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Design and Analysis of AFPM Coreless Motor for Electric Scooter

Chul-Ho Kim* and Chul-Soo Oh*#*

Abstract - This paper deals with the design and the characteristic analysis of a coreless axial flux per-
manent magnet (AFPM) motor. Because a direct-drive wheel motor is easily derived from it, the
AFPM motor is very suitable for application in an electric scooter. Compared to a conventional motor
of the same size and weight, the AFPM motor is proven to have more power and torque per unit
weight. In this paper, an AFPM coreless motor with a double-sided rotor disk equipped with Nd-Fe-B
rare earth magnets is designed and a prototype of the motor is manufactured, which will be properly
applied for the low-speed, and high-torque direct drive required for the electric scooter. The manufac-
tured prototype of the motor has a rating of 300W, 510rpm, 5.6Nm, and 85% efficiency.
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1. Introduction

Motors can be classified as radial flux or axial flux, depend-
ing on the flux path interacting with torque generation. The
axial flux motor has an airgap surface vertical to its shaft axis,
and magnetic flux interacting with the torque generation of the
conductor coil is directed to the axial direction. Generally, the
axial flux permanent magnet (AFPM) motor has a higher
energy density due to its structural advantage; the path of the
magnetic flux is relatively short compared with that of the
radial flux type motor. Secondly, the AFPM motor has a large
radius for torque production.

The AFPM motor has been proven to be most suitable
for low-speed and high-torque applications. This means
that the motor can easily be equipped with a multi-pole
permanent magnet, resulting in a disk-like motor shape.
Such design is well suited to the wheels, the mechanical
structure of the electric scooter, and a direct-drive wheel
motor is easily derived. Compared to conventional motors
of the same size and weight, the AFPM motor is proven to
have a higher power rating [1,2]. Thus, the AFPM motor
has a higher value of power and torque per unit weight and
motor efficiency.

In the general construction configuration of an AFPM
motor, the stator with exciting coils is located in the middle
of the motor and rotor with permanent magnets is present
on both sides of the stator. Another configuration that can
exist contains the rotor with permanent magnets is located
in the middle of the machine and stator with exciting coils
is attached on both sides.

Z. Zhang has classified AFPM to core and coreless types,
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depending on the stator structure. The core type can be fur-
ther classified into slot and slotless types. The AFPM mo-
tor can be classified as surface-mounted PM and interior-
mounted PM types depending on the mounting of the per-
manent magnets [3]. The model introduced by Spooner is a
torus AFPM motor with a core and a surface-mounted
magnet [4]. In torus type of AFPM motor, the magnet N
pole is facing the N pole in opposite side of the rotor. Mag-
netic flux from one pole is returned to the adjacent poles of
the same disk through the stator core.

The AFPM machine operates in brushless status with po-
sition sensor, and its torque characteristic is similar to that
of the brushless DC motor. Therefore, all AFPM motors
are understood as brushless DC motors, and today’s AFPM
brushless DC motor has a higher energy efficiency and a
higher ratio of energy density per unit active volume than
induction motors or direct current motors [5-9]. Develop-
ment of the rare earth permanent magnet (Nd-Fe-B), which
has a high energy density, widens the application of the
AFPM motor [10].

In this paper, the AFPM motor chosen has a coreless sta-
tor and a double-sided rotor with surface-mounted perma-
nent magnet. A prototype of this motor is manufactured,
and will be used for low-speed, high-torque applications
such as an electric scooter. Output power and efficiency in
the low-speed region show good results. Theoretical study
and the testing will determine the possibility of the electric
scooter application.

2. AFPM Coreless Motor
2.1 Structure of the AFPM Motor

The AFPM motor has a brushless structure. The coreless
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stator is equipped with three phase coils, driven by the in-
verter, which triggers the switch according to the position
of the rotor magnet. The rotor consists of a doubl -sided
iron disk, equipped with Nd-Fe-B rare earth magnets in
both sides. In the prototype of this machine, the number of
the pole of magnets is selected as 20 and the outer diameter
is 208 mm. A yoke ring supports two disks in transversa
direction and serves as a coupling for the magnetic poles of
the rotor. The AFPM motor needs a rotor position informa-
tion and commutating process with stator coil exciting. A
Hall effect sensor or photo effect sensor could b used for
detecting the rotor position, and in this research a photo
sensor is adopted. Fig.l is the half-section view of the
AFPM motor.

