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Abstract—In this paper, a dual-rotor slotless axial-flux
permanent magnet (AFPM) motor with equidirectional toroidal
winding (ED-TW) is proposed and compared with the AFPM
motor with traditional toroidal winding (T-TW) with the same
dimensions, number of coils and poles. Different from the T-TW,
only the positive sides of coils of the ED-TW are left on one side of
the stator core, the return sides of the coils are all removed to the
other side of the stator core. Firstly, the structure and operation
principle of the two motors are introduced and analyzed. To
clarify the features of the ED-TW, the synthetic electromotive
force (EMF) vector and armature reaction field of the ED-TW
and T-TW are studied. Secondly, the main size equations of the
AFPM motors with toroidal windings are presented.
Subsequently, the electromagnetic characteristics of the AFPM
motors with ED-TW and T-TW are analyzed and compared based
on the three-dimensional finite element method (3D-FEM). The
comparison results indicate that the AFPM motor with ED-TW
has superiority in torque density and efficiency. Finally, a
prototype of the AFPM motor with ED-TW is manufactured and
tested, which validates the feasibility of the proposed motor and
the correctness of the analysis of the 3D-FEM.

Index Terms—Axial-flux permanent magnet motor, back-EMF,
dual rotor, electromagnetic characteristics, equidirectional
toroidal winding, torque density.

[. INTRODUCTION

IN RECENT years, electrification of transportation has been
intensively investigated to cope with environmental
pollution and energy shortage problems [1]-[3]. Road transport
accounts for nearly 75 % of the total greenhouse gas (GHG)
emissions [4]. Electric vehicle (EV) and hybrid electric vehicle
(HEV) offer a promising solution to the challenge of GHG
emissions due to its higher efficiency and less dependent on
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conventional sources of energy [5]. As an energy conversion
device, traction motor is one of the most important subsystems
of powertrain of EV and HEV. Thanks to the merits of high
torque density, high efficiency and power factor, permanent
magnet (PM) motors have been widely applied in EV and HEV
[6]-[11]. They can be mainly classified into radial flux PM
(RFPM) motors and axial flux PM (AFPM) motors, according
to the direction of flux in the air gap. It is demonstrated that
AFPM motors have distinct advantages compared with RFPM
motors, including higher torque density, higher efficiency and
more compact structure [12], [13]. Therefore, AFPM motors
are getting more attention from researchers.

Stator PM  Rotor Stator 1 Rotor Stator2 Rotor 1 Stator Rotor 2

Fig. 1. AFPM motors with (a) single-stator and single-rotor, (b) dual-stator and
single-rotor, (c) single-stator and dual-rotor.

In the past decade, many researchers have made important
contributions on AFPM motors [14]-[22]. In [17], an AFPM
motor with single-stator and single-rotor is proposed. It has the
merits of compact structure and low cogging torque, but it
inevitably has the disadvantages of low torque density and high
axial magnetic pull due to its single-stator single-rotor structure
[18]. To solve these problems, dual-stator single-rotor structure
and single-stator dual-rotor structure are increasingly combined
with AFPM motors [19]-[22]. Fig. 1 shows the AFPM motors
with single-stator single-rotor, dual-stator single-rotor and
single-stator dual-rotor. Compared with dual-stator single-rotor
structure, the AFPM motor with single-stator and dual-rotor is
preferred for EV drive applications due to its better power
density and thermal capability [20]. In addition, the winding
structure of the motor proposed in [21] is overlap winding,
which has the disadvantages of long end winding and high
copper loss. The single-stator dual-rotor AFPM motor with
non-overlap concentrated winding including tooth-wound or
toroidal windings are gaining popularity due to their relatively
short end winding and low copper loss. In [22], a single-stator
dual-rotor AFPM motor with toroidal winding (core-wound) is
analyzed. It is shown that, compared with tooth-wound winding,
toroidal winding requires 16 % less copper for the end winding
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in certain slot/pole/phase combination, which could indirectly
improve the torque density. Fig. 2 shows the single-stator
dual-rotor AFPM motors with overlap, tooth wound and
toroidal windings. The characteristics of different winding
structures are summarized in TABLE I. It should be noted that
the end-winding length and cooper loss of toroidal winding are
not always shorter and lower than these of the tooth-wound
winding, it determined by the slot/pole/phase combination and
the parameters of stator, which is illustrated in [22].
TABLEI
CHARACTERISTICS OF DIFFERENT WINDING STRUCTURE
Winding structure Length of end winding
Overlap winding long
Tooth-wound winding mid mid

Copper loss

Toroidal winding (core-wound) short low
Current positive .
direction End winding
Phase A
Phase B 1> Winding|
Phase C
PoleN W~ ™
Poles W~

(©) (d (e)
Fig. 2. Single-stator dual-rotor AFPM motors with (a) overlap winding. (b)
single-layer tooth-wound winding. (c) double-layer tooth-wound winding. (d)
toroidal winding (core-wound). (¢) ED-TW (core-wound).

