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Comparative Analysis of Hybrid Dual Permanent Magnet Machines
with Different Asymmetric Stator-Pole Topologies

Guangyao Jiang *, Huawei Zhout, Chen Ye**, Guang-Jin Li*** and Yu Zeng****

Abstract - This paper presents a hybrid dual permanent magnet (HDPM) machine that combines
stator-mounted NdFeB magnets with rotor-embedded ferrites in a consequent-pole configuration,
enhancing permanent magnet utilization while reducing rare-earth material consumption. The
proposed design leverages a bidirectional modulation effect and an asymmetric stator-pole (ASP)
topology to generate high-torque working harmonics. Four HDPM variants with Halbach-array
ferrite rotors and distinct ASP structures are optimized using a multi-objective non-dominated
sorting genetic algorithm II (NSGA-II), and their electromagnetic performance is comparatively
analyzed. The results reveal superior torque density and efficiency in the proposed machine.
Additionally, a 3D finite element analysis investigates the torque-enhancement mechanism of the
rotor-ferrite overhang structure. Finally, experimental validation via a fabricated split stator-pole
HDPM-ASP prototype confirms the machine’s effectiveness.

Keywords: Asymmetric stator pole, Bidirectional flux modulation effect, Consequent pole,

Hybrid dual permanent magnet machines.

1. Introduction

Growing environmental concerns and fossil fuel
shortages have accelerated the development of electric
machines for zero-emission vehicles [1]-[2]. Among
various propulsion technologies, permanent magnet (PM)
machines employing NdFeB magnets have become a
primary research focus due to their outstanding torque
density and efficiency [3]-[4]. However, both stator-PM
and rotor-PM machines suffer from inherent limitations of
single-sided excitation, which fundamentally restricts their
torque capability [5]-[8]. In contrast, dual permanent
magnet (DPM) machines, featuring PMs in both stator and
rotor, leverage bidirectional flux modulation to enhance
working harmonics, emerging as a promising solution for
superior torque density [9]-[13].

DPM machines achieve bidirectional flux modulation
through the synergistic interaction of dual PMs and dual
flux modulators (stator and rotor salient poles), which
collectively enhance magnetic field harmonics [9]. In [10],
a DPM machine utilizing this effect was proposed and
demonstrated its torque advantages through comparative
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analysis with conventional stator-PM machine and
rotor-PM machine. This study revealed that the torque
density of the DPM machine is 63% higher than that of the
stator-PM machine and 25% higher than that of the
rotor-PM machine under similar PM material volumes.
However, these structures exhibit larger leakage flux,
resulting in a lower PM utilization ratio. To increase PM
utilization, the PMs based on the Halbach array were
usually embedded in the stator part [11]-[12] and rotor part
[13] of DPM machines to enhance local flux density
through flux-concentrating effect. Nonetheless, the
aforementioned designs required additional PMs to
maintain sinusoidal distribution of flux density, resulting in
high manufacturing cost that remains a critical challenge.
Recent efforts to address cost challenges have explored
three key approaches: consequent-pole (CP) arrangements
[14]-[16], asymmetric stator pole (ASP) configurations [17],
and hybrid magnetic pole designs [18]-[19]. CP topologies
reduce cost through alternately mounted magnets, ASP
topologies reduce cost through generating additional
harmonic components to balance torque, while hybrid
magnetic pole topologies leverage synergy between
high-performance rare-earth magnets and low-cost ferrite
magnets. In [20], a DPM machine with complementary CP
arrangement and ASP configuration was proposed, which
alternately mounted the PMs on the stator teeth. Its results
demonstrated that the machine could provide better
electromagnetic performance due to reduced leakage flux,
but torque enhancement was limited by the stator tooth
width. Although achieving sector-specific gains in both
torque and production costs, these developments maintain
their requirement for NdFeB magnets in the rotor
configuration. While hybrid magnetic pole designs that
combine rare-earth and ferrite magnets reduce costs through
series/parallel rotor configurations [18]-[19], their
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performance remains constrained by single-sided excitation.

Thus, integrating the hybrid magnetic pole topology with
the ASP-based DPM machine by partially replacing
rare-earth magnets with cost-effective ferrites, provides an
optimal compromise between performance and cost.

