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ELECTROMAGNETIC INVESTIGATION OF EXTERIOR ROTOR
V-SHAPE PERMANENT MAGNET MOTORS
FOR E-SCHOOTERS BY A FINITE ELEMENT TECHNIQUE

KHAO SAT DACTINH BIEN TU CUA DONG CO'NAM CHAM VINH CJU KIEU V ROTO GAN NGOAI
CHO XE MAY DIEN BANG PHUGNG PHAP PHAN TU HUU HAN

ABSTRACT

In this paper, an exterior rotor V shape permanent magnet motor of 2kW is
investigated to improve the constant torque and power in a wide speed in
comparison with the conventional BLDC motor. This outer rotor of permanent
magnet V shape motor of 2kW is potentially applied for E-scooters of the VinFast
Group - Vietnam with the speed of 90km/h. Several topologies of stator
slots/permanent magnet poles are proposed to obtain the maximum motor
power, torque and efficiency. The main advantages of V shape permanent outer
rotor are produced with the high number of rotor pole such as Z36/p32 and
748P40 to keep a small back electromagnetid force still at the high speed. In this
paper, an auto design program is presented to find out permanent magnetic
parameters and winding size though many calculation loops. The magnetic flux
density, eletromagnetic torque and torque ripple can be also estimated by
Matlab coupling to a finite element method.

Keywords: Exterior permanent magnet motor, E-scooters, electromagnetic
torque, Finite Element Method.

TOM TAT

Trong bai bdo nay, dong co nam chdm vinh cttu xép chir V 2kW roto ngoai dugc
nghién ctiu dé cai thién kha nang gitt mo-men xodn va cong sudt khong ddi & téc do
rong so vdi dong co BLDC hién tai. Loai ddng co rd to ngoai nam cham chit V nam
2kW nay sé rdt trién vong (ing dung cho xe Escooter ctia Vinfast - Viét Nam ¢6 toc do
90km/h. Mot s6 bd cau triic ranh stato/cuc nam cham vinh citu duor thiét ké dé tim
ra két ciu ¢d cbng sudt, mo-men xodn va hiéu suat I6n nhat. Uu diém chinh cda roto
ngoai vinh cliu hinh chit V 1a do ¢6 ¢4 56 cuc réto cao nhu Z36/p32, 248P40 va két
¢du nam cham gan chim nén cd thé giir cho suc dién dong nhé 6 téc do cao qua do
gita cho md mem khong ddi 6 viing toc do. Trong bai bdo nay, mét chuong trinh
thiét ké tu dong nham tim ra cac thong s6 kich thuéc nam cham vinh ctiu va kich
thudc day quan thong qua nhiéu vong tinh toan. Mat do tir thong, momen dién tir
va momen dap mach cling dugc khao sat thong qua chuong trinh tinh bing Matlab
lién két véi phuang phap tir tinh phan tlt hitu han.

Tir khéa: Ding co nam chdm vinh ci rotor gdn ngodi, xe hai bdnh, mé men
dién tir, phuong phdp phan tihitu han.
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1. INTRODUCTION

An exterior rotor has been recently proposed for the E-
bike brushless DC motor [1-4]. It is a simple structure to
easily mount a permanent magnet (PM) on the rotor body.
This is to provide an exterior rotor V-shape permanent
magnet (PM) motor for the sport motor bicyle design of in-
wheel motor as an electric scooter in Vietnam (Figure 1).
Currently, several companies are developing electric
motors for electric motor bicyles such as VinFast, HK bike,
small start-up Dat-Bike and Selex motors [1-4]. Among
those developers, Vinfast motor bicycle V9 model is
equipped with a mid-engine and chain transmission
system with a power of up to 7100W. It can reach a power
of 9000W equivalent to 12HP and a maximum torque of
22.27Nm. This power helps V9 accelerate from 0 to 70km
per hour in just six seconds and reach a maximum speed of
90km/h. Up to now, the maximum torque, power and
speed of the electric motor for mid-drive power trains have
been presented in Table 1. Those companies are also the
imported BLDC motors with the inner or outer rotor
structures from commercial products such as the
QS/Golden Motor in China.

Figure 1. Electric motorcycle model development of VinFast [1]

In [5], the V-shape interior permanent magnet (IPM)
machine is found to have a lower cost than an synchronous
permanent magnet (SPM) machine when the same torque
performance is required. In [6-8], a novel permanent-
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magnet flux switching machines with various-shaped
magnets, including rectangular magnets, wedge-shaped
magnets, and V-shaped magnets, are investigated and
designed for in-wheel traction application.

In this paper, an outer rotor of V shaped PM motor is
designed to get the maximizing torque and power in a
wide arrange speed up to 6000rpm. Geometry parameters
of the outer V shaped PM motor for the above scooter
parameter are shown in Table 2.

