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Abstract—This paper presents an investigation of a
3D-magnetic flux permanent magnet synchronous motor (3D-MF
PMSM) used for electric vehicle applications. The investigated
3D-MF PMSM consists of an integrated radial-flux and axial-flux
structure. It has two radial-flux air-gaps and two axial-flux
air-gaps, as well as a toroidal winding wound stator. The
integrated structure helps to concentrate all the flux within the
motor to maximize torque production. Moreover, there are no
end-windings in this motor and all the stator windings effectively
are used in torque production. A comprehensive performance
evaluation, in terms of the back-electromotive force, average
output torque, cogging torque, torque ripple, flux-weakening
capability, etc., of the investigated 3D-MF PMSM is conducted.
An interior PMSM is purposely included as a benchmark for
comparison. The results show that compared to the benchmark
interior PMSM, the original 3D-MF PMSM exhibits significantly
improved torque density, higher power factor, and higher
efficiency, but suffers from serious cogging torque and torque
ripple. Accordingly, a skewed arrangement is introduced to the
3D-MF PMSM. As a result, the cogging torque and torque ripple
are significantly reduced.
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Index Terms—3D-magnetic flux, electric
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NOMENCLATURE
AMC Active material cost.
Bso Slot opening width.
Bs1 Slot body width.
GCD Greatest common divisor.
Hirp Thickness of the PM on the inner rotor.
Hiry Outer rotor yoke height.
Horp Thickness of the PM on the outer rotor.
Hory Outer rotor yoke height.
Hso Slot opening height.
Hs1 Slot body height.
Hsrp Thickness of the PM on the side axial rotor.
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Side axial rotor yoke height.

Amplitude of the phase current.

D-axis current.

Q-axis current.

Rated current.

Current vector.

Equivalent current vector for the integrated right
rotor of the skewed 3D-MF PMSM.

Distribution factor.

Flux-weakening coefficient.

Pitch factor.

Winding factor.

Winding factor for the skewed 3D-MF PMSM.
Air-gap length.

D-axis inductance.

Q-axis inductance.

Axial length of the stator.

Total axial length.

Copper mass.

Iron core mass of the rotor.

PM mass.

Soft magnetic composite mass.

Number of cogging periods per revolution.
Number of slots.

Number of poles.

Core losses of stator and rotor.

Copper losses.

Eddy-current losses in PMs.

Friction and windage.

Output power.

Stray losses.

Number of slots per pole per phase.

Inner radius of the inner stator.

Outer radius of the outer rotor.

Inner radius of the stator.

Outer radius of the stator.

Torque generated by axial-flux machine part.
Torque generated by external radial-flux machine
part.

Torque generated by internal radial-flux machine
part.

Total torque.

Left torque generated by the integrated left rotor.
Right torque generated by the integrated right rotor.
Coil pitch measured in number of slots.



e Electrical slot-pitch angle.

ap Pole embrace.

p Skew angle.

1% Current control angle (inner power factor angle).
n Efficiency.

Grog Electrical period of the cogging torque.

Wm PM flux linkage.

I.  INTRODUCTION

ITH THE ever-increasing concerns on the issues of

energy conservation and environmental pollution
associated with fossil fuels, conventional vehicles equipped
with internal combustion engine are, sooner or later, expected
to be replaced by electric vehicles (EVs) [1]. EVs have the
potential to offer an ultimate solution for clean-energy personal
mobility, especially if they are powered by electrical energy
generated from renewable energy sources, such as wind, solar,
biofuels, and tidal streams [2].

As the key enabling technology for EVs, electric motors
should be designed to have high torque densities to provide
high output torque capability for electric launch, hill climbing,
as well as acceleration in the low-speed region, and good
flux-weakening capability to expand the constant-power speed
range in the high-speed region. A variety of electric motors
have been used for EV applications. Switched reluctance
motors have been recognized to have a considerable potential
for EVs, e.g., the Chloride Lucas (a commercialized EV), due
to their rugged and simple construction, hazard-free operation,
and good torque-speed characteristics. However, they suffer
from low torque densities, as well as fairly high torque ripple
and acoustic noise [3]. Induction motors are a widely accepted
candidate for EVs, e.g., the Tesla Model S, due to their high
reliability, low cost, and reduced maintenance. The limitation
of induction motors includes low torque density, low power
factor, and low efficiency [4]. With the advent of high-energy
permanent magnet materials, permanent magnet synchronous
motors (PMSMSs) have been identified to be the most promising
candidates to provide high performance metrics for modern
EVs, e.g., the Toyota Prius and Honda Civic, due to the
advantages of high torque density, high power density, and high
efficiency [5], [6]. Accordingly, a PMSM used for EV
applications is investigated in this paper.

