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ABSTRACT: Flux reversal permanent magnet machine (FRPMM), owing to its high power density and excellent low-speed high-torque
capability, is considered promising for low-speed direct-drive hydropower generation systems. However, the vibration and noise caused
by radial electromagnetic force hinder the development of the FRPMM. A novel FRPMM with a permanent magnet (PM) chamfer on
the stator is proposed. First, the radial force density, average torque, and torque ripple are taken as optimization objectives. The multi-
objective genetic algorithm (MOGA) is used to optimize the machine. Next, the space-time characteristics of air-gap flux density and
radial force density are obtained based on finite-element simulation. The modal analysis and harmonic response analysis of the stator are
carried out. The results show that the radial force density of the proposed FRPMM is significantly reduced, and the machine’s vibration

characteristics are optimized.

1. INTRODUCTION

umped-storage, conventional small hydropower systems are
Pevolving toward low-speed direct-drive, high-efficiency,
and highly reliable operation. Flux reversal permanent mag-
net machine (FRPMM), featuring high power density, have at-
tracted increasing attention in hydropower generator applica-
tions [1, 2]. However, during operation, electromagnetic vibra-
tion and noise limit FRPMM applicability in precision-oriented
applications [3]. Due to the doubly salient structure and high
air-gap flux density, the FRPMM exhibits significant cogging
torque, which is the primary cause of torque ripple, inducing
electromagnetic vibration and acoustic noise [4].

Vibrations are primarily attributed to mechanical sources,
aerodynamic noise, and electromagnetic excitation forces [5].
Periodic deformation of the stator is induced by radial elec-
tromagnetic force waves, which are identified as the dominant
mechanism of electromagnetic vibration [6]. In topology op-
timization, stator tooth-shape modifications have been proven
to reduce low-order electromagnetic force harmonics. Radial
force wave amplitudes in high-torque-density machines are re-
duced using single/double-slot correction techniques [7]. Sim-
ilarly, a parabolic stator tooth-tip optimization is proposed in
[8], which suppresses first-order slot harmonic vibration and
reduces vibration acceleration. Comparative studies on stator
chamfer types have shown that rounded chamfers maximize
cogging-effect reduction. Linear chamfers have been demon-
strated to effectively suppress load torque ripple [9]. Rotor
structure innovations are also considered critical. Torque rip-
ple is reduced by staggered segmented rotors through phase-
cancellation principles [10]. A skewed pole segmentation

* Corresponding author: Libing Jing (jinglibing163@163.com).

doi:10.2528/PIERC26072201

299

model for fractional-slot machines is developed in [11], where
multi-order noise is attenuated via axial modal decoupling. Ad-
ditionally, asymmetric rotor and segmented rotor designs are
proposed to mitigate radial electromagnetic forces, providing
new insights into vibration suppression [12,13]. Although
these existing techniques have contributed to vibration sup-
pression to varying degrees, they generally compromise out-
put torque, thereby limiting overall performance. In addition,
with PMs mounted on the stator, geometric modifications of the
PMs in the FRPMM offer an additional degree of freedom to
suppress vibrations [14]. However, this approach has received
little attention in FRPMM vibration studies.

Electromagnetic force harmonic analysis is the theoretical
basis for vibration optimization. Systematic summary of the
spatiotemporal modulation effects of electromagnetic force
waves in [15] reveals that coupling between stator slots and
rotor pole geometry introduces higher-order harmonic compo-
nents. Furthermore, the frequency-shift phenomenon reported
in [16] demonstrates that balanced branch currents suppress vi-
brations at specific frequencies. In [17], the magnetostrictive
effects of high-silicon steel and amorphous alloys are quantita-
tively compared to guide magnetic material selection. The in-
jection of the field winding harmonic current successfully com-
pensates for the 0-order radial modal vibration in [18].

Regarding optimization methods, single-objective optimiza-
tion focuses solely on cogging torque reduction, resulting in
performance degradation in other aspects [19]. The analyti-
cal model proposed in [20] is insufficient for accurately de-
scribing the force wave modulation effects in complex topolo-
gies. Conventional genetic algorithms suffer from slow conver-
gence and suboptimal solution sets in multiparameter optimiza-
tion [21]. Differential evolution has been applied to optimize
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poleslot combinations for reducing unbalanced magnetic forces
[22]. Yet its potential for vibration characteristic optimization
remains unexplored.

