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ABSTRACT: A technical innovation for the downsizing of motor system is necessary to realize the saving energy, and roomy and

comfortable car interior space in Electric Vehicles (EVs). In this research, a novel powertrain system of multiple high speed motors and

Magnetic Multiple Spur Gear (MMSG) for the electric vehicle is proposed. The MMSG can achieve the high transmitted efficiency by

magnetically transmission using permanent magnets. Moreover, the drive system realizes the drastic downsizing by using multiple high

speed motors which rotate in the speed region of 50000 min’. In this paper, the motor system is designed for a powertrain of EVs, the

optimal configuration of the gear ratio, number of motors, and motor shape from the perspective of downsizing and improving efficiency

is clarified.
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1. INTRODUCTION

The downsizing of motor drive system is required to realize the
saving energy and the roomy and comfortable car interior space
for EVs. As one of methods for downsizing, the volume and
weight of a motor can be reduced by the high speed drive and the
lower output torque under a constant output power. Then,
mechanical gears are used to transform a demand torque and speed
according to the load. However, mechanical gears have problems
that gear teeth are worn by contacting and require the lubrication
and the maintenance. Moreover, the gear volume becomes larger
and the transmitted efficiency is decreased by increasing the gear
ratio as the rotational speed is higher. In order to take advantage
of higher motor speeds, the technical innovation of gears is
necessary. Therefore, this research focuses on magnetic gears.
Magnetic gears can convert the torque and rotational speed
through magnetic force of permanent magnets in non-contact, that
can solve problems of mechanical gears and realize the motor
system with maintenance-free, low acoustic noise and low
vibration characteristics. By taking advantage of the non-contact
power transmission, the motor system can be made smaller and
lighter by further increasing the motor speed.

Most of conventional magnetic gears are based on the principle
of magnetic flux modulation using pole pieces as shown in Fig.
1(a). These magnetic gears transmit power by the flux modulation

technique using stationary pole pieces, that can obtain high torque

density of more than 100 kNm/m? (-3, Additionally, the magnetic
geared motor integrated with a motor and a magnetic gear enable
compact system size @). However, there are no magnetic gears
that can be used for applications exceeding 10000 min! such as
automobiles because it decreases the transmitted efficiency
because the eddy current loss and core loss due to harmonic flux
generate in the flux modulation process. Moreover, the mechanical
strength of input rotor is low because large rotor diameter makes
it susceptible to centrifugal force at high-speed rotation. Although
the rotor can be reinforced by using retaining sleeves©®), it is
difficult to suppress the mises stress because the magnetic gear
needs to ensure the large diameter of input rotor for the high
transmitted torque.

To overcome problems, a novel magnetic gear has been
proposed in this research ®D, It called as Magnetic Multiple
Spur Gear (MMSG). In Fig. 1(b), MMSG consists of one output
rotor, and several input rotors which are input by small-sized high
speed motors. It can easily drive in high speed of more than 50,000
min" ! by separating into multiple input rotors with small diameter.
Additionally, the flux transmission method without the pole pieces
can decrease the harmonic flux in the air gap and reduce the eddy
current loss and core loss, that realizes high transmitted efficiency
in the high speed rotation. The MMSG is input by multiple small-
sized motors. These multiple motors are driven in a maximum

rotational speed of exceeding 50,000 min! to achieve high power
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Fig. 1 Magnetic gear structure.

density, the total output powers are efficiently converted by using
MMSGQG, that can realize the downsizing and high efficiency of the
drive system. In previous study, it has been shown that the
prototype of MMSG system can achieve the high torque density
and high efficiency in the high-speed range!'“('D). However, the
optimal configuration of magnetic gears and multiple motors for
the actual EV powertrain to achieve compactness, lightness and
high efficiency has not been clarified.

This study clarifies the optimal configuration of types of
magnetic gear, the gear ratio, number of input motors, and motor
shape in proposed system from the perspective of downsizing and
improving efficiency for EV powertrain.

2. MOTOR SYSTEM INTEGRATED OF
MMSG AND MULTIPLE MOTORS

As described in Section I, the motivation of this research is to
take advantage of the non-contact power transmission of magnetic
gear, the motor system can be made smaller and lighter by further
increasing the motor speed. In this section, the proposed motor
system is described.