Many design variants of PMSMs have been investigated for
EV applications, including various stator PM motors, e.g.,
flux-switching PM motors [7], flux-reversal PM motors [8],
and doubly-salient PM motors [9], as well as rotor PM motors,
e.g., surface-mounted PMSMs [10] and interior PMSMs [11].
Among them, surface-mounted and interior PMSMs have led
the way due to their relatively simple structures and good
electromagnetic characteristics. In general, these PMSMs
consist of laminated stators housing windings and solid or
laminated rotors where PMs are mounted on the surfaces of
such rotors or inserted in such rotor cores. High torque density
is imperative for electric motors in EV applications, where the
motor’s volume/weight is often highly constrained [12]. In
order to improve the torque density, Niu et al. presented a
double-stator surface-mounted PMSM, which incorporates the
merits of an outer stator with fractional-slot concentrated

winding configuration and an inner stator with multi-tooth
structure combined into one compact PM motor [13], [14]. It
was shown that compared to conventional PMSM counterparts,
this motor exhibits improved torque density and efficiency, as
well as reduced cogging torque. In [15], Gul et al. also
presented a double-stator surface-mounted PMSM, which
combines an inner-rotor PMSM and an outer-rotor PMSM into
a double-stator single-rotor PMSM. It was shown that
compared to conventional counterparts, this machine exhibits
improved torque density, reduced cost and size. Moreover, the
cogging torque of this machine is mitigated by optimizing slot
position of both stators with respect to each other. Similarly, in
[16], Zhao et al. presented a double-stator spoke-type interior
PMSM. It was found that compared to a standard PM motor,
this motor exhibits significantly improved torque/power
density, reduced torque ripple, and improved efficiency. By
contrast, Chen et al. and Li et al. presented a double-rotor
PMSM in [17] and [18], respectively. Compared to the
double-stator counterparts in [13]-[16], besides the improved
torque density, these motors are more suitable for direct-drive
operation, which is favorable in EV applications. In addition,
Potgieter et al. presented a double-rotor PMSM with ring
wound windings for direct-drive applications in [19]. It was
shown that compared to overlap-winding counterparts, this
machine has the advantage of shorter end-windings.
Meanwhile, compared to conventional concentrated winding
counterparts, this machine exhibits further improved torque
density, reduced torque ripple, as well as reduced eddy-current
and PM losses.

On the other hand, axial-flux PM machines have shown
promising potential for EV applications, due to their high
torque density, compact structure with short axial length, and
good heat dissipation [20]. In [21], Zhao et al. presented a
double-stator axial-flux PMSM for traction applications. It was
shown that the torque density of this machine is as high as
35.33 Nm/L, which is higher than that of conventional PMSMs
in commercialized EVs. In [22], [23], Lu et al. presented a
six-phase double-stator axial-flux PMSM with detached
windings. It was found that compared to conventional winding
counterparts, the rotor eddy-current losses of this motor could
be reduced by 25% and 75% under normal and fault-tolerant
operation, respectively, without sacrificing average output
torque. This feature is favourable for safety-critical EV
applications. By contrast, Mahmoudi et al. and Geng et al.
presented a double-rotor axial-flux PMSM in [24] and [25],
respectively. It should be noted that the torque density has been
improved by these aforementioned double-stator or double
rotor structures, since they are equivalent to integrating two
motors into one. However, pursuing more torque density is an
evergreen research highlight in EV applications.

Recently, a hybrid axial-radial flux PM machine with is
presented in  [26]. This machine combines axial- and
radial-flux PM machines into one compact space, which
effectively improves the copper utilization of the machine.
Moreover, Halbach array PMs are used to achieve a more
sinusoidal back-electromotive force (EMF) waveform.

This paper presents a comprehensive investigation of a
3D-MF PMSM for EV applications. The investigated machine
consists of an integrated radial-flux and axial-flux structure
which has two radial-flux air-gaps and two axial-flux air-gaps,



as well as a toroidal winding wound stator. This compact
concept was firstly patented in [27]. This paper brings
contributions by  comprehensively investigating the
performance metrics of the 3D-MF PMSM, conducting the
comparison with a benchmark commercialized machine, and
quantifying its potential for EV applications. Differing from
conventional PMSMs in which end-windings are wasted in
terms of torque production, all the windings (wirings) of this
machine are used for torque production. In addition, with the
significantly extended air-gap areas where the magnetic energy
is stored, this machine exhibits remarkably improved torque
density. The remainder of this paper is organized as follows: In
Section I, the 3D-MF PMSM is designed and investigated.
Meanwhile, in order to reduce the cogging torque and torque
ripple, a skewed 3D-MF PMSM s also introduced and
investigated. In Section 1lI, the performance metrics of the
three motors (the benchmark interior PMSM, original 3D-MF
PMSM, and skewed 3D-MF PMSM), in terms of back-EMF
waveform, average output torque, cogging torque, torque
ripple, flux-weakening capability, etc., are comprehensively
compared. In Section IV, design aspects including assembling
details, as well as thermal and mechanical stress analysis, are
provided to demonstrate the feasibility of the investigated
3D-MF PMSM. Finally, Section V is dedicated to the
conclusions.

