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Abstract

Permanent Magnet Linear Synchronous Motors (PMLSMs) are the dominant actuation
solution for high-end manufacturing equipment, such as semiconductor lithography sys-
tems, owing to their superior force density and direct-drive capabilities. However, the
inherent thrust ripple—comprising cogging force, end effects, and harmonics—severely
compromises their ability to achieve the nanoscale tracking accuracy required for precision
metrology. This paper presents a comprehensive review of structural optimization tech-
niques aimed at suppressing thrust ripple to ultra-low levels suitable for high-precision
applications. The optimization methodologies are systematically categorized into Perma-
nent Magnet (PM) modification, core structure optimization, end-effect mitigation, and
topological innovations. Beyond analyzing individual techniques, this review critically
evaluates the synergistic efficacy of combined optimization strategies, identifying comple-
mentary pairings that maximize ripple suppression while minimizing the trade-off with
average thrust. Finally, the paper discusses the impact of manufacturing tolerances on
optimization robustness, providing a roadmap for designing next-generation, high-fidelity
linear motion systems.

Keywords: cogging force; end effect; high-precision positioning; permanent magnet linear
synchronous motor; structural optimization; synergistic design; thrust ripple suppression

1. Introduction

Permanent Magnet Linear Synchronous Motors (PMLSMs) drive high-precision appli-
cations, including semiconductor lithography equipment, ultra-precision CNC machine
tools, and wafer inspection stages, due to their direct-drive mechanism, high thrust density,
rapid response, and excellent positioning accuracy without mechanical intermediaries like
ball screws or gears [1,2]. These attributes enable nanoscale motion control essential for
modern semiconductor manufacturing and precision metrology.

PMLSMs are subject to inherent thrust ripples, which stem from three primary sources.
First, cogging forces arise from the magnetic interaction between the stator slots and the
Permanent Magnets (PMs). Second, the finite length of the primary part creates magnetic
discontinuities known as end effects. Finally, harmonic distortions within the air-gap
field further contribute to fluctuations in performance [3]. In ultra-precision scenarios,
such as lithography machines, uncontrolled thrust ripple can exceed 5% of average thrust,
causing velocity fluctuations, vibration, and positioning errors that degrade nanoscale
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accuracy. High-end applications typically demand ultra-low ripple levels below 0.5-1%
or even five ten-thousandths in extreme cases to ensure stable operation and sub-micron
repeatability [4].

Structural optimization techniques address thrust ripple at the source by refining
motor topology, offering persistent suppression without additional energy consumption or
real-time computational burden—ideal for stable, high-precision environments [5]. By em-
bedding suppression directly into the motor topology, structural methods ensure persistent
performance stability over extended operation, avoiding thermal or computational over-
heads associated with active compensation. Key methods for ripple reduction in PMLSMs
include magnet skewing, Halbach arrays, auxiliary slots/poles, end-effect compensation,
coreless designs, and modular structures. Individually, these approaches can achieve
40-90% ripple reduction, but they involve trade-offs: skewing effectively cancels cogging
force phases but slightly reduces average thrust and increases manufacturing complex-
ity [6,7]; Halbach arrays significantly enhance air-gap flux density and sinusoidal waveform
quality while minimizing harmonics, though at the cost of high manufacturing difficulty,
demagnetization risks, and inability to fully eliminate cogging in cored designs [8-10];
coreless configurations eliminate cogging entirely, offer smooth operation, low mass, and
fast response, yet suffer from lower efficiency, poor heat dissipation, higher magnet usage,
and force pulsations [11,12]; auxiliary slots/poles minimize disturbances (e.g., detent force),
but enlarge motor volume [13]; end-effect compensation reduces end-specific forces with
minimal impact on overall cogging. Combinations, such as skewed Halbach arrays in
axial-flux or double-sided PMLSMs, yield synergistic effects, often pushing residual ripple
below 1% while maintaining or boosting thrust density—for instance, dual-skewed Hal-
bach designs achieve ~7.8% higher average torque and notable ripple reduction compared
to baselines, though they amplify assembly challenges and potential asymmetries [14,15].

However, prior investigations largely treat these techniques in isolation, and a consoli-
dated perspective on their combined efficacy and engineering implications remains limited.