Unlike conventional designs focusing on cogging torque and
torque ripple reduction, this study proposes a PM chamfer de-
sign for a 12-slot/17-pole FRPMM to synergistically improve
torque and mitigate vibration, where torque average, torque
ripple, and dominant electromagnetic force harmonics are si-
multaneously optimized via the multi-objective genetic algo-
rithm (MOGA). The air-gap flux density distribution is solved
using the Maxwell electromagnetic field analysis tool. The
Spatiotemporal characteristics are analyzed through Fourier de-
composition methods. Natural frequencies and mode shapes
are obtained by combining stator modal frequency character-
istics testing. The vibration suppression effect of topology
improvement is verified through electromagnetic-mechanical
coupling simulations. Section 2 describes the machine topol-
ogy and operational principles. In Section 3, the machine is
optimized to maximize average torque while minimizing torque
ripple and radial electromagnetic force. Section 4 compares
and analyzes the machine’s electromagnetic fields. Section 5
presents the stator harmonic response and modal analysis cou-
pling analysis. Section 6 summarizes research findings.

2. TOPOLOGY AND WORKING PRINCIPLE

2.1. Topology

Fig. 1 shows the structure of the proposed FRPMM. A com-
bination of alternating poles and auxiliary teeth is adopted. In
addition, an arc-shaped protrusion near the air-gap side is used
in the permanent magnet (PM) on the stator. The air-gap reluc-
tance distribution is adjusted. Magnetic leakage is minimized,
and the machine’s electromagnetic performance is optimized.
Table 1 lists the machine’s key parameters.

- Winding
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teeth
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FIGURE 1. Topology of the proposed FRPMM.

2.2. Principle of Operation

The main magnetic flux is directed radially from PMs into the
air gap. Radial forces are generated on the stator tooth sur-
faces, leading to electromagnetic noise and vibrations. The ra-
dial electromagnetic force F). acting on the inner surface of the
stator core is determined by the air-gap magnetic field, which
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TABLE 1. Main parameters of the FRPMM.
Parameters Value
Axial length (mm) 60
Outer radius of machine (mm) 6
Number of poles 17
Number of slots 12
Rated speed (r/min) 1000
Supplied current (A) 10
Series turns per phase 30
PM material NdFeB
Iron material DW315-50
can be expressed as:
Fo= [B? — B/ (1)
r 2/10 t

where B, and B, are the radial and tangential components of
the air-gap flux density, respectively, and i is the vacuum per-
meability. The tangential component is generally much smaller
than that of the radial component. Thus, the equation can be
simplified as:

B; 2

The radial flux density B, in the machine air gap is de-
termined by the product of the air-gap magnetomotive force
(MMF) f and air-gap permeance A. The mathematical expres-
sion for B, is given as:

Br:f'A:(fr+fS)'A

Z F,, cos(puwt — pp) —|—Z F, cos(wttuvph)|-A (3)
“w v

where F), is the p-th harmonic amplitude of the PM MMF; p is
specified as an odd sequence (1 = 1,3,5...); F), is expressed
as the v-th harmonic amplitude of the stator MMF (v = (6k +
1)-p, k € NT); prepresents the number of pole pairs; w denotes
the rotor angular velocity; 6 is defined as the circumferential
angle of the air gap.

Under idealized conditions where rotor eccentricity is ne-
glected, and the rotor surface is assumed to be smooth, the air-
gap permeance comprises a constant component and a periodi-
cally modulated component induced by stator slotting:

A=Ag+ Y Agcos(kN,.0) (4)
where A is the constant permeability of the air gap; Ay is the
air gap permeability caused by the stator slot; NV, is the number
of stator slots.

The spatiotemporal distribution of the radial electromagnetic
force is derived by synthesizing Eqgs. (2)—(4). The derived ex-
pression is formulated as follows:

F, = pr‘ cos(wpt — 10 + @) (%)
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FIGURE 2. Configuration of the proposed FRPMM-based hydropower generation unit.

where r is the spatial order of the electromagnetic force wave
(r = p £+ v); w, is the rotation angular velocity of r-th electro-
magnetic force wave; p,. is the amplitude of r-th force wave;
o, 1s the phase angle.

The vibration response of machines is primarily excited by
low-order spatial harmonic excitations that act on the stator.
The conversion efficiency of energy from electromagnetic ex-
citation to mechanical vibration is enhanced when the spatial
order of the radial force is reduced. For fractional-slot winding
configurations, the dominant spatial force wave components
are predominantly distributed in the low-order regions due to
their harmonic-order characteristics. Consequently, significant
structural vibrations are likely induced in the system.

