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Design of In-Wheel Type Switched Reluctance Motor
for Electric Vehicle Traction and Wireless Charging
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Abstract - This paper presents the design of in-wheel type Switched Reluctance Motor (SRM) which can be used as both
traction motor and power pickup device in a wireless charging system of electric vehicles. The SRM acts as a traction drive
in driving mode and a power receiver in charging mode to avoid any additional weights. Double stator axial field SRM is used
due to its structure that can be mounted inside the wheel. The charging circuit is integrated with the asymmetric converter
and phase windings of SRM, reducing the cost and size of the system. Magnetic resonance is implemented to increase the
efficiency. Simulations done in Maxwell and Simplorer verify the effectiveness of the proposed system.
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1. Introduction

In recent years, electric vehicle (EV) has been gaining
interest due to the increasing problems of pollution and
energy crisis. It is considered as the future for a sustainable
automotive industry [1]. The development of EV is crucial
in reducing carbon dioxide emissions which play a major
role in global warming. The transition from ICE (Internal
Combustion Engine) vehicle to EV cannot be made so
sudden and therefore comes some steps in automotive
electrification. Generally, there are three kinds of automotive
electrification which are commonly found in our everyday
lives: HEV (Hybrid Electric Vehicle), PHEV(Plug-in Hybrid
Electric Vehicle), and BEV (Battery Electric Vehicle). The
structure of each type is shown in Fig. 1.

The driving range and power components' efficiency of
current EVs are increasing but eventually this range will
run out and the vehicle needs to be charged. Most EV
owners have short mileage and they can conveniently
charge every night at home for the next day run. However,

this could turn to be a tedious work to do and therefore
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comes the electric wireless charging system for EVs to
improve the convenience of the owners, Furthermore, the
development of wireless charging may lead to a lowered
safety risk associated with the mechanical

failures of

conventional plug-in chargers.

HEV
Hybrid Electric Vehicle

PHEV
Plug-in Hybrid Electric Vehicle

BEV
Battery Electric Vehicle

Regenerative
Braking
Motor

Batteries

e !

Fig. 1 Electric vehicle types

The EV
consists of a three main components which are a charging

conventional wireless charging system for
controller, a power transmitter, and a power receiver or a
pick-up device, as shown in Fig. 2. By using this kind of
system, charging-while-driving can be made possible by
planting the power grid under the road and the vehicle will

charge itself only by driving above it. This leads to a
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reduced vehicle weight since charging at all time means
less battery capacity needed and battery weight gives a
huge impact on the total weight of a vehicle, thus the
efficiency of the vehicle can be increased. However, the
road has to undergo a significant construction work since
the power source has to be embedded underneath and it is
a costly process. The major drawback of this wireless
system without the charging-while-driving technology, is
the extra weight of the power pick-up device which
increases the deadload of the vehicle during driving that
may lead to a slightly decreased efficiency.

Charging controller

Power receiver

W

Power transmitter

Fig. 2 Conventional wireless charging system

Switched reluctance motor (SRM) drives are ideally
suitable for EV traction drive due to its doubly salient
structure, which is light, fault tolerant, and easy to cool by
nature [2]. This is important to fulfill the need of a more
efficient, lightweight and compact electric propulsion system.
SRM also has a wide speed range and high power density,
which enables it to eliminate the reduction gears in the
power train and mount the motors directly inside the wheel,
which is known as in-wheel motors. In this paper, a wireless
charging system of electric vehicle by using in-wheel type
SRM as both power pickup device and traction motor is
proposed. The stator windings are used as receiver coils
during charging mode to avoid any additional weight to the
vehicle. Integrated charging circuit shares the power
switches of the motor converter without -changing its
topology, reducing the cost and size of the system.