Table 1. Specifications of E Scooter

No Voltage 72VDC

1 Rated power 5kW

2 Peak power 7.5kW

3 Speed 3000 - 5000rpm
4 Rated torque 13Nm

5 Peak torque 45Nm

6 Efficiency >88%

7 Weight Weight

8 Number of Pole 4

9 Packing Size 380x310x280mm

Table 2. Geometry parameter of V shaper outer rotor

No | Parameters Value Unit
1 Outer diameter of rotor 110 mm
2 Inner diameter of rotor 88 mm
3 Air gap 0.5 mm
4 | Stacklength 100 mm
5 PM sizes 1.5x12 mm
6 | Shaftdiameter 40 mm

2. ELECTROMANGETIC DESIGN

An analytical design program of V shape IPM motor is
implemented by the Matlab coupling to the CAD drawing.
Main blocks of the design program are shown in Figure 2.

e
e
Program Interface -ie— Database |
Idaterial Library Analytical Calulation Export Drawings FEM Simulator

Figure 2. Diagrammatic program

The program is split into three main parts: a process of
analytical calculation, an exporting drawing and the
magnetic simulation. There are also some supporting parts
including material library which also associate with the
finite element method (FEM). Many analytical steps have
been implemented to defined the torque, and
electromagnetic parameters as:
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T = 2D% Ley. 0. TVR )

where T is the electromagnetic torque (N.m), D is the
rotor diameter (mm), Ly is the stack length (mm), o is the
ratio of L to D (L/D) and TVR is the torque/volume ratio.
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Figure 3. V shaped Magnet Outer Rotor
a) 24slots/20poles, b) 36slots/40poles, c) 36slots/32poles

The design interface is included design tools of
geometry parameter in menu-bar and 2D drawing
displayed in main design window. The 2D drawing of stator
slots and rotor poles will be saved in a DXF file to import to
the FEM simulation. The flux density and static torque
results are auto saved in library files. The Matlab program is
combined all data files and calculated torque and power as
design sheets. The results will be stored in database in mat
format. Main detail results of V shape IPM 36 slot/40 poles
are shown Figure 3 and Figure 4.
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Tshaft Pshaft 4530,2145 W Eff 5%

WCu WFe 62,5845 W WWE W

Wlata TempRise 5.0000 "¢ Jrms A/mm*
wt_Fe 2.0431 kg wt_Mag 0.2988 kg

wt Tot wt_Shaft 1. 0000 kg wt_Frame 0.0321 kg

wt_Fes wt_FeR 1.0441 kg wt_RSS 1.4420 kg

Figure 4. Design sheet of V shape IPM 365/40P

The shaft torque and power are respectively 43Nm and
4530W at the speed of 2000rpm not yet maximum speed
but maximum efficiency of 93.94%. This design will
compare with two other designs of 245/20P and 36S/40P
latter. There are three configurations of stator slots and
rotor poles to obtain the high efficiency with 24 and 36
slots and 20/32/40 magnetic poles. In order to get the total
performances compared with three models, the output
power, torque and efficiency are calculated in Table 3.

Table 3. Geometry parameter of V shaper outer rotor

Parameters Unit | 24S20P | 36540P | 36S32P
Average torque Nm 39 43 40.016
Speed limit for zero torque rpm 5449 7501 6508
Input Power Watts | 4,714.54 | 4,859.60 | 4,524.55
Output Power Watts | 4,369.00 | 4,530.60 | 4,182.70
Total Losses Watts | 345.54 329.00 341.85
System Efficiency % 92.67 93.23 92.44
Shaft Torque Nm 43334 42.716 34.047
Total weight kg 10.5 10.2 10.3
Power density W/kg | 416.10 444.18 406.09
Torque density Nm/kg 4.03 4.29 3.89

From the obtained results in Table 3, the configurations
of 36 slots/40 poles can get a maximum efficiency. The V
shaped IPM motor with 365/40P has been selected for the
final design and detail performances that will be shown in
Section 3.

3. SIMULATION RESULTS
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Figure 5. Flux density distribution of V shape outer rotor
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In order to find the motor performance, the FEM is
carried out to get flux density in air gap, tooth and tooth
EMF/turn as shown in Figure 5.

The flux density in stator and rotor tooths are shown in
Figure 5 with the maximum value of 1.6 Tesla. From the flux
density distribution, it is observed that at no-load condition
flux distribution is symmetrical. At the full load condition,
the flux distribution is un-symmetrical because of the
armature reaction. Since the energy conservation is
processed through the air gap, the air gap flux distribution
is necessary. The normal and tangential components of flux
density and force density along the air gap periphery at full
load condition is presented in Figure 6.
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Figure 6. Back EMF and torque waveform of V shape outer rotor
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Figure 7. Power and Torque (a) and DC link current and efficiency (b)
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The output torque value of 45Nm is the peak torque
requirement of 35Nm at the speed 2000rpm. Based on the
motor specification, the power, torque, efficiency and DC
link current have been validated with the speed from 0 to
5000rpm as shown in Figure 7. The input voltage is 72VDC
from batteries, the DC link current is supplied to three
phases being from 0 to 100A.

The peak power of V shape IPM motor can obtain
9500W at the speed 5000rpm. The torque value is 18N.m at
the maximum speed and the current density is 6.5A/mm?Z,
The output power, torque and DC link current are
important parameters for E-scooters in the normal
operation and peak torque or peak power operations. The
peak DC current from the battery is T00A, and maximum
efficiency is about 90% being higher than the efficiency
requirement.

4. CONCLUSION

This paper focuses on the V shaped magnet design of
outer rotor of IPM with different stator/rotor
configurations. The outer rotor of V shape permanent is the
novel design for E-scooters. After three models of the V
shaped outer rotor motor with 24slots/20 poles, 36
slots/32poles and 36slots/40poles, the design of
36slots/32poles has been selected with the highest
efficiency and power density. By applying modern design
programs of the analytical method and FEM, the power,
torque and efficiency performances have been succesfully
investigated and compared under the normal and peak
torque operations. This paper can also contribute to electric
motor bicyle developers and an outer rotor structure with
V-shaped PM arrangement like IPM motors. Main
advantages of this motor are to create the high torque and
power constant in wide range speed because the high
number of stator slot and rotor poles creates the small back
EMF.
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