The objective of this paper is to propose a novel hybrid
dual permanent magnet (HDPM) machine combining
asymmetric  stator-pole  (ASP) topologies and a
Halbach-array-based hybrid magnetic pole design. The
proposed machine achieves superior torque density and PM
utilization while drastically reducing rare-earth magnet
usage. A comprehensive analysis of the magnetic field
characteristics, particularly the stator pole distribution’s
influence on air-gap working harmonics, is presented.
Multi-objective  optimization further demonstrates the
machine’s electromagnetic performance advantages. The
main novelties and contributions are summarized as
follows.

(1) The hybrid magnetic pole design was applied to the
DPM machine topology, resulting in a HDPM machine
with an asymmetric stator pole. This design consists of
stator NdFeB magnets and rotor ferrites, combined with CP
array, which effectively reduces the use of rare-earth
materials, thereby lowering material costs while
maintaining high torque performance. Additionally, the
rotor ferrite with Halbach array was employed to further
improve PM utilization and enhance torque.

(2) Using the magnetomotive force (MMF) permeance
model, the air-gap flux density of four HDPM machines
with different ASP topologies was analyzed. This helps
establish the relationship between the stator magnetic pole
distributions and the resulting working harmonic orders. It
was revealed that the major working harmonic orders were
altered by the different stator magnetic pole distributions,
even when using the same slot-pole combination.

(3) The impact of the rotor-ferrite overhang structure on
torque enhancement was investigated, including an analysis
of how the overhang length influences torque performance.

2. Topology and Operation Principle

To reduce rare-earth material usage and improve torque
density, the stator topologies with different permanent
magnet arrangements are presented and combined with a
Halbach array rotor to form four distinct DPM machines.
Additionally, their operating principles are analyzed.

Unit machine

e

@) (b)
' <c) ' )

. Unit machine
Fig. 1. Topologies of (a) stator tooth, (b) stator slot, (c) stator pole and (d)
split stator pole.
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Table 1. Design specification of four machines
Items M1 M2 M3 M4
Number of stator slots 12
Stator pole pairs 6 12
Rotor pole pairs 11 17
Stator outer diameter (mm) 140
Stator inner diameter (mm) 90
Rotor outer diameter (mm) 88
Rotor inner diameter (mm) 50
Number of turns per phase 50
Rated speed (r/min) 300
Active length (mm) 50
Current density (A/mm?) 5
NdFeB material N35SH
Ferrite material FB12H

Iron core material

DW540-50
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2.1 Machine Topologies

The hybrid magnetic pole design with a bidirectional flux
modulation effect was employed in designing HDPM
machines. Depending on the positions of the NdFeB
magnet and iron in the stator, the ASP topologies can be
primarily categorized into four types: (a) stator tooth, (b)
stator slot, (c) stator pole, and (d) split stator pole, as shown
in Fig. 1. With the same CP rotor employing Halbach-array
ferrites, these different ASP topologies can lead to four
typical HDPM machines: stator-tooth  HDPM machine
(called M1), stator-slot HDPM machine (called M2),
stator-pole HDPM machine (called M3), and proposed split
stator-pole HDPM machine (called M4), as shown in Fig. 2.
The flux-concentrating direction of rotor ferrites is both
oriented radially outward. Fig. 2(a) shows the topology of
M1 as reported in [18]. The magnetic and iron poles are
alternately arranged on the stator teeth to create a CP array,
and all NdFeB magnets are parallelly outward magnetized.
Thus, combined with the rotor ferrites, it can achieve a
bidirectional flux modulation effect. Fig. 2(b) shows the
topology of M2 [18]. The NdFeB magnets are placed in the
stator slots, and the adjacent magnets are tangentially
magnetized with opposite magnetizing directions. The
stator teeth and the adjacent NdFeB magnets form the CP
array. Then, the stator teeth can be employed as modulators
to modulate air gap flux. To weaken the leakage flux
present in the stator of M2, M3 with auxiliary slots and
NdFeB magnets on the stator teeth was proposed [17], as
shown in Fig. 2(c). The NdFeB magnets with radially
outward magnetization are embedded in stator teeth, and
they form the CP array with the adjacent stator teeth.

