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Friction-Free Permanent Magnet Bearings for Rotating Shafts:
A Comprehensive Review
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Abstract—This article presents a comprehensive review of modeling, analysis, and development
of permanent magnet bearings (PMB) for rotating shafts. The different configurations of PMB
are highlighted with relevant approaches to estimate their features. The progress in mathematical
approaches adopted and optimization of the static and dynamic bearing characteristics in terms of
accuracy are discussed in depth. Further, key developments on instability issues and their realization
in combination with other bearings for rotors stability in low and high-speed applications are reviewed.
Finally, concluding remarks on key aspects to be followed in the design and development of PMB are
presented.

1. INTRODUCTION

Magnetic bearings, in contrast to conventional bearings, are null-friction bearings wherein the moving
part is supported by magnetic forces. The attractive friction-free characteristic of these bearings
offers many interesting features such as operation without lubrication, less-maintenance, and long life.
Magnetic bearings are categorized as active and passive ones. Active magnetic bearings (AMB) use
electrical and electronic devices to levitate the rotors [1, 2] whereas rotor levitation is achieved passively
in the absence of external energy sources, electrical and electronic devices in passive magnetic bearings.
These bearings are realized with permanent magnets, superconductors, and use of eddy current effect.
Superconducting magnetic bearing exploits the reluctance force generated between the superconducting
material and the permanent magnets [3, 4]. Generated Lorentz force due to eddy currents in a moving
conductor within the constant magnetic field of the permanent magnets is the main cause of rotor
levitation in electrodynamics bearings [5–7]. In PMB, the reluctance force generated between two
different permeability materials is the source for the bearing characteristics, and generated attractive
or repulsive forces are utilized between the magnets for the realization of its property. Baermann [8]
introduced the concept of PMB in 1954, and detailed experimentation and analysis was performed for
the first time by Backers [9] in 1961. Absence of electrical and electronic components and friction-free
features of PMB attracted researchers to use them in both low- and high-speed applications such as
fan [10], conveyor [11], wind turbine [12], energy storage flywheel [13, 14], and compressors [15, 16]. In
this article, Section 2 details about PMB configurations and modeling methods. In Section 3, we review
the progress in modeling and analysis of PMB for force, stiffness, damping and dynamic characteristics
using mathematical approaches and finite element analysis (FEA). Finally, the key developments to
overcome instability issues and their usage in different applications are detailed in Section 4.
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2. PERMANENT MAGNET BEARING CONFIGURATIONS AND MODELING
METHODS

A bearing can be easily realized with two permanent magnet (PM) rings, one fitted to the moving
component (rotor) and the other to stationary (stator) as shown in Fig. 1. The magnetization of
rings can be in the axial or radial directions. Axially and/or radially magnetized rings can be used
in combination or separately to form a simple single ring pair PMB as shown in Figs. 1(a)–(c). The
classification and synthesis of PM thrust and radial bearing configurations were described in detail
in Refs. [17–19]. The magnetic interactions between the rings of a bearing are modeled by using
two different approaches namely dipole and surface density methods. In the dipole method, the ring
radius is assumed to be infinite by neglecting its curvature, and magnetic interactions between long
parallel bar-shaped magnets (magnetic dipoles) are considered as shown in Fig. 2. The interaction
forces between the surfaces of the magnets are determined using either Coloumbian or Amperian model
in the surface density method [20]. Radially polarized PM ring is represented as two equivalent surface
current densities on the top and bottom plane faces in Amperian model (Fig. 3(a)), whereas the inner
and outer cylindrical faces of the magnet are as two surface charge densities in Coloumbian approach
(Fig. 3(b)). Diploe method is applicable only when the mean air gap radius is considerably larger than
the air gap between the rings, and surface density method is best suitable for PM rings having real
dimensions.

(b)(a) (c)

Figure 1. PMB with rings magnetized. (a) Axially. (b) Radially. (c) Perpendicularly.
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Figure 2. Interactions between cross sections of two long parallel magnets in dipole method [17].

Force and stiffness generated in PMB with only two rings are low, and the enhancement of these
limited values was proposed by introducing stacked structures in Ref. [21]. Axially or radially magnetized
rings were arranged in opposition to form a conventional structure, and a rotation magnetized direction
(RMD) stacked structure was obtained by arranging axially and radially magnetized rings in opposition
as shown in Fig. 4.
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(b)(a)

Figure 3. Representation of radially polarized ring magnets in (a) Amperian and (b) Coulombian
models [20].

(b)(a)

Figure 4. Stacking of rings in (a) conventional and (b) rotating magnetization direction (RMD)
structures.

3. EXPLORATIONS ON BEARING CHARACTERISTICS

Permanent magnet bearing is characterized by the interaction forces generated between the surfaces of
magnets and the stiffness that is generated due to the movement of one magnet with respect to the
other. This section discusses the calculation of force, stiffness, and damping properties of single as well
as multi-ring PMB along with mathematical approaches dealing with these characteristics in terms of
accuracy and simplicity.