2. Double Stator Axial Flux Type SRM

Switched reluctance motor is a doubly salient motor,
which has no windings or permanent magnet on the rotor.
This unique structure makes SRM simple, robust and low
cost. Among many SRM topologies, axial flux (AF) type is
one of the best candidates for electric vehicle applications
due to its disc-shaped structure, which allows a direct
coupling with the wheel. The previously developed motor
was a 12/10 poles single-stator axial flux (SS-AF) SRM [3],
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as shown in Fig. 3. However, it experiences an eccentricity
problem at the rotor since it was difficult to hold the rotor
in place because it keeps getting pulled to the stator due to
one side only excitation, as shown in Fig. 4. Even though a
pair of coil located 180° apart are excited at the same time,
due to some loss and faults, the rotor gets pulled more to
one side of the coil and worsens the balance. The result of
this eccentricity is that the rotor may hit the stator during
load-condition and stall.

Rotor segment

Magnetic isolator

Stator
Winding

Fig. 3 Structure of 12/10 SS-AF SRM

N e

Fig. 4 Flux flow of 12/10 SS-AF SRM

Therefore, the newly developed motor is a 12/10 poles
double-stator axial field (DS-AF) SRM [4]. The designed
motor utilized segmented rotor type that results in a
short-flux path during excitation and may lead to high
torque density and increased efficiency due to a reduced core
loss. The motor stator and rotor structures are shown in Fig.
5 and 6, respectively, and its parameters are described in
Table 1. Also, the flux flow during phase excitation is shown
in Fig. 7.

The static performance comparison of SS-AF and DS-AF
type is shown in Fig. 8 and 9. In an SRM, by finding the
inductance profile, the torque characteristic of that
particular motor can also be known. The relationship
between inductance L and torque 7' in an SRM is as
follows,

1 ,dL

T= El E (1)

where ¢ is the phase winding current and 6 is the rotor

position. Therefore, by seeing the change of inductance, the
torque characteristic can be defined. This newly developed

1867



HM7|5t5=2X| 663 125 20174 128

Fig. 5 Motor structure of 12/10 DS-AF SRM
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"%
ek T

Fig. 6 Rotor structure of 12/10 DS-AF SRM
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Fig. 7 Flux flow of 12/10 DS-AF SRM
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Fig. 8 Inductance comparison between SS/DS-AF SRM
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Fig. 9 Torque comparison between SS/DS-AF SRM
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Fig. 10 In-wheel use

Table 1 Motor parameters

Parameters Value
Number of phase 3

Stator pole 12

Rotor pole 10

Rated speed 2800 rpm
Rated torque 1.71 Nm
Output power 4985 W
Efficiency 82.4 %

motor shows better performance than SS-AF. Fig. 10 shows
the illustration of in-wheel use of the motor.

3. Charging Mechanism

The proposed charging system is illustrated in Fig. 11.
Guidelines embedded into the platform and wireless
communication between car and stations are used to minimize
misalignment and improve the overall charging efficiency. The
effect of distance on inductance and coupling coefficient is
shown in Fig. 12. Take note that in this study, the motor
used is only a prototype thus it is a downsized version of that
of the actual in-wheel motor. Since the in-wheel motor is
used here, the charging stations or power source are placed
standing on both sides of the car, reducing infrastructure cost
due to the re-construction of the pavement. Also, the
charging stations are equipped with bluetooth device to
enable communication between the vehicle and station in case
of full-charge or danger to increase safety.

Fig. 11 Proposed charging system



65 0.75
— Inductance(Phase A-one winding)

.. - - Coupling coefficient =
z 60 s 07 £
2 £
S )
=55 0.65 S
Ch .65 &
S =
¢ g
=50 06 2
S

45" : : 0.55

16 17 18 19 20

Distance (mm)

Fig. 12 Inductance and coupling coefficient according to
the variety of distance

Caris going to park? Start charging

Car m onitors and sends
battery status to charger

Battery is full? Of !

caris tamed ON T

Guide line is ON

Guide ine1s OFF

Caris mamed off7

Fig. 13 Flowchart of the proposed system

Charging procedures are described in Figure 13. As
mentioned before, the guideline helps driver to align the
rear wheels with the charging station to minimize loss due
to misalignment. Then, only when the car is off, the
charging process will take place. This is to protect the
motor drive due to the opposite current flow direction
during motoring and charging. Further development may be
needed to fix this problem, thus enabling charging-while-
driving for the system. Then, the battery status will be
monitored continuously by the car electronics and the stop
signal will be sent to the charging station if the battery is
full or the car is ready to leave.

