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Abstract

External stray magnetic fields from permanent magnet synchronous motors (PMSMs)
may cause electromagnetic interference to nearby equipment and limit their application
in space-constrained systems. To address this issue, this paper investigates the use of
laminated Co-based amorphous ribbon shields for stray-field suppression. An efficient
equivalent modeling method is proposed for the simulation of such multilayer thin shield-
ing structures, in which the laminated shield is replaced by an equivalent single-layer
model while preserving its macroscopic shielding behavior. The method is first assessed
in 2-D through comparisons between refined laminated and simplified equivalent models
under both linear permeability and nonlinear magnetization-curve descriptions, and is
then extended to 3-D PMSM shielding analysis under static and rotating no-load conditions
with experimental validation. Results show that the 10-layer amorphous ribbon shield,
with a total thickness of 420 µm, achieves a maximum shielding effectiveness of 7.9 dB at a
measurement distance of two motor radii. The maximum deviation between simulation
and experiment is 7.4%, and the equivalent model reduces computation time by 28% rela-
tive to the refined model. This method provides an accurate and efficient approach for the
analysis and design of compact low-frequency magnetic shields for PMSMs.

Keywords: finite element method; permanent magnet synchronous motor; magnetic shield
design; leakage magnetic flux

1. Introduction
Permanent magnet synchronous motors (PMSMs) offer significant advantages includ-

ing high precision, rapid response, compact size, lightweight construction and strong shock
resistance, leading to their widespread adoption in aerospace, naval engineering, mili-
tary defense and new energy vehicles [1–7]. However, magnet leakage from such motors
may disrupt critical functions or even cause catastrophic failures in sensitive applications,
such as military magnetic stealth operations [8], high-precision robotic servo system [9]
and electric drive controls for new energy vehicles [10]. While internal electromagnetic
characteristics including air-gap flux density [11], magnetomotive force (MMF) [12] and
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motor control strategy design [13] have been addressed in many studies [14–16], little is
known about their stray external magnetic fields. Research on shielding of such an external
magnetic field of PMSMs is still lacking.

Passive magnetic shielding, which effectively suppresses static, alternating, and ran-
dom magnetic fields, operates through magnetic flux diversion in high-permeability mate-
rials and eddy-current opposition in conductive materials [17,18]. For PMSMs, the air-gap
magnetic field lies in the low-frequency range [19,20], making high-permeability materials
the primary choice. Compared with traditional permalloy structures that require complex
multilayer welding and precise nesting resulting in high cost, heavy weight, and structural
complexity [21,22], amorphous ribbons offer higher permeability, greater saturation flux
density, and better frequency stability [23,24], while their flexible application methods
simplify fabrication and significantly enhance cost-efficiency and practicality [25,26]. Soft
magnetic amorphous ribbons are therefore considered promising materials for shielding
applications in PMSMs.

The shielding layer investigated in this study consists of laminated amorphous rib-
bons, each with a thickness of 24 µm, separated by 20 µm insulating films between adjacent
layers. Explicit layer-by-layer modeling of such a multilayer ultrathin structure in finite
element analysis would not only substantially increase the mesh number, but also tend to
deteriorate element quality in the interlayer regions, particularly in the three-dimensional
analysis of external stray fields in PMSM. For the simulation of magnetic shielding perfor-
mance, equivalent modeling methods have been introduced to simplify multilayer thin
shielding structures without explicitly resolving each individual layer [27–31]. However,
existing studies have mainly focused on relatively simple shielding configurations, such
as shielding cylinders, where the analyses were typically carried out in two-dimensional
domains or under spatially uniform magnetic fields, such as geomagnetic-field-like ex-
citation. In contrast, the external stray field of a permanent magnet synchronous motor
(PMSM) is inherently three-dimensional and highly nonuniform in space. Meanwhile,
the geometry of the shielding structure is also constrained by the motor topology and
limited assembly space, which makes the shielding problem considerably more complex.
Therefore, the application of equivalent models to the shielding analysis of PMSMs under
three-dimensional complex magnetic fields remains insufficiently studied, and its validity
still requires systematic investigation.