3.1. Estimation of Force and Stiffness Parameters

Force and stiffnesses developed in all basic configurations of axial and radial PMB with two rings can be
easily determined with simple two-dimensional (2D) analytical Eqs. (1) & (2) presented in Refs. [17–19]
using the dipole method as shown in Fig. 2. A new improved method [22] was proposed for calculating
radial stiffness in PMB by considering the effect of small displacement of the rotor using the surface
current model (refer Fig. 3(a)). Lang [23] introduced the force and stiffness calculation method with less
computational time. A simplified method [24] of determining the axial force between axially polarized
two rings PMB using magnetic conductance principle was proposed, and results were validated with
experimental results.
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where Fz = axial force, Kz = axial stiffness of the bearing, p = average perimeter of the bearing,
Kr = radial stiffness of the bearing, S1 and S2 = average cross-sections of two ring magnets, R = average
distance between the cross-sections, and J = magnetic polarization of the permanent magnet.
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The work of Backers was extended by developing the closed-form 2D analytical expressions for
radial force and stiffness in stack structured PMB in terms of curves useful for machine designers [25].
A new analytical solution for thrust characters of a novel stack structured PMB using the current sheet
model was reported, and results were validated with FEA and experimentation [26]. While developing
2D equations, researchers approximated rings as two long parallel magnets by neglecting curvature
effect [27–29] necessitating the development of three dimensional (3D) equations to increase accuracy
in bearing characteristics. Tan et al. [30] proposed a permanent magnetic-hydrodynamic hybrid journal
bearing with bearings mounted side by side and presented a 3D equation for the magnetic force developed
between two axially magnetized rings. The total force is due to the combined effect of hydrodynamic film
and magnetic field. The authors validated theoretical results with experimental values. An attempt
was made to increase the radial load and stiffness of radial PMB with two rings by developing 3D
equations using surface charge density method [31]. They stressed the concept of stiffness variation
with the axial displacement of the rotor magnet and demonstrated the performance of different bearing
configurations with different magnet sectors by validating theoretical predictions with experimental
results. Further, they have shown the improvement in dynamic performance of the magnetic bearing
using hydrodynamic lubrication. Three-dimensional complex semi-analytical equations (Eqs. (3) and
(4)) consisting of elliptical integrals [32–34] requiring low computational time for bearing features were
presented in PMB having axially, radially, and perpendicularly magnetized rings. They extended the use
of equations for analysing stacked structures with three and five ring pairs for one degree of freedom of
the rotor magnets (rotor ring magnets are assumed to be concentric with stator ring magnets). Jiang et
al. [35, 36] presented the calculation of force, stiffness, and moment parameters in axially magnetized
PMB and presented a 5× 5 stiffness matrix for axially polarized radial bearings. The 3D mathematical
approaches [37–40] for characteristics in PMB made of axially, radially, and perpendicularly magnetized
rings by subjecting the rotor movement in five directions (three translational and two angular) are
reported to overcome the difficulty associated with solving force and stiffness equations involving
elliptical integrals. They used a simple vector approach (using Coloumbian model) (refer Fig. 5) and
presented a 5×5 stiffness matrix for stacked configurations with three-ring pairs in addition to one ring
pair. FEA results were used to validate the mathematical model results.
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Figure 5. Force calculation model using simple vector approach (Coloumbian model) [37].
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where E[m] gives the complete elliptical which is expressed as follows:

E [m] =
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The parameters ε, α, and β depend on the ring permanent magnet dimensions and are defined as follows:
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The dependence of bearing characteristics on the number of rings in stacked structures motivated
researchers towards the development of generalized force and stiffness equations for PMB made of ‘n’
number of rings. For the first time, a generalized 2D analytical planar model of force and stiffness in
multi-ring PMB was proposed by Tian et al. [41] and Marth et al. [42] based on virtual work principle.
They used FEA results to check the accuracy of the analytical model. The proposed 2D equations for
multi-rings PMB are modified and utilized by the researchers for the optimization in Ref. [43]. The
generalized 3D mathematical model for force and stiffness in multi-ring PMB was presented in Ref. [44]
and demonstrated the application of the same model to three types of multi-ring PMB with axially,
radially, and perpendicularly magnetized ring pairs. The configurations are modeled (Fig. 6) in the
mechanical APDL of ANSYS, and results of axial force were used to validate mathematical model results
of all the three structures. Equally distributed sequences based Monte Carlo method [45] was used to
solve multiple integrals in force and stiffness equations of multi-ring PMB based on equivalent surface
charge method. The results of proposed method were validated with results of FEA and experiments
for PMB with four ring pairs.

(b)(a)

Figure 6. Modelling of multi-ring PMB in ANSYS (a) arrangement of ring magnets with different
magnetic polarizations, (b) generated axial force in PMB [44].
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3.1.1. Optimization of Geometrical Dimensions

Attractive friction-free feature of PMB and higher force and stiffness requirements in both low- and
high-speed applications drive the researchers to explore the optimization of geometrical variables for
maximum bearing characteristics. The optimization in PMB with single and multi-ring pairs could be
carried out in two ways: first, maximizing the bearing properties in the given volume of the magnet;
secondly, minimizing the volume of the magnet against force and stiffness requirements of applications.
In both types, geometrical dimensions that could be optimized are axial offset, number of rings, inner
and outer radii of the stator, and rotor rings. Initially, the optimization of PMB with only two rings was
carried out in Refs. [32, 33] in terms of only limited dimensions like axial offset, height, and width of rings
by using 3D semi-analytical equations. Results show that separate optimized dimensions exist either
for a force or stiffness, and maximum force and stiffness values corresponding to optimized dimensions
were highlighted. Analytical equations presented in Ref. [21] for force and stiffness of axially polarized
single ring pair radial bearing configuration were modified in terms of several variables affecting the
design [46]. They demonstrated an optimization technique with objective function and constraints
using the interior trust region method in MATLAB for the given load by minimizing the volume of the
magnet. Several configurations presented in the literature were selected as case studies and pointed
out the percentage reduction in the volume of the magnet after optimization. A complete and effective
procedure of designing and optimizing single ring pair radial PMB was presented in Ref. [47]. The
authors proposed generalized equations for different important parameters of the design in terms of
the inner radius of the rotor and outer radius of the stator. For the first time, repulsive multi-ring
PMB was optimized for maximum radial stiffness in a given control volume by Moser et al. [48] using
the finite element simulation method (FEMM package). Results show that optimal bearing does not
depend upon its aspect ratio but on the air gap between stator and rotor. The authors provided
design curves representing optimized variables for different air gaps in terms of an outer diameter of
the bearing for designing and selecting an optimum configuration of bearing in a given control volume.
The optimization of axial and Halbach array of PM thrust bearing using 2D equations (derived using
equivalent current sheet model) for attaining the required load-carrying capacity in the least volume
of magnet was presented in Ref. [49]. They highlighted that the importance of a Halbach array in
meeting force requirement with less magnet volume than the axial array and highlighted an existence
of an optimal axial air gap between rings in the axial array with the results of analytical, FEA, and
experiments. Optimization for all possible topologies of the PM thrust bearing was carried out and
reported in Ref. [50] using 2D analytical equations for the maximum force. Optimization of axially and
perpendicularly polarized multi-ring PM thrust bearings was presented by the authors in Ref. [51, 52]
for maximum bearing characteristics in a cylindrical volume. The generalized plots are provided for the
optimum thickness of each ring, inner diameters of inner and outer rings concerning the outer diameter
of the bearing. The guidelines were also suggested for optimizing multi-ring PMB configurations in a
control volume using presented generalized plots with application examples. The effectiveness of the
optimization could be seen by referring Fig. 7 indicating the enhanced values of force and stiffness
in the optimized RMD configuration as compared to the only two ring pairs in the control volume.
Designers can use these plots for optimization in a control volume instead of complicated 3D equations.
A complete optimization technique for axially stacked radial PMB was reported in Ref. [53] to overcome
less accurate optimization techniques proposed in the literature. Equations to calculate parameters such
as mean radius and clearance were presented for the given axial length and outer radius of the stator
for maximum bearing capacity.

