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Analysis of Electromagnetic Field of
Radial Magnetic Levitation Bearings Based on

Finite Element Simulation

Qinglai Wei, Moxuan Ren, Long Wang, Liang Li, and Yanbin Du

Abstract—A systematic analysis and investigation of the elec-
tromagnetic field characteristics in radial magnetic levitation
bearings is conducted using the finite element simulation method-
ology. A mathematical model of electromagnetic force for a single
magnetic pole is established to derive the relationship between
electromagnetic force and parameters such as current and air
gap. Finite element simulations conducted via COMSOL multi-
physics yield results that are consistent with theoretical calcula-
tions, while further analyzing magnetic field distribution, air gap
flux density, and electromagnetic force characteristics under
saturation conditions, thereby effectively compensating for errors
in theoretical computations. This study demonstrates the effec-
tiveness of the finite element method in the design and optimiza-
tion of magnetic levitation bearings, providing a more precise and
reliable analytical approach for practical engineering applica-
tions.

I. INTRODUCTION

agnetic levitation technology is a method that uses

controlled electromagnetic forces to stably suspend

objects in the air, achieving contactless drive
and support, thereby eliminating the friction loss and vibra-
tion caused by physical contact in traditional mechanical bear-
ings. Since its development in the middle of the 20th century,
this technology has demonstrated significant potential in vari-
ous fields, including high-speed rail transportation (such as
the maglev demonstration line in Shanghai), high-precision
industrial equipment (such as dust-free transfer systems in the
semiconductor manufacturing industry), and advanced energy
systems (such as flywheel energy storage devices). Especially
in today’s society that pursues high efficiency, energy conser-
vation, and high reliability, magnetic levitation technology,
with its advantages of being friction-free, lubrication-free,
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and low-maintenance, is gradually becoming one of the
key technologies for industrial transformation and upgra-
ding [1].

Radial magnetic levitation bearings generate controllable
electromagnetic forces in the radial direction of the rotor,
achieving precise positioning and stable support of rotating
components in the radial direction. Compared with the axial
magnetic levitation systems, radial structures can more
efficiently resist centrifugal forces generated by rotating
loads and provide more balanced support stiffness for rotat-
ing machinery. However, the design and control of radial
magnetic levitation systems face severe challenges, with the
core difficulty lying in the complex spatial distribution
of electromagnetic fields and the coupling characteristics
of multiple physical field strengths. The precise generation
of electromagnetic force depends not only on the precise
control of coil current, but also on the complex effects
of multiple factors such as material nonlinearity, temp-
erature effect, mechanical deformation, and motion state.
Any slight deviation in design parameters leads to decrease
in suspension stability and even triggers system oscilla-
tions.

In this context, high-precision electromagnetic field simula-
tion technology has become the core means of analyzing the
working mechanism of radial magnetic levitation systems.
Based on the finite element numerical simulation method, by
accurately simulating the electromagnetic field distribution,
eddy current effect, magnetic saturation phenomenon, and
electromagnetic mechanical coupling behavior of radial
magnetic levitation components under real working condi-
tions, engineers can comprehensively predict and optimize
system performance before physical manufacturing, greatly
reducing the research and development costs and cycles [2].
Numerous researchers have employed various finite element
simulation methods for investigating similar systems [3]. In
this study, COMSOL multiphysics simulation software is
used, which has many powerful functions, including multi-
physics field coupling.

The core objective of this study is to systematically explore
the methodology for conducting multiphysics coupling simu-
lations of radial magnetic levitation components via
COMSOL multiphysics. A complete process from model
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construction, boundary condition setting, and mesh optimiza-
tion to result verification is established, providing a solid theo-
retical foundation and technical support for the design and
application of new high-performance magnetic levitation bear-
ings [4]. The research results are expected to be directly
applied to cutting-edge fields such as high-speed maglev
trains and superconducting flywheel energy storage systems,
promoting the practical application of magnetic levitation
technology.

II. NUMERICAL CALCULATION OF THE OPERATION OF
MAGNETIC LEVITATION WITH A SINGLE MAGNETIC POLE

Considering the electromagnetic force application in a
single direction (Y+), when two coils with opposite winding
directions are energized, a magnetic circuit is formed through
the iron core and air gap. The magnetic flux lines are illus-
trated in Fig. 1.