This review focuses on structural optimization strategies for achieving ultra-low thrust
ripples in PMLSMs tailored to high-precision applications. Compared to existing reviews,
this work places greater emphasis on the combined efficacy of multiple structural optimiza-
tion techniques and explores their practical feasibility from the perspective of real-world
industrial production and engineering implementation. It synthesizes recent advancements,
provides quantitative comparisons of ripple suppression efficacy, and highlights combined
approaches as a promising pathway to achieving sub-1% performance thresholds.

The structure of this paper is as follows. Section 2 introduces the thrust ripple sources
and high-precision requirements, explaining the root causes of thrust ripple generation and
the importance of suppressing thrust ripple. Section 3 discusses common single structural
optimization methods and their respective efficacy. In Section 4, the feasibility of different
structural optimization combinations is investigated.

2. Thrust Ripple Sources and High-Precision Requirements

Thrust ripple in PMLSM arises from inherent electromagnetic interactions within their
open-ended, finite-length structure, leading to periodic force fluctuations that compromise
performance. The phenomenon manifests as deviations from the ideal average thrust,
resulting in position- and load-dependent disturbances that degrade smooth motion [16].

The dominant source is cogging force, stemming from the reluctance variations be-
tween stator slots and PMs. This creates a periodic attraction/repulsion cycle, even under
no-load conditions, as the magnets align with slots of varying magnetic resistance. In
PMLSMs with N (number of slots) slots and N, (number of pole pairs) pole pairs, cogging
force exhibits periodicity related to the least common multiple of slots and poles, produc-
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ing harmonic components that contribute significantly to overall ripple, as illustrated in
Figure 1.

C C

Figure 1. Schematic diagrams of thrust ripple generation mechanisms in PMLSMs: (a) cogging force
due to slot-magnet interaction; (b) end force due to finite-length effects [4].

End effects constitute another major contributor, caused by the abrupt truncation of
magnetic fields at the motor’s finite ends. This leads to asymmetric flux distributions along
the travel direction, generating additional longitudinal force oscillations that are particularly
pronounced in short-primary configurations. The resulting end force introduces low-
frequency components, amplifying ripple and becoming especially problematic at low
speeds or during acceleration/deceleration phases common in precision positioning [4],
with typical asymmetric force waveforms and end-effect contributions also depicted in
Figure 1.

Additionally, under load conditions, electromagnetic ripple originates from the cou-
pling between harmonic components in the air-gap flux density and non-ideal current
waveforms. Non-sinusoidal back-EMF, arising from factors such as winding distribution,
slotting effects, magnet geometry, and magnetic saturation, interacts with both fundamental
and harmonic current components. This coupling produces higher-order space-time force
harmonics, leading to electrical-angle- and load-dependent thrust pulsations, which further
intensify thrust ripple and contribute to velocity fluctuations in dynamic operation.

In high-precision applications, such as semiconductor lithography machines, ultra-
precision CNC stages, wafer inspection systems, and optical alignment platforms, these
combined sources severely exacerbate system instability. Unmitigated ripple, often reaching
more than 5% of average thrust in conventional designs [4], induces velocity errors, me-
chanical vibration, acoustic noise, and positioning inaccuracies exceeding 1-10 um, which
are completely unacceptable for nanoscale operations where feature sizes and overlay toler-
ances are below 100 nm. Moreover, ripple-induced vibrations promote thermal expansions,
structural resonances, and servo hunting, further degrading long-term repeatability and
yield in manufacturing processes.

To address these challenges, ultra-low ripple thresholds are mandatory: typically be-
low 0.5-1% for most high-precision tasks to ensure stable velocity control and sub-micron
accuracy, while extreme lithography applications demand levels as low as 0.05% to mini-
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mize any thermal or mechanical distortions during exposure cycles [17]. Achieving such
stringent performance requires structural optimizations that fundamentally mitigate root
causes at the design stage, as real-time control strategies alone may introduce computational
latency or instability in nanosecond-critical environments.

