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ABSTRACT: In this paper, the electromagnetic performances of partitioned stator flux modulation (PSFM) machines with different rotor
structures are compared to highlight the advantages of the auxiliary rotor structures. Two novel auxiliary rotors are proposed to suppress
electromagnetic vibration in PSFM machine. First, the PSFM machine topology and the analytical models for the outer air-gap permeance
of the different rotors are introduced. Furthermore, a comparative analysis of the electromagnetic and vibrational performance between
the different auxiliary rotor machines and the conventional rotor machine are conducted to validate the advantages of the proposed designs.
Finally, machines with different auxiliary rotors are mounted onto the experimental platform for testing to validate the effectiveness of

the theoretical analysis.

1. INTRODUCTION

n recent years, there has been growing interest in field-

modulated permanent magnet (PM) machines based on the
magnetic gear effect [1-3]. Compared to traditional perma-
nent magnet synchronous machines, field-modulated PM ma-
chines offer high torque density and a highly sinusoidal back-
EMF [4,5]. A key characteristic of the field-modulated PM
machines is its high torque output at low rotational speeds [6],
making them well-suited for applications such as electric vehi-
cles, heavy machinery, and wind power generation [7, 8].

Based on the installation location of the PMs, field-
modulated PM machines can be classified into stator-PM
machines and rotor-PM machines [9]. In rotor-PM machines,
where the PMs are mounted on the rotor, issues such as
poor heat dissipation and the risk of magnet detachment can
arise under high-speed operation. These issues are effec-
tively mitigated in stator-PM machine designs. In stator-PM
field-modulated machines, however, both the PMs and the
windings are located on the stator. This configuration leads
to competition for the limited available space, imposing
limitations on further improvements in torque density and
electrical loading [10-12]. Consequently, a novel partitioned-
stator flux-modulated (PSFM) machine topology has been
proposed [13]. In the PSFM machine, the single stator in
the stator-PM machine is partitioned into an inner stator and
an outer stator. The PMs and the armature windings are
located on the inner and outer stators, respectively. This novel
configuration effectively addresses the issue of competition
for limited stator space between PMs and armature windings,
thereby enhancing the machine’s torque density [14].
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In field-modulated PM machine, the field modulation effect
generates abundant flux density harmonics in the air gap of
machine. These harmonics interact to produce numerous low-
order radial force harmonics [15], which amplifies the electro-
magnetic vibration of the machine [16].

Numerous methods have been proposed to suppress electro-
magnetic vibration in field-modulated PM machine. In [17],
an unequal stator modulated tooth structure was proposed to
reduce electromagnetic vibration in field-modulated machines.
In [18, 19], the authors introduced auxiliary slots at various ro-
tor positions to suppress electromagnetic vibration in a field-
modulated machine. In [20], skewed rotor/skewed stator struc-
ture was proposed to reduce electromagnetic vibration of field-
modulated machine. In [21,22], a novel rotor permanent mag-
net arrangement and an asymmetric stator tooth structure are
proposed to modify the amplitude and phase of specific mag-
netic flux density harmonics for suppressing electromagnetic
vibration. In [23,24], a multi-physics analysis method is em-
ployed to investigate the effects of radial force modulation and
dynamic eccentricity effect in the PM vernier machines. This
study adopts the same multi-physics analysis method.

How to maintain or even enhance electromagnetic perfor-
mance (such as torque) while suppressing electromagnetic vi-
bration has emerged as a critical challenge in the field of field-
modulated machines.

In this paper, two novel rotor structures are proposed to sup-
press electromagnetic vibration in a PSFM machine. The elec-
tromagnetic and vibration performance of PSFM machines with
different rotor structures were compared. The proposed inter-
nal auxiliary slots rotor demonstrates a dual capability to sup-
press machine electromagnetic vibrations and enhance torque
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FIGURE 1. Topology of PSFM machine.

TABLE 1. Main parameters of PSFM machine.

