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Abstract — Axial flux permanent magnet (AFPM) mo-
tors are widely applied in many applications due to their
performance advantages. A novel AFPM which owns
a special winding form (120-degree phase belt toroidal
windings) and a distinct rotor structure (sinusoidal rotor
segments) is proposed in this paper to further improve
the torque density of this kind of machine. First, the
structure and working principle of the 120-degree phase
belt toroidal windings sinusoidal rotor segments AFPM
interior synchronous motor (120D-TWSRSAFPMISM)
are clarified. Then, the design formula and crucial
parameters of the motor are presented. Subsequently,
the cogging torque is optimized by dividing the mag-
net grouping. Finally, the characteristics of the 120D-
TWSRSAFPMISM are analyzed and compared with
those of the traditional toroidal windings sinusoidal ro-
tor segments AFPMISM (T-TWSRSAFPMISM) and an-
other T-TW motor without the sinusoidal rotor segments
(T-TWAFPMISM) by finite element method (FEM). The
results show that the 120D-TW can significantly increase
the back electromotive force (EMF) compared with the
T-TW, and the sinusoidal rotor segments can increase the
air-gap flux density compared with the traditional inte-
rior rotor. Therefore, the 120D-TW and sinusoidal rotor
segments are combined in the AFPM motor. This combi-
nation can further increase the torque density compared
with the contrast motors.

Index Terms — 120-degree phase belt toroidal wind-
ings, axial flux permanent magnet (AFPM) motor, mag-
net grouping, interior motor, sinusoidal rotor segments,
torque density.
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L. INTRODUCTION

Axial flux permanent magnet (AFPM) motors are
commonly used in various applications, including trac-
tion, power generation, and so on due to their flexible
structure. Compared with the traditional permanent mag-
net motors, they have some noticeable benefits, such
as higher power/torque densities, torque-to-weight ra-
tios, geometrically higher aspect ratios, and so on. They
have several alternative topologies, such as cored or core-
less (slotted or slotless) or coreless stators, overlap or
nonoverlap concentrated windings, and single or multi-
ple rotors/stator [[1H12]. By changing these alternatives
to AFPM motors to improve torque density, it has be-
come a hot spot on many researchers.

In the last few years, some topologies of AFPM
motors have been proposed. For example, in [12]], an
AFPM motor with single stator and single rotor is pro-
posed. It has the advantages of compact structure and
small cogging torque, but it has the disadvantages of low
torque density and insufficient mechanical strength. To
solve this problem, the motor structure of single stator
and double rotor has attracted many researchers’ atten-
tion [[13} [14]]. In [13]], a coreless AFPM motor with dou-
ble rotors and single stator structure is proposed. Al-
though it can effectively improve the torque density, its
small air-gap flux, which needs to be improved to gain
higher torque density. In [14], a new coreless axial flux
interior permanent magnet synchronous motor with sinu-
soidal rotor segments is proposed. The sinusoidal rotor
segmented structure is proposed to effectively improve
the air-gap flux density of the interior motor by changing
the rotor form, thus achieving the effect of improving
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the torque density. However, it has the disadvantages
of high copper loss due to its overlap winding structure,
and the coreless structure limits further improvement of
the torque density. Many researchers proposed the meth-
ods to reduce copper loss by varying slot configuration,
change winding structure and displacement of conduc-
tors [ISH17]]. Meanwhile, to further improve the torque
density by changing the stator core structure and winding
form is a convenient and effective method.

The stator core structure is classified into slotted
type and slotless type. In order to further improve the
torque density, the slotted structure is selected. For the
slotted motor, the winding form can be mainly divided
into tooth-wound windings and core-wound windings
(toroidal windings). In [[17], a single stator and dou-
ble rotor AFPM motor with tooth-wound windings and
core-wound windings are compared and analyzed. It is
shown that toroidal windings can save more copper, re-
duce copper loss, and improve efficiency. In order to fur-
ther develop the advantages of toroidal windings, in [18],
120-degree phase belt toroidal windings (120D-TW) is
proposed to increase torque density by increasing the
amplitude of the back-EMF. If the sinusoidal rotor seg-
ments and 120-degree phase belt toroidal windings struc-
tures are combined with single stator and double rotor
AFPM motors, it may further improve the torque density.
Therefore, a 120-degree phase belt toroidal windings si-
nusoidal rotor segments AFPM interior synchronous mo-
tor (120D-TWSRSAFPMISM) is proposed and analyzed
in this paper.