3. Structural Optimization Methods for Thrust Ripple Suppression

Structural optimizations for thrust ripple suppression in PMLSMs are categorized
based on their primary target: PM optimization, stator/core modifications, end-effect
mitigation, and topological innovations. PM optimization refines magnet shape and
arrangement to enhance air-gap flux sinusoidality. Stator/core methods address cogging
via geometric averaging. End-effect techniques compensate finite-length asymmetries,
while topological innovations eliminate or modularize ripple sources [18].

3.1. PM Optimization

PM optimization primarily improves air-gap flux distribution and sinusoidality to
reduce harmonic-induced ripple.

Xu et al. [15] designed a Halbach consequent-pole (HCP) PMLSM for ropeless eleva-
tors (shown in Figure 2). The Halbach array produces a quasi-sinusoidal magnetic field
distribution that inherently suppresses harmonic content and thrust ripple, while also con-
centrating flux to reduce leakage and PM usage by 27.6% compared to traditional motors.
Combined with pole optimization and double-sided pole shift, this enables an average
thrust of 2499 N with ripple suppressed to just 0.87%, achieving an effective balance of cost
and performance.

Primary core |

9 h 4 ~ ~

Secondary core

Primary core Primary core

Iron

pole /
Secondary core Halbach
pole

(b) ()

Figure 2. Schematic of Halbach PM array structures in PMLSMs: (a—c) cross-sectional comparison
of SP-PMLSM (conventional single-polarity), CP-PMLSM (consequent-pole), and proposed HCP-
PMLSM (Halbach consequent-pole with alternating magnetization) [15].

A double-sided linear iron-core fine-tooth motor featuring a moving skewed Halbach
magnet array was proposed in [16]. The Halbach array enhances the sinusoidal air-gap flux
density, contributing significantly to harmonic cancellation and reduced thrust ripple, while
the skewed configuration further minimizes cogging effects. The double-sided symmetric
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structure eliminates normal-direction force harmonics, resulting in 95% lower acoustic
noise than single-sided conventional motors and supporting high acceleration up to 8.2 G
for precision systems.

Reference [19] presented an ironless double-sided Halbach PMLSM with C-shaped
windings for electromagnetic launch. In the ironless design, the Halbach array compensates
for inherently low flux density by strongly concentrating magnetic fields on the active side,
while its quasi-sinusoidal distribution minimizes harmonics and achieves a very low thrust
ripple of 0.8%. A modified Fourier series model accounts for end effects, delivering an
average thrust of 8.3 kN suitable for high-speed transient launch applications.

Tavana and Shoulaie investigated permanent-magnet pole-shape optimization for
thrust ripple suppression in PMLSMs. By parameterizing the arc-shaped PM geometry
and minimizing the normalized total thrust ripple (NTTR) under constant average thrust,
the optimized design significantly reduced force pulsations. Finite-element results indicate
that NTTR was reduced to a very low level compared with the initial rectangular pole
design, while the average thrust remained nearly unchanged and the back-EMF waveform
exhibited substantially lower harmonic distortion [20].

Chung et al. proposed a doubly salient PMLSM with optimized permanent-magnet
placement and salient-pole geometry for precision position control. Experimental measure-
ments demonstrate that the optimized PM configuration effectively suppresses detent force
and reduces thrust fluctuation amplitude compared with the conventional structure. The
measured thrust waveforms exhibit markedly smoother force profiles, leading to improved
low-speed motion stability and positioning accuracy [21].

Reference [5] highlights it as a widely adopted method for thrust ripple reduction in
PMLSMs. By optimizing skew length, high-order harmonics (4th, 6th, 8th) are reduced by
55.7%, 93%, and 79.5% compared to rectangular PMs. This approach suppresses sine wave
distortion of detent force more effectively and conveniently than traditional amplitude-
focused optimizations, facilitating minimal ripple control.

3.2. Core Modifications

Core modifications target cogging force through geometric averaging of reluctance
variations.

Building upon traditional skewed slots and skewed poles technology, reference [22]
proposes a novel PMLSM design featuring a V-shaped tooth-slot structure (illustrated
in Figure 3). The V-shaped teeth can be regarded as a clever combination of two helical
teeth. This structure simultaneously suppresses both the tooth-slot effect and end effect in
positioning forces, significantly reducing thrust pulsation (to approximately 3.3%) while
enhancing average thrust (by about 3%). It also minimizes normal forces, avoiding the
shortcomings of traditional methods that either address only a single effect or result in
reduced thrust. Its superior performance has been validated through theoretical analysis,
FEM, and prototype experiments.