In addition to geometric simplification, the description of material nonlinearity is
another key issue in the equivalent modeling of laminated magnetic shields. Existing
studies have shown that the nonlinear magnetic behavior of soft magnetic materials can
significantly affect the accuracy of shielding simulations under low-frequency conditions.
However, most currently reported equivalent models are still based on equivalent constant
relative permeability, while studies incorporating nonlinear magnetization curves remain
relatively limited [32,33]. A few studies have demonstrated that nonlinear material de-
scriptions can improve the prediction of magnetization processes and shielding responses.
For example, Yang et al. [34] introduced an attenuation coefficient into a Jiles–Atherton
nonlinear model for low-frequency magnetic shielding, and the results showed improved
characterization of the material magnetization behavior and shielding performance. Never-
theless, such studies were still mainly concerned with relatively simple shielding problems.
For PMSMs with three-dimensional and spatially nonuniform stray fields, the influence of
different material descriptions on the prediction accuracy of equivalent shielding models
under complex magnetic-field conditions has not yet been systematically investigated.

From the viewpoint of practical application, the proposed laminated amorphous
ribbon shielding structure is particularly suitable for PMSM-based systems with limited
installation space and strict electromagnetic compatibility requirements, such as precision
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servo drives, robotic actuators, compact electric drive units, and other highly integrated
industrial equipment. In such applications, the external stray magnetic field of the motor
may interfere with nearby sensors, encoders, or control electronics, thereby affecting
positioning accuracy, control stability, and electromagnetic compatibility.

Accordingly, the main objective of this paper is to establish and validate an effi-
cient equivalent modeling framework for laminated amorphous ribbon shields in PMSM
external-field analysis, while also demonstrating the shielding effectiveness of the proposed
structure. To suppress the electromagnetic interference caused by the leakage magnetic
field of PMSMs, a laminated amorphous ribbon shielding structure with superior shielding
capability is proposed. An equivalent modeling method is developed to preserve the
macroscopic shielding response of the multilayer shield while significantly reducing the
computational cost. Compared with the refined model, the proposed framework reduces
the computation time by 28% while maintaining a shielding-performance prediction error
of only 3.77–7.38%. After comparing different modeling approaches and material-property
descriptions in 2-D, the most suitable method is further extended to 3-D simulations and
experimentally validated under both static and rotating no-load conditions. This work pro-
vides an effective strategy for suppressing the external magnetic-field radiation of PMSMs
and offers theoretical support for the performance evaluation and structural design of mag-
netic shielding structures for PMSMs. The remainder of this paper is organized as follows.
Section 2 introduces the leakage-field model, material characterization, shielding struc-
ture, and equivalent modeling methodology. Section 3 presents the 3-D simulations and
experimental validation under static and rotating no-load conditions. Section 4 concludes
the paper.

2. Experiment and Modeling Methodology
2.1. Leakage Flux Model for PMSM

Figure 1 presents the main parameters and cross-sectional structure of the motor, and
Figure 2 shows the leakage flux distribution of the motor. The basic model consists of ten
pole pairs of permanent magnets embedded in the rotor and excitation windings mounted
on the stator. When the magnetic field generated by the windings couples with that of the
permanent magnets, an electromagnetic torque is produced, driving the motor into rotation.
The permanent magnets provide a magnetic field that rotates with the rotor, while the stator
windings generate a time-varying field driven by the alternating current. Accordingly,
these two field sources are modeled and calculated separately.

 

Figure 1. Main parameters and cross-sectional structure of the motor: (a) main parameters;
(b) cross-sectional structure of the motor.
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Figure 2. Leakage flux distribution in motor: (a) static open-circuit condition; (b) rotating
no-load condition.

2.2. Magnetic Properties of Shielding Materials

The magnetic properties of the Co-based amorphous alloy (6025Z) ribbon are com-
pared with those of conventional 1J85 permalloy in Figure 3, and the corresponding key
parameters are summarized in Table 1. The 6025Z ribbon exhibits a significantly higher
initial permeability (µi = 6 × 105) and maximum permeability (µmax = 8.6 × 105) than
1J85, whose corresponding values are µi = 6 × 105 and µmax = 1.48 × 105 This indicates
that 6025Z is more effective in providing a low-reluctance path for low-frequency leak-
age flux. Although its saturation flux density (Bs = 0.62 T) is slightly lower than that of
1J85 (0.68 T), its much smaller thickness makes it more suitable for multilayer lamination
and compact shielding structures. Therefore, considering both magnetic properties and
structural adaptability, 6025Z was selected as the shielding material in this study.