Since the force and stiffness are contradicting parameters in the optimization of PMB, multi-
objective optimization with a single objective for achieving both maximum force and stiffness was
presented by Lijesh et al. [54]. The authors presented the optimization results using constraints,
constants, and bounds of the dimensions available in the literature. Optimization was performed
for three (single ring pair, conventional stacked structure, and RMD) radial PMB configurations for
maximizing force and stiffness and determine the optimum dimensions. Equations to calculate the
optimized values of load, stiffness, and design variables in stacked PMB were presented in terms of a
single layer. The methodology of optimization for all three configurations was proposed, and the same
was validated by discussing different cases from the existing literature.

It has been shown in preceding literature that a significant increase (as compared with conventional
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Figure 7. Variation of maximized values of bearing characteristics in the optimized RMD configuration
thrust bearing with aspect ratio = 0.75, total axial length = 0.0375 m, air gap = 1 mm, diameter of
control volume = 0.05 m. (a) Axial force. (b) Axial stiffness [52].

bearings) in the bearing characteristics was achieved by optimizing design variables in multi-ring radial
as well as thrust PMB.

3.2. Estimation of Damping Characteristics

In rotating systems, damping plays an important role in suppressing excessive transverse and lateral
vibrations. Despite the advantages of PMB over conventional and AMB, low damping is a major
concern, and it is necessary to provide damping to reduce excessive vibrations of the rotor. Damping
can be provided by active [55–57] or passive means. Passive damping is simple and can be achieved by
including a conductive material in the magnetic space (i.e., eddy current damper) [58–60] or by using
viscoelastic materials [61–63]. Eddy current dampers (ECD) are non-contact in nature and damping
force is generated due to interaction between the applied magnetic field and the field generated due
to the eddy currents formed in the conductive material. This article focuses only on the review of
non-contact eddy current dampers used in combination with PMB.

In ECD, the conductive material can be provided either on a stator or rotor. An eddy current
damping mechanism in which conductive material provided on the rotor can be modelled by determining
magnetic flux density between concentric ring magnets and then damping force between current density
and magnetic field. A simple model of an ECD [64] is shown in Fig. 8 in which the radial movement
of a spinning conductor (mounted on the rotor) inside a developed axisymmetric magnetic field can
be considered. This model is also valid when the conductor is not spinning (mounted on the stator).
In [65], the authors presented 3D equations to calculate damping force and coefficients in transverse and

(a) (b)

Figure 8. A simple model of ECD (a) a coil of wire in motion in a constant magnetic field (b) equivalent
mechanical model of a motional ECD [64].
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lateral directions in axially magnetized single ring pair PMB with conductive material on the rotor. The
results of the mathematical model are compared with the experimentally measured values and report
higher errors between the two.

A passive magnetic bearing with a damping system was proposed and developed for a cup-shaped
rotor of a high-speed compressor [15]. A Halbach magnet array and axial passive bearing that is
provided inside and outside the rotor cup provides sufficient stiffness as well as damping. An analytical
model for calculating stiffness and damping was provided. An optimal design procedure for maximizing
axial stiffness and improving the damping coefficient was also suggested. They measured stiffness and
damping coefficient experimentally and validated the analytical results. A novel method of modelling
and identification of ECD characteristics for rotors supported by PMB was presented by Detoni et
al. [64]. The method proposed involves an analytical model and curve fitting with the results of
electromagnetic FEA models for determining parameters characterizing for ECD mechanical impedance.
The accuracy of the proposed model was verified with the experimental results. The design of compact
PMB with enough stiffness and damping was proposed in Ref. [66] using Halbach arrays and eddy current
damper. A two-dimensional analytical model for calculating stiffness, axial, radial, and rotating damping
coefficients was presented, and 3D finite element simulations results were used to check the accuracy of
analytical model results. All design parameters were normalized and optimized for maximum stiffness
and damping. The general procedure of designing and optimizing a compact PMB with eddy current
damper for high-speed applications was discussed. The inclusion of conductive materials between inner
and outer rings of PMB to have a damping effect creates a larger air gap and thereby decreases force
and stiffness. In Ref. [67], the authors presented the optimization of standard and Halbach structures
with air intervals for including conductive materials for achieving larger stiffness and required amount
of damping using 2D equations. Also, they have shown that the stiffness of the Halbach structure does
not improve by providing air intervals.