The magnet N pole is facing the S pole in the opposit
side of the rotor so that magnet flux is interacting with the
exciting coil purely in axial direction. The magnetic path
has a loop form of circuit starting from the half side of N to
another half side of S, going to beneath N via rotor steel
plate, arriving to S as shown in Fig. 2. The magnetic flux in
the airgap depends on the material of the permanent mag-
net, the thickness of the permanent magnet, and the airgap
length.
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Fig.1 Basic structure of the coreless AFPM motor
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Fig. 2 Magnetic flux path

2.2 Airgap Magnetic Flux Simulation

For the purpose of finite element simulation, a 2-D
model of the AFPM motor of Fig. 2 is used. In this model,
inter-pole gap, /,, . is introduced to find the effect of mag-
netic flux leakage. As shown in Fig.3, which simulates the

prototype AFPM moto ’s section in a two-dimensional, fi-
nite element method (FEM) way, the magnetic flux has an
axis symmetry pattern. So explaining only one path of the
magnetic flux makes it possible to understand the entire
magnetic circuit. Through this simulation, leakage flux that
fails to cross the stato ’s conductor and that could not f-
fect the effective torque can be detected.
Shown in Fig. 4 is the axial magnetic flux density of th

motor on the circumference of the representative radius at
the airgap in variation of interval ratio ¢ , which is defined

as the interval ratio of the inter-pole gap, [;, . to pole pitch,
7,. According to the result, an interval ratio of 4% is cho-

sen for a prototype motor. The two dimensional finite ele-
ment analysis program used in this simulation is Maxwell
2D from Ansoft.
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Fig. 4 Airgap flux density in variation of interval ratio
2.3 AFPM Moto ’s Characteristic Equation

The section view of the AFPM motor along to circle with
middle diameter of machine with exciting coil is shown in
Fig. 5. The three-phase exciting coils exist, but only one
phase coil is shown in Fig 5. The total number of coil turns
in the stator, N, is expressed as

N =3-121Nph M

where N, is the number of coil turns per pole per phase.

The equivalent magnet circuit model along one magneti
path in Fig. 2 is shown in Fig. 6. Magnetic flux density at
the airgap is expressed as
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& Ag Ag
> (8R,, +4R, +2R.)

where ¢, is airgap magnetic flux, A, is airgap area,

F,, is magnetomotive force of permanent magnet, R, is

m m

reluctance of magnet, R, 1is reluctance of airgap, and R,

is reluctance of back iron per pole length 7 ,.

Magnetomotive force of the permanent magnet can be
expressed using residual flux density B, , thickness [,

and permeability i, .
B I
F,=-—L" 3)
U
Neglecting the reluctance of back iron R,, (2) be-
comes
Br
B g = —Trl— (4)
1+——2
21

where u, is recoil permeability of the magnet and [, is

airgap length.
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Fig. 5 Configuration of stator coils demonstrating one
phase serial coils
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Fig. 6 Equivalent magnetic circuit of the motor

Spooner gives the general torque equation of the AFPM
motor as per (5). His machine has a ring core with torus
winding, and magnetic flux from the rotors are directing to
the ferro-material core in a concentric direction because the
magnet N pole is facing the N pole in the opposite side of
the rotor directed in both side.

The AFPM motor’s torque is formed by interaction with
the magnetic flux of the airgap created by the permanent
magnet and the electric loading, J;, in the stator inner ra-

dius from the current that flows in the stator winding. So
the total torque created from each side of the stators can be
expressed as

T =2nB,J.R(R, ~R}) (5)

where B, is airgap magnetic flux density, R, is outer

radius of stator winding, R. is inner radius of stator wind-

ing, and J; is electric loading along with the line of ra-
dius circle with radius R; [4]). Because one direction of

magnetic flux is functioning, (5) will be modified in our
AFPM motor as follows.

