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Abstract: Precise electromagnetic field analysis is essential for optimizing the performance of magnetic bearings in high-
speed rotating machinery. To overcome the computational inefficiencies associated with Finite Element Analysis (FEA), this
paper proposes an exact analytical technique based on the subdomain model for radial magnetic bearings. The magnetic domain
is partitioned into stator slot and air gap subregions, where Poisson’s and Laplace’s equations are solved, respectively, under the
assumption of infinite permeability of the iron core. By satisfying the continuity conditions of magnetic vector potential and
magnetic field intensity at the subregion interfaces, the general solutions for the magnetic field distribution are derived.
Additionally, the model accounts for the influence of rotor eccentricity on the air gap flux density. The proposed analytical
method is validated through comparison with FEA simulations under various operating conditions, including different bias
currents and eccentricity angles. The results demonstrate that the subdomain model achieves high accuracy in predicting flux
density while significantly reducing computational time, confirming its viability for the efficient design of active magnetic
bearing systems.
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1. Introduction 2. Electromagnetic Field Subdomain

Magnetic bearings are crucial in high-speed rotating model
machinery due to their contactless operation, minimal friction,

and increased longevity, making them suitable for 2.1. Basic Assumptions

applications in turbines, compressors, and energy storage For the magnetic bearing stator, the primary subjects of
systems (0). Precise electromagnetic field analysis in these analysis for the electromagnetic field subdomain model are
bearings is vital for optimizing levitation forces, system the stator slots and the air gap. All other parameters are
stability, and control strategies, directly impacting overall consistent with those in the temperature field analysis, as
performance and efficiency [1]. While finite element analysis shown in Fig. 1. To establish the electromagnetic field
(FEA) offers detailed simulations, it is often computationally subdomain model, the following basic assumptions are made:
demanding, leading to the adoption of analytical methods for The relative permeability of the bearing material is
quicker and more efficient modeling [2]. The subdomain assumed to be infinite.

model method stands out as an effective analytical approach, 1) Eddy current effects are ignored.

partitioning the magnetic domain into subregions like air gaps, 2) The electromagnetic field is uniformly distributed
magnets, and ferromagnetic components, where Laplaces or along the axial direction.

Poissons equations are solved independently under matching These assumptions are widely adopted in semi-analytical
boundary conditions to derive exact magnetic field modeling studies of radial magnetic bearings and similar
distributions [3]. This technique is particularly adept at electrical machines, as they preserve the tractability of the
managing complex geometries and heteropolar setups in analytical solution while capturing the key physical
radial magnetic bearings, facilitating accurate predictions of phenomena.

flux density, forces, and torques with reduced computational
resources [4]. Recent developments have applied the
subdomain method to solid-rotor configurations, enhancing
models for eddy currents and rotor eccentricities [5].
Validation through experiments confirms the methods
reliability in axial and radial active magnetic bearings,
especially in multi-degree-of-freedom platforms [6].
Moreover, combining it with perturbation techniques extends
its utility to dynamic analyses, such as vibration mitigation in
high-speed environments [7]. Additional studies on isolated
and hybrid active magnetic bearings further demonstrate its - /
versatility in handling saturation effects and distributed ey
modeling [8].
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Fig. 1 Basic structure of magnetic bearing stator
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2.2. Air Gap Region

There is no excitation current in the air gap region,
therefore, it is described by the Laplace equation:
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From (1), the distribution equation for the magnetic vector
potential, A, (r, 8), in the air gap region can be obtained:
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According to Amperes circuital law, for any circular closed
path centered at the origin with a radius R, <r < R;R, <
r < Ry, we have:

$B,dl=-27E, =, 3)

In the equation, y, is the vacuum permeability, I, is the
total current enclosed by the path. Since there is no excitation
current in either the air gap or the rotor, I, is 0 which means
Ey = 0. Thus, the equation becomes:
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Here, D, is the undetermined constant coefficient; Cj,,,
Cypn, C3, and C4y, are the undetermined coefficients of the
series terms; and n is the summation index for the air gap
region.