Figure 3. Comparison of the magnetic properties of 1J85 permalloy and 6025Z Co-based amorphous
ribbon: B–H curves and permeability variation with magnetic field strength.

Table 1. Magnetic properties of amorphous ribbons.

Smbol µmax µi Bs t

6025Z 8.6 × 105 H/m 6 × 105 H/m 0.62 T 24 µm
1J85 1.48 × 105 H/m 3 × 105 H/m 0.68 T 50 µm

2.3. Analytical Model

In accordance with magnetostatic theory, the shielding structure of the motor is charac-
terized by the absence of free currents, with the magnetic field primarily influenced by the
spatial distribution of magnetic materials and the imposed boundary conditions. In such
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current-free regions, the magnetic field can be effectively described using the magnetic
scalar potential, rather than the magnetic vector potential. This approach simplifies the anal-
ysis of the shielding region, significantly reducing computational complexity and providing
an efficient means for modeling static magnetic fields in non-conductive structures.

The basic equations governing the magnetic scalar potential are summarized as follows.
In a current-free region, the magnetic field can be expressed using the scalar potential
formulation as

∇× H = 0 (1)

The magnetic field can be expressed in terms of a scalar magnetic potential Vm as

H = −∇Vm (2)

using the constitutive relation
B = µ0µrecH + Br (3)

and combining with
∇ · B = 0 (4)

Accordingly, the governing equation for the magnetic scalar potential can be written as

∇ · (µ0µrec H) +∇ · Br = 0 (5)

∇ · (µ0µrec∇Vm − Br) = 0 (6)

where Br is the remanent flux density, µ0 indicates the permeability of vacuum, and µrec is
the relative permeability of the medium [35,36].

Along the exterior boundaries, the magnetic field is tangential to the boundary sur-
face, as the magnetic flux lines form closed loops around the magnet. Accordingly, the
natural boundary condition derived from the magnetic scalar potential equation can be
expressed as

n · (µ0µrec∇Vm − Br) = n · B = 0 (7)

where n denotes the unit normal vector to the boundary surface. This condition ensures
that the magnetic flux does not penetrate the exterior boundaries, maintaining continuity
of the magnetic field within the computational domain [37].

The relative permeability µrec of the amorphous alloy shielding layer is determined
from the measured B-H characteristics. For the nonlinear magnetic response, the differential
permeability is defined as

µrec =
1

µ0

dB
dH

(8)

while in the saturation region, the relation

B(H) = Bs(1 − ae−bH) + µ0H (9)

is adopted to extrapolate the B-H curve and obtain the corresponding variation of µrec [38].
The validation of the equivalent model involves two magnetic property definitions:

µrec representing the linear relative permeability and the magnetization curves (MCs)
representing the nonlinear magnetic characteristics of the amorphous materials.

The analytical expression for magnetic shielding efficiency is defined as

SE = 20 × log10(
Bex

Bin
) (10)
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where Bex denotes the flux density magnitude without shielding and Bin represents the
internal flux density magnitude at the identical spatial point with the shield deployed.

2.4. Magnetic Shielding Structure

Based on the material characterization presented in the previous subsection, the
shielding structure is described as follows. To investigate the application of thin magnetic
shielding structures in suppressing the external stray magnetic field of the motor, a cylin-
drical shielding structure based on Co-based amorphous ribbons was designed, as shown
in Figure 4. Figure 4a presents the motor shielding structure, while Figure 4b presents
the multilayer amorphous ribbon shielding structure. The shield was mounted coaxially
outside the PMSM to form a barrel-type enclosure, thereby ensuring a consistent structural
configuration for subsequent analysis and testing.

 

Figure 4. Shielding structure: (a) motor shielding structure; (b) multilayer amorphous ribbon
shielding structure.

Co-based amorphous ribbons possess high magnetic permeability, small thickness,
and good adaptability to laminated assembly, making them suitable for the design of low-
frequency magnetic shielding structures for motors. Based on the single-layer structure, a
multilayer shielding configuration composed of alternating Co-based amorphous ribbon
layers and adhesive interlayers was further developed, as shown in Figure 4b. While
ensuring structural integrity and practical assemblability, this design increases the effective
shielding thickness and provides a structural basis for enhancing the suppression of the
external stray magnetic field of the motor.