According to Maxwell stress formula, the relationship
between electromagnetic force F generated by a single
magnetic pole and the current i is given by the following
equation [5]

HoN?A
T g 'lz M

F= BZ_A - L(”ONi)zA
2uo 2p0\ g
where g is the air gap thickness, N is the number of turns per
coil, i is the coil current, and A is the effective magnetic flux
area of the air gap.
A new coefficient is defined as K, = uoN?A/2g>.

F=Kg i )

The following conclusions can be drawn.

(1) The electromagnetic force is inversely proportional to
the square of the air gap size F o« 1/g>.

(2) The electromagnetic force is directly proportional to the
square of the current F « i2.

When the magnetic circuit is saturated, that is, when the
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(a) Simplified schematic of the radial magnetic bearing magnetic
circuit, highlighting key components and flux path

magnetic flux density B in the iron core (stator or rotor)
reaches the saturation magnetic flux density By of the mate-
rial, the magnetic permeability drops sharply. At this point,
further increasing the current causes the magnetic flux and
force to hardly increase any more, reaching the true physical
saturation force.

According to the conservation of magnetic flux, the rela-
tionship formula between the saturated air-gap magnetic flux
density and the magnetic flux density within the iron core can
be obtained as

BgS mi
Bg,max = % (3)

where Bg is the core saturation magnetic flux density, and
S min 1S the minimum cross-sectional area of the core. The
saturation current can be calculated as

. ng,max 8B5S min
Imax = = (4)
HoN HoNA

The saturation force is approximately given by

2
B maxA _ Bg2S min?
20 2p0A

Frax = (5)

In this design, the air gap radius is 8.65 mm, the air gap
thickness g is 0.065 mm, the number of coil turns N is 130,
and the thickness of the component % is 3 mm. After calcula-
tion, the effective cross-sectional area A of the air gap is
3.596x1075 m2, the minimum cross-sectional area S i, in the
magnetic core is 2.55x1076 m?, the magnetic core material is
B1T95 soft magnetic alloy, and the saturation magnetic flux
density is approximately 750 mT. After calculation, K, is
90.3828, the saturation current is 42.3 mA, the saturation elec-
tromagnetic force Fi,x is 0.1619 N, the electromagnetic force
in the Y-direction iS Fpayx - c0822.5° =0.1496 N, and the air
gap magnetic density Bgmax at saturation is 0.1064 T.

N
(b) Finite element model geometry of the single-pole
magnetic circuit

Fig. 1 (a) Simplified schematic of the radial magnetic bearing magnetic circuit, highlighting key components and flux path. (b) Finite element model geometry

of the single-pole magnetic circuit.
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III. FINITE ELEMENT SIMULATION OF THE OPERATION OF A
SINGLE MAGNETIC POLE IN MAGNETIC LEVITATION

To obtain a more accurate understanding of the magnetic
field distribution of the radial magnetic levitation component
and verify the above calculation results, we use the finite
element simulation software COMSOL to conduct modeling
and simulation of the component and analyze it.

A. Geometric Construction

In the context of academic research, given that the physical
modeling of mirror magnetic levitation closely resembles a
cylindrical model, a two-dimensional cross-sectional model-
ing approach is adopted. This method effectively reduces the
time required for simulation operations.

Simultaneously, an air domain model is constructed
surrounding the components. The outer boundary of this air
domain is defined as an infinite source domain. This setup is
designed to more accurately simulate the actual operating
environment, thereby enhancing the authenticity and reliabil-
ity of the simulation results in line with the requirements of
academic studies.

B. Boundary Conditions

In finite element simulation, boundary conditions are the
known conditions applied to the geometric boundaries of the
model, representing the interaction between the analyzed
system and the external environment. They are the keys to
solve the mathematical equations.

(1) The magnetic core is modeled using the Ampére’s law
for solid conductors. Ampére’s law for solid conductors is
applied to the iron core to model its magnetic behavior.

(2) The air region is described using the Ampere’s law for
fluids. Ampére’s law for solid conductors is applied to the
iron core to model its magnetic behavior.