2.3. Hydroelectric Power Generation System

Figure 2 illustrates the application of the proposed FRPMM in
a low-speed direct-drive hydropower generation unit. The hy-
dropower generation system mainly consists of a hydraulic tur-
bine, coupling, FRPMM, transformer, and utility grid. During
operation, water flows through the spiral casing to drive the hy-
draulic turbine, and the generated mechanical power is directly
transmitted to the FRPMM via the coupling. The three-phase
alternating current generated by the FRPMM is regulated by
a transformer and then delivered to the utility grid, enabling
the efficient conversion of mechanical energy into electrical en-
ergy.

The FRPMM adopts a low-speed direct-drive configuration,
eliminating the gearbox. This configuration reduces mechani-
cal transmission losses, simplifies the drivetrain, and enhances
overall system efficiency and reliability.

3. PARAMETER OPTIMIZATION DESIGN

3.1. Optimization Objectives and Variables

Geometric parameters of the proposed machine are related to
electromagnetic field characteristics and coupled with elec-
tromechanical vibration characteristics. To achieve an optimal
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trade-off between electromagnetic performance and mechani-
cal stability, a MOGA is employed for structural parameter op-
timization.

Before conducting multi-objective optimization, the rela-
tionship between optimization objectives and design variables
must be established. This study focuses on the vibration sup-
pression of FRPMM. The amplitude of electromagnetic forces
and torque ripple is the primary cause of vibration. A higher
amplitude of the electromagnetic forces results in an increased
vibration amplitude. Torque ripple induces periodic rotational-
speed variations in the rotor, which generates mechanical vi-
bration. Therefore, the following three objectives are selected
for optimization. Table 2 lists the machine’s optimization ob-
jectives and constraints.

TABLE 2. Optimization objectives and constraints of FRPMM.

Optimization object Constraints
Radial force density amplitude Min
Average torque Max
Torque ripple Min

1) Minimization of electromagnetic force amplitude (F}.):
the radial electromagnetic force amplitude is taken as the op-
timization objective to optimize the machine’s vibration char-
acteristics and improve its operational stability and comfort.

2) Maximizing the average output torque (73yg): the average
output torque is taken as the optimization objective to improve
the machine’s output capacity.

3) Minimization of torque ripple (Tpkavg): the torque ripple
is taken as the optimization goal to ensure the stability of the
machine’s output torque during operation and then optimize its
vibration characteristics.

As shown in Fig. 3, main optimization variables include PM
thickness h; and width 6,, stator pole shoe thickness h;, rotor
slot depth h3 and width 6.

WWwWw.jpier.org



PIER C

Tian et al.
TABLE 3. Comparison of FRPMM optimization.
Parameter Conv. I I 111
hi 2.12 0.72 0.75 0.74
ha 1.34 2.10 2.19 2.13
h3 7.07 5.84 591 6.24
01 6.12 8.02 8.04 8.04
N 0> 23.42 36.08 36.12 36.12
7)161 F./(N/m?)  113061.97 68383.39 70112.89  69814.40
Tavg/(N - m) 2.87 3.68 3.67 3.67
FIGURE 3. Structural parameters. Thkave! % 2.8 1.05 1.05 1.08

3.2. Optimization Design Process and Results

A genetic algorithm is applied to perform multi-objective opti-
mization, and Fig. 4 presents the corresponding procedure. The
desired values of the design variables are determined based on
the extreme points and optimal value ranges. These values are
subsequently validated. In the genetic algorithm optimization
process, 5000 samples are initially generated. A total of 1000
samples are generated in each cycle. Three candidate samples
are identified within a maximum of 20 iterations, as shown in
Table 3. Due to the high requirements for the performance and
vibration characteristics, candidate I is selected as the optimal
solution by a comprehensive consideration of all optimization

objectives.

‘ Analysis of machine performance requirements ‘

‘ Establish finite element simulation analysis model ‘
‘ Determine range of parameters %7

‘ Determine optimization variables and objectives ‘

‘ Optimization using genetic algorithm ‘ ‘ Correct the initial value

‘ Collect and analyze iterative optimization results ‘

Whether
convergence

no

‘ Get optimization results ‘

End

FIGURE 4. Optimization process of the proposed FRPMM.

4. ELECTROMAGNETIC PERFORMANCE

4.1. Flux Density

Since the radial component of the air-gap flux density is signifi-
cantly larger than the tangential component, the radial flux den-
sity under no-load operation is analyzed and presented in Fig. 5.
Fig. 5(a) shows the waveform comparison between the con-
ventional and proposed machines, and the proposed machine
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shows a lower peak B, amplitude. Fig. 5(b) further presents
the corresponding harmonic spectra. The proposed machine
shows reduced amplitudes in the low-order harmonic compo-
nents, which is beneficial for vibration suppression. Further-
more, according to magnetic field modulation theory, the 18th
and 24th harmonics dominate torque generation in the proposed
machine, and the enhancement of these harmonic amplitudes
contributes to improved output torque.