To further improve torque density, an equidirectional
toroidal-winding (ED-TW) structure is proposed in [23]-[26]
by our research team, which are used for RFPM motor and
generator, respectively. The meaning of ED-TW is as follows:
1) The winding direction of all coils is identical.

2) All the coils of each phase have the same positive current
direction.

3) All the coils in a phase have the identical current direction
at the same time.

It is shown that the RFPM motor with ED-TW has a
significant improvement in torque density than the RFPM
motor with traditional toroidal or tooth-wound windings.
However, the motor which proposed in [23] has the
disadvantages of high torque ripple and low winding utilization
rate due to its slotted and single-rotor structure. Compared with
slotted motor, slotless motor has the merits of zero-cogging for
a smooth operation [27]. In addition, dual-rotor structure could
make full use of both sides of the ED-TW. Hence, the ED-TW
structure is greatly suitable for single-stator dual-rotor slotless
AFPM motor, which could take full advantage of the ED-TW.
The single-stator dual-rotor AFPM motor with ED-TW is
shown in Fig. 2(e). Unlike the other windings shown in Fig. 2,
only the positive sides of the ED-TW are left on one side of the
stator core and the return sides of the ED-TW are all removed to
the other side of the stator core. If the ED-TW structure is
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combined with a single-stator dual-rotor slotless AFPM motor,
it is going to be a new way to increase the torque density of such
a AFPM motor. Additionally, owing to the special winding
layout of the ED-TW, the synthetic electromotive force (EMF),
armature reaction field and size equations of the motor with
ED-TW may be changed. Therefore, a dual-rotor slotless
axial-flux ~ permanent magnet (AFPM) motor with
equidirectional toroidal winding (ED-TW) is proposed and
compared with the dual-rotor slotless AFPM motor with
traditional toroidal winding (T-TW) which has both positive
and return sides of the coils on one side of the stator core. The
two motors have the same dimensions, number of coils and
poles.

This paper is organized as follows: The structure and
operation principle of the AFPM motors with ED-TW and
T-TW are clarified in Section II. In Section III, the main size
equations of the proposed motor are presented. The differences
and similarities between AFPM motors with ED-TW and
T-TW in structure, size equations, etc., are summarized in
Section IV. In Section V, the electromagnetic characteristics of
the AFPM motors with ED-TW and T-TW are analyzed and
compared based on three-dimensional finite element method
(3D-FEM). The experimental test of the AFPM motor with
ED-TW is implemented in Section VI. Finally, Section VII
exhibits some conclusions.

II. STRUCTURE AND OPERATION PRINCIPLE OF THE
PROPOSED MOTOR

A. Motor Structure

The topologies of the AFPM motors with ED-TW and T-TW
are shown in Fig. 3. It can be seen that the structures of the two
motors are similar, including two rotors and one stator which is
sandwiched in the middle. The surface mounted PMs are
distributed on the rotors along the circumference, and adjacent
PMs are of opposite polarity. The stator is constructed with no
slot, and the toroidal windings are pasted directly on the stator
core with epoxy, which has the advantages of no cogging
torque and short end winding.
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Fig. 3. Topologies of the AFPM motors with (a) ED-TW. (b) T-TW.
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B. Winding Layout

As shown in Fig. 4, the winding layout of 1/6 models (six
coils, two pole pairs) of the ED-TW and the T-TW are depicted.
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Different from the T-TW, the positive sides of the coils (A, B,
and C) of the ED-TW are all on the same side of the stator core.
Accordingly, the return sides of the coils (X, Y, and Z) of the
ED-TW are all on the other side of the stator core.
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Fig. 4. Winding layout of the two winding types. (a) ED-TW. (b) T-TW.

To further illustrate the structure characteristics of the
ED-TW, the three-phase synthetic EMF vector diagram and
winding connection schematic of the 1/6 model of the AFPM
motor with ED-TW are shown in Fig. 5. The degrees shown in
Fig. 5 are electrical degrees. It can be seen that the synthetic
EMF of positive sides of coil (Ea, Eg, and E¢) are all on one
side of the stator core, and the synthetic-EMF of return sides of
coil (Ex, Ey, and E7) are all on the other side of the stator core
due to the special layout of the ED-TW. The advantage of this
layout is that there is no phase difference between each
coil-EMF in one phase due to its three-coils and two-poles
combination (minimum unit motor), which can be considered
that the distribution factor could be ignored. In addition, for the
toroidal windings, the two (negative and return) sides of each
coil are on the different side of the stator core that the coil-EMF
of two sides of one coil has no contribution to each other.
Therefore, the pitch factor of the AFPM motor with toroidal
winding should be 0.5. In addition, the winding connection can
be observed that the incoming line terminals (A1, B1, and C1)
are connected to a three-phase power source, and the out
coming line terminals (X2, Y2, and Z2) are connected in wye
connection.
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Fig. 5. Three-phase synthetic-EMF vector diagram and winding connection
schematic of the 1/6 model of the AFPM motor with ED-TW.