2.3. Stator Slot Region

An excitation current exists in the stator slots. Assuming its
current density is J, the region is described by the Poisson
equation:
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The boundary conditions for the left and right sides of the
stator slot are:
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The boundary condition for the top of the stator slot is:
0A (r,6)
or
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By solving the Poisson equation in (5) and substituting the
boundary conditions in (6), (7) and (8), the distribution
equation for the magnetic vector potential in the stator slot

region, Ag(r,8), can be obtained:
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Here, F, is the undetermined constant coefficient, D, is

the undetermined coefficient of the series terms, and k is the
summation index for the stator slot region.
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2.4. The Solution of Subdomain Method

At the interface between the stator slots and the air gap, the
magnetic vector potential continuity condition must be
satisfied:
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The magnetic field intensity must also be continuous:
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By simultaneously solving these equations, the values for
each undetermined coefficient can be obtained, which allows
for solving Ay (r,0) and A,(r, 8). The magnetic flux density

in the air gap region can then be calculated with the following
formulas:
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Here, By, (1, 0) is the radial component of the flux density

and Bg(r,0) is the tangential component. The total flux
density in the air gap is written as:

B,(r,0)=\[B, (0 + B (r0)" (13)

2.5. Rotor Eccentricity

When rotor eccentricity is present, it is necessary to
consider not only the dimensional changes caused by thermal
expansion but also to superimpose the changes in air gap size
caused by the eccentricity for each pole pair. Without
considering thermal expansion, the air gap size with an
eccentric rotor is given by:

X(;(H)=X0—6'COS(9—}/) (14)
Where e is the rotor eccentricity distance, and y is the
rotor eccentricity angle.
The resulting air gap flux density, By (r, 8), is calculated
with the formula:
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3. Verification of Results

The calculation results of the electromagnetic field
subdomain model are verified using the relevant parameters
from Table 1.

Fig. 2 and Fig. 3 show a comparison between the
subdomain models calculated air gap flux density and the

imulations use 160 coil turns with bias
and 1.5 A, respectively.
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Table .1 Main Parameters of Magnetic Bearing

Parameters Value
Stator outer radius R 80 mm
Stator yoke radius Ry, 60 mm
Stator inner radius Ry 37.5 mm
Rotor outer radius R, 37 mm
Pole height L, 11.25 mm
Bearing thickness L, 20 mm
Number of poles Ny 8
Stator slot opening angle [ 25°
Pole arc angle S, 20 °
Material thermal conductivity kg 44.5 W/m-K
Material Poissons ratio v 0.28
Coil resistivity p 1.6e-8 Q'm
Bare wire diameter ¢ 0.8 mm
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Fig. 2 1 A bias current 160 turns, maximum load, air gap flux
density calculation results.
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Fig. 3 1.5 A bias current 160 turns, maximum load, air gap flux
density calculation results.

Keeping the previous conditions constant and setting the
eccentricity ratio € to 0.3, the air gap flux density
distributions for different eccentricity angles are compared
with the finite element results, as shown in Fig.4.
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Fig. 4 Flux density in air gap at different eccentricity angle. (a)
y=90°(b) y =135°(c) y = 180°.

4. Summary

This study proposes an analytical approach based on the
subdomain model for the precise and efficient analysis of the
electromagnetic field in radial magnetic bearings, addressing
the high computational demands of Finite Element Analysis
(FEA). The magnetic domain is partitioned into stator slot and
air gap subregions. Under the assumptions of infinite core
permeability and negligible eddy current effects, the model
independently solves Poissons and Laplaces equations
within these regions.

By enforcing continuity conditions for the magnetic vector
potential and magnetic field intensity at the interfaces, the
authors derive exact analytical solutions for the magnetic field
distribution, including calculations for conditions involving
rotor eccentricity. To validate the model, the analytical
calculations were compared with FEA simulation results. The
study confirms a high degree of consistency in the air gap flux
density distribution under maximum load conditions and at
various rotor eccentricity angles. These results demonstrate



that the subdomain model effectively predicts the
electromagnetic characteristics of magnetic bearings while
significantly reducing computational resource requirements
compared to FEA.
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