The paper is structured as follows. Section II in-
troduces the motor structure, winding configuration, and
operating principle of the proposed motor, the traditional
toroidal windings sinusoidal rotor segments AFPMISM
(T-TWSRSAFPMISM), and T-TW motor without the
sinusoidal rotor segments (T-TWAFPMISM), and ana-
lyzes its structural advantages. Section III introduces the
design formula and structural parameters of the motor.
Section IV introduces an optimization method of perma-
nent magnet grouping to reduce the cogging torque of the
proposed motor and establishes a parametric model to
obtain better structure parameters. Section V introduces
the results of the 3D finite element analysis (3D-FEA).
Finally, some conclusions are summarized in Section VI.

II. MOTOR STRUCTURE AND OPERATING
PRINCIPLE

A. Motor structure

Figure [I] shows the structure of the proposed mo-
tors.  Figure [I] (a) is the topology of the 120D-
TWSRSAFPMISM. The proposed motor is an AFPM
motor with single stator and double rotor. The stator is
constructed with slotted and all windings are surrounded
by toroidal on the stator yoke. The permanent magnet
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Fig. 1. Topology of the three motors. (a) 120D-

TWSRSAFPMISM. (b) T-TWSRSAFPMISM. (c) T-
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Fig. 2. Winding configurations of the two types. (a)
120-degree phase belt toroidal windings. (b) Traditional
toroidal windings.

is inserted in two rotors with interior structure, which
make the rotor like a wheel spoke. At the same time,
the rotor is sinusoidal and divided by permanent mag-
net. Figures E] (b) and (c) are proposed contrast mo-
tors: one is the "-TWSRSAFPMISM with sinusoidal ro-
tor segment and other one is traditional toroidal windings
interior permanent magnet axial flux permanent magnet
synchronous motor (T-TWIPMAFPMSM) with no sinu-
soidal rotor segment.

B. Winding configuration

As shown in Figure [2| the winding configurations
for the proposed motors are depicted. Figure[2](a) is the
winding configuration of the 120D-TWSRSAFPMSM.
As can be seen from Figure [2] (a), the incoming line ter-
minals (A, B, and C) of the 120D-TWSRSAFPMSM are
all on the same side of the stator core and have the same
winding direction. And its outcoming line terminals (X,
Y, and Z) are all on the other side of the stator core. Fig-
ure 2] (b) is the winding configuration of contrast motors;
its winding configuration is the traditional toroidal wind-
ings. And its positive side of coil and return side of coil
are on either side of the stator.

Figure [3] shows the vector diagram of synthetic
electromotive force (EMF) of the 1/5 model of 120D-
TWSRSAFPMSM. As can be seen, the synthetic EMF
of phases A, B, and C are all on the one side of the sta-
tor core, and synthetic EMF of phases X, Y, and Z are
all on the other side of the stator core due to the special
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Fig. 4. Vector of diagram of EMF. (a) 120D-TW.
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layouts of the novel toroidal windings. It should be noted
that there is no space vector misalignment of coil-EMF,
which can improve the synthetic EMF. After the three-
phase symmetrical current is fed into the novel toroidal
windings, both sides of the stator core will generate a ro-
tating magnet field with the identical direction. Then the
two rotors will rotate synchronously under the interac-
tion between the armature field and permanent magnets
field.

At the same time, the winding factor of the three
winding types needs to be analyzed, which further illus-
trates the advantages of 120D-TW. First, the formula of
winding factor is given by

K, =Ky x Ky, 1)
where Ky is pitch-shortening factor, K is distribution
factor, and K, is winding factor.

The K4 can be expressed as

sinZ* z ~ px360

4 sin? (q om . ),
where z is stator slot number, p is pole pairs, and m is
phase number. From the above formula, the distribution
factor is related to the number of coils in the unit motor.

Both the motor and the comparison motor are concen-

q
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Fig. 5. Three-phase current /4 I, and I¢.

trated windings; so it is known that the distribution factor
Kqis1.
The K4 can be calculated by

R
Ki=2 Y e %, 3)
Nk:l

where N is the number of synthetic EMF for each phase
EMEF, and 6 is the electrical degrees between the syn-
thetic EMF. It can be seen from Figure 3| that the advan-
tage of 120D-TW is that the angle between the coil; and
coily is 0°; then EMF of phase A is derived from the for-
mula
éa120p (1) = €coitt (t) + €coita(t)- )
According to formula (3, the formula of pitch-
shortening factor K4 of 120D-TW is given by

1 .
Kq = N\/(1+cos O )2+SIH29k . )

It shows that the pitch-shortening factor of 120D-
TW of Kq; is 1. For the same reason and it can be seen
that the angle between the coil; and coil, is 120 electri-
cal degrees, the A phase EMF of the traditional toroidal
winding is derived from the formula

eatw (t) = €coill (t) — €coiiz (t) (6)

Kdzzé\/(l — cos B )>+sin6y . @)

It shows that the pitch-shortening factor of tradi-
tional toroidal winding of K45 is 0.87. According to for-
mula (I), the winding factors of 120D-TW and T-TW are
1 and 0.87, respectively. The winding factor of 120D-
TW is 14.94% higher than that of T-TW, which means
the 120D-TW has the ability to gain a higher back-EMF.