To clarify the advantage of the ED-TW, the A-phase
synthetic EMF of the 1/6 models of the AFPM motors with
ED-TW and T-TW are compared in Fig. 6. The premise is that
the two motors have the same frequency, turns per phase, turns
per coil and magnetic flux per pole. In addition, the degrees
shown in Fig. 6 are electrical degrees. It is shown that there is
no phase difference between the two coil-EMF (both of them
are induced by the positive side of coils) in phase A of the
AFPM motor with ED-TW. However, there is 120 electrical
degrees phase difference between the two coil-EMF (one of
them induced by the positive side of coil 1, the other is induced
by the return side of coil 2) in phase A of the AFPM motor with
T-TW. The coefficient to represent the reduction in the
synthetic EMF due to the phase difference between the two
coils could be called distribution factor. For the AFPM motor
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with ED-TW, there is no phase difference between each
coil-EMF in one phase due to the special coil layout of the
ED-TW and the three-coil two-pole combination of the
minimum unit motor, the effect of distribution factor on the
synthetic EMF could be ignored. Therefore, the AFPM motor
with ED-TW could obtain a larger phase synthetic EMF than
the AFPM motor with T-TW.

Ex, AFPM motor with T-TW

Coil 1 Coil 4
7 7

Fig. 6. A-phase synthetic EMF vector diagram of the 1/6 model of the two
motors on one side of the stator core.

The root-mean-square (RMS) of no-load phase back-EMF of
one side of a coil of the slotless AFPM motor with toroidal
winding can be expressed as [28]

AR
2 " sin( C2 p)

E =—QB, —= (1
T R . W -p
sin(———)
2rN,

where, (21is the mechanical angular velocity of the motor, By is
the fundamental harmonic amplitude of the air gap flux density,
R, is the outer radius of the stator core, R; is the inner radius of
the stator core, N, is the number of turns per coil, w; is the width
of the coil, p is the number of pole pairs, r is the radius of the
coil at different positions along the radial direction.

According to Fig. 6, the RMS of no-load phase back-EMF of
the 1/6 model of the AFPM motor with ED-TW can be
expressed as

. W P
4 Rﬁsm( 5 )
Exprw =E,+E =—£2B _[ L rdr 2
mo R sin(wc'p)
2rN,

The RMS of no-load phase back-EMF of the 1/6 model of
the AFPM motor with T-TW is

sin(wC -p)
Eiw=(E + Ec)sing :&QBE, :"irdr 3)
N T

. . WD
Ky sin( 2rN, )
where, Ky is the distribution factor.

If the 2, N, R, Ri, B,, p, and w. of both motors are the same,
it can be concluded that the RMS of no-load phase back-EMF
of the AFPM motor with ED-TW is 15.47 % higher than that of
the AFPM motor with T-TW since there is no phase difference

between each coil-EMF in phase A of the ED-TW.

C. Operation Principle

To illustrate the operation principle of the AFPM motors
with ED-TW and T-TW clearly, the 1/6 models of both motors
are taken as an example to analyze the armature reaction field at
different times in a period. The minimum unit structure of the
AFPM motor with ED-TW consists of three coils and one pole
pair, hence, the 1/6 model of the AFPM motor with ED-TW

UTC from IEEE Xplore. Restrictions apply.

//www.ieeeorgg)ublicationsfstandards/ ublications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2021.3138465, IEEE

Transactions on Energy Conversion

contains two minimum unit structures. However, the minimum
unit motor of the AFPM motor with T-TW consists of six coils
and two pole pairs, which equal the number of coils and pole
pairs of the 1/6 model. Fig. 7 shows the three-phase sinusoidal
alternating current waveforms. As shown in Fig. 7, a period is
divided into three different times, and the three-phase current
directions at the corresponding times are shown in TABLE II.
i A ) ) )
la Iy Le

>
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21 31

pole S are gradually moved to the right, i.e., the armature
reaction fields are rotated counterclockwise. Therefore, the
armature reaction fields produced by the ED-TW and T-TW
rotate periodically with time. Meanwhile, it can be seen that the
armature reaction fields of both sides of the stator core have the
same polarity, and rotate in the same direction
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Fig. 7. Three-phase sinusoidal alternating current waveforms. B s_" Nl S _"Nl l S RN e S _"Vl
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The armature reaction field produced by phase A of the
ED-TW and T-TW at time 1 are shown in Fig. 8. The current
direction ‘+’ is defined as the current inflow plane, and the
current direction ‘-’ is defined as the current outflow plane. As
shown in Fig. 8, for the T-TW, the flux path of the A-phase
armature reaction field is similar to that of the two mutually
repulsive magnets, and the magnetic poles can be produced on
both sides of the stator core. For the ED-TW, due to its special
winding layout, the flux path of A-phase armature reaction field
is similar to that of the two mutually attract magnets, and there
are no magnetic poles on both sides of the stator core. The
ED-TW can produce magnetic poles continuously on both sides
of the stator core only under the combined action of phase A, B
and C armature reaction fields. Therefore, the principles of the
armature reaction field produced by the ED-TW and T-TW are
different.