Il. 3D-MAGNETIC FLUX PMSM

The investigated 3D-MF PMSM is shown in Fig. 1. This
integrated motor consists of four rotors with surface-mounted
PMs, i.e., two axial rotors including a left axial rotor and a right
axial rotor, two radial rotors including an outer radial rotor and
an inner radial rotor. Hence, this machine can be considered as
four machines, i.e., two axial-flux machines (a left axial-flux
machine and a right axial-flux machine), and two radial-flux
machines (an internal radial-flux machine and an external
radial-flux machine). It should be noted that both the outer and
inner radial rotors are divided into two parts, i.e., a left part and
a right part. For the ease of understanding, the left parts of both
the outer radial rotor and inner radial rotor, as well as the left
axial rotor are formed and named as the “integrated left rotor”.
By contrast, the right parts of both the outer radial rotor and
inner radial rotor, as well as the right axial rotor are formed and
named as the “integrated right rotor”. A stator wound by
toroidal discrete windings without end-windings are adopted.
The stator is surrounded by the rotors while the inner rotor sits
at the center of the cylindrical structure.

The geometry and the magnetic flux path of the investigated
3D-MF PMSM including both radial-flux part and axial-flux
part, are shown in Fig. 2. The main parameters are listed in
Table 1. As can be seen, differing from conventional
2D-magnetic flux motors which consist of only either a radial-
or axial-flux path, this motor consists of both radial- and
axial-flux paths. More specifically, as shown in Fig. 2(a), the
radial-flux path goes in the direction as follows: the PM on the
outer rotor marked as red color — the stator tooth — the PM on
the inner rotor marked as red color — the inner rotor yoke —
the PM on the inner rotor marked as yellow color — the stator
tooth — the PM on the outer rotor marked as yellow color —
the outer rotor yoke — the PM on the outer rotor marked as red

color. By contrast, the axial-flux setup path goes in the
direction as follows: the PM on the left axial rotor marked as
red color — the stator tooth — the PM on the right axial rotor
marked as red color — the right axial rotor yoke — the PM on
the right axial rotor marked as yellow color — the stator
tooth— the PM on the left axial rotor marked as yellow color —
the left axial rotor yoke — the PM on the left axial rotor marked
as red color. In this way, both the radial- and axial-flux paths
form closed loops. This is the so-called “3D-magnetic flux
PMSM”. It should be noted that differing from the conventional
laminated, the stator material of the investigated 3D-MF
PMSM should be a solid magnetic material with an isotropic
ferromagnetic  behaviour and homogenous magnetic
characteristic in both the radial and axial directions, which is
able to carry both the radial- and axial-flux. Accordingly, the
soft magnetic composite (SMC) of Hoganas/Somaloy is used as
the stator core material of the presented 3D-MF PMSM, which
could be produced by either advanced compaction and later
matching technologies [28], [29], or advanced 3D printing
technologies. The B-H curve and the core losses characteristics
of the Somaloy 700HR used in this paper are shown in Fig. 3(a)
and (b), respectively. It should be also noted that there is a 2
mm small airgap between the “integrated left rotor” and the
“Integrated right rotor”, which is potentially used for
introducing a phase displacement (the skew angle, 5) between
the “integrated left rotor” and the “integrated right rotor”.

The magnetic flux vector distributions of the presented
3D-MF PMSMs are shown in Fig. 4. Two different
arrangements, i.e., original arrangement and skewed
arrangement, are presented. The original 3D-MF PMSM aligns
the “integrated left rotor” and the “integrated right rotor” with
each other. By contrast, a skewed arrangement of the
“integrated left rotor” and the “integrated right rotor” is adopted
in the skewed 3D-MF PMSM, as shown in Fig. 4(b). The skew
angle, 3, between the “integrated left rotor” and the “integrated
right rotor” is equal to 3.75° (mech. deg.) for the purpose of
suppressing the cogging torque and torque ripple, which will be
elaborated in detail in Section 1V-C.

As can be seen from Fig. 1 to Fig. 4, theoretically, all of the
magnetic fields generated by the toroidal windings are involved
in energy conversion (torque production). By contrast,
conventional motors consist of wasted end-windings [refer to
Fig. 2(a)], which produce no torque but lead to the increment of
volume, weight, cost, as well as losses. On the other hand, in
principle, the electromagnetic torque produced by the
interaction of the two magnetic fields from the current-excited
stator and the PM-excited rotating rotor, is proportional to the
change in the stored magnetic energy in the air-gap. The
investigated 3D-MF PMSM consists of two radial-flux air-gaps
and two axial-flux air-gaps, which significantly extends the
air-gap area. Moreover, all magnetic flux is concentrated within
this motor due to the unique 3D-MF structure (refer to Fig. 2).
Hence, this motor is expected to have the advantage of high
torque density. In addition, the toroidal concentrated winding
configuration is amiable to have a higher slot fill factor, which
is expected to further improve the torque density.

The current vector diagram is shown in Fig. 5. As can be
seen, for the original 3D-MF PMSM and the integrated left part
of the skewed 3D-MF PMSM, the current diagram is similar to
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Fig. 2. Geometry and Magnetic flux path of the 3D-MF PMSM. (a) Radial-flux
part. (b) Axial-flux part.

that of conventional surface-mounted PMSMs, while for the
integrated right part of the skewed 3D-MF PMSM, there is an
additional angle of (#-P/2) in electrical degrees due to the
skewed arrangement with the skew angle, 5, added to the
current control angle, y. It should be noted that the reluctance
torque of surface-mounted PMSMs is negligible, due to the
almost equal magnitudes of Lq and Lq. The same applies to the
investigated 3D-MF PMSM, since the original 3D-flux PMSM
shares the same operation principle with surface-mounted
PMSMs. Hence, the electromagnetic torque can be expressed
for the original 3D-MF PMSM as follows:

Ttotal =2x Taxial +T; Texternal

. 1
= (3/2)-(P/2) v i, = (3/2)-(P/2) -y - (1 -c057) )
By contrast, for the skewed 3D-MF PMSM, the total torque,

(b)

TABLE |
MAIN PARAMETERS OF THE INVESTIGATED 3D-MF PMSM

Basic parameters

Number of stator slots 48
Number of poles 8
Base speed (r/min) 1200
Amplitude of rated phase current (A) 150

Current density (A/mm?) 12.49
Slot fill factor (%) 48.13
Material of PM N36Z_20 (NdFeB)
Material of rotor core M19_29G
Material of stator core Somaloy 700HR
Geometry parameters
Roro (Mm) 134.62 Horp (Mm) 3.50
R (Mm) 118.39 Hirp, (Mm) 4.00
Rsi (mm) 68.05 Hgrp (Mm) 3.00
Riri (mm) 55.32 a 0.73
Lot (Mm) 159.77 Lo (mm) 0.73
Lg (mm) 137.31 By (Mm) 1.93
Hory (mm) 12.00 Hg (mm) 1.02
Hiry (mm) 8.00 By (mm) 6.09
Hgy (Mm) 7.50 Hg (mm) 10.61
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Fig. 3. Material properties of the Somaloy 700HR. (a) B-H curve, and (b) Core
losses characteristics.

Twta, 1S @ combination of the left torque generated by the
integrated left rotor, Trowmi_ierr, and the right torque generated by
the integrated right rotor, Tial_rignt, Which can be expressed as:




> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5

Center line
of left rotor

Center line

Center line
of right rotor

€ (b)
Fig. 4. Magnetic flux vector distributions of the 3D-MF PMSMs. (a) Original
3D-MF PMSM, and (b) Skewed 3D-MF PMSM.
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Fig. 5. Currentvector diagram. (a) Original 3D-MF PSMM and the integrated
left part for the skewed 3D-MF PMSM. (b) The integrated right part for the
skewed 3D-MF PMSM.
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As can be seen, even though only one current vector, is, exists in
the field-oriented control, an equivalent current vector, i,
instead of the current vector, is, behaves to generate the output
torque for the integrated right part of the skewed 3D-MF
PMSM, due to the misalignment/skew angle, 5.

I1l.  PERFORMANCE COMPARISON

In order to comprehensively evaluate the performance of the
investigated 3D-MF PMSMs, a quantitative comparison of the
investigated motors and a benchmark PMSM is conducted in
this section. The interior PMSM used in 2004 Toyota Prius EV
is adopted to serve as the benchmark for this study, as shown in
Fig. 6. The dimensional specifications and experimental results
of the interior PMSM are obtained from ref. [30] and [31]. For a
fair comparison, the 3D-MF PMSMs share the same volume,
rated current, and current density as the benchmark interior
PMSM. These designs are considered at the temperature of
95 °C with a typical liquid-cooling system [32].

Fig. 6. Benchmark interior PMSM. (a) Structure. (b) Prototype [30].

A. Winding Configuration

Since the interior PMSM and the 3D-MF PMSMs share the
same slot/pole combination, i.e., 48-slot /8-pole, they have the
same star of slots, as shown in Fig. 7. Hence, they have the
same electrical slot-pitch angle in electrical degrees as follows:

a, = P-180°/N, =30 3)
They also have the same winding distribution factor as follows:
ky =sin[q-(e,/2)]/[a-sin(c,/2)]=0.9659  (4)

where g=2 is the number of slots per pole per phase.
Accordingly, the winding configurations of the three motors are
shown in Fig. 8. For the interior PMSM with overlapping
distributed windings, the pitch factor is as follows:

k, =sin(y-a,/2)=1 ®)

where y=6 is the coil pitch measured in number of slots [refer to
Fig. 8(a)]. For the 3D-MF PMSMs with non-overlapping
toroidal windings, since the four lateral edges of the
rectangle-shaped toroidal winding coil can link the same flux as
a full-pitched coil, the winding pitch factor is, k;=1 [33]. Hence,
the original 3D-MF PMSM has the same winding factor as the
benchmark interior PMSM as follows:

k, =k, -k, =0.9659 ©)

For the skewed 3D-MF PMSM, since the integrated right rotor
is shifted by an angle of £ with respect to the integrated left
rotor, the left winding part and the right winding part have a
phase shift of #-(P/2) in electrical degrees. Hence, the winding
factor for the skewed 3D-MF PMSM is computed based on that
of the original 3D-MF PMSM as follows:

k, =k, -cos[ B-(P/2)/2]=0.9576 @)

B. Magnetic Field

The no-load flux density distribution results of the two
3D-MF PMSMs at the initial rotor position where the flux
linkage of phase-A reaches the maximum value, are shown in
Figs. 9(a) and (b), respectively. As can be seen, a reasonable
level of saturation is maintained in both stator teeth and rotor
yoke for both of the two motors. The air-gap flux density
profiles of the two 3D-MF PMSMs as well as the benchmark
interior PMSM under no-load condition are shown in Fig. 10. It
should be noted that the results for the original 3D-MF PMSM
are from the integrated left rotor, while those for the skewed
3D-MF PMSM are from the integrated right rotor. As can be
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Fig. 8. Winding configurations for one basic repeating unit machine (12 slots).
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Fig. 9. No-load magnetic flux density distribution of the two 3D-MF PMSMs.
(a) Original, and (b) Skewed.