In Ref. [23], a novel consequent-pole PMLSM was presented for electromagnetic
launch, optimizing both the mover and stator jointly. Both the mover and stator are
jointly optimized, in which a double-sided consequent-pole stator and an optimized mover
structure are adopted to suppress detent force and thrust ripple while reducing magnet
usage. Finite-element and experimental results show that the detent force is reduced from
158.5 N to 55.2 N, thrust ripple decreases from 22.9% to 10.9%, and permanent-magnet
consumption is reduced by approximately 43.3-50%.
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Figure 3. The 3D and discretization models of a V-shaped tooth-slot PMLSM, showing its components
and iron core parameters [22]: (a) 3D view; (b) 2D top view.

3.3. End-Effect Mitigation

End effects, unique to linear motors’ finite length, produce longitudinal force oscilla-
tions. Compensation strategies include auxiliary poles or fractional end teeth that balance
magnetic potential at boundaries, and optimized end-tooth shaping

As mentioned in Ref. [24], a novel end topology optimization method based on
grid-level ON/OFF inverse design is proposed for PMLSMs. The end design domain is
discretized into binary elements, with Genetic Algorithm (GA) or Immune Algorithm (IA)
evolving optimal topologies via initialization, crossover, and maturation. Semi-material
filling smooths boundaries for manufacturability. Typical optimal end topologies generated
by this method are illustrated in the following figures. Results (Figure 4) demonstrate that
in various PMLSM configurations, detent force is reduced by over 85%, with average thrust
variation less than 1%.

Reference [25] proposes minimizing detent force in short-stator PMLSMs using the
finite element method (FEM). Detent force, from slotting and finite core length, is the sum
of magnetic forces at stator edges. FEM simulations reveal their phase difference, enabling
cancellation by adjusting stator length. Smooth edge shapes further reduce ripple. The
technique, applied to a single model, successfully minimizes detent force without multiple
tests, as validated by computed results.

Zhu et al. [13] propose attaching auxiliary poles to the ends of the mover in a PMLSM
to reduce the end effect of detent force. Using 2D FEM, the authors study how auxiliary pole
dimensions and positioning impact detent force. Optimal design significantly minimizes
the peak detent force without affecting electromagnetic thrust or flux distribution. FEM
simulations match experimental results, confirming the method’s effectiveness.

To effectively suppress the dominant end effect force in double-sided inset PM flat
linear brushless motors, a new technique using stepped end blocks in the slotless stator has
been proposed in reference [26]. This method optimizes the end block geometry through
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two-dimensional analytical formulas, which allows for the precise adjustment of lamination
width and length to minimize magnetic interactions at the finite stator ends. Experimental
validation on an adjustable slotless model confirmed a significant reduction in end effect
components with minimal impact on average thrust, where the change is less than one
percent. This thereby improves low-speed stability and achieves efficient overall detent
force suppression when combined with complementary methods such as phase shifting
between the upper and lower stator slots.

C
Figure 4. Optimal left-hand auxiliary end topologies generated by the ON/OFF method with GA

and IA: (a) GA-optimized for 3s4p PMLSM, (b) IA-optimized for 3s4p PMLSM, (c) GA-optimized for
6s7p PMLSM, and (d) IA-optimized for 6s7p PMLSM [24].

3.4. Topological Innovations

Topological innovations involve a fundamental reconfiguration of the motor’s physical
structure and magnetic flux paths. This category targets the root causes of thrust ripples by
eliminating specific electromagnetic interaction mechanisms entirely—such as removing
the iron core to eradicate cogging force—or by restructuring the stator/mover into modular
units to achieve harmonic cancellation through geometric periodicity. These methods often
require a trade-off between ripple suppression and thrust density but offer the highest
potential for theoretical zero-ripple performance.

The ironless structure mentioned in [27] offers significant advantages, including zero
cogging effect, high dynamic response, low thermal loss, absence of hysteresis, uniform
magnetic field distribution, and reduced operational noise, making it suitable for high-
precision, low-noise, and high-dynamic-performance applications. Although its power
density is lower than that of traditional iron-core structures, these core advantages make it
an indispensable choice in specific scenarios. Furthermore, the ironless design simplifies
magnetic field analysis and control algorithm design. Combined with a fixed central
shaft and sleeve protection design, it enhances motor installation stability and operational
precision, making it adaptable for high-load applications.