[tems Value
Outer stator outer diameter (mm) 145
Outer stator inner diameter (mm) 94
Outer air-gap length (mm) 0.5
Inner air-gap length (mm) 0.5
Inner stator outer diameter (mm) 80
Inner stator inner diameter (mm) 46
Axial length (mm) 60
Rated speed (r/min) 660
Rated current (A) 7
Turns per coil 66
PM material NdFe35
Iron lamination DW315-50
Rated power 1 kW
Rated voltage 380V
Rated torque 15Nm

output. The proposed internal auxiliary slots rotor demonstrates
superior performance in suppressing electromagnetic vibration
in the machine. First, the PSFM machine topology and differ-
ent rotor structure topologies, rotor optimization process along
with the air gap permeance models of different rotor machines,
are introduced in Section 2. Section 3 presents a comparative
analysis of the electromagnetic and vibrational performance be-
tween the two novel-rotor machines and the conventional ro-
tor machine, to demonstrate the advantages of the proposed ro-
tors. In Section 4, prototype machines employing different ro-
tor topologies were fabricated and tested on an experimental
platform to validate the theoretical analysis.
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FIGURE 2. 2-D radial force spectrums of PSFM machines.

2. MACHINE TOPOLOGY AND NOVEL ROTOR TOPOL-
0GY

2.1. Topology of PSFM Machine

The 2D model of the PSFM machine studied in this paper is
shown in Fig. 1. According to the magnetic field modulation
theory, the number of pole pairs of PMs P, the number of
rotor iron pieces [V,., and the equivalent pole pairs of outer stator
armature windings P,;.,,, must meet the following relationship:

Ppm:Nr_Parm (1)

In the PSFM machine, the inner stator is equipped with an 18-
pair pole Halbach magnetization array, which can reduce mag-
netic leakage in the PSFM machine. The outer stator houses
a 6-slot/2-pole-pair concentrated winding, while the rotor con-
sists of 20-pole-pair flux-modulating iron pieces. The rotor iron
pieces, which are linked by non-magnetic materials, modulate
the PM and armature magnetic fields to produce the working
harmonic essential for a normal machine operation. The main
structural design parameters of the PSFM machine are shown
in Table 1.

2.2. Radial Force and New Rotor Topology

The expression for the radial electromagnetic force in the PSFM
machine’s outer air gap can be expressed as:

2
Fr(0,t) = b}(z(’)t)

2

where b,.(0, t) is the radial air-gap flux density. A 2D-FFT was
performed on the 3D waveform of the radial electromagnetic
force in the outer air gap of the PSFM machine, yielding the
spatial and temporal order distribution diagrams, as shown in
Fig. 2. The relationship between the vibration amplitude of a
machine and the radial force harmonics can be expressed as:

F 1

P n (1)

A3)
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TABLE 2. The sensitivity values of rotor-auxiliary slot structural parameters.
Average torque (Nm) | Torque ripple (%) | 2nd-radial force (N/cm?)
Surface Internal Surface | Internal | Surface Internal
01 0.11 0.10 —0.32 0.14 0.21 0.24
B8 0.15 0.18 —0.08 —0.12 0.17 0.27
H, | -0.13 —0.42 0.29 0.22 —0.34 —0.39
H> - 0.23 - -0.09 - 0.18
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where Dy is the stator system deformation; F', M; denote the !

electromagnetic force harmonic amplitude and order, respec-
tively; f and f. denote the electromagnetic force harmonic fre-
quency and machine natural frequency. From Eq. (3), it can be
seen that Dy is directly proportional to F' and approximately
inversely proportional to the fourth power of M;. Thus, radial
forces with low spatial orders contribute more significantly to
electromagnetic vibration than those with high spatial orders.
Since the Oth radial force has a fundamental frequency of 0 Hz,
which has no effect on electromagnetic vibration, the 2nd radial
force is identified as the dominant contributor to the electro-
magnetic vibration. As shown in Fig. 2, the primary frequen-
cies of the 2nd radial force are f., 2f., 4f., and 8 f Hz. (The
fundamental frequency of PSFM machines is f. = N,w,./60,
and w, is the mechanical speed of rotor rotation.)