C. Operating principle

Figure [5] shows three moments of the three-phase
current. Because the winding forms of the two contrast
motors are the same (T-TW), only the armature magnetic
field of one motor can be drawn. At the ¢, f,, t3 mo-
ments, the armature magnetic field of the 120D-TW and
the T-TW is shown in Figure|[6]
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Fig. 7. Flux distribution of two rotor types. (a) Sinu-
soidal rotor segments. (b) Interior permanent magnet.

Figure [/ shows the 1/5 model of the rotor struc-
ture of the proposed motor and the contrast motor, re-
spectively. Figure [/| (a) is a sinusoidal rotor segments
structure adopted by 120D-TWSRSAFPMSM and T-
TWSRSAFPMSM, and Figure [7| (b) is an interior per-
manent magnet structure by T"-TWIPMAFPMSM. It can
be seen that the permanent magnets of the two rotors
are embedded in the rotor and distributed along the axial
direction, and the permanent magnets of the same ax-
ial direction have the same polarity. Two strands of flux
wire driven by permanent magnets inside the two rotors
through the air gap, winding, and stator core. It can be
seen that the sinusoidal rotor segment is compared with
the interior permanent magnet, and the magnetic lines
of the former converge toward the sinusoidal type rotor,
while the latter diverges. It is shown that the sinusoidal
rotor segments have the function of converging magnetic
lines; so it can increase the air-gap flux density.

II1. DESIGN OF THE PROPOSED MOTOR
The main design equations of the proposed motor
are presented in this section.
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The AFPM diameter ratio is defined as

1/3
Do= PR/KLntA£ (1-22) # , (8)
where D; is the inner diameter, D, is the outer diameter
of the motor, A is the ratio of D; to D,, Pg is the out-
put power, A is the electrical loading, By is the air-gap
flux density, and K1, is a constant incorporating wind-
ing factors. However, the winding form of 120D-TW is
different from T-TW; the electrical load formula needs
to be redefined. As shown in Figure 2 the windings of
120D-TW are winding in the same direction, similar to
only out, and T-TW are winding in two directions, simi-
lar to in and out, resulting in the change in the number of
series turns per phase; so the electric loading calculation
formula should be changed accordingly.
The electric loading formula for the 120-degree
phase belt toroidal windings is given by
2Irms
A =mN 2 (Di+Dy)’ )
The electrical load formula for the traditional
toroidal windings is given by
A= mN&, (10)
n(Di+ D,)
where N is the number of series turns per phase, and Iy
is current effective value. However, because the number
of series turns per phase changes, the peak value of back-
EMF formula also needs to change.The EMF for the 120-
degree phase belt toroidal windings is given by

EpsznNBgJ;:(l—xz)Doz. (11)
The EMF for the traditional toroidal windings is
given by

Ep = 2KnNBgz (1-2%) Do (12)
p

The motor design is completed based on these fun-
damental sizing equations, and the initial motor design
data are obtained. Then, contrast motors design is car-
ried out by the same rotor D, and the same amount of
magnet volume. To verify the reasonability of the pro-
posed motor, the 120D-TWSRSAFPMSM is compared
with the contrast motors. The design of the three motors
needs to follow some rules to ensure a fair comparison.

(1) The three motors have the same dimensions, includ-
ing outer diameter and inner diameter of the sta-
tor and rotors, axial length, thickness of permanent
magnet, and so on.

(2) The three motors are excited by a same current
source and have the same materials.

Based on the principles above, the primary parameters
of the 120D-TWSRSAFPMSM and contrast motors are
presented in Table
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Table 1: Primary parameters of three motors

120D- T- T-
Parameters TWSRSAF |TWSRSAF [ TWPMBAF
PMSM PMSM PMSM
Rated speed 800 r/min {800 r/min {800 r/min
No. of phase 3 3 3
No. of poles 20 20 20
No. of winding|30 30 30
coils
Turns of per coil |14 14 14
Outer diameter of | 148.0 mm |148.0 mm |148.0 mm
stator core
Inner diameter of | 100.0 mm |100.0 mm |100.0 mm
stator core

IV. OPTIMIZATION ANALYSIS

According to the primary parameters of the three
motors presented in Table [I} first, the influence of si-
nusoidal rotor segments on the cogging torque is deter-
mined. Then, because all three motors are slotted, the
cogging torque needs to be optimized. In this part, the
magnet grouping division is used to reduce the cogging
torque and establish a parametric model to obtain and
analyze the results.