To further enhance the torque density, M4 with a special
ASP design shown in Fig. 1(d) was proposed in this paper,
as shown in Fig. 2(d). The ASP design features asymmetric
magnet configuration, i.e., ‘“Magnet-Iron-Magnet tooth,
Iron tooth, Magnet-Iron-Magnet tooth, ...”. This combines
with CP rotor ferrites to enrich the working harmonics.
Furthermore, the auxiliary slots are set in the stator to
further weaken the leakage flux. The corresponding design
specifications of these machines are listed in Table 1.

2.2 Operating Principle

Similar to the existing DPM machines [18], the operating
principle of the four machines is based on the bidirectional
flux modulation effect, i.e., the magnetic fields generated
by the stator NdFeB magnets and rotor ferrites are
modulated by the stator and rotor teeth. To illustrate the
operating principle and the difference between the four
machines, the simplified MMF and permeance distributions
of the four machines are shown in Fig. 3. The stator MMF
considering the stator permeance and the rotor MMF
considering the rotor permeance can be expressed as

F,(0)= Z on cos(—
m= IOO p (l)
Fo(0.t) = Fy, cos[iP.(6 - w,1)]

i=1

. Pp.
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Fig. 3. Stator MMF and permeance distributions of (a) M1, (b) M2, (c) M3
and (d) M4, and (e) rotor MMF and permeance distributions.

where Fy, and F, are the amplitudes of stator NdFeB
magnet and rotor ferrite excited MMF Fourier series,
respectively; m and i are the order of the Fourier series,
respectively; P, and P, are the pole-pair numbers of stator
NdFeB magnet and rotor ferrite, respectively; p is the
pole-pair numbers of stator NdFeB magnet in a unit
machine; 6 and w, are the mechanical position in stationary
coordinate and rotating speed of rotor, respectively.

The stator permeance and rotor permeance can be
respectively expressed as

Ag(0) = ASO+ZA cos( 9)

Jj=1

(2)
Ap(0,1)=Apy + ZAR,, cos[nN, (6 —w,1)]

n=l1

where Ago, Asi, Aro, and Ag, are the Fourier series
coefficients of stator and rotor, respectively; j and n are the
order of Fourier series, respectively; Ny and N, are the slot
numbers of stator and rotor, respectively; s is the symmetric
slots in a unit machine.

Consequently, the air-gap flux density excited by stator
NdFeB magnets and rotor ferrites can be obtained as
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It is worth noting that the pole-pair numbers of the stator
MMF and permeance can change due to the asymmetric
design, which will generate additional harmonics during the
flux modulation process. Furthermore, the magnetic fields
excited by stator NdFeB magnets and rotor ferrites interact
with the magnetic field excited by the armature windings to
obtain steady torque performance, i.e., the pole-pair
numbers and rotating speeds of magnetic fields excited by
armature winding need to be equal to that excited by stator
NdFeB magnets and rotor ferrites, which means

FnN,
r ; a)ll _— r
mP [ pxnN,
—iP.
lP T jN, /s “r
k=135.; mi=123.; n,j=0,£1,12

kP, =|iP. £ jN,/s|: @ )

where P, is the pole-pair numbers of armature winding; @,
is the rotating speed of armature field; p/s is 1/2, 1/1, 2/2,
and 2/2 for M1, M2, M3, and M4, respectively, i.e., the
working harmomcs are |mP£nN,| and |iP,%jN,/2| for M1,
|mPtnN,| and |[iP,2jN,| for M2, and |mPy/2+nN,| and
|iP,£jN,/2| for M3 and M4.

3. Optimization Design

To obtain better electromagnetic performance, the key
design parameters of these machines shown in Fig. 4 are
optimized using a non-dominated sorting genetic algorithm
IT (NSGA-II) [21]-[22]. This optimization aims to achieve
maximum average torque, minimum torque ripple, and
highest efficiency with the algorithm’s parameters such as
the population number, maximum iteration generation,
crossover factor, and mutator factor being set as 200, 50,
0.8, and 0.4, respectively. Meanwhile, the optimization
ranges of the variables for these machines are listed in
Table 2.