As shown in Fig. 3, two novel rotor topologies are pro-
posed to suppress machine electromagnetic vibrations. How-
ever, these new rotor structures produce a non-negligible im-
pact on the electromagnetic performance of the PSFM ma-
chines. Multi-objective optimization strategy based on the par-
ticle swarm algorithm was employed to determine the optimal
structural parameters of the novel rotor. The selection of op-
timized design parameters is shown in Fig. 4. The calculated
parameter-sensitivity results for the proposed surface auxiliary
slots rotor and internal auxiliary slots rotor are summarized
in Table 2. Through the optimization of the rotor-auxiliary
slot structure, the amplitude of the 2nd-radial force causing the
dominant vibration was minimized, while the average torque
was maximized, and the torque ripple was minimized. The op-
timization results of the novel rotor are presented in Table 3.
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FIGURE 5. Complete flowchart of conformal mapping method.

2.3. Air-Gap Permeance Model

The introduction of auxiliary slots changes the outer air-gap
permeance distribution, so establishing outer air gap permeance
models for the different rotor structures is necessary.

For the double air-gap PSFM machine, the traditional per-
meability calculation method may have a large error, so the
conformal mapping method is used to accurately derive the air-
gap permeance models. Considering the symmetry of the rotor
modulating blocks’ structure of PSFM machine, a region within
one pole pitch is selected as the minimum analytical modeling
region. By applying a logarithmic transformation, the modeling
region in the S-plane is first mapped into the Z-plane. Subse-
quently, key geometric points in the Z-plane are transformed
into the W-plane, and finally into the 7T-plane. The coordi-
nates of the principal geometric points within the W -plane and
T-plane are illustrated in the Fig. 5. By taking the gradient of
the scalar magnetic potential €2 in the T-plane, the magnetic
flux density at any point in the S-plane is obtained as:

oo owo:
Ho ds Ho ow 0z 0s

T Qo cna 1— kw2
= Ho— 2 2.9 (4)
rag K (k%) snaxdna |\ 1 — k2w
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TABLE 3. Design variables and electromagnetic performance of the machine before and after optimization.

Parameter Surface auxiliary solts rotor | Internal auxiliary solts rotor
Initial optimized Initial optimized
01 15 15.2 15 15.3
B8 0.5 0.48 0.5 0.52
H, 0.7 0.51 1 1.12
H> - - 1 0.91
Average torque (Nm) 13.97 14.19 15.12 15.43
Torque ripple (%) 18.8% 16.9% 15.2% 15.3%
2nd-radial force (N/em?) | 1.5627 1.5154 1.8376 1.7223
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FIGURE 6. FEA and analytical results of permeance models within one
pole pitch.

When the machine rotor is slotless, the magnetic flux density
at any point in the S-plane is expressed as:

Qo

Mom Q)

leotless =

According to Egs. (4) and (5), the air-gap permeance of the
PSFM machine can be expressed as:

leot
A=——
leotless
_ wIn(Ry/Ry) en (p/k?) 1—k?w?
oK (k3) sn (¢/k?) x dn (p/k?) | 1—k2w?
(6)
h(w) = (In— + ja ) + [ (0, 0/%?)
9 Rg ’

sn (¢/k?) = dn (¢/k?)
—-p =0
on (o)

The projection flow of the conformal mapping method is
shown in Fig. 5. The permeance models within one pole pitch
derived from the analytical method and the FEA method are
presented in Fig. 6. The relative error between the permeance
models obtained from the analytical method and FEA method
is small.

The air-gap permeance model for the conventional rotor
PSFM machine can be derived using the conformal mapping
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method, as shown in Fig. 7(a). Building on the conformal map-
ping method, accounting for the structural parameters and posi-
tion of the auxiliary slots, as well as the B-H curve of the rotor
material, the air-gap permeance models for the two novel rotor
machines can be derived, as shown in Figs. 7(b) and 7(c). The
air-gap permeance models for the different rotor structures were
subjected to Fourier expansion. The harmonic components of
permeance waveform of the PSFM machine are illustrated in
Fig. 8.

3. PERFORMANCE COMPARISON OF PSFM MA-
CHINES WITH DIFFERENT ROTORS

3.1. Comparison of Electromagnetic Performance

To validate the advantages of the proposed novel-rotor PSFM
machines, the electromagnetic performance of different rotor
machines was compared at rated current and rated speed.