3.1 Transmitter Design

In the charging system design, only transmitter is
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considered because the power receiver uses the existing
traction motor winding without any change. Since the
prototype motor is smaller than the actual wheel, scaling
percentage is used to determine the size of transmitter. The
comparison is provided in Table 2. For the actual wheel size,
21/9" type is chosen. It can be calculated that the motor is
approximately in 1:5 ratio with the actual wheel.

The transmitter module consists simply of six spiral coils
that are set to be aligned with SRM coils and a ferrite plate
to support the coils and provide better magnetic coupling, as
shown in Figure 14. Fig. 15 shows the simulation model.
Note that here, the distance between the motor and
transmitter is set as 20mm and air is the transmitting
medium and environment around the system. Between the
traction motor and transmitter, there is a tire rim frame,
usually made of metal. If this frame is considered in the
model, the thickness will be no more than 5mm and the air
gap that is given in the model is sufficient to insert the rim
in between transmitter and motor. By observing Fig. 16, it

Table 2 Comparison between prototype motor and actual

wheel
Parameters Value
Actual wheel rim diameter 5334 mm
Actual wheel width 228.6 mm
Motor outer diameter 104 mm
Motor thickness 35 mm
Ferrite plate

Transmiter
Winding

Fig. 14 Transmitter model

Air
environment

Tra,n/smitter

Fig. 15 Maxwell simulation model
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Table 3 Transmitter design parameters

Parameters Value
Inner radius of transmitter coil 10 mm
Number of turns 10
Outer radius of ferrite plate 65 mm
Thickness of ferrite plate 5 mm
Distance from motor 20 mm

can be known that the larger the inner radius of the
transmitting coil, the better the performance is. Furthermore,
more winding turns is also suggested as shown in Fig. 17.
However, these factors contribute to the physical size of
charging station. The selected parameters of the transmitter
is presented in Table 3, which winding inner radius, number
of turns, and ferrite’s thickness have been optimized to get
the optimum result.

3.2 Magnetic Resonance and Power Converter

The power transfer circuit consists of SRM asymmetric
bridge converter, capacitors, battery, transmitter/resonator,
and SRM coils as the pick-up module. Magnetic resonance
in wireless power transfer is commonly used to increase
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efficiency. The capacitors are added to achieve this and one
is implemented on each side. The equation for the resonant
frequency is as follows,

1
f= om VIO (%)
where (' is the capacitance and f is the desired resonance
frequency. SRM coils are used as pick-up module and its
converter is switched to demagnetization stage which allows
the current to be transferred to the battery. Therefore, the
current flow is the opposite as what it is during motoring.
There are no additional components in this integrated
system. Figure 19 shows the equivalent circuit of the
proposed system.

The structure of axial field type SRM puts the windings
between stator plates and separated by rotor plate. At high
frequency, large eddy current is induced on the metal plate
and shields magnetic fields generated by the resonator [5,6].
Magnetic resonance coupling at high frequency is difficult
to achieve. Therefore, in this study, low resonant frequency
is proposed to avoid skin effect.

4. Simulation Results

The simulation was done in Ansoft Maxwell for motor
performance analysis and then the model is coupled with
the circuit in Simplorer to achieve the result. Fig. 19 shows
the simulation model in Simplorer. The efficiency varies
with frequency as shown in Fig. 18 with variable capacitor
values. Then, the search for highest efficiency narrows
down between 400Hz to 500Hz. Finally, the optimum result
is obtained at 486 Hz for 98.30%, as seen in Fig. 20. Fig.
20 also shows the resonance happened during transmission.
Here, the transmitter and receiver capacitor value is 0.00253
Farad and 0.246 Farad respectively. The input and output
power of the system are 735W and 722.5W respectively.
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Fig. 18 Efficiency according to transmission frequency
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Fig. 20 Efficiency at 486Hz

5. Conclusion

A design of SRM that is used as traction during motoring
and power pickup device during wireless charging in EV is
proposed. Double stator axial field type is chosen due to its
structure for in-wheel mount and reduced eccentricity. The
charging circuit is integrated to SRM converter without any
change to the motor drive. Charging stations or power
transmitter are located on the rear side of the cars. The
stator windings which are used as power receiver are located
between stator plates, which produces large eddy current
loss at high-frequency. Thereby, low frequency magnetic
resonance is used to achieve maximum power transfer. The
optimum result is achieved at 486 Hz with 98.30% of
efficiency.