During the optimization process, the stator outer
diameter, air-gap length, active stack length, and copper
loss remain constant. Furthermore, the optimization
functions and constraints are as follows.

Objective : {max( f;), min( f,), max(f;)}
min x; < X, < max x,

ML:f, 25, f, 210, f, 276
M2: f,. 24, f, 210, f, 270
M3: f, 28, f, 210, f, >80
M4: f, 29, f, 210, f, > 85

&)

Constraints :

where x; is the design parameter variables; min and max are
the maximum and minimum values of x;, respectively; fr, fz,
and fg are the optimized values of average torque, torque
ripple, and efficiency, respectively. In addition, fr and fz
can be directly obtained by the FEM simulation. Only
copper loss, iron loss, and PM eddy current loss are
considered in the calculation of fg.

Fig. 5 shows the Pareto front obtained by NSGA-II for
M1, M2, M3, and M4. When the torque ripple is less than
10%, the machine with the highest torque and efficiency is
selected as the optimal design, which is marked by the pink
circle. The optimized design parameters and optimization
results of the four machines are listed in Tables 3 and 4,
respectively. It can be noted that the torque of the four
machines is increased while reducing the torque ripple and
improving the efficiency, where the torque of M1, M2, M3,
and M4 is increased by 20%, 9.3%, 12.2%, and 18.5%,
respectively.

Table 2. Optimization range of design parameters

. Range
Parameters M1 M2 M3 M4
T, (mm) 4-8 4-8 4-8 4-8
T (mm) 6.7-11 4.4-11 6.7-11 6.7-11
Ty (mm) 449 - - 4.4-9
Hj; (mm) - - 1-4 1-4
H,, (mm) 3-10 3-5 3-5 3-5
W () - - 9-15 9-15
W (°) - - 6-14 6-14
Wi () - - 1-4 1-4
W () 8.2-11.4 8.2-114 5.4-74 5.4-74
Wi (©) 4.1-5.7 4.1-5.7 2.7-3.7 2.7-3.7

\Tﬂ' ‘L; \Ts} T\h‘

\f'*\?

s VI 0 V10
SN &N
(a) (b)

\Ts\ Ty \Ts)‘ I.'.'.-’
W 47, W g
§ E Az Wu
'“}'* 1 !;T;Q P 2,
CLT ANNIRL LA
>
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Fig. 4. Parameter models of (a) M1, (b) M2, (c) M3 and (d) M4.
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Fig. 5. Pareto front of NSGA-II. (a) M1. (b) M2. (c) M3. (d) M4.
Table 3. Optimized design parameters of four machines
Items Ml M2 M3 M4
Stator outer diameter (mm) 140
Stator inner diameter (mm) 90
Air-gap length (mm) 1
Rated current (A) 7.07
Rated  current  density 5
(A/mm?)
Number of turns per phase 50
Active length Ly (mm) 50
Stator yoke thickness T, 78 75 58 6
(mm)
Stator teeth width Ty,)/Ty 10.8/9.8 9.3 7.4 9.6/6.5
Stator side tooth heigh H,,
- - 1.1 3
(mm)
Stator NdFeB height H,, 5 3 4 4
(mm)
Stator NdFeB width Wy, (°) - - 11 11
Stator tooth-tip width W, (°) - - 9.25 8.7
Auxiliary slot width W, (°) - 1.75 2

Rotor ferrite width Wn/W,p 11/5.5 11.2/5.6  7.3/3.7  7.3/4

Table 4. Optimization results of four machines

Ml M2 M3 M4
fr Initial value 4.66 3.96 7.65 8.83
(Nm)  Optimal value 5.59 4.33 8.58 10.46
Fe (B) Initi.al value 12.91 4.78 8.29 8.3
Optimal value 6.24 0.15 2.65 1.43
£ (%) Initial value 75.49 69.41 79.43 84.64
i Optimal value 76.46 70.58 80.89 85.56