seen, the fundamental component amplitudes of the air-gap flux
density for the two 3D-MF PMSMs are slightly lower than that
of the interior PMSM. This is because the stator core of the
3D-MF PMSMs works as the magnetic paths for both radial-
and axial-flux, which makes it be prone to be at a higher
saturation level (refer to Fig. 9), while the stator core of the
interior PMSM only works as the magnetic paths for
radial-flux. In the meantime, the amplitudes of these harmonic
orders of the original 3D-MF PMSM are almost the same as the
corresponding components of the skewed 3D-MF PMSM, e.g.,
harmonic orders in the outer air-gap of the original 3D-MF
PMSM vs. harmonic orders in the outer air-gap of the skewed
3D-MF PMSM. These results indicate that the skewed
arrangement in the skewed 3D-MF PMSM has negligible effect
on the main magnetic flux. It should be noted that the increased
higher order harmonics may lead to torque ripple, vibration and
acoustic noise, iron losses, and PM eddy-current losses.
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Fig. 10. Air-gap flux density. (a) Waveform, and (b) Harmonic spectrum.

Techniques to reduce the higher order harmonics, e.g., unequal
thickness PMs and Halbach array PMs, will be investigated in
future work.

The no-load back-EMF waveforms at the rated speed of 1200
r/min and their corresponding harmonic spectrum, are shown in
Fig. 11. As can be seen, compared to the interior PMSM, the
fundamental components of the back-EMF waveform of the
3D-MF PMSMs are significantly improved, even though the
air-gap flux density of the 3D-MF PMSMs is slightly lower
than that of the interior PMSM. This is due to the fact that the
air-gap area which functions for energy conversion is
significantly extended in the 3D-MF PMSMs. This feature
indicates that the 3D-MF PMSMs are expected to have a high
output torque/power. On the other hand, compared to the
original 3D-MF PMSM, the total harmonic distortion (THD) of
the skewed 3D-MF PMSM is significantly reduced from
10.72% to 6.60%, with a little sacrifice of the fundamental
component amplitude, which is favourable for the reduction of
torque ripples.

C. Torque Characteristics in the Low-Speed Region

In the low-speed region, motors for EV applications are
expected to have the following features: 1) Low cogging
torque, Tcog, and torque ripple, Teip, to SUppress acoustic noise
and vibrations; 2) Sufficient average output torque, Tayg, tO
provide enough driving force; 3) Good overload capability for
hill-climbing and acceleration operations; and 4) High
efficiency, 7, to save the limited energy from the battery.
Accordingly, these aforementioned performance metrics of the
three motors are investigated in detail.

The number of cogging periods per revolution in PMSMs,
Ncog, Can be expressed as follows:

Ny =N, -P/GCD(N,, P) (8)
The electrical period of the cogging torque, 6.4 is as follows:
ecog =7 P/ Ncog (9)
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Fig. 11. Back-EMF. (a) Waveform, and (b) Harmonic spectrum.

Hence, for the 48-slot/8-pole PM machines investigated in this
paper, Neog = 48, 6.09= 30° in electrical degrees. The cogging
torque waveform with two periods of the original 3D-MF
PMSM is shown in Fig. 12(a). As can be seen, the cogging
torque waveform of the integrated left rotor is overlapping with
that of the integrated right rotor, and the total cogging torque is
almost double of that of the former or the latter.

If the integrated left rotor and the integrated right rotor are
skewed so that the cogging torque of the integrated right rotor
has a phase shift of (2n-1)-180° (elec. deg.) in cogging periods
with respect to the integrated left rotor, the total cogging torque
can be minimized. Hence, the skew angle, g, in mechanical
radians can be expressed as follows:

B=[(2n-1)7/(27/0,,)]/(P/2)=(2n-1)7/48 1=123..(10)

As can be seen from eq. (7) and eq. (10), with n increasing,
the skew angle, g, will increase step by step while the winding
factor will decrease, which means the output torque will be
reduced. Hence, in order to reduce the cogging torque and
maintain the average output torque as much as possible, n is set
as 1. Accordingly, the skew angle, 8= 3.75° (mech. deg.).

The cogging torque waveform of the skewed 3D-MF PMSM
is shown in Fig. 12(b). As can be seen, compared to the original
3D-MF PMSM, the cycles/frequency of the total cogging
torque in the skewed 3D-MF PMSM are doubled, while the
amplitude of the total cogging torque is significantly reduced
by 75.04%, i.e., from 38.06 Nm to 9.50 Nm.

