results of static situaiton In or-
der to confirm the fundamental operation, the experiment in
static situation was conducted. The experiment is conducted
under the conditions as assumed in Table 2, and the waveform
at that time is shown in Fig. 9. In this experiment, the receiver

coil(RX) is always one of the transmitter coils (TX1), and the
mutual inductance is 23.5 uH. However, it can be seen that a
voltage surge and a minute current are flowing in another of
the transmitter coils (TX2) for a very short time. It is con-
sidered that the waveform is due to the parasitic capacitance
provided in the switching elements under gate-off.

In order to consider how much the voltage and current in
this TX2 affect the system, DC input and output power was
measured in both the swithing system and the basic system.
The result is shown in Fig. 10. Compared in terms of the ef-
fciency, the efficiency of the basic system was 87.4 %, and
that of the switching system was 87.2 %. As shown in Fig.
10, it was found that the voltage and current were so small
that they had little effect on the transmission power.

3.2 Factor analysis for current of TX2 In the ex-
periment of static situation, it can be seen that the voltage
variation and minute current are flowing in TX2 for a very
short time. In order to consider the cause, the simulation of
the same situation was conducted. The simulation model is
shown in Fig. 11.

The coil that controls power transmission is only TX1 con-
nected to the u-phase and v-phase, and power transmission is
not performed to TX2. As shown in Fig. 12, only the u and v
phases send the gate drive signal, and the w phase is always
in the gate off state.

The simulation results of stationary condition are shown in
Fig. 13, Fig. 14. In the simulation model, the parasitic capac-
itance value of mosfet Cy; actually used in the experiment
is included, and the value C, is 155 pF. For comparison,
simulation was performed also when there was no parasitic
capacitance (Cy; = 0). From the results of Fig. 13, it can be
seen that only TX1 and RX can transmit power by WPT. The
same waveform as in the experiment was seen in TX2. From
the results of Fig. 14, due to the influence of parasitic ca-
pacitance, the voltage change of w-phase becomes slow, and
a potential difference occurs in TX2 for a short time. This
revealed that the parasitic capacitance was the cause of the
voltage variation and minute current in TX2.

3.3 Experimental results of dynamic situation Fig.
15 shows the experimental waveform when two coils are op-
erated with a three-phase inverter while moving the RX at
1km/h. The distance between the two transmitter coils is
set to 400 mm. This is a position where the mutual induc-
tance between the transmitter coils is about 1/100 of the self-
inductance, and its influence of mutual inductance between
two transmitter coils is almost negligible. From the exper-
imental results, it can be confirmed that each coil can be
driven independently and transmitted to the RX. For about
2.8 seconds from the start of power transmission, only her
arm connected to the first power transmission coil TX1 is op-
erated and driven. At this time, it can be seen that the current
flows only in TX1 and almost no current flows in TX2. It can
be confirmed that the current is flowing through the RX and
the power is being received. After that, when the transmit-
ter current reaches the end of the transmitter coil where the
mutual inductance becomes small, it can be confirmed that
the current value increases. In this experiment, the current
threshold was set to 4 A, therefore all gates were turned off
when the current exceeded the threshold. The control cycle
is 10 us, then the control is performed in a sufficiently short
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Table 4. Experimental condition of dynamic situation.
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Fig.12. Gate signal of simulation.

switching elements. The feasibility and fundamental opration
was shown by simulation and experiment. Simulations and
experiments revealed that a small amount of current flows
through the coil that does not transmit power, but the results
show that the amount and effciency of power supply is al-
most the same as that of the previous system. In addition, an
experiment simulating DWPT was actually conducted, and
it was demonstrated that control corresponding to changes
in mutual inductance is also possible. In the future work, a
five-phase or nine-phase inverter will be verified that the coil
switching is possible as well. In addition, the introduction

g‘p:“ :Olt?fe V“ﬁ” zgz of vehicle detection technology using the method discussed
utput voltage Vg, . . .

frequency f ‘ 85 kHz in [11] will be considered.
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