Two dynamic damping systems (one-mass and two-masses) were investigated by Marth et al. [68]
for calculating their optimal behaviour theoretically and their realization based on actual specifications
and limitations. Correlations between physical parameters and an optimal choice of the same were
discussed using the results of dimensionless formulations. Proposed two systems were compared in
terms of efficiency and feasibility by considering eddy current and viscoelastic damping examples and
suggested that a two-mass system is preferable over one-mass based on a broader range of possible
damping.

3.3. Rotor Dynamic Analysis

Permanent magnet bearings and passive dampers are characterized by nonlinear behaviour, and
therefore passive magnetic suspension is also nonlinear. Research contributions to gain insight into
the nonlinear dynamics of passive magnetic suspensions are discussed in this section.

The passive magnetic suspension was modeled using springs and rare-earth permanent magnets
in [69], and it is shown that natural frequency strongly depends on nonlinear magnetic force. Nonlinear
frequency-response curves as a soft and hard spring were discussed. The semi-analytical approach was
used to determine asymptotic oscillation amplitudes and stability properties. The contact vibrations of a
rotating shaft supported by PMB [70] during the passage of critical speed were studied. It was mentioned
that the rotational speed of the escapement of the shaft from the contact vibration decreases with an
increase in axial displacement. Dynamic characteristics such as amplitudes of vibration at different
frequencies and orbit plots of a rotor supported by RMD configuration were reported in Ref. [71]. In
RMD configuration, radially polarized rings were replaced by square-shaped magnets and aluminum
ring, and the static and dynamic characteristics of the proposed structure are compared with those
of conventional stacked structure. They demonstrated the superiority of the proposed structure over
conventional concerning dynamic performance (Fig. 9). Dynamic modelling of a vertical rotor supported
by two stack-structured radial PMB and one axial AMB with viscoelastic damper was carried out in
Ref. [72]. Rotor dynamic analysis was performed by taking into account the nonlinear behavior of
viscoelastic damper. Optimization of the entire rotor system was carried out, and analytical model
results were verified by conducting the experiments on the manufacturer’s test system.
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(a) (b)

Figure 9. Dynamic characteristics of proposed RMD and conventional full ring structure.
(a) Acceleration at different frequencies. (b) Orbit plot [71].

4. DEVELOPMENT OF PERMANENT MAGNET BEARINGS

Rotor’s stability cannot be achieved using PMB alone as per Earnshaw’s theorem [73]. At least one of
the five degrees of freedom has to be constrained by an active or superconducting or mechanical bearing.
Instability is the key point to be addressed while designing and developing PMB. The net stiffness of
PMB in the Cartesian coordinate system is zero.

Kx + Ky + Kz = 0 (5)

In the case of circular PM rings,

Kx = Ky = Kr, Kz = −2Kr (6)

The axial PMB designed for positive axial stiffness will be unstable in the radial direction. Thus, the
levitated ring of the radial bearing is unstable in an axial direction and vice versa. It was shown that
any instability of the two rings PMB might be removed by subjecting one of the two to a parametric
excitation using Mathieu Functions [74]. In Refs. [75, 76], it was reported that small stability spaces
can be identified by setting one of the two rings to an axial excitation using the parametric equation
of Mathieu. Radial instability [77] of axial PMB was addressed by developing a nonlinear equation
of motion of a levitated ring and solving it analytically and numerically without the aid of Mathieu
equations. The axial motion of radial PMB was stabilized using a piezoelectric actuator with different
strokes experimentally in Ref. [78]. Further, Bassani [79] presented the possibility of addressing radial
instability of axial PMB having one ring pair by the exploitation of magnetoelastic properties of the
PM ring, and stable vibrations of the ring with small amplitude in both axial and radial directions were
reported. The instability of PMB can also be nullified by combining this with another type (conventional
or active or superconducting) of bearing along the rotor shaft. The different combinations of bearings
along with PMB for stabilizing the rotor in axial as well as radial directions are discussed in the following
section.

A magnetic suspension in which rotor was supported by radial PMB for radial and angular stability
and unidirectional AMB for axial stability was reported in 1994 [80]. Radial PMB were used in
combination with jewel bearings to support the flywheel as shown in Fig. 10, and the rotor was operated
much beyond the critical speed at 5500 rpm [81]. In Ref. [82], the authors demonstrated the importance
of higher speed and inertia of rotating component in achieving stability of permanent magnetic levitator
and developed uni- and bi-ventricular assist pumps (Fig. 11) in which the first was driven axially and
second one radially. The impeller of axially driven was supported by two radial PMB and point contact
with the stator axially. Then the rotor floats without any contact point at a higher speed due to
hydrodynamic force acting on the impeller. In bi-ventricular pump, the rotor with two end impellers
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Figure 10. Passive magnetic bearing flywheel [81].

(b)(a)

Figure 11. Schematic representation of PMB supported. (a) Axially driven uni-ventricular assist
pump. (b) Radially driven bi-ventricular assist pump [82].

was supported by two PMB as shown in Fig. 11(b). In Refs. [83, 84], for a horizontal-shaft, researchers
reported a new hybrid magnetic bearing system in which axial control was with a servo controller
in addition to radial PMB. Analysis of PMB was done using FEA, and forces and stiffnesses were
calculated in three directions. A prototype of rotor bearing configuration was designed and fabricated,
and experimental results were also presented. Mukhopadhaya et al. [85] used a typical arrangement of
PM for supporting the vertical shaft radially and AMB in the axial direction to address the instability
of radial PMB in a prototype model for the application in the dairy industry.