References [21,28,29] highlight that modular primary design offers significant advan-
tages in PMLSM systems, including a substantial reduction in thrust ripple and detent force,
which enhances precision position control performance. The core mechanism relies on
intentional spatial shifting and segmentation of the primary or mover to achieve harmonic
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cancellation and magnetic decoupling. Specifically, the primary is divided into multiple
identical modules, such as two mover cores with a 60-degree electrical offset, as shown
in [21]. As shown in Figure 5, the dispersed primary units form multiple ends within each
phase group, as described in [29]. This configuration causes the detent force components of
each module, including end effects and slotting effects, to exhibit a 120-degree electrical
phase difference among the three phases.

Primary unit

>
>
>
@)
®
@

(a)

A comprehensive
primary structure

Primary unit

(b)

Figure 5. (a,b) The structure of the DSPMLSM [29]: (a) a schematic of the primary unit (with
A/B/C-phase coils) and the PM array; (b) the 3D structural model of the motor.

Consequently, most harmonic orders other than multiples of three mutually cancel out,
resulting in a near-zero net detent force. Furthermore, introducing a modular regulation
structure with flux barriers into the segmented primary alongside alternate coil winding
as detailed in [27] can suppress ripples originating from armature current or voltage
harmonics and end effects while simultaneously achieving magnetic decoupling between
phases through the air gap. These designs also allow for a fifty percent reduction in PM
usage, such as through consequent pole structures, which lowers costs and facilitates
mechanical separation for improved manufacturing flexibility. Moreover, they maintain
excellent thrust linearity and minimal ripple characteristics across various load conditions.

The generation mechanisms and harmonic characteristics of thrust ripple in moving-
magnet PMLSMs were investigated in [30]. A multi-secondary topology based on an
independent-coil structure is proposed to suppress cogging force, end force, and electro-
magnetic force fluctuations simultaneously. Experimental results demonstrate that the
proposed motor reduces detent force by 84% and electromagnetic force fluctuation by
93.4%, validating its effectiveness for high-precision linear motion applications.

Each method targets specific ripple sources and offers varying degrees of suppression
efficacy, but they also introduce potential drawbacks in terms of manufacturing complexity,
thrust density impact, and applicability to different motor configurations. It should be
noted that the studies reviewed in this paper involve substantially different test conditions,
including rated thrust levels, machine dimensions, pole-slot combinations, excitation meth-
ods, and evaluation metrics. Consequently, the reported thrust ripple values and reduction
ratios are not strictly comparable across references. The quantitative data presented herein
are therefore intended to illustrate methodological tendencies and relative suppression
capabilities rather than absolute performance rankings. PM optimizations excel in enhanc-
ing flux sinusoidality but may increase material costs; stator/core modifications provide
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robust cogging reduction with minimal thrust loss yet require precise machining; end-effect

mitigations are highly effective for finite-length issues but can complicate assembly; and

topological innovations offer fundamental ripple elimination at the expense of power

density or scalability. Overall, as summarized in Tables 1 and 2, the choice depends on

application-specific priorities, such as precision level, cost constraints, and operational

environment, often favouring combinations for optimal performance.

Table 1. Comparative analysis of the structural optimization methods for thrust ripple suppression.

Method Category Advantages Disadvantages

e Improves air-gap flux sinusoidality

for 40-90% ripple reduction . .
. Increases manufacturing complexity
e  Enhances thrust density (e.g., . .
(e.g., skewing or shaping PMs)

Permanent Magnet (PM) Halbach arrays reduce PM usage by Potential minor thrust loss (5-10%)
Optimization 20-30% while maintaining air-gap

flux density)