2.1. Magnetic Multiple Spur Gear (MMSG)

Fig. 1(b) shows the structure of the proposed MMSG. It
consists of one output rotor and several input rotors which are
rotated by the multiple high speed motors. The magnetomotive
force of each input rotor is directly transformed to the output rotor.
Then, the gear ratio G between the input rotor and the output rotor
is given by:

G=212, 0
where Zi, Zi, and G are the pole pairs of the input rotor and the
output rotor, and the gear ratio, respectively. The output torque 77
is defined as follow:

7,=GT,xN @

nh
where Ty, N are the torque of the 7w input rotor, number of input
rotors, respectively. That is, the output torque is obtained by the
product of the torque of one motor, gear ratio, and number of
motors. From the operation principle, there are some advantages

in MMSG as follows. (i) The mechanical strength of input rotor is

Multiple
high speed motors

high because the mises stress generating at the input rotor can be
reduced in high speed rotation by separating into multiple small-
sized input rotors. (ii) High efficiency is realized in the high speed
region because the eddy current loss in the magnet and core loss
can be much reduced by decreasing the harmonic flux due to pole
piece less construction. Moreover, (iii) it can achieve high torque
density because the fundamental component of flux density
2.2 Performances of MMSG

The performances of MMSG system have been evaluated by the
experiment!'). The prototype machine is shown in Fig. 2. The
prototype system was designed to satisfy 25 kW and the gear ratio
1:10, the dimension of the gear is 220 mmxL26.5 mm. The
MMSG is driven by 15 motors and 15 inverters, a commercial
brushless motor of maximum power 1.7 kW is used as the input
motor. Fig. 3, Fig. 4, and Fig. 5 show the measured gear efficiency,
motor efficiency, and system efficiency including motor and gear.
As shown in Fig. 3, the prototype gear achieves the high efficiency
of more than 95 % even if the rotational speed increases up to
21,000 min!. As shown in Fig. 4 and Fig. 5, the system efficiency
of about 80 % is achieved in the high-speed and low load area.
However, the system efficiency is low in the low speed and the
high load area, that depends strongly on the efficiency distribution
of the brushless motor. Fig. 6 shows the gear efficiency and system
efficiency at maximum power 25 kW and in the input speed up to
42,000 min!. The gear efficiency of more than 95%, the system
efficiency of more than 85% can be obtained because the motor
efficiency increases in the range of high speed and high output

power.
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Fig. 4 Measured motor efficiency.
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at maximum output power 25 kW.
3. DESIGN OF MMSG SYSTEM FOR EV

3.1. Specifications for powertrain system

In this section, the proposed motor system is designed as the
powertrain system for EVs. The configuration of powertrain
system is shown in Fig. 7. The system of MMSG and multiple
motors is integrated with the mechanical gear, the output power is
added to the output power of another motor by mechanical gears.
The Model 1 and Model 2 are configured by the parallel shaft
mechanical gear and the coaxial mechanical gear. The total system

achieves the output power 150 kW and the output torque 3090 Nm.

Model 1 Model 2

'J..‘b‘

Fig. 7 Configuration of powertrain system.

Table. 1 Specifications of MMSG system and mechanical gear.

Output power of system [kW] 50
Maximum torque of system [Nm] 1135
Maximum torque of total motors [Nm] 37.8
. . . . -1
Maximum rotational speed of tire [min ] 1,167
. . . .-l
Maximum rotational speed of input motor [min ] | 50,000
Gear ratio (Mechanical gear + Magnetic gear) 1:30
40 o 1200
—N motors 1000
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‘§20 m —1 motor 3 600
g &
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(a) Input motors (b) Mechanical gear
Fig. 8 Output characteristics of multiple motors
and mechanical gear.

The specifications of MMSG system and mechanical gear are
shown in Table. 1. The drive system satisfies the maximum power
50 kW and the maximum torque 1135 Nm to drive WLTC mode.
The output characteristics of multiple motors and the mechanical
gear show Fig. 8. The system gear ratio of magnetic gear and
mechanical gear is 1:30, the maximum rotational speeds of the tire
and the input motor are 1,667 min™! and 50,000 min"!, respectively.
The system diameter is designed to less than 260 mm.