To compare the suppression capability of different shielding materials for the external
stray magnetic field of the motor under similar thickness conditions, three cylindrical
shielding structures were designed and fabricated, including a single-layer 6025Z ribbon
(24 µm), a double-layer 6025Z ribbon (48 µm), and a single-layer 1J85 permalloy sheet
(50 µm), as shown in Figure 5. All shielding structures were installed coaxially outside the
PMSM to form a barrel-type enclosure, so that the testing conditions remained consistent
and the results were directly comparable. The experiments were carried out inside the
shielding barrel. Magnetic flux density was measured at different positions away from
the motor outer surface before and after installing each shielding material, and the cor-
responding shielding effectiveness (SE) was then calculated to evaluate the suppression
performance of different materials against the external leakage field.

It can be seen from Figure 5 that the shielding effectiveness of all three shielding
structures gradually increases as the measurement distance increases. Among them, the
two-layer 6025Z (48 µm) structure consistently exhibits the best performance at all mea-
surement points. At 2R, its shielding effectiveness reaches 3.63 dB, which is higher than
that of the single-layer 6025Z (3.47 dB) and the single-layer 1J85 (3.39 dB). This indicates
that, under comparable thickness conditions, the two-layer 6025Z structure provides better
overall shielding performance than 1J85, and that increasing the number of 6025Z layers
can further enhance stray-field suppression.
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Figure 5. Comparison of the shielding performance between 1J85 and 6025Z.

2.5. Simplified Model Simulation Methodology

Based on the above shielding structure design and material selection, we established
two shielding models with identical external geometry: a refined model (R-model) and a
simplified model (S-model). The R-model explicitly includes the amorphous ribbon layers
and the insulating adhesive layers between adjacent ribbons, and its simulation results are
taken as the reference benchmark. In contrast, the S-model neglects the lamination details
and represents the ribbon assembly as a homogenized continuum, while maintaining
the same outer dimensions as the R-model. To simplify the description of the laminated
structure, both the magnetization-curve method and the equivalent-permeability method
were adopted in this study. The magnetization curve was obtained experimentally using
a DC hysteresis loop tracer, while the equivalent permeability was determined based
on a series magnetic reluctance model [39,40]. For the laminated structure composed of
alternating magnetic ribbon layers and adhesive layers, the total magnetic reluctance can
be expressed as

Rtot =
ntm

µ0µrec A
+

(n − 1)ta

µ0µa A
=

T
µ0µeq A

(11)

where tm is the thickness of the magnetic ribbon, µrec is the relative permeability of the mag-
netic ribbon, A is the equivalent magnetic flux cross-sectional area, ta is the thickness of the
adhesive layer, µ0 indicates the permeability of vacuum, and µa is the relative permeability
of the adhesive layer and is assumed to be approximately 1. The total equivalent thickness
is defined as

T = ntm + (n − 1)ta (12)

A proportional factor F is further introduced as

F =
ntm

ntm + (n − 1)ta
(13)

Then, the equivalent relative permeability of the laminated structure can be written as

1
µeq

=
ntm

T
1

µrec
+

(n − 1)ta

T
1

µa
(14)

Considering that the magnetic flux conduction characteristics of the laminated struc-
ture are direction-dependent, the equivalent permeabilities in different directions can be
further expressed as {

µeq,z =
µaµrec

Fµa+(1−F)µrec

µeq,x = µeq,y = Fµrec + (1 − F)µa
(15)
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µeq,z denotes the equivalent relative permeability in the direction normal to the lam-
inated layers, whereas µeq,x and µeq,y denote the equivalent relative permeabilities in the
directions parallel to the laminated layers.

Because the amorphous ribbons are extremely thin and the permeability of the adhe-
sive interlayers is close to that of air, magnetic flux in the direction normal to the ribbon
plane must continuously pass through multiple low-permeability adhesive layers. This
leads to a large magnetic reluctance in the thickness direction and thus a significantly
reduced equivalent relative permeability µeq,z. In contrast, magnetic flux parallel to the
ribbon plane mainly propagates within the high-permeability amorphous ribbons and is
only weakly affected by the adhesive layers, so the equivalent relative permeabilities µeq,x

and µeq,y remain relatively high. Therefore, the multilayer amorphous ribbon structure
exhibits pronounced anisotropic magnetic conduction characteristics, meaning that the
magnetic field tends to distribute more easily along the ribbon plane rather than penetrate
through the thickness direction.