4.2. Radial Electromagnetic Force

Vibration is proportional to the amplitude of the radial electro-
magnetic force and inversely proportional to the fourth power
of its spatial order. Therefore, priority is given to reducing ra-
dial electromagnetic forces with high amplitudes and low spa-
tial orders, significantly suppressing machine vibration.

Fig. 6 shows spatiotemporal distributions of the radial elec-
tromagnetic forces. The proposed machine has a reduction of
57.25% in the (0f, 17), 84.89% in the (0f, 24), and 57.21%
in the (1f, 5) compared to the conventional machine, and the
radial electromagnetic force is reduced by 39.52%. These low-
order spatial harmonics are the primary contributors to sta-
tor vibration due to strong coupling with low-order structural
modes. Additionally, the force spectrum of the proposed ma-
chine shows broader spatial harmonic distribution, which helps
distribute vibration energy across a wider frequency range and
thus reduces the likelihood of resonance excitation.

4.3. Torque

Figure 7 compares the torque characteristics of conventional
and proposed machines. The electromagnetic torque of 3.68
N - m is achieved by the proposed machine, demonstrating a
28.22% improvement over 2.87 N - m of the conventional ma-
chine. Additionally, the torque ripple is reduced from 2.80%
to 1.05% in the proposed machine, with a reduction of 49.52%.
Table 4 summarizes the key electromagnetic performance com-
parisons between the conventional and proposed machines.
Benefiting from the alternate-pole configuration, the proposed
machine shows enhanced output power and efficiency with re-
duced PM volume. Notably, as a flux-modulation machine,
the proposed FRPMM achieves an improved power factor, yet
it remains inherently lower than that of conventional PM syn-
chronous machines [23].
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TABLE 4. Key electromagnetic performance comparison.

Parameter Conventional machine  Proposed machine
PM volume (m®) 9.5 x 107° 6.4 x 107°
Tavg/(N - m) 2.87 3.68
Tokave/% 2.80% 1.05%
Output power (W) 300.5 385.4
Total loss (W) 36.8 39.0
Efficiency 89.1% 90.8%
Power factor 0.77 0.83

5. MODAL AND VIBRATION ANALYSIS
5.1. Modal Analysis

The stator vibration is caused by radial electromagnetic forces.
The vibration amplitude is jointly influenced by the spatial or-
der and amplitude of the electromagnetic force waves and the
natural frequency of the stator. When the stator is equivalently
modeled as a cylindrical shell, the vibration displacement in-
duced by the 7-th order radial electromagnetic force can be ex-

force. (a) Conventional machine. (b) Proposed machine.
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FIGURE 7. Torque characteristics.

pressed as:

Fo/M

Am = — w?2)2 4+ 4 wiw?
I m¥r*m

(6)
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where M is the stator mass; w,, is the m-th inherent angular
frequency; and F;,, can be expressed as:
F,, = tDLp, (7

where D is the inner diameter of the core; L is the effective
length of the machine core; and (,,, is the modal damping ratio,
expressed as:

afm+b 2,76 X 1075 f,, + 0.062
2 o 2T

Cm = ®)
where f,,, denotes the m-th modal natural frequency; a is the
mass-proportional damping coefficient; and b is the stiffness-
proportional damping coefficient. The coefficients are deter-
mined based on the empirical damping characteristics of the
stator core.

The stator’s vibration displacement is proportional to the am-
plitude of radial force waves and inversely proportional to their
spatial order. Resonance effects are produced in the system
when the frequency of radial force waves approaches the sta-
tor’s natural frequency. Based on this principle, the ampli-
tudes of radial force waves with frequencies near the natural fre-
quency are minimized. This strategy is critical for suppressing
vibration. To avoid resonance phenomena, the stator’s modal
frequencies are calculated.

Finite-element simulations of the natural modes are per-
formed for the stator core of the conventional machine. The
stator’s natural frequencies are analyzed. Finite-element simu-
lations are also conducted for the proposed machine with identi-
cal material parameters. Table 5 lists comparative results of the
modal simulations. The local structural stiffness of the stator
core is enhanced by auxiliary teeth. The alternate-pole design
effectively avoids asymmetric vibration modes and reduces the
risk of multi-order modal coupling. As a result, the stator ex-
hibits higher natural frequencies, improved system stiffness,
and consequently better vibration suppression performance.