The no-load back-EMF waveforms of PSFM machines with
different rotor structures are shown in Fig. 9. As shown in the
Fig. 9(a), the no-load back-EMF waveform of the surface aux-
iliary slots PSFM machine exhibits a reduction in amplitude.
The no-load back-EMF harmonics of PSFM machines with dif-
ferent rotor structures are shown in Fig. 9(b). The fundamen-
tal amplitude of the no-load back-EMF in the surface auxiliary
slots PSFM machine is 94.2 V, which is 6.8% lower than that of
the conventional rotor machine. The fundamental amplitude of
the no-load back-EMF in the internal auxiliary slots PSFM ma-
chine is 103.2 V, which is 2.2% higher than that of the conven-
tional rotor machine. By relocating the auxiliary slots beneath
the rotor upper surface, the internal auxiliary slots PSFM ma-
chine achieves a higher fundamental amplitude of the no-load
back-EMF.

The novel rotor structure significantly changes both the ra-
dial and tangential flux density components in the outer air-gap.
Fig. 10 illustrates the outer air-gap radial flux density in the
PSFM machines with different rotor structures when operated
onload. Asshown in Fig. 10(b), the newly proposed rotor struc-
ture effectively suppresses the amplitudes of the 2nd, 4th, 8th,
10th, 14th, 16th, 18th flux density harmonics.

As shown in Fig. 11. for rotor with internal auxiliary slots,
the direction of the line of magnetic flux passing above the

WWwWw.jpier.org
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FIGURE 8. Harmonic components of outer air-gap permeance model.

auxiliary slots is changed due to the presence of the auxiliary
slots, the direction of the magnetic flux density within the outer
air-gap changes, thus the flux density tangential component in-
creases. Fig. 12 illustrates the outer air-gap tangential flux den-
sity in the PSFM machines with different rotor structures when
operated on load. As shown in Figs. 12(a) and 12(b), the am-
plitude of the tangential flux density increases in the outer air
gap of the machine with internal auxiliary slots rotor.

The output torque waveforms of PSFM machines with differ-
ent rotors are shown in Fig. 13. For the surface auxiliary slots
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rotor machine, the introduction of the auxiliary slots increases
the air-gap reluctance, resulting in a decrease in the average
torque. However, the internal auxiliary slot rotor structure ef-
fectively enhances the average torque of the PSFM machine.
According to the flux-modulation principle, the electromag-
netic torque of the PSFM machine is generated by the interac-
tion of the 2nd and 18th operating harmonics of the magnetic
fields in the inner and outer air gap. The electromagnetic torque
generated by the PSFM machine can be expressed as follows:

27
Ty (8) = %)

— B, B.df = T (t
KO Jo ' ; k()
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FIGURE 9. Comparison of no-load back-EMF of PSFM machines with different rotor types. (a) Waveforms. (b) Harmonic components.
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where 7 is the radius of air gap, [ is the axial length of the ma-
chine, B, and B; are the radial and tangential air gap flux den-
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sity of the machine air gap. B, is the radial flux density am-
plitude of the kth harmonic, By is the tangential flux density
amplitude of the kth harmonic, 6, is the radial flux density
phase angle of the kth harmonic, 6, is the tangential flux den-
sity phase angle of the kth harmonic. The flux density har-
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TABLE 5. Comparison of other electromagnetic performance of PSFM machines with different rotor structures.

Conventional rotor machine | Rotor surface slots machine | Rotor internal slots machine
Torque ripple (%) 11.4 16.8 15.3
Cogging Torque (Nm) 0.23 0.6 0.26
Iron loss (W) 45.9 38.7 42.4
PM eddy current loss (W) 0.89 0.82 0.83
Copper loss (W) 92.5 92.5 92.5
Efficiency (%) 88.2 88.1 88.7
Power factor 0.66 0.62 0.65

17
Average:15.43 Average:15.07
16 e st -
=15+ g \
&
814+
=2
S 13 ;
Average:14.19 . —=— Conventional rotor
12 1 +——e— Rotor surface slots-
i ‘ . —— Rotor internal slots
0 60 120 180 240 300 360

Rotor position(Elec.deg)

FIGURE 13. Torque waveforms of PSFM machines with different rotor
types.

monics contribution to the torque from the inner/outer air gap
of the PSFM is calculated based on Eq. (7) and Eq. (8), as il-
lustrated in Table 4. As illustrated in the Fig. 7(b), the intro-
duction of auxiliary slots in the surface auxiliary slot rotor ma-
chine increases the air-gap reluctance. This increase leads to a
reduction in the amplitudes of the 2nd and 18th working har-
monics, consequently suppressing the torque contribution from
these harmonics. As shown in Fig. 12(b), the internal auxiliary
slot rotor structure enhances the tangential components of the
2nd and 18th working harmonics, thereby increasing the torque
contributed by these harmonics.