H7|AISA EgdM & 24 ST lZEY AR YHEA ST 4A

Acknowledgments

This work was supported by the Human Resources
Program in Energy Technology of the Korea Institute of
Energy Technology Evaluation and Planning (KETEP)
granted financial resource from the Ministry of Trade,
Industry & Energy, Republic of Korea.

(No. 20164010200940).

References

[1] Grilo, N.; Sousa, DM.; Roque, A, "AC motors for
application in a commercial electric vehicle: Designing
aspects,” Electrotechnical Conference (MELECON), 2012
16th IEEE Mediterranean , vol, no., pp. 277-280, 25-28
March 2012

[2] Xue, X.D., Cheng, KWE, Cheung N.C., "Selection of
Electric Motor Drivers for Electrical Vehicles", AUPEC'08,
Australasian, pp. 1-6, 2008.

[3] Wang,B. Lee, D.H.,, Ahn, JW., “Characteristic Analysis of
a Novel Segmental Rotor Axial Field Switched Reluctance
Motor wth Single Teeth Winding”, 2014 IEEE
International Conference on Industrial Technology, pp.
175-180, 2014.

[4] Son, D.H. Lee, D.H., Ahn, J.W., “Design and Analysis of
Double  Stator Axial Field Type SRM", 2017
Transportation Electrification Asia-Pacific (ITEC Asia-

1871



HM7|5t5=2X| 663 125 20174 128

(5]

(6]

Pacific), 2017.

Yamakawa, M.; Mizuno, Y.; Ishida, J.; Komurasaki, K.;
Koizumi, H. Wireless Power Transmission into a Space
Enclosed by Metal Walls Using Magnetic Resonance
Coupling. Wireless Engineering and Technology. 2014,

5, 19-24.

Yang, D.-X, Z. Hu, H. Zhao, H.-F. Hu, Y.-Z. Sun, and
B.-J. Hou, "Through-Metal-Wall Power Delivery and
Data Transmission for Enclosed Sensors: A Review,"
Sensors (Basel), vol. 15, no. 12, pp.31581-31605, Dec.

2015.

1872

I 0]A (Grace Firsta Lukman)
1994948, 2017 ZH0 H7IERY st
&Y. 2017. 3 28U HFtEERYAIZSH)
A T

& B % (Dong-Ho Son)
199184, 2016 A& HFIERUAZD
&Y. 2016. 3 28U H7IEERYAIZSHL
AAL 2+

0] & ] (Dong-Hee Lee)
19709 118 1194, 1996 By Zuj
Ar7)Zsh} 59, 1998 = mjst ®)2
skl EYAAD. 20018 5 Oist A2
Shb £9(Z4h. 200281~2005E OTIS-LG
AT, 2005E~SIx AP 2o Mzt
EZYA Z83t a4 EMECS HFOIAL

¢ A 2 (Jin-Woo Ahn)
1958148, 198414 RAth FriZsht £9.
1986 = thstel ®7|1Fst EYEAD.
19928 = tiste ®7|1Gst EYED.
1998¥~99  ml=  IAFIA
2006E~07d  Hl= HALoHE]  HEu4
2008E~SA AR TEZS} o]x]gto| =%
ATHE 2015~3A) AR KETEP ARFEHVAC 71E918
AEE, 2017~3/ A8 KETEP HVACSAZIA 159
MAEZE, 2017, 4 WE|S3A SHE 48, Slx) &
SEEsEY), 19928~8/ 28 HItEZY Azstat

el

r
il

ro
%
OO
© 0% >

]:JM
R