T=mB,J.R(R.—R?) (6)

First, we need to formulate this equation with our known
factors: number of poles p, number of coil turns per pole-

pair per phase N, , current in coil per phase 1. ,

A
maximum value of magnetic flux per pole ¢,, . and total

coupling area of magnetic flux for one phase coil A. To
do that, we have to modify the equation as follows.

T=B,JR,A
2 27R N
= p_B J—T A
27 g p P

where J is electric loading along with the circumference

of the representative radius R,,, A, is the coupling area

14

of magnetic flux per pole for one phase coil, and (B,A4,)

can be stipulated to ( % , ).

J_2NL _ 2Ny
2R, 27R,/p

151, (8)

From (7) and (8),
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1.5
T= w/_ p (NphIleff )(¢m kq)) (9)

A
where ¢,, is maximum magnetic flux per pole and k4 is

coefficient of magnetic flux distribution.

Secondly, the torque equation of the motor from the con-
cept of energy conversion can be derived as follows. In a
system with a coil in which current, i, with self induc-
tance, L, is mutually coupled with a permanent magnet

with mutual flux, ¢,,, and reluctance, R, the torque of

the system can be formulated as follows [11,12]:

»dL 1 dR .d
T(e)__ ——_¢mz—— &
2 do 2 de

(10

In this expression, the first two terms are reluctance
torque associated with the coil and magnet, respectively,
and the third is the alignment torque due to the mutual flux
linking the magnet to the coil. The second term is torque
component proportional to the square of the flux leaving
the magnet and is not a function of the polarity of the flux.
The minus sign occurs in front of this term because induc-
tance is inversely proportional to reluctance.

In our AFPM motor, the differentiation of self-
inductance of the coil by increasing the distance angle is 0
due to disks in both sides and the differentiation of reluc-
tance of the permanent magnet by increasing the distance
angle is O because the stator has no core. So only the last
term of the equation (10) remains.

a9, as,.,
7(6) = NiZen = (BN, i(p (11

Assuming the current is sinusoidal and the magnetic flux
is square wave,

p 1.5 ~ 1 4
T= ) Nph(\/_ leﬁ’)(¢m k¢,)5)<; 12)

1.5
=J§n (N,,;J]g/,-c)(¢ ky)

Finally, the two torque equations, (9) and (12), derived
from the both concepts of the view, i.e., from Lorentz force
law and energy conversion law, are identical.

Copper loss, P, at the stator coils makes a significant

contribution to the total loss because this AFPM motor is
coreless. The heat from the copper loss is eliminated at the
airgap, between the stator and the rotor, through the flow of
the air. Spooner depicts the copper loss as [4]

CJ leff

Pr=—70>— 7

(13)
where d is the diameter of the conductor and C; is
constant and expressed as follows.

mkw4pp()N (RD_RI')

C, = 2 (14)
Ta

where m is the number of phases, k,, is winding coeffi-
cient, p, is resistivity of copper, and @ is number of

parallel circuits.

2.4 Practical Calculation

The prototype motor has the following parameters.

p =20,
Nph = 16,
I,y =844

From (4), the airgap flux density is

1.25
B, = 1.05%13 =0.387

1+
2x3

and the effective flux per pole is

0.38x7(0.10% = 0.06%)x 0.85

20

¢mk¢ -
=0.35mWhb.

From (9), torque is calculated as

%20%(16x8.4)(0.35%10™ 3y=6.4Nm.

fn

From (8), electric loading at the representative radius is

2x16

=— —1.5%x84=15.1kA/m.
21x0.085/20

From (14), coefficient C, 1is

3x2x4x20x1.72x1078 x16(0.10 — 0.06)
2

c, =

=0.88x10"°Qm>.

Copper loss is
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-6 2
o= 0.88x10 _>3<8£4 — W
(1.2x107°)
Efficiency considering only copper loss can be ex-
pressed as

300

=——=875%.
300+43

n

The calculated value of torque is a little larger than the
rated value, 5.6Nm. Equation (9) can be used for the prac-
tical prediction of the prototype motor. Also, copper loss
and efficiency considering only its loss are properly calcu-
lated.

2.5 Experimental Results

A prototype AFPM motor has mechanical and electrical
parameters as shown in Tables 1 and 2. The motor is
coreless and consists of disc shape rotors. The ratio of out-
side to inside radius of the motor is 1.7, which is very close

to \/5 to obtain theoretical maximum torque density [5].