The other electromagnetic performance of PSFM machines
with different rotor topologies is presented in Table 5. Based on
Table 5, the machine with surface/internal auxiliary slots rotor
demonstrates a noticeable suppression of core losses, machines
with different rotor structures exhibit little difference in effi-
ciency and power factor. The introduction of rotor auxiliary
slots, which increases both the cogging torque and the back-
EMF total harmonic distortion (THD), consequently increases
the fluctuation rate of the PSFM machine’s load torque.

Under extreme operating conditions — such as temperatures
exceeding 150°C, strong reverse magnetic fields (short-circuit
current > 300% rated value), and severe mechanical shock
(> 10 G) — permanent magnets can undergo demagnetization,
resulting in a loss of magnetic flux density. This, in turn, leads
to a decline in electromagnetic performance, including torque
density and efficiency. Severe mechanical shocks or prolonged
overload conditions can cause damage to the PSFM machine’s
mechanical structure.
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TABLE 6. Modal analysis of stator assembly.

Modal order

Modal shape

Nature
frequency

1572Hz

2922Hz

3.2. Comparison of Electromagnetic Vibration Performance

According to machine vibration theory, the interaction of flux
density harmonics within the air gap generates radial force har-
monics. These radial force harmonics cause electromagnetic
vibration in the machine. Therefore, it is concluded that sup-
pressing the amplitudes of low-order radial force harmonics ef-
fectively suppresses electromagnetic vibration in the machine.

The comparison of the radial force waveforms and harmon-
ics in the outer air gap for PSFM machines with different rotors
is shown in Fig. 14. New rotor structure reduces the amplitude
of the Oth permeance harmonics to reduce the amplitude of flux
density harmonics like 2nd, 4th, 8th, 10th, 14th, 16th, 18th....
These high-amplitude flux density harmonics interact to gener-
ate low-order radial force harmonics. Therefore, as illustrated
in Fig. 14(b), the amplitude of low-order radial force harmonics
(2nd, 4th) in the outer air gap of both new rotor structures ma-
chines is significantly reduced, which will effectively suppress
electromagnetic vibration in the PSFM machine.

The vibration analysis for PSFM machines with different ro-
tors was conducted using a Maxwell-Workbench co-simulation.
First, the calculation of the radial electromagnetic force in the
outer air gap was performed on the 2D machine model in
Maxwell. Subsequently, a 3D structural model of the machine
stator and housing system was constructed in Workbench. The
materials were defined, and a modal analysis was conducted to
calculate the mode shapes and natural frequencies of the stator
and housing system. The mode shapes and natural frequen-
cies of the stator and housing system are shown in Table 6.
Finally, the calculated radial electromagnetic forces were im-
ported and applied as concentrated forces on the stator teeth

WWwWw.jpier.org
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FIGURE 14. Comparison of outer air-gap radial force of PSFM machines on load. (a) Waveforms. (b) Harmonic components.

FIGURE 15. Equivalent diagram of electromagnetic forces at stator tooth
surface.
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FIGURE 16. Comparison of vibration acceleration in PSFM machines
with different rotor structures.

FIGURE 17. Stamping sheet for rotor. (a) Conventional rotor. (b) Surface auxiliary slots rotor. (c) Internal auxiliary slots rotor.

within the structural model, as illustrated in Fig. 15. The modal
superposition method was employed to calculate the electro-
magnetic vibration of the PSFM machine. The surface vibra-
tion acceleration of the PSFM machines with different rotors
is shown in Fig. 16. The peak vibration acceleration appears
at 2f., 4f., 8 fc Hz, which is consistent with the frequency of
radial force. As the amplitude of low-order radial force har-
monics is reduced, the vibration acceleration amplitude of the
newly proposed rotor machines shows a significant reduction,
confirming the effectiveness of two proposed rotor structures
in suppressing PSFM machine electromagnetic vibration.