4. Comparative Study

To confirm the superiority of the proposed machine (M4),
its electromagnetic characteristics were investigated and
compared with those of three other machines. To ensure a
fair comparison, all four machines were subjected to the
same constraints, including stator outer diameter, stack
length, copper loss, and zero d-axis current control strategy.
Additionally, to obtain the maximum average torque, the
four machines were designed with appropriate slot-pole
combinations and further optimized using NSGA-II.
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4.1 Comparison of Open-Circuit Performance

The electromagnetic performance comparison among the
four machines was studied using FEM. The studied
open-circuit performances include flux distribution, air-gap
field distribution, and back-EMF. The flux distribution
under open-circuit condition is shown in Fig. 6. It can be
noticed that M2 has more leakage flux between stator poles
when compared with M1, which will result in M2 losing
more torque. Meanwhile, compared to M4, the flux lines in
M3 span multiple stator slot pitches, which would result in
increased iron loss in M3. In addition, there is slight
magnetic saturation in the stator and rotor teeth tips of all
four machines.

B(T) - |
0

=

© )

Fig. 6. Open-circuit flux distribution of (a) M1, (b) M2, (c) M3 and (d)
M4.
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Fig. 7. Open-circuit air-gap field distribution of (a) M1, (b) M2, (c) M3
and (d) M4.
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Table 5. Air-gap flux density harmonics of four machines

M1 M2 M3 M4
Stator-NdFeB mP; mP; mP/2 mP/2
field |mP&nN,|  |mPanN,|  |mP/2+nN,|  |mPJ2+nN,|
Rotor-ferrite iP, iP, iP, iP,
field |iP£iN,/2| |iP£N,| [iPAjNJ/2| [iP£jN,/2]|
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Fig. 9. Open-circuit phase back-EMF. (a) Waveforms. (b) Spectra.
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The air-gap flux density and corresponding field
harmonic components are shown in Figs. 7 and 8,
respectively. It can be observed that besides the specific
field harmonics excited by the stator-NdFeB, rotor-ferrite
and armature currents in the four machines, many other
major harmonics are generated due to the bidirectional flux
modulation effect enabled by the uneven permeance
distribution of the stator and rotor. These harmonics are 5%-
and 17%-order harmonics for M1, 23"-order harmonics for
M2, 11" and 23"-order harmonics for M3, and 29™-order
harmonics for M4. The comparison of Fig. 8(c) and Fig. 8(d)
reveals that the major working harmonic contents are
adjusted by the different stator magnetic pole distributions
even with the same slot-pole combination. The above
working harmonics agree well with the flux density

harmonics listed in Table 5 and (1). The waveforms of
open-circuit phase back-EMF at the rated speed of 300
r/min and corresponding harmonic components are shown
in Fig. 9. It can be noticed that the amplitude of the
fundamental back-EMF of the four machines is 10.1 V, 4.7
V, 10.3 V, and 13.2 V, respectively. Their total harmonic
distortion (THD) of back-EMFs is 6%, 6.7%, 4.7%, and
2.5%, respectively, and the back-EMF amplitude of M4 is
the largest. Fig. 10 shows the cogging torque waveform of
the four machines. The peak-to-peak values of the cogging
torque are 100.03, 15.73, 40.48, and 50.69 mNm,
respectively. It can be noticed that M1 has the highest
cogging torque and M2 with a slotless structure has the
lowest cogging torque.

4.2 Comparison of On-Load Performance

The on-load performances of four machines under
constant copper loss (P.= 51 W) and zero d-axis current (/4
= 0 A) control are investigated. Based on the analysis of
air-gap flux density harmonics, the contribution of the
harmonics to torque is further studied by adopting the
Maxwell stress tensor method [15]. Fig. 11 shows the
contribution of air-gap flux density harmonics to torque in
these machines. It can be observed that 5%-, 61, 11t 17t
and 18"-order harmonics produce positive torque
components for M1; 11"- and 23™-order harmonics produce
positive torque components for M2; 6%-, 11%-, 17%-, 18%-,
and 23"-order harmonics produce positive torque
components for M3; 5%-, 12", 17"-, 18", and 29"-order
harmonics produce positive torque components for M4.
Furthermore, the contribution of these working harmonics
to torque of the four machines is quantified, as listed in
Table 6. It should be noted that the harmonic components
corresponding to the rotor pole pairs in these machines are
responsible for a major proportion of total torque,
especially for M2. The -contributions of harmonics
generated by the ASP design to the torque of the four
machines are 79.08%, 0.11%, 67.68%, and 9.33%,
respectively. This indicates that the ASP design has a
greater impact on M1, M3, and M4.