The rotor and stator are pictured in Figs. 7 and 8. The re-
flecting magazine is equipped for a position sensor at the
rotor, and the photo sensor is located at the stator for driv-
ing the gate of inverter.

The driving inverter system consists of a voltage-type
PWM inverter. Fig. 9 shows the waveform of the phase
electromotive force and load current at the rated speed. The
ideal waveforms of sinusoidal EMF and six-step driving
current are shown for comparison with the experimental
waveforms. The experimental waveform of EMF is meas-
ured at the generating mode of the rated speed. The FEM
simulation result of the flux density of the airgap at the
O =4% interval ratio is nearly trapezoidal with a flat top
over 60 degrees. However, the experimental EMF wave-
form is sinusoidal, which means that the winding coil is
well distributed in the stator.

Table 1 Rating of mechanical parameters of the motor

Output power 300 W
Rated torque 5.6 Nm
Rated speed 510 rpm
Total weight 35kg
Torque/total weight ratio 1.6 Nm/kg
Inner rotor radius, R 62 mm
Outer rotor radius, R o 104 mm
Mid. Radius, R, 80 mm
Rep. Radius, Rr 85 mm
Pole pitch in circle of R, 27 mm
Transversal length 23 mm
Magnet thickness, lm 3 mm
Airgap length, { 13 mm
Coefficient of flux distribution, k, 0.85

Table 2 Rating of electrical parameter of the motor

Rated Current, 1 de 10.3A
Rated Current, [ , 8.4A
Rated Voltage, VZC 36V
Number of phases, 71 3
Number of poles, p 20
Number of magnets 2x20
Resistance per phase 023Q
Air gap flux density, B ¢ 038T
Number of total coils 60
Turns per coil 16
Number of parallel circuits 2
Conductor diameter 2X¢0.8 mm

Fig. 7 Prototype AFPM coreless motor: Rotor

Fig. 8 Prototype AFPM coreless motor: Stator

The instantaneous torque per phase can be computed
from the load current and back EMF of Fig. 9 using the po-
sition signals to tie the two sets of waveforms together.
One phase and total torque are shown in Fig. 10. The
waveform of total torque is obtained by adding the wave-
forms of each phase torque, which are 120° offset electri-
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cally. The ideal waveform of the torque from the sinusoidal
EMF and piecewise constant load current makes torque
ripple inherently. The experimental waveform of torque has
more torque ripple due to the current spike of the commu-
tation process, which must be reduced, but is less severe
when compared with [13]. Torque ripple is absorbed by the
inertia of the rotor and wheel and makes small electrical
noise.

Fig. 11 shows the load test bench of the motor, and Fig.
12 illustrates the results of the load test. As a result, the ef-
ficiency of the motor at the rated output approaches 85%,
which is very a high efficiency compared with other mo-
tors in this low-speed range. An induction motor in this
speed range must have 14 poles in the rotor, and its effi-
ciency is about 60%. The manufactured prototype of our
motor has a rating of 300W, 510rpm and 5.6Nm. These
figures are sufficient for our electric scooter application
and are shown as proper characteristics for such kind of
load demands. Fig. 13 shows the electric scooter equipped
with this prototype AFPM coreless motor. Compared to
other similar research results [14], this motor has better ef-
ficiency and output.
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Fig. 12 Characteristics of the prototype AFPM coreless motor
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Fig. 13 Electric scooter of the prototype AFPM coreless
motor

3. Conclusion

In this paper, design and analysis of the prototype core-
less AFPM motor in the 300W power range were re-
searched and a characteristic equation is derived from both
methods, the Lorentz force law and the energy conversion
law. The torque equation was verified through practical
calculation. To determine the leakage effect of the mag-
netic flux at the airgap, the interval ratio of the permanent
magnets was introduced. FEM simulation was carried out
to find the proper interval ratio, and a 4% interval ratio was
chosen for the prototype motor.

A prototype of this AFPM motor was manufactured and
applied to the electric scooter, which requires a low-speed,
high-torque motor. Tests of this AFPM motor on the load
test bench as well as applied to powering an electric
scooter have shown satisfying results.
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