4. EXPERIMENTAL VERIFICATION

To validate the theoretical analysis, rotors with different struc-
tures were fabricated and assembled into the PSFM proto-
type. Rotor stamping sheet with different structures is shown in
Fig. 17. A complete PSFM machine rotor is composed of nu-
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merous stamping sheets combined with non-magnetic materi-
als. Fig. 18 shows the outer stator, inner stator, permanent mag-
nets, and the fully assembled rotor of the PSFM machine. The
PSFM machines with different rotor structures were installed
on the test platform for testing. The experimental platform and
prototype are shown in Fig. 19.

A torque sensor (model: DYN) was employed, with a sensi-
tivity of 0.1%. F.S, and a sampling frequency of 1000 Hz. A vi-
bration acceleration sensor (model: SSF310AT) was used, with
a sensitivity of 100 mV/g and a sampling frequency of 1024 Hz.
An acceleration sensor was mounted at the mid-point of the ma-
chine housing surface.

With the machine operating at 660rpm and ¢ = 7 A, the
torque waveforms of the machines with different rotors, as mea-
sured by a torque sensor, are presented in Fig. 20. The measured
average output torque of the PSFM machine shows good agree-
ment with the FEA results. The torque measurement results in-
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FIGURE 19. Prototype and experimental platform.
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TABLE 7. Comparison of measured and FEA results.

. Peak vibration acceleration (mm/s?)
Average torque (Nm) | Torque ripple (%)
2fe 4fe 8fe
Measured result 15.03 11.4% 53.6 | 181.2 148.3
FEA result 15.07 12.2% 57.5 | 1784 158.2
Error 2.7% 7% 7.3% | 1.6% 6.7%

dicate that the proposed internal auxiliary slots rotor enhances
the PSFM machine’s output torque, while the surface auxiliary
slots rotor machine exhibits a reduction in torque, which is con-
sistent with the theoretical analysis. The spectra of the surface
vibration acceleration for the different rotor PSFM machines
are shown in Fig. 21. The time-domain vibration acceleration
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signal acquired by the acceleration sensor was processed and
converted into its frequency-domain representation, as shown
in Fig. 21. The measured frequency and amplitude of the vibra-
tion acceleration peak are in agreement with the FEA results.
The vibration acceleration measurements indicate that the vi-
bration acceleration amplitudes at various frequencies show a
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significant reduction in the two new rotor machines, demon-
strating the effective suppression of electromagnetic vibration
in the PSFM machine achieved by these proposed rotor struc-
tures.

The errors between the measured and FEA-derived results
of torque and vibration acceleration for the conventional rotor
PSFM machine are presented in Table 7. Several factors —
including machining tolerances during prototype fabrication,
friction between the rotor, shaft, and other components, and the
mounting method of the prototype on the test platform — can
introduce errors into the measured torque and vibration acceler-
ation. In general, the discrepancies between the measurement
results and the FEA predictions remain within an acceptable
range.

5. CONCLUSION

In this paper, two novel PSFM machine rotor structures are
proposed to suppress electromagnetic vibration in the machine.
Surface auxiliary slots rotor yields a more effective reduction of
electromagnetic vibration in the PSFM machine. The internal
auxiliary slot rotor effectively suppresses machine electromag-
netic vibration while increasing the average output torque of the
PSFM machine by increasing the tangential component of the
air gap flux density. The following conclusions are drawn from
both software simulations and experimental results:

(1) In this study, by changing the outer air-gap permeance
distribution, the two proposed novel rotor structures suppress
the amplitudes of the specific flux density harmonics respon-
sible for generating low-order radial force harmonics, thereby
achieving effective mitigation of these radial force harmonics.
Therefore, two proposed novel rotor structures effectively sup-
press electromagnetic vibration in PSFM machines.

(2) Compared with the conventional rotor machine and sur-
face auxiliary slots rotor machine, internal auxiliary slot rotor
machine exhibits higher fundamental values of no-load back-
EMF and higher average torque. The internal auxiliary slot ro-
tor structure effectively enhances the amplitude of the tangen-
tial component of the air gap flux density, which significantly
improves the PSFM machine’s electromagnetic performance.

Future work will investigate the impact of new stator, rotor,
and permanent magnet topologies on the electromagnetic vibra-
tion characteristics of other Flux-modulation machines.
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