3.2. Design of MMSG

In this design, two types of MMSG are considered. The
structures of MMSG are shown in Fig. 9. The outer type MMSG
has an output rotor outside of input rotors. The inner type MMSG
has an output rotor inside of input rotors. As characteristics of the
outer type MMSG, the high torque density of magnetic gear can
be easily obtained because the diameter of output rotor is larger.
On the other hand, in the inner type MMSG, the diameter of motor

can be ensured because the distance between the input rotor is
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large, that makes easier to reduce the size of the motor.
Additionally, the small bearing of output rotor can be used.

Fig. 10 shows the shape of MMSG. In the MMSG, the
following geometrical condition is satisfied to prevent torque
reduction and pulsation in the flux transmission between the input
and output rotors.

R0, = Rp0p (€))

where Ri, Ri, 01, and Oy are the inner radius of output rotor, the
radius of input rotor, magnetic pole arc degree of output rotor, and
magnetic pole arc degree of input rotor, respectively. Substituting
the relation of Z;6, = m and Z,0, = m into equation (3), the
relation between the rotor radius and gear ratio is expressed as
follows.

R _R 1
Z_§=Z_:HRh=ERl “)

That is, the radius of the input rotor is determined by the radius of
the output rotor and the gear ratio. If the condition in equation (3)
is considered, the following equation is applied to limit the number
of input rotors not to contact between neighboring input rotors in
outer type MMSG.

No<— "o — ®)

sin~1( )

Ri-Rp-lg

Where No, lg are number of input rotor in outer type MMSG, and
the air-gap length between input rotor and output rotor,
respectively. Additionally, the radius of motor needs to satisfy the
following equation so that motors do not contact each other.

o < (Ri = R = Ly)sin (37) (6)

where 7m0 18 the radius of motor in the outer type MMSG.
In the case of an inner type MMSG, the number of rotors is

limited by the following formula.

b4
Ni < T -a—

in—1 h
sin~!(-—"—)
Rj+Rp+lg

™

where N, is number of input rotor in the inner type MMSG. The
radius of motor is determined to satisfy the following equation.

Tmi < (Ru+ Ry + 1g) sin() ®)

where 7 is the radius of motor in the inner type MMSG. From Eq.
(5), (6), (7), and (8), in the inner type MSMG, more input rotors
can be arranged and the motor diameter can be increased compared
with the outer type MMSG.

The torque density of MMSG for number of input rotors shows
Fig. 11. As shown in Fig. 11, the torque density of MMSG can be
increased by increasing the number of input rotor. Additionally,
the MMSG of high gear ratio needs to increase the number of input
rotor to achieve high torque density compared with the MMSG of

Input rotor

\ Output rotor

(a) Outer type MMSG (b) Inner type MMSG
Fig. 9 Structure of two types MMSG.
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Fig. 10 Shape of MMSG.
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Fig. 11 Torque density of MMSG.

low gear ratio. On the other hand, the increasing number of input
rotor results in decreasing the diameter of motor by Eq. (6) and (8),
that causes to become large motor size due to increasing the motor
stack length. Therefore, the gear ratio of magnetic gear is set at 1:6,
which allows the highest torque density to be achieved under a
small number of input rotors. The gear ratio of mechanical gear is

set at 1:5.
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3.3. Design of Motors

Fig. 12 shows a standard model of PMSM. The structure is 4
pole and 6 slots, Surface Permanent Magnet Synchronous Motor
(SPMSM). Fig. 13 shows the design flow of motor. Once the
number of input rotors is decided, the required torque and output
power of one motor are determined, and the motor diameter is
determined by Eq. (6), and (8). Next, based on the standard model
in Fig. 12, the dimensions of each part of the rotor and stator are
determined by the ratio of diameter to the standard model. The
magnetomotive force and motor stack length are determined so
that the current density and the required torque are achieved.
3.4. Evaluation of size and weight for number of input rotors

The designed models of each type are shown in Table 2. The
models with different numbers of input rotors are designed for
outer type and inner type of magnetic gear. As the number of input
rotor increases, the diameter of motor is decreased, the stack length
of motor is increased to achieve the required torque.