Figure 6 shows the variation of the tangential equivalent relative permeability µeq,x

with the layer number n and the magnetic material volume fraction F, where µeq,x is calcu-
lated by substituting the material parameters into the equivalent-permeability expression,
with µrec = µi = 60, 000 for the magnetic ribbon. The colored surface represents the
theoretical variation trend of µeq,x under different combinations of n and F, while the black
curve denotes the design trajectory of the laminated structure as the layer number changes,
reflecting the evolution of the equivalent permeability corresponding to the variation of
F with n. The black dots on the curve indicate the values at several representative layer
numbers, and the red labels n = 4, 6, 8, and 10 correspond to the positions of these rep-
resentative cases. It can be seen that µeq,x increases with increasing F, indicating that a
higher proportion of magnetic material is beneficial for enhancing the in-plane magnetic
conduction capability of the laminated structure. However, along the laminated design
trajectory adopted in this study, the increasing proportion of the adhesive layer causes a
slight decrease in F as n increases, leading to a gradual decrease in µeq,x. When the layer
number approaches 10, the decreasing trend becomes relatively moderate, while a relatively
high effective permeability can still be maintained, indicating a reasonable compromise
between shielding performance and layer utilization efficiency. From the viewpoint of
fabrication, the amorphous ribbon becomes brittle after annealing, and an excessive num-
ber of layers may increase the risk of cracks and damage during wrapping and assembly.
Compared with configurations with more layers, the 10-layer structure exhibits a more
uniform stress distribution during lamination and assembly, resulting in a lower probability
of fracture and improved structural consistency and reliability. Therefore, considering both
electromagnetic performance and practical manufacturability, 10 layers were selected for
the subsequent shielding structure design. The corresponding two-dimensional motor
shielding models of the 10-layer R-model and S-model are shown in Figure 7.

To ensure consistency in shielding effectiveness evaluation and preserve the model’s
predictive accuracy in critical regions, this study evaluates the magnetic field strength
at a reference point located at twice the source radius (Figure 8). This approach aligns
the validation with experimental measurement methods and effectively captures model
accuracy across the spatial scales relevant to shielding performance. The experiment was
conducted inside the shielding chamber under static conditions. After the motor surface
was covered with the shielding layer, a three-axis fluxgate sensor (Mag-13, Bartington
Instruments, Witney, Oxfordshire, UK) was placed at twice the motor radius (2R) from
the surface to measure the magnetic field, and the obtained data were compared with the
simulation results for validation. In the simulations, the shielding structure was defined
using two material models (relative permeability (µrec) and the initial magnetization curve
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(MC)) to evaluate the shielding performance, predictive accuracy and computation time.
All calculations were conducted under a 2-D framework, and the comparative error analysis
between the two approaches was used to assess whether the simplified model could be
reliably extended to 3-D simulations.

Figure 6. Effects of layer number and proportional factor on the equivalent permeability of the
laminated amorphous ribbon structure.

 

Figure 7. Analytical model: (a) refined model (R-model); (b) simplified model (S-model).

Figure 8. Reference point for simulation validation of different models (R denotes the motor radius).

2.6. Results and Discussion

As can be observed from the upper field distribution within the 2R circular region
in Figure 9, the S-model (Figure 9a) reproduces the remanence pattern of the R-model
(Figure 9b) with high consistency, whereas the R-model exhibits slightly lower remanence
in the external region outside the shield. Under identical conditions, the magnetic field
calculated with relative permeability is slightly higher than with the magnetization curve.
The remanence at the reference point with experimental data (Figure 10a) reveals only
minor discrepancies between the two models. The R-model, based on magnetization curves,
aligns more closely with the experimental results, while the S-model shows only slight
differences. To align with the earlier definition of shielding effectiveness (SE), we express
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magnetic flux density here as lg(B). This logarithmic format clearly showcases attenuation
characteristics and enables straightforward comparisons of simulation and experimental
data. As Figure 10b shows, the slight 1.17% deviation in log10(B) between models and
the experiments indicates the negligible effect of modeling simplification on shielding
efficiency assessments. Furthermore, Table 2 highlights the critical role of computational
efficiency in large-scale finite element simulations. The S-model cut computation time by
about 28% over the R-model, significantly enhancing simulation efficiency. Therefore, the
S-model provides a reasonable balance between computational efficiency and prediction
accuracy, making it suitable for subsequent 3-D simulations.