5.2. Vibration Analysis

Figure 8 illustrates the stator mesh and electromagnetic force-
loading procedure. The stator is meshed with tetrahedral ele-
ments. The electromagnetic force density on each stator tooth
element at each time step is extracted from transient finite el-
ement solutions and mapped onto the structural finite element
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TABLE 5. Natural frequency of the stator.

Order Conventional Proposed Variation
496.6 Hz 1059.8 Hz
1323.0Hz 2732.5Hz

4 @ @ 100.63%
2351.0Hz 4716.8 Hz
3404.0Hz 5846.1 Hz

model as nodal loads via interpolation. Combined with stator
mode shapes, which naturally incorporate both global and lo-
cal deformations, harmonic response analysis is then performed
using the mode superposition method to obtain the stator’s vi-
bration deformation, velocity, and acceleration responses under
various excitation frequencies.

The stator vibration displacement variation is obtained by
finite-element analysis, as shown in Fig. 9. The displacement
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FIGURE 10. Vibration velocity.

magnitudes are in the micrometer range. In these cases, the
vibrations are not visually observable. However, a vibration
displacement peak of 0.06 mm is recorded for the proposed ma-
chine. This value is reduced by 60% compared to the 0.15 mm
of the conventional machine.

Vibration velocity and acceleration trends on the stator sur-
face are consistent, as shown in Fig. 10 and Fig. 11. For the con-
ventional machine, the maximum vibration velocity and accel-
eration are recorded at twice the fundamental frequency, reach-
ing 78 mm/s and 247030 mm/s?, respectively. In the proposed
machine, auxiliary teeth are introduced to modify the magnetic
permeability distribution. Higher-order electromagnetic force
harmonics are thereby generated. Simultaneously, the symme-
try of the magnetic field is altered by the alternate-pole struc-
ture. This modification excites the additional harmonic com-
ponents. As a result, the peak vibration velocity and accelera-
tion of the proposed machine are shifted to four times the fun-
damental frequency. Compared to the conventional machine,
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reductions of 80.12% in peak velocity and 58.19% in peak ac-
celeration are achieved.

Figure 12 presents the acoustic noise distributions of the
conventional and proposed machines. In Fig. 12(a), the con-
ventional machine shows a maximum sound pressure level of
86.38dB, with extensive high-noise regions. In contrast, the
proposed machine in Fig. 12(b) achieves a significantly reduced
maximum sound pressure level of 62.31 dB, with a more uni-
form noise distribution and high-noise regions concentrated in
localized areas. These results confirm the effectiveness of the
proposed design in suppressing electromagnetic vibration and
reducing acoustic noise radiation.

The above vibration analysis is performed under steady-state
rated speed conditions. However, turbine input speed fluctu-
ations are inevitable in hydropower applications and may af-
fect the vibration behavior of the FRPMM. These fluctuations
first modulate the frequencies of radial electromagnetic force
harmonics via changes in the electrical frequency. When the
shifted frequencies approach the natural frequencies of the sta-
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FIGURE 12. Acoustic noise. (a) Conventional machine and (b) the proposed machine.

tor structure, resonance-like vibration amplification may be in-
duced. In addition, such variations may couple with the inher-
ent torque ripple of the FRPMM through drivetrain dynamics,
forming a potential positive feedback loop that further exacer-
bates the vibration response. Nevertheless, the actual impact
of these coupling effects is highly application-dependent and
requires further simulation analysis on a case-by-case basis.

6. CONCLUSION

This article studies effectiveness of a novel FRPMM for opti-
mizing vibration characteristics. The MOGA 1is used to opti-
mize radial force density, average torque, and torque ripple as
optimization objectives to determine optimal structural parame-
ters. The space-time distribution of the air-gap flux density and
radial electromagnetic force is obtained by finite-element sim-
ulation. The modal analysis of the stator is carried out by Work-
bench to extract the machine’s natural frequency. Parameters of
vibration deformation, velocity, and acceleration are analyzed
by harmonic response. The radial force density of FRPMM is
reduced by 39.52% compared with that of the conventional ma-
chine, and the vibration is effectively suppressed.

The proposed PM chamfer relies on mature manufactur-
ing processes. In small hydropower applications, larger ma-
chine dimensions lead to increased air-gap lengths, which pro-
vide greater design freedom. Moreover, since the chamfer
only modifies the PM edge profile without altering its mount-
ing or stress state, structural integrity is maintained, indicating
promising engineering prospects.

Future work will examine the influence of turbine input
speed fluctuations on vibration characteristics and carry out
prototype fabrication and vibration testing to validate simula-
tion results.
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