The size and weight of designed models are shown in Fig. 14
and Fig. 15. The size and weight of motors include total volume
and weight of multiple motors. As shown in Fig. 14 and Fig. 15,
as the number of input rotor increases, the size and weight of
magnetic gear decrease due to increasing high torque density of
magnetic gear, however, the size and weight of motors increases
because the torque density of one motor is decreased due to
becoming large stack length. That is, there is a trade-off
relationship in size and weight between magnetic gear and motors
for the number of input rotors. Comparing the outer type MMSG
and the inner type MMSG, the system size of outer type MMSG

21.4

48

Fig. 12 Standard structure of PMSM (1/2 model).

Number of motor

Required torque and output power
Poles and slots (4 poles and 6slots)
Diameter of motor

Shape of stator and rotor

No-load magnetic flux linkage at
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l

Magnetomotive force (N, I) is
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]
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m
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Fig. 13 Design flow of motor.

Table 2. Designed models of outer type MMSG and inner type MMSG.

Outer type MMSG

Inner type MMSG

Magnetic gear

models
Number of rotor 9 12 15 9 12 15 18
Gear ratio 1:6 1:6
Pole pairs of input rotor 3 3
Pole pairs of output rotor 18 18
Diameter of gear [mm] 250 230 | 230 | 240 250

Motor models

Output power [kW] 5.6 42 33 5.6 42 33 2.8
Torque [Nm] 42 32 2.5 4.2 32 2.5 2.1
Diameter of motor[mm] 66 48 40 58 52 43 38
Stack length[mm] 35.3 71.7 98.6 52.4 56.1 79 97.8
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can be reduced compared with that of the inner type because the
volume of magnetic gear is smaller, the system weights are almost
same in both types. Although the inner type MMSG has a larger
system volume, the system weight does not increase so much
because the diameter of the output rotor in magnetic gear is small,
and the weight of motors can be reduced compared with that of
outer type MMSG. From these results, considering the size and
wight, the numbers of input rotor (number of motor) in outer type
and inner type are set to 9, and 12, respectively.
3.5. Configuration of designed models

The configuration of designed models shows Table. 3. As
shown in Table 3, the Model 1 is configured with the inner type
MMSG system and the parallel axis mechanical gear, the Model 2
is configured with the outer type MMSG and the coaxial
mechanical gear. The power density of outer type MMSG system
is 18.8 kW/L and 4.9 kW/kg, that of inner type MMSG system is
15.7 kW/L and 4.4 kW/kg. The power density is calculated by
considering only magnetic gear (MMSG) and multiple motors,
does not consider mechanical gear, a housing of motor and gear,
inverter.

4. EVALUATION OF SYSTEM EFFICIENCY

The efficiency map of magnetic gear, motor, and system
(magnetic gear + motors + inverter) are evaluated in the input
speed range up to 50,000 min™'. The efficiency maps of the Model
1 and Model 2 are shown in Fig. 16 and Fig. 17. As shown in Fig.

16 and Fig. 17, the efficiency maps show almost the same

Table 3. Configuration of designed models.

Model 1 Model 2
Inner type MMSG Outer type MMSG
+ Parallel axis mechanical gear + Coaxial mechanical gear |
Inner type MMSG Outer type MMSG
Model 3
5 56 353 33
I o[
M(;tor 250 M(:nor 250
Magnetic gear Magnetic gear
Gear ratio 6 6
Number of rotor 12 9
Power density
[kW/L) 15.7 18.8
Power density
[kW/ike] 4.4 4.9

distribution for these types. The magnetic gear achieves high
efficiency of more than 95 % in wide speed range. However, the
efficiency is reduced due to the eddy current loss in magnets in the
range of low torque and high speed. The motor achieves the
efficiency of more than 90 % in the input speed up to 25,000 min-
1. However, the core loss and eddy current loss in magnet increase
in the input speed range of more than 25,000 min’!, the motor
efficiency are decreased. The losses of motors and magnetic gear

in high-speed range need to be reduced.

Copyright © 2025 Society of Automotive Engineers of Japan, Inc.