 

Figure 9. Comparison of remanence distribution between R-model and S-model using different
simulation methods: (a) using µrec; (b) using MC.

Figure 10. Comparison between the two simulation methods and experimental results for the
R-model and S-model: (a) simulated and measured remanence distributions; (b) comparison of
log10(B) between models and experiment, together with the relative errors.

Table 2. Simulation time-saving rate between S-model and R-model.

Simulation Method [(TimeR-model − TimeS-model)/TimeR-model] × 100%

µrec 28.15%
MC 27.59%
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It should be noted that the proposed equivalent model is intended as an efficient engi-
neering approximation for laminated amorphous ribbon shields. Although the anisotropic
magnetic response of the layered structure is represented through direction-dependent
equivalent relative permeabilities, the model still neglects the detailed layer-by-layer ge-
ometry and therefore cannot fully reproduce local field distortion, interlayer effects, or
end-region three-dimensional leakage behavior. As a result, its prediction accuracy may
decrease in regions with strong magnetic-field gradients, pronounced edge effects, or severe
material nonlinearity. Nevertheless, for the macroscopic evaluation of PMSM external stray-
field suppression, the model provides a reasonable compromise between computational
efficiency and acceptable accuracy.

3. 3D FEM and Experimental Validation Model
3.1. 3D FEM and Experimental

To further validate the above analysis, the corresponding 3-D simulation and exper-
imental results are presented in this section. A 3-D model incorporating the simplified
shielding structure was established to evaluate the distribution of the motor stray magnetic
field. Figure 11a,b show the static 3-D magnetic flux density distributions under unshielded
and shielded conditions, respectively. After the introduction of the shielding layer, which
is represented in the simplified model by an equivalent structure corresponding to ten
laminated amorphous ribbons with a total thickness of 420 µm, the axial leakage field of
the motor is noticeably reduced, and the magnetic flux is more effectively confined within
the motor housing.

 

Figure 11. 3D magnetic flux distribution in motor: (a) unshielded condition; (b) shielded condition.

To validate the simplified model, a dedicated experimental platform was constructed,
as shown in Figure 12a. The magnetic shielding structure was prepared by sequentially
laminating amorphous ribbons onto a 3D-printed nonmagnetic support, with neighboring
layers bonded by 20 µm thick double-sided adhesive. The adhesive comprised a trans-
parent PET carrier coated with acrylic layers on both sides, thereby providing mechanical
integrity without introducing noticeable magnetic interference. Before each test, both
the shielding cylinder and the shielding structure were demagnetized using a handheld
demagnetizer to eliminate residual magnetization and ensure a stable initial magnetic
state. The external magnetic field was measured using a three-axis fluxgate sensor (Mag-13,
Bartington Instruments, UK). Prior to measurement, the sensor was preheated and cali-
brated to improve signal stability and measurement reliability. The sensor operates based
on the nonlinear magnetization and periodic saturation of an internally excited high-
permeability core, enabling the detection of weak external magnetic fields. The experiments
were conducted under static and no-load rotating conditions to reduce the influence of
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eddy-current effects caused by the conductivity of the amorphous ribbons. During mea-
surement, the PMSM with the laminated shielding structure was placed inside the shielding
cylinder, and the magnetic flux density was recorded at three reference points, i.e., Point 1
(2R, 0, R), Point 2 (3R, 0, R), and Point 3 (2R, 0, ½R); as indicated in Figure 12b, Points 1 and
2 are located at the same axial position but at different radial distances from the motor, and
are therefore used to evaluate the radial attenuation behavior of the external stray magnetic
field. Point 3 is located at the same radial distance as Point 1 but at a different axial position,
and is used to reflect the axial variation of the stray field. In this way, the three points
jointly characterize the radial and axial distribution features of the 3-D external magnetic
field, providing representative locations for simulation–experiment comparison. To ensure
positional consistency and measurement repeatability, the sensor was elevated and fixed
using a nonmagnetic supporting fixture, so that the probe remained stably positioned at
the designated locations while minimizing disturbance to the local magnetic field. Each test
was maintained for 1 min, and the time-averaged value was used for subsequent analysis;
all measurements were conducted inside the shielding barrel to minimize interference from
external magnetic fields and other environmental disturbances. Although experimental
error could not be completely eliminated, its influence was reduced through careful control
of the test procedure and experimental conditions. Specifically, sensor-related error was
minimized by preheating and calibrating the fluxgate sensor before measurement to reduce
zero drift and output fluctuation; positioning error was reduced by fixing the probe with a
nonmagnetic fixture to ensure that the probe center coincided with the target coordinates;
the influence of background magnetic-field fluctuation was mitigated by performing the
test in a magnetically shielded environment and demagnetizing both the shielding cylinder
and the shielding structure before measurement; and the installation error of the shielding
structure was reduced by adopting a consistent mounting procedure. The measured results
were then compared with the simulation results to assess the shielding performance and
further verify the validity of the equivalent single-layer model. To quantitatively assess the
deviation between the simulated and experimentally measured shielding effectiveness, the
relative error was defined as follows:

δSE =

∣∣SEsim − SEexp
∣∣

SEexp
× 100% (16)

where SEsim and SEexp denote the simulated and experimentally measured shielding effec-
tiveness, respectively, and δSE represents the relative error of shielding effectiveness.

Figure 12. Experimental model: (a) shielding-performance test system; (b) measured points. Point 1
(2R, 0, R), Point 2 (3R, 0, R), and Point 3 (2R, 0, ½R).

https://doi.org/10.3390/en19092104

https://doi.org/10.3390/en19092104


Energies 2026, 19, 2104 13 of 17

3.2. Static Experimental Validation

Based on the above experimental setup, the static shielding performance was
first evaluated through a comparison between the measured and simulated results, as
shown in Figure 13a. The results indicate that the error range of simulations based on
the magnetization curve (MC) is 5.65–7.03%, whereas that of simulations using relative
permeability (µrec) is 1.98–9.23%. Point 3 exhibited the best shielding performance, achiev-
ing a shielding effectiveness of 7.09 dB, as the magnetic field outside the motor housing
decreased from 6076 nT to 2684 nT after shielding. Although both approaches capture the
shielding performance well, the magnetization-curve-based method demonstrates superior
stability in error levels.

Figure 13. Comparison between experiment and simulated shielding effectiveness at three reference
points under different operating conditions: (a) static open-circuit condition; (b) rotating no-load
condition at 1000 rpm; (c) rotating no-load condition at 200 rpm; (d) rotating no-load condition
at 600 rpm. The left vertical axis represents shielding effectiveness, while the right vertical axis
represents the relative error defined by Equation (15).

Further analysis reveals that the shielding effect is more pronounced at the central
region of the motor than at the ends, primarily due to stronger flux leakage near the edges.
This observation agrees well with experimental results, confirming the reliability of the
simulations and providing theoretical support for the design of shielding structures. Conse-
quently, for subsequent simulations under no-load operating conditions, the magnetization
curve was adopted as the modeling basis to ensure both accuracy and stability.

3.3. No-Load Condition Experimental Validation

Following the above static test procedure, the shielding performance under no-load
operating conditions was further evaluated, with the motor operated at 1000 rpm with only
minor fluctuations. At this speed, the corresponding electrical frequency was 166.6 Hz,
calculated as fe = Pn/120 for the 20-pole PMSM, and the motor was operated at 1000 rpm
with only minor fluctuations. In the experiment, the remanence at each measurement point
was recorded before and after the installation of the shielding structure. The data acquired
during 1 min of continuous operation were then averaged to obtain the mean shielding
efficiency. In the numerical simulation, the magnetic field distribution over two operating
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cycles was computed, and the corresponding shielding efficiency was calculated for com-
parison with the experimental results.

The comparison between the experimental measurements and numerical simulations
at 1000 rpm is presented in Figure 13b. The results indicate that the simulation using
the initial magnetization curve yields an error range of 3.77–6.01%, with the simulated
shielding effectiveness being slightly lower than the measured values. Among the three
measurement points, Point 3 exhibited the highest shielding effectiveness, reaching 7.85 dB,
where the external magnetic field decreased from 6155 nT to 2492 nT after shielding. The
slight underestimation in the simulations is mainly attributed to the modeling simplification
in which the multilayer amorphous ribbon structure was represented by an equivalent
single-layer thickness. This simplification inevitably reduces the fidelity of the magnetic
response, particularly under dynamic excitation.