Since the difference in stator NdFeB magnet and rotor
ferrite materials results in torque per PM volume not being
a good representation of torque performance, the torque
performance is compared by torque per PM cost (T/PMC).
Fig. 12 shows the comparison diagram of the torque
characteristics of these machines. It can be noticed from Fig.
12(a) that M4 has the highest torque while M2 with a larger
leakage flux has the lowest torque. Meanwhile, the torque
ripple of these machines shown in Fig. 12(a) is 2.49%,
2.01%, 5.48%, and 1.26%, which is inconsistent with the
torque ripple in Table 4 due to the error between the FEM
and optimization algorithm. Fig. 12(b) shows that M2 has
the lowest T/PMC ratio, and M4 has a 48.94%, 204.35%,
and 22.81% higher T/PMC ratio when compared with M1,
M2, and M3, respectively. Fig. 12(c) shows the diagram of
average torque versus current angle. Although zero torque
is not at the current angle being equal to 90° due to the
existence of reluctance torque generated by salient pole
structure, the maximum average torques always occur at the
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current angle being close to 0°, implying the negligible
reluctance torque, which validates the selection of the I, =0
A control strategy. The relationships between average
torque and g-axis peak current are shown in Fig. 12(d). It
can be observed that M4 exhibits the highest average torque
when the g-axis peak current is lower than 20 A. To
evaluate the overloading capability, the coefficient k. is
defined as

k = fTZO

6

“ fro ©
where frio and fro are the torque under the g-axis peak
current of 10 A and 20 A, respectively. The coefficient k.
for M1, M2, M3, and M4 are calculated as: 1.84, 1.64, 1.48,
and 1.69, respectively. It can be noticed that M1 exhibits
the best overloading capability, while M4 is better than M2
and M3. It should be noted that M3 is more likely to suffer
magnetic saturation when a large current is applied, thus
reducing its torque capacity.
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Fig. 11. Contribution of air-gap flux density harmonics to torque. (a) M1
and M2. (b) M3 and M4.
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Fig. 12. Torque characteristics. (a) Torque. (b) T/PMC. (c) Torque versus
current angle. (d) Torque versus g-axis peak current.

Table 6. Percentage of contribution from major working harmonics to
torque

Order Ml M2 M3 M4

5 27.69 -0.017 0.54 16.45
6 28.88 -0.028 6.02 0.8

11 28.93 93.69 11.72 1.49
12 -8.27 2.4 1.53 35.63
17 8.23 0.0083 31.75 29.27
18 14.28 0.15 43.81 7.27
23 2.36 8.68 6.13 -0.23
29 0.45 -0.052 -0.048 4.83
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4.3 Unbalanced Magnetic Force Analysis

The unbalanced magnetic force (UMF) acting on the
stator is caused by the asymmetric distribution in the
air-gap flux density, which introduces additional vibration
and noise and cannot be neglected. Therefore, the UMF
distribution needs to be compared for the four machines.
The force components in x- and y-axis such as F, and F,
can be calculated by the Maxwell stress tensor method [23]

L b
F. = rz—kjoz [(B2 - B*)cos 0+ 2B, B, sin 01d0
@)
F, = Lt j [(B; - B?)sin@ 2B, B, cos ]d0
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where By and B, are the tangential and radial air-gap flux
density components, respectively.

Fig. 13 shows the UMF distribution of the four machines
under open-circuit and on-load conditions. It is worth
noting that due to the odd number of rotor pole pairs, the
four machines are inevitably affected by the UMF. M3 is
the most affected by the UMF, and M2 is the least affected.
Meanwhile, the UMF of the four machines is increased
under on-load condition because of the asymmetric
distribution of the armature reaction magnetic field, while
M4 suffers the least.