The torque profile at the rated current of 150 A is shown in
Fig. 13(a). As can be seen, compared to the benchmark interior
PMSM, the average torque, Tayg, Of the original 3D-MF PMSM
is significantly improved by 34.37%, i.e., from 239.03 Nm to
321.19 Nm. However, the torque ripple, Ty, Of the original
3D-MF PMSM is very large. Fortunately, with the skewed
arrangement mentioned above, the torque ripple, T.ip, Of the
skewed 3D-MF PMSM is significantly reduced by 51.96%, i.e.,
from 30.39% to 14.60%, with a little sacrifice of the average
torque (< 3.5%), compared to the original 3D-MF PMSM. It
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Fig. 13. Torque profiles. (a) Rated current condition (150 A), and (b) Low
current condition (50 A).

should be noted that the current density of the three motors at
the rated current of 150 A is as high as 12.49 A/mm? By
contrast, the torque profile at a low current of 50 A where the
current density is 4.16 A/mm?, is shown in Fig. 13(b). As a
result, similar conclusions can be drawn. More specifically,
compared to the benchmark interior PMSM, the average torque,
Tavg, OF the original 3D-MF PMSM is significantly improved by
47.55%, i.e., from 74.96 Nm to 110.60 Nm, while the torque
ripple, Trip, Of the skewed 3D-MF PMSM is much lower than
that of the original 3D-MF PMSM (27.58% vs. 50.30%), with a
little sacrifice of the average torque (<1.9%). It should be noted
that the current control angle, y=43° and y=28° are used for the
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interior PMSM with the MTPA control mode at current values
of 150A and 50A, respectively, while y=0° for the two 3D-MF
PMSMs is used with the ig=0 control mode.

The average torque and torque ripple versus input current
profiles are shown in Figs. 14(a) and (b), respectively. These
results can help to estimate the overload capability of the
investigated motors. As can be seen, with the phase current
amplitude increasing, the average torque of the two 3D-MF
PMSMs is almost linearly increasing, while the benchmark
interior PMSM suffers more from magnetic saturation in the
region above 150 A. Moreover, all the torque ripples of the
skewed 3D-MF PMSM are significantly reduced compared to
the original 3D-MF PMSM. Furthermore, the torque ripples
from the skewed 3D-MF PMSM are comparable and even
lower than those of the benchmark interior PMSM.

The torque wversus current control angle of the three
investigated motors at the rated current is shown in Fig. 15. As
can be seen, the maximum torque of the benchmark interior
PMSM is located at a current control angle equal to 43°, while
the maximum torque of the two 3D-MF PMSMs is located near
a current control angle equal to 0°. These results indicate that
the reluctance torque of the interior PMSM is notable and the
MTPA control mode should be used below the base speed,
while the reluctance torque of the two 3D-MF PMSMs is
negligible and ig=0 control mode is valid below the base speed.

A breakdown of the loss components of the three motors
under rated condition is shown in Fig. 16. The efficiency, 7, is
calculated as follows:

n :[Pout/(Pout + Pcu + Peddy +R

core

+ wa + Pstray)] -100% (11)

It should be noted that both the radial-flux and axial-flux
contribute to the core losses since the solid SMC stator carries
both the radial-flux and axial-flux. The friction and windage
losses, Prw, of the 3D-MF PMSMs are estimated as the same as
that of the benchmark interior PMSM, while the stray losses are
assumed to be 1% of the output power [34], [35]. As can be
seen, compared to the 3D-MF PMSMs, the PM eddy-current
losses, Peqqy, OF the interior PMSM are negligible, since the
PMs are inserted in the rotor and relatively far away from the
air-gap. The core losses, Pcore, Of the two 3D-MF PMSMs are
much higher than that of the interior PMSM, since solid SMC
material is used in the stator of the 3D-MF PMSMs, while
laminated sheets are used in the interior PMSM. In the
meantime, the PM eddy-current losses, Peday, and the core
losses, Peore, O the skewed 3D-MF PMSM are slightly higher
than those of the original 3D-MF PMSM. Moreover, it is
interesting to note that the efficiency, », of the two 3D-MF
PMSMs are improved compared to the benchmark interior
PMSM.

D. Flux-Weakening Capability in the High-Speed Region

The flux-weakening capability is of particular importance for
EV applications, since it determines loading capability and
speed range in the high-speed region.

The flux-weakening characteristics including torque and
power versus speed under current and voltage limits are shown
in Fig. 17. It should be noted that the interior PMSM is
controlled by the MTPA control mode below the base speed,
and flux-weakening control mode above the base speed. By
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contrast, the 3D-MF PMSMs are controlled by the ig=0 control
mode below the based speed, and flux-weakening control mode
above the base speed. It should be also noted that the results for
the skewed 3D-MF PMSM with a variable skew angle, g, are
also added. The skewed 3D-MF PMSM with the skew angle,
B =0°is the same as the original 3D-MF PMSM, while other
skew angle values are selected based on eq. (10) in order to
minimize the cogging torque, more specifically, f=(2n-1)x
3.75° in mechanical degrees, where n = 1, 2, 3,... As can be
seen, the original 3D-MF PMSM has a limited constant
power-speed range (CPSR), while the skewed 3D-MF PMSM
exhibits extended CPSR. Moreover, if the skew angle, 3, can be
appropriately adjusted with the speed increasing in the
high-speed region, the CPSR of the skewed 3D-MF PMSM can
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Fig. 17. Flux-weakening performance. (a) Torque vs. speed, and (b) Power vs.
speed.