A micro mass measurement system [86] supported by radial PMB and a controlled electromagnet
to stabilize it in the axial direction was proposed and developed. The use of a hybrid bearing set for a
prototype flywheel system was reported in Ref. [14]. The bearing set was made of radial PMB using four
Nd-Fe-B magnet rings and thrust SMB. The authors used increased stiffness of PMB to compensate
the load of the rotor and flywheel. Halbach magnetized radial PMB was designed and developed using
N35 magnets [87]. The load-carrying capacity (90 N) and stiffness (129297.075 N/m) were measured
experimentally. Rotor supported by developed radial PMB along with AMB was rotated at 2000 rpm.
Due to the difficulty associated with realizing radially magnetized rings, Lijesh and Hirani [88] used
cubical shaped magnets and aluminum rings to replace radially polarized magnets in RMD configuration.
The theoretical model for calculating load carrying capacity in the proposed RMD configuration was
introduced, and calculated results were validated by conducting the experiments on the developed RMD
structure (Fig. 12). They demonstrated that the radial magnetized rings could be easily replaced with
cuboidal magnets for achieving the same bearing features.

In Ref. [89], the authors used a hybrid-bearing set (PMB and foil bearings) to levitate the rotor
completely as shown in Fig. 13. The RMD structure was used to support the rotor in the axial direction
and discrete bump foil bearings in the radial direction, and rotor speed of 40,000 rpm was achieved
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(a) (b)

Figure 12. Cubical shaped magnets on a (a) Stator. (b) Rotor of a RMD configuration [88].

Figure 13. Test rig representing complete passive levitation of rotor supported by PMB and Foil
bearings [89].

using turbines driven by compressed air. Wear in hydrodynamic journal bearing operating in boundary
lubrication was reduced by designing and developing a hybrid (hydrodynamic and RMD configuration
PMB) bearing [90]. Experiments were performed on the proposed bearing by selecting the best out
of four RMD configurations suggested based on the results of load-carrying capacity. Based on the
measurement of wear of the stator, it was proved that the initial wear of the journal bearing could be
reduced to a great extent by using the hybrid bearing concept.

5. CONCLUSIONS

With the support of enough contributions towards maximizing the bearing characteristics, instability,
and damping solutions by many researchers in the recent past, PMB could be used to replace
conventional bearings for supporting low- and high-speed rotating shafts in different applications. The
following is the conclusions based on the review in connection with modeling, analysis, and utilization
of PMB for supporting rotating shafts.

• As surface charge density method is best suited for PMB with real dimensions, 3D mathematical
equations of force and stiffness derived based on Coloumbian or Amperian approach could be used
for their accurate design so that undermining effect of the curvature of PM rings is taken into
account.
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• The stacking of PM rings has to be carried out either in conventional or RMD patterns to form
multi-ring PMB structures with enhanced force and stiffness characteristics. RMD structure is
much superior to the conventional one in terms of force and stiffness values.

• Conventional bearings in high-speed applications where friction and maintenance are the major
concerns could be replaced with PMB effectively if their designs have to be supported with
optimization of design variables for maximum force and stiffness. Optimization in PMB can be
carried out either by maximizing the bearing characteristics in a given control volume or minimizing
the magnet volume for the required bearing characteristics. General guidelines of optimization
presented in the literature based on generalized plots or design equations of optimized variables
might be useful for designers in designing and optimizing multi-ring axial and radial PMB for
industrial applications.

• Rotor supported on PMB can be stabilized by constraining its unstable axis by either active or
passive means. It was also reported that instability can be addressed by subjecting a levitated ring
with parametric excitation or by exploiting the magnetoelastic property of the PM ring.

• Low damping property of PMB could be enhanced by using simple eddy current or viscoelastic
passive damper. The design and optimization procedure suggested in the literature will help
designers in developing an eddy-current damping system efficiently for rotor supported by PMB
stabilized in all directions.

In general, while designing PMB for a rotor efficiently, introducing sufficient damping is necessary, in
addition to its stability in all directions.
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5. Amati, N., X. De Lépine, and A. Tonoli, “Modeling of electrodynamic bearings,” ASME Journal
of Vibration and Acoustics, Vol. 130, 061007(1–9), 2008.

6. Detoni, J. G., “Progress on electrodynamic passive magnetic bearings for rotor levitation,” Proc.
IMechE, Part C: J. Mechanical Engineering Science, Vol. 228, No.10, 1829–1844, 2014.

7. Detoni, J. G., F., Impinna, A. Tonoli, and N. Amati, “Unified modelling of passive homopolar and
heteropolar electrodynamic bearings,” Journal of Sound and Vibration, Vol. 331, No. 19, 4219–4232,
2012.

8. Baermann, M., “German patent application B,” 30042 dated 1954 (German specification
No. 1071891).

9. Backers, F. T., “A magnetic journal bearing,” Philips Tech. Rev., Vol. 22, 232–238, 1960–61.
10. Jungmayr, G., E. Marth, M. Panholzer, W. Amrhein, F. Jeske, and M. Reisinger, “Design of

a highly reliable fan with magnetic bearings,” Proc. IMechE, Part I: J. Systems and Control
Engineering, Vol. 230, 361–369, 2016.



Progress In Electromagnetics Research C, Vol. 104, 2020 183

11. Ohji, T., et al., “Conveyance test by oscillation and rotation to a permanent magnet repulsive-type
conveyor,” IEEE Trans. Magn., Vol. 40, No. 4, 3057–3059, 2004.

12. Kriswanto and Jamari, “Radial forces analysis and rotational speed test of radial permanent
magnetic bearing for horizontal wind turbine applications,” 3rd International Conference on
Advanced Materials and Science and Technology (ICAMST 2015), AIP Conference Proceedings,
Semarang, Indonesia, 0200341(1–10), 2015.