Higher material costs for
advanced arrays

e  Low energy/computational
overhead
e  Effective cogging suppression Requires high-precision machining,
(55-80%, up to ~95% in raising costs
o optimized cases) May introduce minor normal force
Stator/Core Modifications Maintains average thrust; slight imbalances
improvement reported in Less effective against end
some designs effects alone
Adds assembly complexity
e  High detent force reduction (>85% (e.g., auxiliary poles or GA /1A
in well-optimized designs) optimization)
End-Effect Mitigation e  Minimal impact on average thrust Limited to finite-length issues; not
(<1% variation) comprehensive for all ripple sources
¢ Improves low-speed stability Potential for unintended flux
asymmetries if not optimized
e  Near-elimination of cogging Lower power density (10-20% loss in

Topological Innovations

(e.g., ironless: ~0% cogging)
Reduces costs via modularization
Enhances overall precision and
noise reduction

ironless designs), increased structural
complexity, and scalability challenges
May require redesign of entire

motor system

Table 2. Summary of structural optimization methods table.

Ref. Target Optimization Method Key Results/Findings
. . . . .. High-order harmonics (4th, 6th, 8th)
[5] Harmonic content in detent force ~ PM skewing with optimized skew length reduced by 55.7%, 93%, 79.5%
L . HCP array + pole optimization + Thrust ripple 0.87%, average thrust
[15] Air-gap flux harmonics, leakage double-sided pole shift 2499 N, PM usage | 27.6% *
Coeeing + normal Skewed moving Halbach magnet array in ~ 95% lower acoustic noise, supports
[16] 881N double-sided symmetric fine-tooth 8.2 G acceleration, significant ripple

force harmonics

structure

reduction

[20]

Thrust ripple in ironless design

C-shaped windings

Ironless double-sided Halbach array +

Thrust ripple 0.8%, average thrust
8.3 kN
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Table 2. Cont.

Ref. Target Optimization Method Key Results/Findings
. Very low normalized total thrust
[21] Thrust ripple from pole shape Eiiﬁiﬁgfsiﬁ;ﬁiﬁi}; eliiﬂ?”ll"\lg)p ole ripple (NTTR), back-EMF harmonics
P significantly reduced
. . Markedly smoother thrust
[22] Detent force & thrust fluctuation Optimized PM placement + salient-pole waveforms, improved low-speed
geometry (doubly salient PMLSM) s e
stability, and positioning accuracy
) V-shaped tooth-slot structure (equivalent = Thrust ripple ~3.3%, average thrust 1
23] Tooth-slot effect + end effect to combined helical teeth) ~3%, reduced normal force *
Detent force, thrust ripple, Double-sided consequent-pole stator + Deteont force 1058'5 N =552 N’. ripple
[24] .. 22.9% — 10.9%, PM consumption |
PM usage optimized mover structure
43.3-50% *
} Grid-level ON/OFF inverse topology Detent force | >85%, average thrust
[25] End-effect detent force optimization (GA/IA) at stator ends variation <1%*
. Stator length adjustment + smooth edge . o
[13] Slotting + end-effect detent force shaping (FEM-based cancellation) Detent force effectively minimized
. . Peak detent force significantly
[26] End-effect detent force Optimized auxiliary poles attached to minimized, no impact on thrust or
mover ends e
flux distribution
) . - Stepped end blocks with optimized End-effect components significantly
[27] End-effect in slotless double-sided lamination geometry reduced, thrust change <1%
[28] Cogging force (root cause) Ironless core structure Zero cogging force,. uniform field, low
noise, high dynamic response
. Modular primary with spatial Substantial reduction in ripple and
[29] Detent force & thrust ripple shifting /segmentation detent force
[30] Detent force (slot + end effects) Dlspgrsed/modular primary with 120 Near-zero net detent force
electrical phase offset among modules
[31] Cogging, end force, Independent-coil multi-secondary Detent force | 84%, electromagnetic
EM fluctuation topology (moving-magnet) force fluctuation | 93.4% *

* 11 Increased by; |: Decreased by; —: Changed to.

4. Combinations of Structural Optimizations and Their Efficacy

Structural optimization techniques may be implemented either individually or in

combination to mitigate thrust ripple in PMLSMs, and in practical systems, they are of-

ten coordinated with advanced control strategies. While combining multiple structural

approaches is intuitively attractive, their effectiveness largely depends on the ability to

effectively control different electromagnetic mechanisms and avoid significant overlap.