4.4 Demagnetization Analysis

The ferrites are less prone to demagnetization with
increasing temperature, so only the stator NdFeB magnets
need to be analyzed for demagnetization. The
anti-demagnetization capability of the stator NdFeB
magnets for the four machines is investigated under a d-axis
demagnetization current equal to 2.5 times rated current at
120 °C, where the knee point of N35SH is 0.2 T [24]. Fig.
14 shows the stator-NdFeB flux density distribution of the
four machines under this condition. It can be observed that
except for M1, when M2, M3, and M4 operate under the
demagnetization current, all of their stator NdFeB magnets
have a risk of partial irreversible demagnetization. However,
the area of irreversible demagnetization is small and it is
deemed acceptable.

4.5 Loss and Efficiency Analysis

Fig. 15 shows the loss characteristics of the four
machines. It can be noticed that at different speeds, the PM
loss of M2 is maximum due to larger leakage flux between
the stator poles, while the iron loss of M3 is maximum due
to longer flux path. Due to the utilization of abundant
working harmonics, the PM loss of M4 is higher than that
of M3. Moreover, the iron loss and PM loss of M1 are
minimal due to its low frequency and low consumption of
PMs. Based on this, the losses and efficiency of the four
machines at the rated load and speed are listed in Table 7.
Fig. 16 shows the efficiency characteristics of the four
machines. The efficiency of M4 is higher than that of other
machines due to its higher torque capability and lower
losses.

4.6 Overhang Structure Analysis

The leakage flux of CP PM machine at both ends is
generated due to the end effect, which reduces its torque
capacity. Therefore, to further improve the torque and
internal space utilization, an overhang structure is adopted
to maximize the use of the internal space. Fig. 17 shows the
overhang structure, i.e., extending only the length of rotor
ferrites. Based on 3D FEM, the effect of overhang length
on torque of the four machines is investigated, as shown in
Fig. 18. It can be noticed that the additional flux path
shown in Fig. 18(a) is present at the end of CP PM machine
with overhang structure, which would enhance the effective
air-gap flux to improve torque. Moreover, the torque of the

four machines increases and then flattens with the increase
of ferrite overhang length, as shown in Fig. 18(b). This is
because the effective air-gap flux increases only when k, is
more than a certain length. As a result, a suitable overhang
length needs to be chosen to balance the relationship
between torque and cost. The torque values for M1, M2,
M3, and M4 are 5 Nm, 4.4 Nm, 8.6 Nm, and 9.71 Nm,
corresponding to k,, values of 1.24, 1.28, 1.32, and 1.2,
respectively. Compared to the machines without the
overhang structure, the torques are improved by 6.06%,
13.99%, 4.67%, and 3.31%, respectively. The results
indicate that the overhang structure has the greatest impact
on the torque of M2.

Table 7. Loss and efficiency of four machines

Ml M2 M3 M4
Rated speed (r/min) 300
Copper loss (W) 51
ITron loss (W) 3.31 3.82 9.99 5.61
fvlt,’[) eddy current loss ) 5 0.26 0.13 0.5
Output power (W) 174.54 131.31 273.61 337.7
Efficiency (%) 76.24 70.45 81.74 85.61

Fig. 17. Rotor overhang parameters.
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4.7 Equivalent Stress Analysis

To compare the stator mechanical robustness of the
machine, the equivalent stress analysis can be performed in
the ANSYS Workbench [25]. The stator equivalent stress
distribution of the four machines at the rated speed of 300
r/min is shown in Fig. 19. It can be seen that the maximum
stresses of M1, M2, M3, and M4 are 0.014 MPa, 0.016
MPa, 0.025 MPa, and 0.056 MPa, respectively, which are
far less than the ultimate tensile strength of the material
(420 MPa). Thus, the proposed machine does not suffer
from strong stress.