(3) A multi-turn coil condition is assigned to the winding
regions, with prescribed current excitation. Multi-turn coil
condition is assigned to the windings to simulate the current
excitation, which is consistent with the actual driving mecha-
nism.

(4) The force calculation feature is enabled in the rotor
domain using the Maxwell stress tensor method. This met-
hod integrates the magnetic pressure over a closed surface
surrounding the rotor to compute the total electromagnetic
force, providing a robust and physically sound calculation.

(5) The outer boundary of the air domain is set as an infi-
nite element domain. This boundary condition mathemati-
cally simulates an open boundary that extends to infinity,
effectively absorbing outgoing magnetic fields and prevent-
ing non-physical reflections back into the simulation domain,
which is essential for open-boundary field problems such as
this one.

These settings ensure that the simulation closely replicates
the real-world conditions.

C. Grid Division

(1) A free triangular mesh with an extremely fine size is
applied to the iron core.

(2) The air gap is also meshed with a free triangular grid of
extremely fine resolution.

(3) Within the coil regions, a free triangular mesh with auto-
matic sizing is used.

(4) The remaining air subdomains are discretized using a
free triangular mesh with automatic element size.

(5) The infinite element domain is constructed using a
mapped mesh scheme.

D. Grid Independence Study

To ensure that the accuracy of the simulation results is not
dependent on the mesh density, a grid independence study is
conducted. Simulations are performed using three different
mesh sizes: coarse (average element size =~ 0.15 mm), medium
(= 0.08 mm), and fine (= 0.03 mm, corresponding to the
extremely fine setting used in the main study). The key output
parameter, the electromagnetic force in the Y-direction at a
current of 40 mA, is monitored for each case.

The results are summarized in Table 1. It can be observ-
ed that the difference in the calculated force between the
medium and fine meshes is less than 0.5%, indicating that the
solution has converged. Therefore, the extremely fine mesh
setting is adopted for all subsequent simulations to achieve a
high level of accuracy while maintaining computational effi-
ciency.

Table 1 Comparison of accuracy for different grid sizes.

Mesh Average element Electromagnetic Deviation from
setting size (mm) force (N) fine mesh
Coarse 0.15 0.1385 ~2.3%
Medium 0.08 0.1419 ~0.4%
Fine 0.03 0.1425 Reference

IV. FINITE ELEMENT SIMULATION RESULTS AND ANALYSIS

First, we calculate the magnetic field distribution when the
saturation current is applied. Set the coil current to 42.3 mA.
Through the simulation calculation via COMSOL, the follow-
ing magnetic flux density diagram is obtained, as shown in
Fig. 2.

It can be observed that the distribution of magnetic field
streamlines forms a closed loop, with the maximum magnetic
flux density located at the core, reaching 0.73 T, which is
close to the saturation magnetic flux density of the material
(0.75 T).

The Maxwell stress distribution simulated is shown in Fig. 3,
represented by the blue arrows. It can be observed that the
electromagnetic force distribution is mainly concentrated in
the effective area of the stator magnetic poles.

Through the numerical integration of the Maxwell stress
tensor, the resultant electromagnetic force in the radial direc-
tion is calculated to be 0.1584 N, which deviates from the
theoretically predicted value of 0.1619 N by 2.16%. The force
in the Y-direction is obtained as 0.1432 N. This discrepancy
can be attributed to factors such as magnetic circuit coupling
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Fig. 2 Magnetic field distribution under saturation current: (a) magnetic streamlines and (b) magnetic field vectors.
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Fig. 3 Distribution of electromagnetic force under saturated current (repre-
sented by Maxwell stress).

and air gap leakage flux [5]. The sources of error are analyzed
below.

(1) Core material: Theoretical calculations usually assume
that the magnetic permeability of the core approaches infinity,
Hfe — oo (i.e., the magnetic resistance is zero). However,
COMSOL uses the actual nonlinear B-H curve. Even if the
operating point has not reached full saturation, the core itself
still has magnetic resistance, which will divert a portion of the
magnetic flux, resulting in the air-gap magnetic flux density
being slightly lower than the theoretical value. This is the
main source of error.