To further examine the applicability of the equivalent model under different dynamic
operating conditions, additional comparative studies were performed at lower rotor speeds
of 200 rpm and 600 rpm. The results, as shown in Figure 13c,d, indicate that the S-model
maintains consistently good agreement with the experimental data, with the overall error
remaining within 7.38% across all test conditions. At 200 rpm, where the magnetic field
variation is relatively weak and the machine operates in a quasi-static regime, the minimum
error is 5.75%. At 600 rpm, the minimum error decreases slightly to 5.48%, indicating
improved consistency as the excitation frequency increases. A closer examination of the
three measurement points further shows that Point 3 generally exhibits a higher shielding
effectiveness than Points 1 and 2. This is mainly because Point 3 is located near the middle
region of the shielding cylinder, corresponding to the axial central region of the motor,
where the shielding layer provides a more continuous high-permeability flux path for the
stray magnetic field. As a result, the magnetic flux is more effectively confined in this
region, leading to a faster decay of the external magnetic field after shielding is applied. By
contrast, Points 1 and 2 are closer to the end or transition regions, where end effects are
more pronounced and magnetic flux tends to spread outward more easily. Therefore, the
relatively distinct tendency observed at Point 3 is physically reasonable, as it reflects the
axial distribution characteristics of the motor stray field and the enhanced shielding action
in the middle region, rather than an anomalous result.

These results demonstrate that the proposed equivalent model provides reliable pre-
dictions of shielding performance across both static and dynamic conditions, confirming
its robustness and suitability for practical external-field shielding analysis and design.

4. Conclusions
This study investigated the external leakage magnetic field characteristics of a perma-

nent magnet synchronous motor and developed an efficient equivalent modeling method
for multilayer amorphous ribbon shielding structures. Based on the distinct radial and axial
stray-field distributions revealed by the 2-D and 3-D analyses, a compact high-permeability
multilayer amorphous ribbon shield was designed for external magnetic shielding under
limited installation space. To overcome the high computational cost associated with the
explicit modeling of multiple ultrathin layers, an equivalent single-layer model was estab-
lished and systematically validated. The results demonstrate that the proposed method
can preserve shielding accuracy while significantly improving computational efficiency,
thereby providing an effective tool for the analysis and design of compact PMSM magnetic
shielding structures. The main conclusions are as follows:

1. The 2-D and 3-D simulations revealed distinct radial and axial distribution character-
istics of the motor stray magnetic field, which provided the basis for the design and
evaluation of the external shielding structure.
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2. Considering the space constraints of practical applications, a multilayer amorphous
ribbon shield with high permeability was proposed. The results further showed that,
under comparable thickness conditions, amorphous ribbons exhibit better overall
shielding performance than 1J85 permalloy, indicating clear advantages for PMSM
stray-field suppression.

3. An equivalent single-layer model was developed for the multilayer ultrathin shielding
structure. Its validity was verified under both constant relative-permeability and non-
linear magnetization-curve descriptions. The maximum deviation in log10(B) between
the equivalent model and the refined multilayer model was less than 1.2%, demon-
strating that the proposed simplification can accurately reproduce the macroscopic
shielding response.

4. The 2-D comparative results showed that the proposed equivalent model can effec-
tively reduce the mesh density in the shielding region and shorten the computation
time by up to 28% while maintaining acceptable accuracy. This confirms its advantage
in improving computational efficiency for multilayer shielding analysis.

5. Further 3-D simulation and experimental comparisons under static and rotating no-
load conditions showed that the proposed model can accurately predict the shielding
performance of the motor shielding structure, with errors ranging from 3.77% to 7.38%.
These results verify the feasibility and reliability of the proposed method for practical
PMSM shielding analysis.

6. Overall, the proposed equivalent modeling framework provides a reasonable balance
between accuracy and efficiency, and offers practical guidance for the rapid evaluation
and optimization of stray-field shielding structures in compact PMSM systems.

Future work will focus on extending the proposed method to more complex operating
conditions, including load conditions and more pronounced three-dimensional field varia-
tions, as well as further improving the equivalent model for stronger material nonlinearity
and end-region effects. In addition, the optimization of shielding materials and structural
configurations for practical compact PMSM systems will also be investigated.
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