_______ Yo __*____L__ -

) ! i it 4

t - - < b >

;:__‘*. ;_‘. I._,*

A . SO
ED-TW T-TW

Fig. 8. Armature reaction fields produced by phase A of the ED-TW and T-TW
at time 1.

According to the current direction shown in TABLE II, the
armature reaction field produced by phase A, B, and C of the
ED-TW and T-TW at time 1 to time 3 can be obtained, which is
shown in Fig. 9. To facilitate the display of the armature
reaction field produced by the ED-TW and T-TW on both sides
of the stator, the schematic is the radial unfold diagram of the
stator. It is shown that, from time 1 to time 3, the pole N and

Authorized licensed use limi

-t e

N S N S
T-TW

©
Fig. 9. Armature reaction field produced by phase A, B and C of the ED-TW
and T-TW at different times. (a) time 1. (b) time 2. (c) time 3.

The flux distribution produced by PMs of the two motors is
the same, which is shown in Fig. 10. It is shown that the PMs of
both rotors are distributed symmetrically along the axial
direction. The PMs in the same axial direction have the
identical magnetic poles, which is the N-N poles type. In
addition, both sides of the stator core of each motor will
produce two rotating armature reaction fields with the same
rotating speed and direction when the three-phase current is fed
into the ED-TW and T-TW, respectively, which is shown in Fig.
9. Consequently, the two rotors will rotate synchronously with
the interaction between the armature reaction field and PMs
field.
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Fig. 10. Flux distribution produced by PMs of the two motors.

[II. DESIGN OF THE PROPOSED MOTOR

The rotor on both sides of the dual-rotor AFPM motor is
symmetrical, hence, it can be designed according to the
structure of single-stator and single-rotor.

If the stator leakage inductance and resistance are neglected,

the output power P,y of the AFPM motors can be expressed as
[29]

m T .
=11 [, ewyitydt =nmK E, I, )
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where, 771s the motor efficiency, m is the number of phases of
the motor, 7 is the period of one cycle of the EMF, e(f) is the
phase EMF, i(?) is the phase current, I« is the peak value of the
phase current, Eyy is the peak value of the phase EMF, K, is the
electrical power waveform factor and it can be expressed as
: :_1_ Te(tﬁ(t)dt )
T E I

pk” pk
The peak value of the phase EMF E,x of the AFPM motor can
be defined as

E,=SKN BLa-x)r ©)

w* 'phg p
where, K, is the winding factor, N, is the number of turns per
phase, f'is the frequency of the motor, K; is the ratio of inner
diameter to outer diameter of the stator core, D, is the outer
diameter of the stator core.

A. Size equations of the AFPM motors which are suitable for
the tooth-wound or overlap windings

For the AFPM motors, the electrical loading A4 is a function
of radius and can be expressed as [30]

Irms
A=2mN,,

(7
avg
where, Iims is the RMS of the phase current, Dag is the average
value of the inner and outer diameters of the stator core.
The phase current peak value can be obtained from Equation
(7), and as shown below

N2m4D,, \2mA(1+K,)D,
2mN 4mN

Combine Equations (4)-(8), the output power Py and torque
Tout of the AFPM motors can be expressed as

2

:?nanpKWBgAi(l—Kf)(1+Kr)Dj 9)

T, =%prKWBgA(1—Kf)(1+Kr)D§

[, =

pk

®)

P

out

(10)

B. Adjusted size equations of the AFPM motors with toroidal
winding

It should be noted that the Equation (7)-(10) are not suitable
for the AFPM motors with toroidal winding including ED-TW
and T-TW. Therefore, it is necessary to illustrate the adjusted
size equations of the AFPM motors with toroidal winding in
this paper.

The critical point lies in the fact that the relationship between
the number of turns per phase Ny, and the number of total
effective conductors on one side of the stator core. The
Equation (7) is suitable for the AFPM motor with windings that
two sides of one coil are all on the one side of the stator core
like tooth-wound winding or overlap winding. As shown in
Equation (7), the 2mN,n means that the total number of effective
conductors on one side of the stator core, which could consider
the two-side conductors of one coil on one side of the stator
core.