be further extended so that it can be fully weakened as the
benchmark interior PMSM does (refer to the results with pink
line). This is due to the fact that with the skew angle, 5,
increasing, the total flux linkage is reduced with the
compensation act of the integrated left rotor and the integrated
right rotor, which would enhance the flux-weakening capability.
The adjustable skew angle can be realized by a mechanical
phase displacement strategy, which has been reported in [36].
In order to enable the two rotating parts, i.e., the “integrated left
rotor” and the “integrated right rotor”, be free to have a phase
displacement with respect to the motor shaft, a rotor hub is
rigidly mounted on the motor shaft and it supports the two
rotating parts through bearings. This rotor hub also supports the
shaft of a cam-spring governor that acts on a treadle lever,
which is schematically depicted in Fig. 18. The spring of the
cam-spring governor is constrained to the hub, while the treadle
lever is being rigidly connected to the “integrated right rotor”.
The equilibrium position of the cam-spring governor is
determined by the balance between the centrifugal force acting
on the cam and the reaction force exerted by the spring. The
original position without phase displacement, i.e., f=0° is
shown in Fig. 18(a). When the centrifugal force acting on the
cam exceeds the reaction force exerted by the spring, the cam
will rotate and a new equilibrium position is found, which
results in a skew angle, B (8+0°), between the “integrated left
rotor” and the “integrated right rotor” of the investigated
3D-MF PMSM, as shown in Fig. 18(b).

The efficiency map results are shown in Fig. 19. They are
calculated using FEA method with 1282 and 2886 operating
points equidistantly distributed throughout the torque-speed
plane for the interior PMSM and the 3D-MF PMSM,
respectively. As can be seen, the high-efficiency area of the
3D-MF PMSM is larger than that of the interior PMSM. For
example, the area with efficiency >90% of the 3D-MF PMSM
is much larger than that of the interior counterpart. It is more
interesting to note that the high-efficiency area of the interior

(@ (b)
Fig. 18. Schematic representation of a cam-spring governor acting on treadle
lever. (a) Original position without phase displacement, and (b) Position with
phase displacement.
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PMSM is located in the relatively low-speed high-torque
region, while in the high-speed low-torque region
(flux-weakening region), the efficiency is relatively low, as
shown in Fig. 19(a). By contrast, the high-efficiency area of the
3D-MF PMSM is extended to the high-speed low-torque
region, as shown in Fig. 19(b). Hence, the 3D-MF PMSM is
more suitable for EV/traction applications where high
efficiency is preferred for both low- and high-speed regions.
The unusual form of the efficiency map of the 3D-MF PMSM
may be due to the fact that calculating the losses and efficiency
for such a large amount of operating point is challenging, and
the skew angle, g, will be changing in different region of the
torque-speed plane.

E. Results Analysis and Discussion

In order to comprehensively evaluate the presented 3D-MF
PMSMs, the key performance metrics of the three investigated
motors are summarized and compared in Table I, where the
machine’s active material cost (AMC) is as follows:
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TABLEII
PERFORMANCE COMPARISON OF THE THREE INVESTIGATED MOTORS
Interior Original 3D-  Skewed 3D-
PMSM MF PMSM MF PMSM
Mass of PM (kg) 1.24 4.06 4.06
Mass of copper (kg) 6.80 4.56 4.56
Mass of stator core (kg) 19.25 23.64 23.64
Mass of rotor core (kg) 5.42 16.55 16.55
Total mass (kg) 32.71 48.81 48.81
Total cylindrical volume (L) 7.56 7.56 7.56
Number of turns/phase 72 64 64
Winding factor, ki, 0.9659  0.9659 0.9576
Phase resistance, (ohm) 0.07 0.06 0.06
Self-inductance, Laa (MH) 2.44 0.83 0.82
Mutual-inductance, Lag (MH) 0.69 0.26 0.26
D-axis inductance, Ly (mH) 1.54 0.99 0.99
Q-axis inductance, L, (mH) 3.11 1.18 1.15
PM flux linkage, ym (Wh) 0.205 0.359 0.346
Amplitude of back-EMF (V) 102.02 18543 184.61
THD of back-EMF (%) 10.01 10.72 6.60
Power factor, P; 0.765 0.905 0.904
Cogging torque, Teoq (NmM) 1.85 38.06 9.50
Average torque, Ta, (Nm) 239.03  321.19 310.13
Torque ripple, T, (%) 16.43 30.39 14.60
Copper losses (W) 2363 2025 2025
Core losses (W) 135.39 34791 367.46
PM eddy-current losses (W) 0.51 112.84 134.94
Output power (kW) 30.03 40.36 38.97
Efficiency (%) 90.53 92.80 92.47
Torque density (Nm/L) 31.62 42.49 41.02
Torque/PM mass (Nm/kg) 192.77  79.11 76.39
Power density (KW/L) 3.97 5.34 5.15
Active material cost 74.83 245.87 245.87
Flux-weakening capability, ku  fonrereq 171 1.75

AMC =24-my,, +5-Mg,c +3-m, +1-mg, (12)