A. Sinusoidal rotor segments affect about cogging
torque

Because both 120D-TWSRSAFPMSM and T-
TWSRSAFPMSM adopt the rotor structure of the sinu-
soidal rotor segments, we need to determine the param-
eter about % of the rotor segment, then the parametric
model can be established, which is shown in Figure(a).
Because the sinusoidal rotor parameter £ has a great im-
pact on the cogging torque and torque density. The sim-
ulation results are shown in Figure[8] Figure[](a) shows
that when # is in 1 mm, the cogging torque is at turn-
ing point. Figure [§| (b) illustrates the influence of /4 on
the fundamental harmonic and total harmonic distortion
(THD) of air-gap flux density. It can be seen that with
the increase of A, the fundamental harmonic and THD of
air-gap flux density also gradually increase. With the in-
crease of the parameter %, the fundamental harmonic of
air-gap flux density and the cogging torque will be defi-
nitely increased. Accordingly, & is selected as 1 mm for
increasing the torque output and reducing the cogging
torque as much as possible.

B. Cogging torque optimization

Cogging torque is caused by interaction between
magnets and stator slots. In other words, cogging torque
is caused by the variation of the magnetic energy of the
field due to the PM with the mechanical angular position
of the rotor. Reducing cogging torque component is vital
in PM motor design process especially at low speed and
direct-drive applications.
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Fig. 8. Effect of the parameter / change on the sinusoidal
rotor segments. (a) Cogging torque. (b) Fundamental
harmonic of air-gap flux density and THD.

Fig. 9. Division of the permanent magnets into two
groups. (a) Before the group. (b) After the group.

In addition, the proposed motor inevitably has cog-
ging torque due to the slotted structure [[19]. The dissat-
isfactory torque ripple may be obtained due to the cog-
ging torque. Therefore, the torque ripple needs to be
optimized. In [20]], an optimization method for magnet
grouping is proposed to reduce the cogging torque. It
shows that by moving the permanent magnet and group-
ing it, an asymmetric air-gap magnetic density is formed,
which can greatly reduce the cogging torque. At the
same time, the avoidance of the irregular permanent
magnet shape reduces the manufacturing difficulty of the
permanent magnet.

This technique is illustrated in Figure 9] for a group-
ing method for a multipolar motor. By moving the per-
manent magnet and grouping it, forming an asymmetric
air-gap magnetic density can greatly reduce the cogging
torque. At the same time, the avoidance of the irregular
permanent magnet shape reduces the manufacturing dif-
ficulty of the permanent magnet. The parameterization
model of the motor is shown in Figure[I0} It can be seen
that the grouping angle is 10.5°, and the cogging torque
ripple is 9.2%, which is the lowest in this data compared
with other angles.

V. CHARACTERISTICS ANALYSIS
According to the primary parameters of the three
motors presented in Table 1| and the result of optimiza-
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Table 2: No-load characteristics of three motors

Fig. 10. Effect of the parameter 6 change on the cogging 120D- T T
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graph of the stator
tion analysis, the 3D model of the three motors are estab- core

lished by 3D FEA software (ANSYS Maxwell). Subse-
quently, the operating characteristics under no-load and
load conditions are analyzed, respectively.

A. No-load characteristics

Figure [T1] shows the no-load flux graph of the two
structures. It can be seen that the stator of two struc-
tures both have higher flux density in their teeth. How-
ever, the flux density of the stator core of the two
structures is 1.41 T, and no magnetic saturation occurs
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Fig. 12. Air-gap flux density and its harmonics distri-
bution of the three motors under no-load condition. (a)
Air-gap flux density. (b) Harmonics distribution.

in the stator core. The air-gap flux density and its
harmonics distribution of the three motors under no-
load condition are presented in Figure [I2] It can
be seen from Figure (a) that the air-gap flux den-
sity curve in the 120D-TWSRSAFPMISM is basically
the same as that in the T-TWSRSAFPMISM, which is
higher than T-TWAFPMISM. As shown in Figure[T2](b),
the amplitudes of the fundamental harmonic of the
air-gap flux density in the 120D-TWSRSAFPMISM
and T-TWSRSAFPMISM are both 0.85 T, and the T-
TWAFPMISM is 0.76 T. It can be seen that the first two
increased by 11.84% compared with the latter, which can
be seen that sinusoidal rotor segments can effectively in-
crease flux density.