Fig. 11 shows the stator structure schematic of the AFPM
motors with ED-TW and T-TW. As shown in Fig. 11, the
number of turns per coil of the two windings are both 2 and the
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number of coils per phase are 2 either. Therefore, the Ny, of the
ED-TW and T-TW are both 4. For the AFPM motors with
toroidal winding, the total number of effective conductors on
one side of the stator core equals the product of the number of
phase m and the Ny Hence, the electric loading Atw of the
AFPM motors with toroidal winding should be adjusted as

1
Ay =mN , —— 11
W ph TCDan ( )

The phase current peak value Iy.tw of the AFPM motors
with toroidal winding can be expressed as

N2mAD,, \2mA(1+ K,)D,
mN 2mN

ph ph

Combine Equations (4)-(6), (11), (12), the output power
Poutw and torque Touetw Oof the AFPM motors with toroidal
winding can be defined as

Py = annKpKngAi(l -K})(1+K,)D; (13)
4 p
NG

Trw :?m;KpKWBgA(l -K})(1+K,)D;

(12)

pk-TW —

(14)
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Fig. 11. Stator structure schematic of the AFPM motors with (a) ED-TW. (b)

T-TW.

C. Primary parameters of the AFPM motors

To verify the reasonability of the proposed motor, the
characteristics of the AFPM motor with ED-TW are compared
with that of the AFPM motor with T-TW. The design of the two
motors needs to follow some preconditions to ensure a fair
comparison.

1) The two motors have the same dimensions, including outer
diameter and inner diameter of the stator and rotors, axial
length, PM height and so on.

2) The two motors are excited by the same current source and
have the same electric loading.

Based on the principles above, the primary parameters of the
AFPM motors with ED-TW and T-TW are presented in
TABLE III.
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TABLE III
PRIMARY PARAMETERS OF THE TWO MOTORS
Parameters AFPM motor AF.PM motor
with ED-TW with T-TW
Rated speed 400 rpm 400 rpm
Rated frequency 80 Hz 80 Hz
Rated current (RMS) 10 A 10 A
No. of pole pairs (p) 12 12
No. of winding coils 36 36
Turns of per coil (V) 51 51
Turns per phase (M) 612 612
Electric loading (4) 29.52 kA/m 29.52 kA/m
Outer diameter of stator core (D,) 240 mm 240 mm
Inner diameter of stator core 156 mm 156 mm
Air-gap length 1 mm 1 mm
Winding thickness 7 mm 7 mm
Winding width (w.) 12 mm 12 mm
PM height 8 mm 8 mm
Axial length 58 mm 58 mm
Material of stator core SOWW310 S0WW310
Material of PM N48SH N48SH

IV. DISCUSSION OF THE FEATURES OF THE AFPM MOTORS
WITH ED-TW AND T-TW

According to the aforementioned analysis in Section II and
Section III, it can be seen that there are some differences and

similarities between the AFPM motors with ED-TW and T-TW.

The main features focus on the winding layout, synthetic EMF,
armature reaction field and size equations. The discussion on
these four aspects are as follows:

1) The fundamental difference between the AFPM motors is
the change of layout of winding. For the T-TW, there are
both positive and return sides of the coils on one side of the
stator core. Different from the T-TW, for the ED-TW, only
positive sides of the coils are left on the one side of the
stator core, the return sides of the coils are all removed to
the other side of the stator core. This resulted in the
difference of other two aspects between the AFPM motors
with ED-TW and T-W.

2) Owing to the special layout of the ED-TW, the synthetic
EMF induced by positive sides of the coils (Ea, Ep and E¢)
are all on the same side of the stator core, and that induced
by return sides of the coils (Ex, Ey and E7) are all on the
other side of the stator core. This is different from the
AFPM motor with T-W. In addition, on one side of the
stator core, there is no phase difference between the EMF
induced by each coil of one phase of the ED-TW since the
coil and pole combination of minimum unit motor is three
coils and two poles. Hence, it could be considered that the
distribution factor could be ignored and the three-coils and
two-poles combination is greatly suitable for the ED-TW.
Compared with the AFPM motor with T-TW, the AFPM
motor with ED-TW could obtain a larger phase synthetic
EMF.

3) When only one phase coils are energized, the ED-TW does
not produce magnetic poles on either side of the stator core
due to its special winding layout. Therefore, the
three-phase ED-TW could produce magnetic poles
continuously on both sides of the stator core only under the
combined action of phase A, B and C armature reaction
fields. This result in the three-phase ED-TW has the
feature that one-pole-pair armature reaction fields on each
side of the stator core can be produced by just three coils.

4) The size equations of the AFPM motor with ED-TW and
T-TW are the same. But the size equations of the two
motors are both different from the size equations which are
suitable for the AFPM motors with tooth-wound or overlap
winding due to the one-side total conductors of the AFPM
motor with toroidal winding equal the product of the
number of phase m and the number of turns per phase Ny,
and do not need to double it.