EVTeC 2025

7™ International Electric Vehicle Technology Conference 2025

Input motor speed [min"]

(c) System

Fig. 17 Efficiency map of outer type MMSG (Model 2).

Copyright © 2025 Society of Automotive Engineers of Japan, Inc.

q o2 x| [ oo
793 948 95, 95
103 93 952 20
= 937 94.4_95.0] 0. 5
E 92 93 L8 95, 52
Z 943 9y 05 = E”g
o B 8| 945 951 95 65 5
= [ o[ 947 953 9 0 5
g 949 954 05 55 2
Z 94 951 953 95.9 05 50 2
) 91 944 953 955 95 90.7 902 45—
3 948 954 955 953 0 X
£ 95 954 953 9 oa. 23
5 950 953 o5 oa. 3 B
a 95_oa.
S o 949 949 033 02 N
X .8 92.4 90 . 9
g 7868 I. ] | o4
166° 5001] 6668 833 16670 1833 zoom 283
Input motor speed [min-!]
(a) Motor
=]
= o]
o
El =g
g a.
:
S <
3 —
£ =
2 [ 5.7] 95.48[ 55.217] 65.06[ 94
g mm-m 93.7:
Em: 91
[95.41] 94.94] 64.41[ 93.89 93.37] 92.85] 92.35] 91.85 01.35 00,69 90.38] 8998, A-:-l -!
§ N m.sm
| 1667] 3334] 5001] 6668 833510002]1166913336]1500316670[18337]20004]21671]23338]25005[26672/2833930006|31673[33340[35007]36674]38341[40008[41675[43342]45009[46676[48343{50010)
Input motor speed [min"]
(b) Magnetic gear
[37.4 69 [0
70. 95
70. 2y
85
—_ 7L
80
72.
: B 5
o | 252 73 6 5:3
2 [l 0 g
= 74. 55 g
fjmi o E
76. —
g 4=
g 77 33—
= 7 7 B
2 7! 0 x
=) 79, 20
]
78,
2] 76. | 53] 51.9 50.4] 48.9 47. 3 36.
166 [21671]23338[25005[26672[28339[30006]31673[3: 4 4834350011
Input motor speed [min']
(c) System
Fig. 16 Efficiency map of inner type MMSG(Model 1).
7 [iog
95
%0
= 85
£ 50
Z 5 m
70
F] @ =
o =
= 0 o
st 55 2
= 0 2
£ 6 s
40
£ 3 =
E 80 20
5 =7 2
—_— 71 20
61
5 41
76[4834°
Input motor speed [min']
a) Motor
[od
95
%0
—_ 85
80
z i o
g 65 F,=B
Z H
8 0 2
=
=] 45—
3 40 X
33—
g 30
2 o5 o511 2
] | 955 949 94.3] 937
3 EH: X
[ 1667] 3334 5001] 6668 8335/1000/1166913336]16003166 10
Input motor speed [min']
(b) Magnetic gear
7 [
95
90
— 85
80
z i g
ﬂz) 65 Bcg
Z s g
e 0 G
5 45—
3 313 80, 0 X
£ 79.0 783 775 768 76 75 3
5 759 751 743 73, 30
a 717 708 60.9 69 N
] X X 648 638 63.3 62
I ; 5 53, 523 51
7] 708 66 62. 595] & X 325 31
1667] 3334 5001] 666¢ 33 216 3534 [400 5001



EVTeC 2025
7™ International Electric Vehicle Technology Conference 2025

5. CONCLUSION

In this paper, a novel motor drive system of multiple high-
speed motors and Magnetic Multiple Spur Gear (MMSGQG) for the
electric vehicle was proposed. The proposed system was designed
as a powertrain of EV, the relationship between gear ratio and
number of input rotor was clarified in terms of volume, mass, and
power density for two models of the outer type MMSG and the
inner type MMSG. The outer type MMSG had an advantage in
terms of system size, however, the difference in system weight was
almost the same in both types. Additionally, the efficiency
distribution of the magnetic gear and motor was almost the same
for each model, but there is a need to reduce losses of the magnetic
gear and motor during high-speed rotation. In the future, the
system efficiency will be improved by reducing losses of magnetic

gear and motors in the high speed range.
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