Existing research mainly focuses on the combination of structural optimization and algo-

rithmic optimization, while systematic quantitative studies on the synergistic effects of

combined structural optimization remain relatively scarce [31]. Therefore, the effectiveness

of multi-structural combinations remains highly case-dependent and requires detailed

electromagnetic interpretation.

To meet the high-precision positioning demands of the DSPMLSM, in [21], Chung et al.

proposed three synergistic structural optimizations grounded in the phase superposition

and cancellation mechanism of detent-force-related space harmonics (shown in Figure 6).

First, a modular complementary primary structure is employed where the primary is

divided into multiple modules spatially staggered by a selected multiple of the stator pole

pitch so that detent force harmonics generated by individual modules exhibit comple-

mentary phase relationships and partially cancel each other, with additional flux barriers

introduced to modulate the magnetic circuit. Furthermore, a phase-matching topology

https:/ /doi.org/10.3390/en19051243
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is adopted to distribute PMs and three-phase windings according to specific pole-pitch
relationships, enabling complementary superposition of magnetic field harmonics in the
air gap and suppressing dominant detent force components. Finally, permanent-magnet
skewing along the motion direction is applied to introduce a continuous spatial phase shift
that spreads higher-order detent-force harmonics in the spectral domain, thereby reducing
thrust ripple amplitude.

-

IV SO | [ | NNV SN | D | NV NN | D | SO | D | N SO R | N NN | R | N NN R -

Figure 6. Structural configuration and phase arrangement of the DSPMLSM, showing the spatial
distribution of U-, V-, and W-phase windings for Mover A and Mover B [21].

In reference [32], to address the issues of excessive thrust ripple and electromagnetic
vibration in the double-sided flux-switching Permanent Magnet linear motor, the author
proposes a synergistic structural optimization strategy for the stator. First, the stator slot
structure is enhanced by introducing arc fillets to reduce magnetic flux leakage and smooth
the flux flow in the cogging region. Furthermore, the stator tooth structure is optimized by
introducing rectangular auxiliary slots with dimensions determined through response sur-
face methodology and central composite design to suppress detent force. These combined
structural optimizations effectively improve motor performance, as simulation results
demonstrate an 11.5% increase in electromagnetic thrust alongside an 11.3% reduction in
thrust ripple and a decrease of more than 16% in key electromagnetic vibration indicators.

Yu et al. [33] employ a multi-objective structural parameter optimization framework
that combines response surface methodology and the NSGA-II algorithm to suppress
cogging torque in surface-mounted PMSMs. This work provides a valuable reference
for addressing multi-objective optimization challenges in PMLSMs. By simultaneously
optimizing critical geometric parameters such as the pole arc coefficient, slot opening
width, and magnet thickness, the optimized design significantly reduced the cogging
torque magnitude. The reported results showed a decrease of more than fifty percent
compared to the initial design. Furthermore, this approach alleviated torque ripple while
maintaining the average electromagnetic torque within a narrow variation range. These
findings demonstrate that coordinated geometric parameter optimization can effectively
balance ripple suppression and output performance without introducing adverse trade-offs.

Accordingly, an optimized double-sided long-stator PMSLM for cordless elevators
was proposed by Lee et al. [34]. The authors employed two-dimensional FEM combined
with response surface methodology to minimize the pawl force in the core design. They
optimized the PM length, magnet assembly displacement length, and slot length. The
pawl force was reduced from 37.7 N to 8.7 N, only 0.07% of the rated thrust of 12,000 N,
ensuring smooth operation. Prototype testing validated the results, demonstrating that this
high-force-density motor is suitable for multi-car cordless vertical transportation.

However, in actual industrial manufacturing, unavoidable errors in multi-process
manufacturing and precision assembly—such as geometric deviations in component di-
mensions and changes in the magnetization characteristics of PMs—often propagate and
accumulate, leading to a significant error superposition effect. These accumulated errors
not only reduce the dimensional accuracy and functional performance of the final prod-
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uct but also increase assembly complexity, increase scrap rate, and impair overall quality
consistency [35,36].