In addition, due to the special layout of the ED-TW, it will
lead to the difference of electromagnetic characteristics
between the AFPM motors with ED-TW and T-TW (e.g.,
no-load back-EMF, torque and so on). Therefore, the
electromagnetic characteristics of the two motors should be
analyzed and compared, which are presented in Section V.

V. ELECTROMAGNETIC CHARACTERISTICS ANALYSIS

Based on the primary parameters of the two motors
presented in TABLE III, the 3D finite element models of the
two motors are built. Subsequently, the armature reaction field,
no-load and on-load characteristics of the two motors are
analyzed by 3D-FEM, respectively.

A. Armature Reaction Field
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Fig. 12. Armature reaction fields of the AFPM motors with ED-TW and T-TW.
(a) Waveforms. (b) Harmonic spectra.

Fig. 12 shows the armature reaction fields at rated current
(RMS: 10 A) of the two motors. The armature reaction field
characteristics of the two motors are summarized in TABLE IV.
For the AFPM motor with ED-TW, the minimum unit motor
contains three coils and one pole pair of PMs. The whole
AFPM motor with ED-TW proposed in this paper consists of
12 minimum unit motors. Therefore, there are six coils and two
pole pairs of PMs in the range of 60 mechanical degrees of the
AFPM motor with ED-TW. As shown in Fig. 12(b), the main
working armature reaction field harmonic of the AFPM motor
with ED-TW is 2™, which equals the number of pole pairs in
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the range of 60 mechanical degrees. In addition, the amplitude
of the 4" harmonic of the AFPM motor with ED-TW is 9.28
mT, which accounted for 37.16 % of the 2" harmonic. For the
AFPM motor with T-TW, the minimum unit motor contains six
coils and two pole pairs. The whole AFPM motor with T-TW
consists of 6 minimum unit motors. As can be seen, for the
AFPM motor with T-TW, the 1% and 2" harmonics are the main
components of the armature reaction field, which are 26.46 and
21.75 mT, respectively. There are two pole pairs of PMs in the
range of 60 mechanical degrees. Therefore, the 2"! harmonic is
the main working armature reaction field harmonic of the
AFPM motor with T-TW. It can be seen from TABLE 1V that
the main working armature reaction field of the AFPM motor
with ED-TW is 14.80 % higher than that of the AFPM motor
with T-TW.

TABLE IV
ARMATURE REACTION FIELD CHARACTERISTICS OF THE TWO MOTORS
AFPM motor AFPM motor
with ED-TW with T-TW
Main working harmonic 2ond ond
Main working harmonic amplitude 24.97 mT 21.75 mT
1* harmonic amplitude 0mT 26.46 mT
4™ harmonic amplitude 9.28 mT 8.03 mT

B. No-load Characteristics

The air-gap flux density and its harmonics spectra produced
by PMs of the two motors are presented in Fig. 13. The two
motors differ only in the winding structure, hence, the air-gap
flux density waveform produced by PMs of the AFPM motors
with ED-TW and T-TW are similar. As shown in Fig. 13, the
amplitudes of fundamental harmonic of the air-gap flux density
in the two motors are both 0.77 T. The total harmonic distortion
(THD) of the AFPM motors with ED-TW and T-TW are 23.09 %
and 23.03 %, respectively.
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Fig. 13. Air-gap flux density and its harmonics spectra of the two motors.
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Fig. 14. No-load phase back-EMF and its harmonics spectra of the two motors.
The no-load phase back-EMF and its harmonics spectra of

the two motors at rated speed (400 rpm) are presented in Fig. 14.
It can be seen that the RMS of the no-load back-EMF of the
AFPM motors with ED-TW and T-TW are 78.98 V and 68.36
V, respectively. The amplitudes of the fundamental harmonic
of the back-EMF of the AFPM motors with ED-TW and T-TW
are 111.62 V and 96.67 V, respectively. Compared with the
AFPM motor with T-TW, the RMS of the no-load back-EMF of
the AFPM motor with ED-TW is increased by 15.54 %, which
validates the correctness of the analysis about the no-load phase
back-EMF of the two motors mentioned in Section II. In
addition, the THD of the AFPM motors with ED-TW and
T-TW are 3.84 % and 0.24 %, respectively. The AFPM motor
with ED-TW has 3™ harmonic in the phase back-EMF due to
only one coil side of one coil to link the flux of the minimum
unit motor, thus the 3" harmonic cannot be eliminated. But the
3™ harmonic will be eliminated in the line back-EMF, which is
shown in Fig. 15.
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Fig. 15. No-load line back-EMF and its harmonics spectra of the two motors.