13. Fang, J., C. Wang, and J. Tang, “Modelling and analysis of a novel conical magnetic bearing
for verniergimballing magnetically suspended flywheel,” Proc IMechE, Part C: J. Mechanical
Engineering Science, Vol. 228, 2416–2425, 2014.

14. Sotelo, G. G., R. Andrade, and A. C. Ferreira, “Magnetic bearing sets for a flywheel system,” IEEE
Trans. on Applied Super Conductivity, Vol. 17, No. 2, 2150–2153, 2007.

15. Fang, J., Y. Le, J. Sun, and K. Wang, “Analysis and design of passive magnetic bearing and
damping system for high-speed compressor,” IEEE Trans. Magn., Vol. 48, No. 9, 2528–2537, 2012.

16. Le, Y., J. Fang, and J. Sun, “Design of a Halbach array permanent magnet damping system for
high speed compressor with large thrust load,” IEEE Trans. Magn., Vol. 51, No. 1, 1–9, 2015.

17. Yonnet, J. P., “Passive magnetic bearings with permanent magnets,” IEEE Trans. Magn., Vol. 14,
No. 5, 803–805, 1978.

18. Yonnet, J. P., “Permanent magnetic bearings and couplings,” IEEE Trans. Magn., Vol. 17, No. 1,
1169–1173, 1981.

19. Delamare, J., E. Rulliere, and J. P. Yonnet, “Classification and synthesis of permanent magnet
bearing configurations,” IEEE Trans. Magn., Vol. 31, No. 6, 4190–4192, 1995.

20. Ravaud, R. and G. Lemarquand, “Comparison of the Coulombian and Amperian current models for
calculating the magnetic field produced by radially magnetized arc-shaped permanent magnets,”
Progress In Electromagnetics Research, Vol. 95, 309–327, 2009.

21. Yonnet, J. P., G. Lemarquand, S. Hemmerlin, and E. Olivier-Rulliere, “Stacked structures of passive
magnetic bearings,” Journal Applied Physics, Vol. 70, 6633–6635, 1991.

22. Marinescu, M. and N. Marinescu, “A new improved method of for computation of radial stiffness
of permanent magnet bearings,” IEEE Trans. Magn., Vol. 30, 3491–3494, 1994.

23. Lang, M., “Fast calculation method for the forces and stiffness of permanent-magnet bearings,”
Proceedings of Eighth International Symposium on Magnetic Bearings, 533–537, Mito, Japan, 2002.

24. Jiang, S., Y. Liang, and H. Wang, “A simplified method of calculating axial force for a permanent
magnetic bearing,” Proc IMechE, Part C: J. Mechanical Engineering Science, Vol. 224, 703–708,
2009.

25. Paden, B., N. Groom, and J. Antaki, “Design formulas for permanent-magnet bearings,” ASME
Trans., Vol. 125, 734–739, 2003.

26. Yang, H., R. Zhao, and S. Yang, “New analytical solution for the analysis and design of permanent
magnet thrust bearings,” Journal Zhejiang University. SC. A, Vol. 10, No. 8, 1199–1204, 2009.

27. Ravaud, R., G. Lemarquand, V. Lemarquand, and C. Depollier, “Analytical calculation of the
magnetic field created by permanent-magnet rings,” IEEE Trans. Magn., Vol. 44, No. 8, 1982–
1989, 2008.

28. Ravaud, R., G. Lemarquand, V. Lemarquand, and C. Depollier, “The three exact components
of the magnetic field created by a radially magnetized tile permanent magnet,” Progress In
Electromagnetics Research, Vol. 88, 307–319, 2008.

29. Ravaud, R., G. Lemarquand, V. Lemarquand, and C. Depollier, “Discussion about the analytical
calculation of the magnetic field created by permanent magnets,” Progress In Electromagnetics
Research B, Vol. 11, 281–297, 2009.

30. Tan, Q., W. Li, and B. Liu, “Investigations on a permanent magnetic hydrodynamic journal
bearing,” Tribology International, Vol. 35, 443–448, 2002.

31. Samanta, P. and H. Hirani, “Magnetic bearing configurations: Theoretical and experimental
studies,” IEEE Trans. Magn., Vol. 44, No. 2, 292–300, 2008.



184 Bekinal and Doddamani

32. Ravaud, R., G. Lemarquand, and V. Lemarquand, “Force and stiffness of passive magnetic bearings
using permanent magnets. Part 1: Axial magnetization,” IEEE Trans. Magn., Vol. 45, No. 7, 2996–
3002, 2009.

33. Ravaud, R., G. Lemarquand, and V. Lemarquand, “Force and stiffness of passive magnetic bearings
using permanent magnets. Part 2: Radial magnetization,” IEEE Trans. Magn., Vol. 45, No. 9,
3334–3342, 2009.

34. Ravaud, R. and G. Lemarquand, “Halbach structures for permanent magnets bearings,” Progress
In Electromagnetics Research M, Vol. 14, 263–277, 2010.

35. Jiang, W., et al., “Forces and moments in axially polarized radial permanent magnet bearings,”
Proceedings of Eighth International Symposium on Magnetic Bearings, 521–526, Mito, Japan, 2002.

36. Jiang, W., et al., “Stiffness analysis of axially polarized radial permanent magnet bearings,”
Proceedings of Eighth International Symposium on Magnetic Bearings, 527–532, Mito, Japan, 2002.

37. Bekinal, S. I., T. R. Anil, and S. Jana, “Analysis of axially magnetized permanent magnet bearing
characteristics,” Progress In Electromagnetics Research B, Vol. 44, 327–343, 2012.

38. Bekinal, S. I., T. R. Anil, and S. Jana, “Analysis of radial magnetized permanent magnet bearing
characteristics,” Progress In Electromagnetics Research B, Vol. 47, 87–105, 2013.