Manufacturing tolerances significantly affect the practical effectiveness of structural
thrust ripple suppression strategies. Many ripple-reduction mechanisms depend on precise
harmonic interactions and geometric periodicity, making them inherently sensitive to di-
mensional and assembly deviations. Structures relying on magnetic-field shaping or phase
cancellation, such as skewed magnets or pole-shifted arrays, are particularly tolerance-
sensitive, since small geometric errors may disrupt harmonic-cancellation conditions. This
behaviour is consistent with classical cogging torque theory, where ripple components
arise from the coupling between magnet flux distribution and slot-induced permeance
variation [6]. Prior studies have shown that structural parameter deviations, including
magnet positioning errors and pole-pitch variations, can markedly alter detent force char-
acteristics and harmonic spectra in permanent-magnet machines and linear motors [24,30].
In contrast, approaches based on geometric averaging or reluctance smoothing, such as
auxiliary teeth/slots and edge shaping, generally exhibit greater robustness due to their
weaker dependence on strict relationships. These observations indicate that tolerance sensi-
tivity is strongly structure-dependent and should be evaluated alongside electromagnetic
performance, especially in high-precision linear motor applications [37].

Given that tolerance sensitivity varies substantially across different structural sup-
pression mechanisms, robustness-oriented optimization frameworks become essential for
ensuring consistent performance under manufacturing uncertainties [38]. Conventional
ripple-reduction techniques, including pole-arc optimization, skewing, dummy slots, and
permanent-magnet shifting, may achieve significant improvements under ideal conditions,
yet their effectiveness can degrade in mass production due to unavoidable variations in
component dimensions, assembly accuracy, and magnet properties. To address this chal-
lenge, robust design methodologies incorporating statistical tolerance analysis have been
widely investigated. In particular, approaches integrating the Taguchi method, response
surface modelling, and Monte Carlo simulation have been shown to effectively minimize
both the expected cogging-related disturbances and their production-induced variance by
identifying tolerance-insensitive design variables while explicitly accounting for realistic
process capabilities of sub-components [39].

Combinations of multiple structural optimization methods exhibit significant synergis-
tic potential in thrust ripple suppression for PMLSMs. These approaches effectively reduce
ripple amplitude and improve average thrust via harmonic cancellation and magnetic
circuit modulation. However, their effectiveness is highly case-dependent, with limited
systematic quantitative studies, requiring validation through finite element simulations
or experiments. In mass production, complex geometries amplify manufacturing and
assembly error superposition, causing error propagation, greater assembly difficulty, higher
scrap rates, and lower quality consistency. Thus, exclusive reliance on multi-structural
combinations may impair robustness to manufacturing tolerances. Future studies should
adopt robust optimization frameworks integrating the Taguchi method with response
surface methodology to incorporate tolerance sensitivity at the design stage and balance
performance gains with production robustness.

5. Discussion on Control-Based Suppression and Practical Impact

While this review primarily focuses on structural optimization, thrust ripple can also
be significantly mitigated through advanced control strategies. Control methods, such as
harmonic current injection and iterative learning control (ILC), offer a non-invasive way to
compensate for residual ripple that structural modifications cannot eliminate [4]. Ideally,
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structural optimization reduces the “source” of the ripple, thereby lowering the complexity
and effort required by the controller.

In terms of practical applications, suppressing thrust ripple is directly linked to en-
hanced energy efficiency. By minimizing the high-frequency current compensation needed
to counteract ripple forces, the motor’s copper loss and thermal dissipation are reduced.
This leads to a more energy-efficient operation and extends the mechanical lifespan of the
system by reducing vibration-induced wear, which is critical for long-term reliability in
industrial metrology.

6. Conclusions and Future Work

Structural optimization is pivotal for suppressing PMLSM thrust ripple in high-
precision applications. This analysis demonstrates that while individual primary or PM-
side modifications are effective, their independent application often faces performance
bottlenecks or compromises in average thrust. The most viable pathway to achieving ultra-
low ripple lies in the synergistic combination of multiple techniques, such as optimally
coupling magnet shaping with auxiliary poles. However, a critical limitation remains: these
combined designs significantly increase geometric complexity, making performance highly
sensitive to manufacturing tolerances. Future research must therefore transition from
idealized theoretical models to robustness-oriented design. Integrating tolerance-aware
frameworks and multi-physics co-design is essential to ensure that precision gains remain
resilient and cost-effective under real-world manufacturing constraints.
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