According to Equation (2) and Equation (3), the RMS of the
no-load phase back-EMF of the AFPM motors with ED-TW
and T-TW can be obtained, which is shown in Fig. 16. It is
notable that the RMS of the phase back-EMF needs to be
calculated by the average value of fundamental harmonic of
air-gap flux density in the thickness (axial) range of the
winding of the two motors, because the air-gap flux density of
the slotless AFPM motor varies nonlinearly in different
positions in the axial direction of the winding. The RMS of the
no-load phase back-EMF of the AFPM motors with ED-TW
and T-TW at rated speed are listed in TABLE V. As can be seen,
the no-load phase back-EMF results of calculation of both
motors match well with that of the 3D finite element analysis
(3D-FEA), and the no-load phase back-EMF of the AFPM
motor with ED-TW is always higher than that of the AFPM
motor with T-TW in the whole speed range, which further
validate the correctness of the analysis mentioned above.
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Fig. 16. No-load phase back-EMF variation against speed of the AFPM motors
with ED-TW and T-TW.
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TABLE V
NO-LOAD BACK-EMF OF THE TWO MOTORS AT RATED SPEED
AFPM motor with ~ AFPM motor with
No-load back-EMF ED-TW T-TW
Calculation (RMS) 79.44V 68.80 V
3D-FEA (RMS) 78.98 V 68.36 V
Relative error 0.58 % 0.64 %

C. On-load Torque Characteristics
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Fig. 17. Torque waveforms of the two motors under rated load condition.

TABLE VI
TORQUE PERFORMANCES OF THE TWO MOTORS
AFPM motor with AFPM motor with

ED-TW T-TW
Average torque 56.44 Nm 49.02 Nm
Torque constant 5.64 Nm/A 4.90 Nm/A

Average torque density 37.25 kNm/m? 32.35 kNm/m?
Torque ripple 332% 3.28%

Fig. 17 shows the torque waveforms of the two motors under
rated load condition (80 Hz, RMS: 10 A). Additionally, the
torque performances of the two motors under rated load
condition are listed in TABLE VI. In conclusion, compared
with the AFPM motor with T-TW, the average torque density
of the AFPM motor with ED-TW is increased by 15.15 %
without the aggravation of the torque ripple. Fig. 18 shows the
torque-current characteristic of the two motors. It is shown that,
within the whole current range, the output torque of the AFPM
motor with ED-TW is average 14.51 % higher than that of the
AFPM motor with T-TW.
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Fig. 18. Torque-current characteristic of the two motors.

D. Loss and Efficiency

Fig. 19 shows the losses of the AFPM motors with ED-TW
and T-TW at rated working point (10 Arms, 400 rpm). For the
low-speed and high-torque applications, the cooper loss of the
AFPM motors accounted for a major proportion of the total loss.
It is shown that the two motors have the same cooper loss
(419.15 W) due to the length of the effective and end windings
of the two motors are the same. The PM loss of the AFPM
motor with T-TW is higher than that of the AFPM motor with

ED-TW due to the larger armature field subharmonic of the
AFPM motor with T-TW. The core loss, PM loss and copper
loss are considered in the calculation of efficiency, as

Pout
77:
P +P +PB,tP

out core copper
where, Peor is the core loss, Ppy is the PM loss and Peopper is the
cooper loss. The output power and efficiency of the two motors
at rated working point are summarized in TABLE VII. Thanks
to the improvement of the torque and output power, the
efficiency of the AFPM motor with ED-TW is 2.08 % high than
that of the AFPM motor with T-TW.
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Fig. 19. Losses of the two motors.
TABLE VII
OUTPUT POWER AND EFFICIENCY AT RATED WORKING POINT
AFPM motor with AFPM motor with
ED-TW T-TW
Output power Pout (W) 2363.98 2053.19

Efficiency (%) 84.83 82.75

VI. EXPERIMENTAL VERIFICATION

=3
Connecting T-type
plate bracket

Fig. 20. Prototype of the AFPM motor with ED-TW. (a) Toroidal winding. (b)
Stator. (c) Stator encapsulation. (d) Rotor. (¢) Connecting plate. (f) Motor
assembly.

To validate the foregoing analysis, a prototype of the AFPM
motor with ED-TW is manufactured and tested. Fig. 20 shows
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the prototype of the AFPM motor with ED-TW. The winding
width is 12 mm, which is shown in Fig. 20(a). As shown in Fig.
20(b), the toroidal windings are pasted directly on the stator
core with epoxy. The stator and shaft are encapsulated together
by epoxy, which is shown in Fig. 20(c). The stator and shaft are
both stationary, and one side of the shaft is fixed to the T-type
bracket, which could ensure that the shaft and stator are fixed.
The two rotors are connected to the shaft by two bearings and
are connected to each other by mechanical support. One rotor is
connected to the load by a connecting plate which is fixed on
the disc of the rotor and is shown in Fig. 20(f). In addition, the
stator core is made of tape wound laminated silicon steel
(50WW310). The materials of the rotor core and PM are
steel-1010 and N48SH, respectively.