39. Bekinal, S. I., T. R. Anil, and S. Jana, “Analysis of radial magnetized permanent magnet bearing
characteristics for five degrees of freedom,” Progress In Electromagnetics Research B, Vol. 52, 307–
326, 2013.

40. Bekinal, S. I., T. R. Anil, S. Jana, S. S. Kulkarni, A. Sawant, N. Patil, and S. Dhond, “Permanent
magnet thrust bearing: Theoretical and experimental results,” Progress In Electromagnetics
Research B, Vol. 56, 269–287, 2013.

41. Tian, L., A. Xun-Peng, and Y. Tian, “Analytical model of magnetic force for axial stack permanent-
magnet bearings,” IEEE Trans. Magn., Vol. 48, No. 10, 2592–2599, 2012.

42. Marth, E., G. Jungmayr, and W. Amrhein, “A 2-D-based analytical method for calculating
permanent magnetic ring bearings with arbitrary magnetisation and its application to optimal
bearing design,” IEEE Trans. Magn., Vol. 50, No. 5, 1–8, 2014.

43. Bekinal, S. I., M. R. Doddamani, and N. D. Dravid, “Utilization of low computational cost two
dimensional analytical equations in optimization of multi rings permanent magnet thrust bearings”
Progress In Electromagnetics Research M, 62, 51–63, 2017.

44. Bekinal, S. I., and S. Jana, “Generalized three-dimensional mathematical models for force and
stiffness in axially, radially, and perpendicularly magnetized passive magnetic bearings with ‘n’
number of ring pairs,” ASME Journal of Tribology, Vol. 138, No. 3, 031105(1–9), 2016.

45. Zhang, L., H. Wu, and P. Li, et al., “Design, analysis, and experiment of multi-ring permanent
magnet bearings by means of equally distributed sequences based Monte Carlo method,”
Mathematical Problems in Engineering, 1–17, 2019.

46. Lijesh, K. P. and H. Hirani, “Development of analytical equations for design and optimization of
axially polarised radial passive magnetic bearing,” ASME Journal of Tribology, Vol. 137, 011103(1–
9), 2015.

47. Lijesh, K. P., “Design methodology for monolithic layer radial passive magnetic bearing,” Proc.
IMechE, Part J: Journal of Engineering Tribology,” Vol. 233, No. 6, 992–1000, 2019.

48. Moser, R., J. Sandtner, and H. Bleuler, “Optimization of repulsive passive magnetic bearings,”
IEEE Trans. Magn., Vol. 42, No. 8, 2038–2042, 2006.

49. Yoo, S. Y., W. Kim, S. Kim, W. Lee, Y. Bae, and M. Noh, “Optimal design of non-contact
thrust bearing using permanent magnet rings,” Int. Journal of Precision Engg. and Manufacturing,
Vol. 12, No. 6, 1009–1014, 2011.

50. Beneden, M. V., V. Kluyskens, and B. Dehez, “Optimal sizing and comparison of permanent
magnet thrust bearings,” IEEE Trans. Magn., Vol. 53, No. 2, 2017.

51. Bekinal, S. I., M. R. Doddamani, and S. Jana, “Optimization of axially magnetised stack structured
Permanent magnet thrust bearing using three dimensional mathematical model,” ASME Journal
of Tribology, Vol. 139, No. 3, 031101(1–9), 2017.



Progress In Electromagnetics Research C, Vol. 104, 2020 185

52. Bekinal, S. I., M. R. Doddamani, B. V. Mohan, and S. Jana, “Generalized optimization procedure
for rotational magnetized direction permanent magnet thrust bearing configuration” Proc IMechE,
Part C: J. Mechanical Engineering Science, Vol. 233, 2563–2573, 2019.

53. Lijesh, K. P., M. R. Doddamani, and S. I. Bekinal, “A pragmatic optimization of axial stack-radial
passive magnetic bearings,” ASME Journal of Tribology, Vol. 140, 021901(1–9), 2018.

54. Lijesh, K. P., M. R. Doddamani, S. I. Bekinal, and S. M. Muzakkir, “Multi-objective optimization of
stacked radial passive magnetic bearing,” Proc IMechE Part J: J. Engineering Tribology, Vol. 232,
1140–1159, 2018.

55. Sodano, H. A., D. J. Inman, and W. K. Belvin, “Development of a new passive-active magnetic
damper for vibration suppression,” ASME Journal of Vibration and Acoustics, Vol. 128, 318–327,
2006.

56. Sodano, H. A. and D. J. Inman, “Modeling of a new active eddy current vibration control system,”
ASME Journal of Dynamic Systems, Measurement and Control, Vol. 130, 021009-1–11, 2008.

57. Filatov, A., L. Hawkins, V. Krishnan, et al., “Active axial electromagnetic damper,” Proceedings
of Eleventh International Symposium on Magnetic Bearings, Japan, Nara, 2000.

58. Tonoli, A., “Dynamic characteristics of eddy current dampers and couplers,” Journal of Sound and
Vibration, Vol. 301, 576–591, 2006.

59. Sodano, H. A., J. S. Bae, D. J. Inman, and W. K. Belvin, “Improved concept and model of eddy
current damper,” ASME Journal of Vibration and Acoustics, Vol. 128, No. 3, 031002(1–10), 2006.

60. Tonoli, A., and N. Amati, “Dynamic modelling and experimental validation of eddy current
dampers and couplers,” ASME Journal of Vibration and Acoustics, Vol. 130, No. 2, 021011(1–
9), 2008.

61. Ribeiro, E. A., J. T. Pereira, and C. A. Bavastri, “Passive vibration control in rotor dynamics:
optimization of composed support using viscoelastic materials,” Journal of Sound and Vibration,
Vol. 351, 43–56, 2015.