As can be seen, with the same volume, compared to the
benchmark interior PMSM, the two 3D-MF PMSMs show
significantly improved torque density, higher power factor, and
higher efficiency, but higher PM content and AMC.
Techniques to reduce the PM content and AMC, e.g., Halbach
array technique, reduced or non-rare-earth PM material, and an
interior PM version of the investigated 3D-MF PMSM which
relies on more reluctance torque, will be investigated in future
work. Even though the cogging torque and torque ripple of the
original 3D-MF PMSM are serious, the skewed 3D-MF PMSM
exhibits significantly reduced cogging torque and torque ripple.
On the other hand, although the CPSR of the two 3D-MF
PMSMs is limited, the CPSR is extended with the skewed
arrangement of the skewed 3D-MF PMSM compared to the
original 3D-MF PMSM. Moreover, the CPSR of the skewed
3D-MF PMSM can be further extended so that it can be fully
weakened as the benchmark interior PMSM does if the skew
angle, S, can be appropriately adjusted.

IV. DESIGN ASPECTS OF THE INVESTIGATED 3D-MF PMSM

In order to provide researchers and engineers with better
understanding of the assembling details of the 3D-MF PMSM,
the assembly of the 3D-MF PMSM are shown in Fig. 20. It
should be noted that there is a gap between the axial rotor and
the outer rotor, which is used for holding the stator through the
24 rivets and the stator supporter as shown in Fig. 20(a). More
specifically, the outer diameter of the axial rotor is smaller than
the inner diameter of the outer rotor. This gap could be also

Gap for lead wires and
cooling end connection _

(a) (b)
Fig. 20. Assembly of the 3D-MF PMSM. (a) Section View, and (b) Assembly.

used for drawing out lead wires, as well as for the end
connection of the cooling system. This motor can fit into
electric vehicles through the shaft, as described in [30].

In conventional liquid-cooled electric machines including
the benchmark interior PMSM, the cooling jacket is at the stator
outer bore, which is referred to as “indirect cooling systems”,
since the cooling system doesn’t directly connect to the
windings [37]. By contrast, a “direct cooling system” is
designed for the investigated 3D-MF PMSM. As can be seen
from Fig. 20, the liquid-cooling tube is directly inserted into the
middle hollow area of the toroidal discrete concentrated
winding. “Direct cooling systems” have been gaining interest
since they can dissipate the heat generated from windings more
directly and effectively [38], [39]. It should be noted that with
the “direct cooling system”, the slot utilization factor of the
investigated 3D-MF PMSM would be 58.57% [(copper area +
cooling tube area)/slot area] due to the additional ¢#3 mm
cooling tube, which is still lower than the slot utilization factor
of 70% reported for toroidal windings in [19]. Hence, the
cooling system design is practical.

The thermal distribution plots of the 3D-MF PMSM under
rated-load condition without and with the cooling system are
shown in Fig. 21. As can be seen from Fig. 21(a), without the
cooling system, the maximum temperature of this motor is as
high as 209.77 °C. By contrast, with the cooling system [see Fig.
21(b)], the maximum temperature of this motor is reduced to
118.15 °C, which is lower than the temperature limit of the wire
insulation and slot insulation, i.e., 180 °C and 180 °C,
respectively. Hence, the cooling system works effectively.

In order to ensure safe operation of the investigated 3D-MF
PMSM under high-speed condition, a rotor supporter and
retaining sleeves (0.35mm stainless steel) for the PMs on the
inner rotor, the left axial rotor, and the right axial rotor are
adopted, as shown in Fig. 22(a). A detailed steady-state
structural FEA stress analysis is carried out in ANSYS/
Workbench under steady-state maximum speed of 6000 r/min,
as shown in Fig. 22(b). The Von-Mises stress results are listed
in Table Ill. As can be seen, all the Von-Mises stresses on the
rotor parts are far less than the yield strength. Hence, the rotor
of the investigated 3D-MF PMSM has the capability of
long-term safe/stable operation.

V. CONCLUSION

In order to improve the torque/power density of the electric
motors for EV applications, a 3D-MF PMSM was investigated
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TABLEIII
VON-MISES STRESS OF THE ROTOR STRUCTURE

Yield strength (MPa) Von-Mises stress (MPa)

Retaining sleeve 200 84.82
PMs 200 97.21
Rotor core 350 115.75
Rotor supporter 335 68.2

in this paper. This motor consists of an integrated radial-flux
and axial-flux structure with two radial-flux air-gaps and two
axial-flux air-gaps, as well as a toroidal winding wound stator.
Compared to a benchmark interior PMSM, the torque density
of this motor is significantly improved, due to the significantly
extended air-gap area where the magnetic energy is stored, but
at the expense of higher PM content and more complicated
structure. Meanwhile, an unalignment design is presented in
order to reduce the cogging torque and torque ripple. As a
result, compared to the benchmark interior PMSM, both of the
two 3D-MF PMSMs show significantly improved torque
density, higher power factor, and higher efficiency. On the
other hand, even though the CPSR of the two 3D-MF PMSMs
is limited, the CPSR is extended with the skewed arrangement
of the skewed 3D-MF PMSM, compared to the original 3D-MF
PMSM. Moreover, the CPSR of the skewed 3D-MF PMSM can
be further extended so that it can be fully weakened as the
benchmark interior PMSM does if the skew angle, 3, can be
appropriately adjusted.
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