(2) Edge effect and leakage flux: Theoretical calculations
use the geometric area A = LOR. In contrast, COMSOL can
precisely calculate the diffusion of magnetic flux at the edge
of the air gap and the leakage magnetic flux between the
poles. There are slight differences between the effective
magnetic conductivity area in the simulation and the values in
the theoretical formula [6].

(3) Geometric assembly and gap uniformity: Theoretical
calculations assume that the air gap is absolutely uniform. In
COMSOL, the meshing, whether the rotor is absolutely
centered, and the geometric accuracy of the model itself all
introduce errors on the order of micrometers, and the electro-
magnetic force is inversely proportional to the square of the
air gap, which is extremely sensitive to this [7].

The air-gap flux density under saturation current is shown in
Fig. 4.

It can be seen that the magnetic flux density in the air gap is
not completely concentrated at the effective area of the
magnetic poles, and even at the magnetic poles, it is not
uniformly distributed. After calculation, the average magnetic
flux density of the air gap at the magnetic poles is 0.1049 T.
Compared with the calculated result of 0.1064 T, there is an
error of 1.4%. Continuing to integrate the air gap magnetic
flux density line, the result is 1.313x 1073 T-m, and integrat-
ing at the air gap at the magnetic poles gives a result of
1.258 x 1073 T-m. The calculation shows that there is a 4.2%
flux loss because of the diffusion at the edge of the air gap and
the leakage magnetic flux between the poles.
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Fig. 4 Distribution of air-gap magnetic flux density under saturation current.

The distribution of Maxwell stress, as shown in Fig. 5,
corresponds to the air-gap flux density distribution.
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Fig. 5 Distribution of electromagnetic force (Maxwell stress) at saturation

current.
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Subsequently, to investigate the relationship between
current and electromagnetic force, we scan the coil current I
within the range of 1043 mA, with an increment of 0.5 mA.
As a result, new simulation results are acquired. The relation-
ship between the electromagnetic force and the square of the
current is shown in Fig. 6.
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Fig. 6 Relationship between the electromagnetic force F and the square of the
excitation current Io?. The linear relationship at lower currents validates the
theoretical formula F = K, - i?. The deviation from linearity beyond approxi-
mately 1(2) ~ 1.6x 1073 A? (corresponding to I ~ 40 mA) indicates the onset

of magnetic saturation in the core.

In Fig. 6, the vertical axis represents the radial electromag-
netic force, while the horizontal axis represents the square of
the coil current Ig. It can be observed that there is a linear
relationship between the two, consistent with the theoretical
derivation of F = K - i2, where the slope of the curve defines
the coefficient K.

Next, the result for K, is calculated, using F /IS on the
vertical axis and the current value Iy on the horizontal axis.
The resulted curve is shown in Fig. 7.

The calculated result for K, is 90.3828, and we find that the
curve approaches a maximum of approximately 86.5, which is
because of some errors mentioned above. It can be observed
that the overall growth rate of K, gradually decreases. This is
attributed to the fact that at low currents, the core has not yet
saturated, but its magnetic permeability is finite. The core
itself consumes a portion of the magnetomotive force. As the
current increases, the working point of the core moves upward
along the linear segment of the B-H curve, and its relative
permeability u, gradually increases (magnetic resistance
decreases), allowing more magnetomotive force to be effec-
tively concentrated in the air gap.

V. CONCLUSION

The theoretical calculation conclusions are consistent with
the results of the finite element simulation. COMSOL effec-
tively validates the theoretical calculations and is capable of
more closely aligning with actual computations by taking into
account factors such as the B-H curve, magnetic leakage, and
edge effects. This allows us to identify the sources of error we
seek and the true distribution of the magnetic field. In
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Fig. 7 Variation of the force coefficient K, (calculated as F /Ig) with the coil
current I%. The initial increase in K, is because of the rising relative perme-
ability of the core material as it moves up the B-H curve, allowing more
magnetomotive force to be applied across the air gap. The subsequent plateau
and slight decrease near the saturation current (Ig =42.3 mA) are caused by

the core entering saturation, where its permeability drops significantly.

summary, finite element simulation can validate theoretical
calculations and provide supplementary insights, yielding that
results are more in line with reality. Additionally, it offers a
more intuitive representation of the magnetic field distribu-
tion, thereby enhancing the precision and reliability of produc-
tion design.
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