The no-load back-EMF, harmonics distribution, and
cogging torque of the three motors are presented in Fig-
ures [T3] (a) and (b), respectively. Comparative analysis
results of the three motors are shown in Table As
shown in Table [2] it can be seen that the amplitudes
of the fundamental harmonic of the back-EMF of the
120D-TWSRSAFPMISM are increased by 15.26% and
24.49% compared with the T-TWSRSAFPMISM and
T-TWAFPMISM. In formula (8), it can be seen that the
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Table 3: On-load characteristics of three motors

120D- T- T-
Parameters TWSRSAF |[TWSRSAF |TWPMBAF

PMSM PMSM PMSM
Average torque  [113.67 Nm [98.38 Nm [91.67 Nm
Torque per am-|2.84 Nm/A |2.46 Nm/A |2.29 Nm/A
pere
Average torque|25.43 22.01 20.51
density kKNm/m*>  |kNm/m*>  |kNm/m?
Torque ripple 14.71% 17.10% 7.33%
Output power 9.52 kW 8.24 kW 7.68 kW

back-EMF is related to the winding coefficient K, and
the air-gap flux density B,. Because the sinusoidal rotor
segments can effectively improve the air-gap flux den-
sity, and combined with the advantages of high wind-
ing coefficient of 120D-TW, the fundamental harmonic
of the back-EMF of 120D-TWSRSAFPMISM is greatly
increased. And it is consistent with the analysis of the
vector diagram of A-phase synthetic EMF of the three
motors.

As shown in Table [2] the cogging torque of 120D-
TWSRSAFPMISM and T-TWSRSAFPMISM are nearly
the same, and the peak-to-peak values of both are 8.82
Nm. The cogging torque of T-TWAFPMISM is the
smallest, and its peak-to-peak value is only 2.35 Nm.
Compared with T-TWAFPMISM, the cogging torques
of 120D-TWSRSAFPMISM and T-TWSRSAFPMISM
both increased. Because the sinusoidal rotor segments
structure increases the air-gap flux density, which also
affects the cogging torque.

B. On-load characteristics

The torque curve and torque-current characteristic
of the three motors are presented in Figures [T4] (a) and
(b), respectively. Comparative analysis results of the
three motors are shown in Table 3

As shown in Table [3] compared with the T-
TWSRSAFPMISM and T-TWAFPMISM, the torque
density of the 120D-TWSRSAFPMISM has increased
by 15.54% and 24.0%, which can be seen that combin-
ing 120D-TW with sinusoidal rotor segments in the pro-
posed motor can further improve torque density. And in
Figure [I4] (b), it shows the torque-current characteristic
of three motors. As can be seen, within the whole current
range, the 120D-TWSRSAFPMISM always has much
higher average torque than the T-TWSRSAFPMISM and
T-TWAFPMISM.

VI. CONCLUSION
In this paper, a 120D-TWSRSAFPMISM is pro-
posed and presented. The structure and working prin-
ciple of the proposed motor are defined. The cogging
torque of the motor is reduced by dividing the perma-
nent magnets into two groups and the 3D finite element
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Fig. 14. (a) Torque curve of three motors at the same cur-
rent. (b) Torque-current characteristic of three motors.

model of 120D-TWSRSAFPMISM and contrast motors
are established. The no-load and load characteristics of
the 120D-TWSRSAFPMISM are compared with con-
trast motors, which are designed with the same effective
size.

In 120D-TWSRSAFPMISM, 120D-TW is com-
bined with sinusoidal rotor segments. The difference be-
tween 120D-TW and T-TW lies in that the coil-EMF of
120D-TW has no space vector misalignment; so 120D-
TW makes the amplitude of back-EMF increase by
14.94% compared with T-TW. The difference between
sinusoidal rotor segments and traditional interior rotor
is that the structure of sinusoidal rotor segments is si-
nusoidal, so that the flux field converges to the same
place, making the air-gap flux density of structure si-
nusoidal rotor segments increase by 11.84% compared
with the structure of traditional interior rotors. The sim-
ulation results show that the torque density of 120D-
TWSRSAFPMISM increases by 15.54% and 24% com-
pared with T"-TWSRSAFPMISM and T-TWAFPMISM.
Thus, the combination of the two structures in the pro-
posed motor makes the torque density of the motor fur-
ther improve compared with that of one structure.
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