5. Experimental Verifications

To verify the effectiveness of the proposed split
stator-pole HDPM machine, a 12s/34p prototype with
k,=1.2 was manufactured based on the specifications
provided in Table 1, Fig. 2(d), and Fig. 17. The prototype
assemblies are shown in Fig. 20, where the rotor was
wound with non-woven cloth to prevent the rotor ferrites
from falling off, and the test rig is shown in Fig. 21. The
servo motor, torque sensor, and prototype were connected
via couplings, with an OMRON E6B2-CWZ6C digital
incremental encoder installed between the torque sensor
and the prototype to capture rotor position. The servo
machine, which acted as the prime mover, drove the
prototype for no-load testing. Furthermore, the prototype
was powered by a voltage source inverter composed of two
intelligent power modules PM100CVA120 and a DSP
TMS320F28377 control board. The magnetic powder brake
was utilized to apply load, and the resulting torque was
measured by the torque sensor. The current waveforms
were displayed on the Tektronix MDO3034 oscilloscope by
Tek A622 current clamps. The efficiency was measured
using a YOKOGAWA-WT5000 power analyzer.

Fig. 22 shows the comparison of measured and 3D FEM
back-EMFs. The measured amplitudes of the fundamental
back-EMF versus speed are consistent with 3D FEM
results. The phase back-EMF waveforms at the rated speed
of 300 r/min are sinusoidal and symmetrical, and the
amplitudes of measured and simulated fundamental
back-EMFs are 11.34 V and 11.84 V, respectively. The
error between them is about 4.22%, which is mainly caused
by mechanical processing errors but within the acceptable
range.

The instantaneous torque at rated current was measured
by adopting I; = 0 A control strategy, as shown in Fig. 23,
where the manufacturing tolerances and vibration
disturbances reduced the measured torque compared to the
3D FEM results, with an error of 5.17%. Fig. 24(a) shows
the measured and 3D FEM torque-current angle
performances. It can be observed that the measured torque
is slightly lower than the 3D FEM results due to fringing
effects and manufacturing tolerances, but the difference
remains within an acceptable range. Fig. 24(b) shows the
comparison of measured and 3D FEM average torques
versus peak current. The measured results exhibit good
agreement with the 3D FEM results, with a maximum error
of 7.9%. This discrepancy 1is attributed to the
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aforementioned errors. Furthermore, the machine efficiency
was measured by power analyzer, and the efficiency versus
speed at rated peak current is shown in Fig. 25. The
measured efficiency is slightly lower than that of 3D FEM
due to the relative error of the core loss in the 3D FEM
model and the influence of mechanical loss. However, the
variation trend of the measured efficiency is consistent with
that of 3D FEM. Hence, the results can validate the
effectiveness of the proposed machine.

Rotor

Winding
(a) (b)
Fig. 20. Prototype. (a) Stator-rotor lamination. (b) Stator and rotor.
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Fig. 21. Experimental platform.
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Fig. 23. Instantaneous torque at rated load.
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Fig. 24. Comparison of measured and predicted (a) torque versus current
angle and (b) torque versus g-axis peak current.
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Fig. 25. Comparison of measured and predicted efficiency versus speed

6. Conclusion

This paper analyzed and compared the working
harmonics and electromagnetic performances of the four
HDPM machines with different ASP topologies, which
were optimized by NSGA-II. The hybrid magnetic pole
design consisting of stator NdFeB magnets and rotor
Halbach-array ferrites are combined with the CP array to
increase PM utilization and reduce rare-earth material
usage. This combination provides a material selection basis
for cost-sensitive HDPM machine design. The results
demonstrate that the machines can generate abundant
harmonics due to the ASP design and bidirectional flux
modulation effect. Specifically, the major working
harmonics adjusted by the ASP design are involved in
torque production. Compared to the stator-pole HDPM
machine with similar PM usage and the same copper loss,
the proposed split stator-pole HDPM machine exhibits a
significant improvement in torque of approximately 23.4%,
which indicates that the proposed machine generates more
effective working harmonics. Furthermore, the mechanism
of rotor-ferrite overhang structure to improve torque and
their length effect on torque were also investigated by 3D
FEM. The performance enhancement induced by the
overhang structure demonstrates that the torque density of
the HDPM machine can be further optimized through
selecting the appropriate length when the internal axial
space of the machine permits. Compared with other
machines studied, the proposed machine can offer better
overall performance such as higher torque density and
efficiency. Finally, a prototype of the proposed machine
was fabricated and experimentally tested to validate its
effectiveness.
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