The experimental test platform of the AFPM motor with
ED-TW is shown in Fig. 21. It consists of the prototype of the
proposed motor, torque transducer (4503A200L00B1000
Kistler), oscilloscope (DL850E Yokogawa) and so on. The
drive system of the AFPM motor with ED-TW is presented in
Fig. 22. In Fig. 22, i, i, and ic are the three-phase currents, g,
iq are the dg-axis currents, @ is the rotor position. The
SERVOTRONIX CDHD is used to drive the proposed motor.
The ATOM-2D2050D1 position encoder is used to measure the
rotor position.

Prototype
a8 Oscillscope
/ - E e ®
{
jt

que
.
ucer
L,

— = *
| Power analyze'r ”Loading controller|

Fig. 21. The experimental test platform of the prototype.
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Fig. 22. The drive system of the prototype.

The no-load line to line back-EMF waveforms of the AFPM
motor with ED-TW at different speeds are measured, which is
shown in Fig. 23. It can be seen that RMS of the no-load line
back-EMF of the 3D-FEA and experimental test are 136.41 V
and 131.10 V, respectively. The fundamental line back-EMF of
the experimental test (193.10 V) agrees well with that of the
3D-FEA (185.40 V), with an error of 3.99 %, which validates
the feasibility of the proposed motor and the correctness of the
analysis mentioned above. In addition, the THD of the line
back-EMF of the 3D-FEA and the test results are 0.61 % and
0.98 %, respectively. As shown in Fig. 23(b), the measured
no-load line to line back-EMF matches well with the simulated
results.
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Fig. 23. No-load line to line back-EMF of the AFPM motor with ED-TW. (a)
Waveforms under rated speed. (b) RMS variation against speed.

Fig. 24 shows the measured three-phase current of the AFPM
motor with ED-TW at rated state. The output torque under rated
load condition and the torque-current characteristic of the
AFPM motor with ED-TW are shown in Fig. 25(a) and Fig.
25(b), respectively. It is shown that the average value of rated
torque of the experimental test is 53.74 Nm, which accounts for
95.22 % that of the 3D-FEA (56.44 Nm). The slight difference
between 3D-FEA and experimental test may be the
manufacture error and mechanical friction. In addition, the
results of torque ripple of the 3D-FEA and experimental test are
3.32 % and 3.62 %, respectively. As shown in Fig. 25(b), the
trends of torque versus current of the experimental test and the
3D-FEA are basically consistent. In conclusion, the results of
the experimental test agree well with that of the 3D-FEA under
no-load and on-load conditions, which validate the feasibility
of the proposed motor and the correctness of the 3D-FEA.
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Fig. 24. The measured three-phase current of the prototype at rated state.
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Fig. 25. Output torque of the AFPM motor with ED-TW. (a) Waveforms under
rated load condition. (b) Torque-current characteristic.
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VII. CONCLUSION AND DISCUSSION

In this paper, a dual-rotor slotless AFPM motor equipped

with ED-TW is proposed and compared with the AFPM motor
with T-TW. To clarify the features of the ED-TW, the structure,
synthetic EMF vector diagram and armature reaction field of
the AFPM motors with ED-TW and T-TW are studied. The size
equations considering the features of the toroidal winding are
presented. Furthermore, the no-load and on-load characteristics
of the two motors are analyzed and compared based on
3D-FEM. Finally, the prototype of the AFPM motor with
ED-TW is manufactured and tested, which wvalidates the
feasibility of the proposed motor and the correctness of the
3D-FEA. Some findings and discussions are summarized as
follows:

1)

2)

3)

(1]

[2]

[3]

[4]

[3]

[6]
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The AFPM motor with ED-TW and T-TW are different in
synthetic EMF and the armature reaction field due to the
special winding layout of the ED-TW. It can be concluded
that the distribution factor of the ED-TW could be ignored
and the three-phase and two-poles combination of the
minimum unit motor is greatly suitable for the ED-TW. In
addition, the AFPM motor with ED-TW and T-TW have
similarity in size equations that the one-side electric
loading A4 equal the product of m and N, and do not need
to double it. It may provide a reference for the researchers
in this field to design the motor with the ED-TW.
Compared with the AFPM motor with T-TW, the AFPM
motor with ED-TW has superiority in back-EMF
amplitude, torque density and efficiency because there is
no phase difference between the EMF induced by each coil
of one phase of the ED-TW. Such the AFPM motor with
ED-TW is suitable for low-speed and high-torque
applications (e.g., EV, HEV, etc.).

This paper focuses on the slotless AFPM motor equipped
with ED-TW. To further improve the torque density, the
ED-TW could be combined with the slotted AFPM motor,
which will be investigated in the following study. This
paper lays an important foundation for that.
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