62. Tecza, J. A., “Damping for passive magnetic bearings,” Patent 5521448, USA, 1996.
63. Imlach, J., “Passive magnetic support and damping system,” Patent 6448679 B1, USA, 2002.
64. Detoni, J. G., Q. Cui, N. Amati, and A. Tonoli, “Modelling and evaluation of damping coefficient

of eddy current dampers in rotordynamic applications,” Journal of Sound and Vibration, Vol. 373,
52–65, 2016.

65. Cheah, S. K. and H. A. Sodano, “Novel eddy current damping mechanism for passive magnetic
bearings,” Journal of Vibration and Control, Vol. 14, No. 11, 1749–1766, 2008.

66. Safaeian, R. and H. Heydari, “Comprehensive comparison of different structures of passive
permanent magnet bearings,” IET Electric Power Applications, Vol. 12, No. 2, 179–187, 2017.

67. Safaeian, R. and H. Heydari, “Optimal design of a compact passive magnetic bearing based on
dynamic modelling,” IET Electric Power Applications, Vol. 13, No. 6, 720–729, 2019.

68. Marth, E., G. Jungmayr, and W. Amrhein, “Fundamental considerations on introducing damping
to passively magnetically stabilized rotor systems,” Advances in Mechanical Engineering, Vol. 8,
No. 12, 1–9, 2016.

69. D’Angola, A., G. Carbone, L. Mangialardi, and C. Serioa, “Non-linear oscillations in a passive
magnetic suspension,” International Journal of Non-Linear Mechanics, Vol. 41, 1039–1049, 2006.

70. Sugai, T., T. Inoue, and V. Ishida, “Nonlinear theoretical analysis of contacting forward whirling
vibration of a rotating shaft supported by a repulsive magnetic bearing,” Journal of Sound and
Vibration, Vol. 332, 2735–2749, 2013.

71. Lijesh, K. P. and H. Hirani, “Magnetic bearing using RMD configuration,” ASME Journal of
Tribology, Vol. 137, No. 4, 42201, 2015.

72. Passenbrunner, J., G. Jungmayr, and W. Amrhein, “Design and analysis of a 1d actively stabilized
system with viscoelastic damping support,” Actuators, Vol. 8, No. 33, 2–18, 2019

73. Earnshaw, S., “On the nature of the molecular forces which regulate the constitution of the
luminiferous ether,” Transactions of the Cambridge Philosophical Society, Vol. 7, 97–112, 1842.

74. McLachlan, N. W., Theory and Application of Mathieu Functions, Claredon Oxford, 1947.



186 Bekinal and Doddamani

75. Bassani, R., “A stability space of a magneto-mechanical bearing,” ASME, J. Dyn. Sys. Meas.
Control, Vol. 129, No. 2, 178–181, 2007.

76. Bassani, R., “Stability of permanent magnets bearings under parametric excitations,” Tribology
Trans., Vol. 48, 457–463, 2005.

77. Bassani, R., “Dynamic stability of passive magnetic bearings,” Nonlinear Dynamics, Vol. 50, 161–
168, 2007.

78. Takeshi, M. and A. Mitsunori, “Repulsive magnetic bearing using a piezoelectric actuator for
stabilization,” JSME Int. Journal C: Mechanical Systems Machine Elements and Manufacturing,
Vol. 46, 378–384, 2003.

79. Bassani, R., “Magnetoelastic stability of magnetic axial bearings,” Tribology Letters, Vol. 49, 397–
401, 2013.

80. Delamare, J., J. P. Yonnet, and E. Rulliere, “A compact magnetic suspension with only one axis
control,” IEEE Trans. Magn., Vol. 30, No. 6, 4746–4748, 1994.

81. Siebert, M., B. Ebihara, and R. Jansen, “A passive magnetic bearing flywheel,”NASA/TM —
2002-211159, 2002.

82. Qian, K. X., P. Zeng, W. M. Ru, and H. Y. Yuan, “New concepts and new design of permanent
maglev rotary artificial heart blood pumps,” Medical Engineering & Physics, Vol. 28, No. 4, 383–
388. 2006.

83. Mukhopadhyay, S. C., et al., “Design, analysis and control of a new repulsive type magnetic
bearing,” IEE Proc. on Electrical Power Applications, Vol. 146, No. 1, 33–40, 1999.

84. Mukhopadhyay, S. C., et al., “Modeling and control of a new horizontal shaft hybrid type magnetic
bearing,” IEEE Trans. Ind. Electronics, Vol. 47, No. 1, 100–108, 2000.

85. Mukhopadhaya, S. C., et al., “Fabrication of a repulsive-type magnetic bearing using a novel
arrangement of permanent magnets for vertical-rotor suspension,” IEEE Trans. Magn., Vol. 39,
3220–3222, 2003.

86. Hussien, A., et al., “Application of the repulsive-type magnetic bearing for manufacturing
micromass measurement balance equipment,” IEEE Trans. Magn., Vol. 41, No. 10, 3802–3804,
2005.

87. Falkowski, K. and M. Henzel, “High efficiency radial passive magnetic bearing,” Solid State
Phenomena, Vol. 164, 360–365, 2010.

88. Lijesh, K. P. and H. Hirani, “Modelling and development of rmd configuration magnetic bearing,”
Tribology in Industry, Vol. 37, 225–235, 2015.

89. Bekinal, S. I., S. Jana, and S. S. Kulkarni, “A hybrid (permanent magnet and foil) bearing set for
complete passive levitation of high-speed rotors,” Proc IMechE, Part C: J Mechanical Engineering
Science, Vol. 231, 3679–3689, 2017.

90. Lijesh, K. P. and H. Hirani, “Design and development of permanent magneto-hydrodynamic hybrid
journal bearing,” ASME Journal of Tribology, Vol. 139, No. 4, 044501(1–9), 2017.


