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Motivation

» Rotational systems need suspension systems to prevent damage [1].

* Friction losses are proportional to speed, in high-speed applications they can be
very large [7].

« Permanent magnetic bearings remove this, but Earnshaw’s theorem prevents a
fully passive magnetically levitated system from being stable [2].

« Ways to achieve stability include mechanical bearings [3], active control [4],
superconducting or diamagnetic materials [5], or Halbach stabilization coils [6].

 When considering losses of each stable type, the combination of permanent
magnetic bearings (PMB) and superconducting magnetic bearings (SMB) is
desirable [7].

[11 A.B. and Abrahamsen, “Superconducting bearings for flywheel applica-tions,” pp. 5-42, 2001.

[2] S. Earnshaw, “On the Nature of the Molecular Forces which Regulatethe Constitution of the Luminiferous Ether,” pp. 97-114, 1842.

[3] R. Bassani, E. Ciulli, F. DI Puccio, and A. Musolino, “Study of conicpermanent magnet bearings,”Meccanica, vol. 36, no. 6, 2001.

[4] R. Safaeian and H. Heydari, “Optimal design of a compact passivemagnetic bearing based on dynamic modelling,” jun 2019.

[5] M. Marinescu, N. Marinescu, W. G. I.-B. f. M. Frankfurt, J. Ten-brink, and H. Krauth, “PASSIVE AXIAL STABILIZATION OF AMAGNETIC RADIAL BEARING BY
SUPERCONDUCTORS,”IEEETransactions on Magnetics, vol. 25, no. 5, pp. 3233-3235, 1989.

[6] K. D. Bachovchin, J. F. Hoburg, and R. F. Post, “Magnetic fields andforces in permanent magnet levitated bearings,”|EEE Transactions onMagnetics, vol. 48, no. 7, pp. 2112—-2120, 2012.
[7]1 M. Henley, “Grid-scale energy storage technology opportunities,” 112010.
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Permanent Magnetic Bearings

* Forces created through attraction and
repulsion between permanent magnets.

 Important characteristics:
« Materials used
 Geometry

« Magnetization Direction
« Optimization Criteria
 Stiffness, force as a function of position.

 Cost

e Size
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Permanent Magnetic Bearings

« Ring PMBs oriented Radially

« Force generated by alignment of inner and
outer materials.

« Closed form analytical as well as FEA are
common tools for geometry analysis.

direction, and cost.

« Optimization results favor Halbach Arrays,
particularly in conjunction with the use of back
iron.
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Permanent Magnetic Bearings

 PMBs oriented Axially

« Typically located near the ends of a rotational
system, often to counteract gravity [32].

« Closed form analytical [21] as well as FEA [16]
are common tools for geometry analysis.

« Optimization focuses on force [16], stiffness in a
direction [18], magnet size [16].

« Characteristics considered for optimization:
magnet size [16], magnetization [6], number of
layers [21], use of back iron [21].

[6] K. D. Bachovchin, J. F. Hoburg, and R. F. Post, “Magnetic fields andforces in permanent magnet levitated bearings,”IEEE Transactions onMagnetics, vol. 48, no. 7, pp. 2112-2120, 2012.

[16] M. Van Beneden, V. Kluyskens, and B. Dehez, “Optimal Sizing andComparison of Permanent Magnet Thrust Bearings,”|EEE Transactionson Magnetics, vol. 53, no. 2, feb 2017.

[18] E. Marth, G. Jungmayr, and W. Amrhein, “A 2-D-Based AnalyticalMethod for Calculating Permanent Magnetic Ring Bearings with Ar-bitrary Magnetization and Its Application to Optimal Bearing
Design,”IEEE Transactions on Magnetics, vol. 50, no. 5, may 2014.

[21] G. Jungmayr, E. Marth, W. Amrhein, H. J. Berroth, and F. Jeske,“Analytical stiffness calculation for permanent magnetic bearings withsoft magnetic materials,”IEEE Transactions on Magnetics,
vol. 50,no. 8, 2014.

[32] J. L. G. Janssen, J. J. H. Paulides, and E. Lomonova, “Passive MagneticSuspension Limitations for Gravity Compensation,”11th InternationalSymposium on Magnetic Bearings, pp. 83-90, 2008.
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Permanent Magnetic Bearings

 Conic PMBs

« Based on a wrapped linear slide bearing [33].

« Allows for flexibility in direction of force,
however Earnshaw’s Theorem still applies.

 Increased complexity and manufacturing cost,
especially for magnetic materials.

[33] F. Di Puccio, R. Bassani, E. Ciulli, A. Musolino, and R. Rizzo,“Permanent magnet bearings: Analysis of plane and axisymmetric V-shaped element design,”Progress In Electromagnetics Research
M,vol. 26, pp. 205-223, 2012.
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Superconducting Magnetic Bearings

Superconducting

Force generation due to the Meissner
effect and flux pinning [34].

I
Air-Gap

Analytical modeling done via critical-state
model and Maxwell equations [35], with
numerous FEA methods [36].

Notable advantage is it can achieve stable
levitation.

Notable disadvantage is it requires cooling
mechanisms to achieve superconducting
states.

\

/ 1 \

Radial Axial Conical
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Rotor

PM

Superconductor

[34] K. B. Ma, Y. V. Postrekhin, and W. K. Chu, “Superconductor and magnetlevitation devices,”’Review of Scientific Instruments, vol. 74, no. 12, pp.4989-5017, 2003.
[35] P. Bernstein and J. Noudem, “Superconducting magnetic levitation:Principle, materials, physics and models,”Superconductor Science andTechnology, vol. 33, no. 3, 2020.
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Superconducting Magnetic Bearings

* Axial SMBs

« Similar to Axial PMB in function and are
typically designed to counteract gravity.

— Rotor

* Provides stabilization in axial and lateral
directions while permitting rotation [44].

« Optimization favors use of Halbach Arrays [46]
or multipole systems [47] for the permanent

magnetization scheme.
Superconductor

44] Z. Deng, Q. Lin, G. Ma, J. Zheng, Y. Zhang, S. Wang, and J. Wang,“A double-superconducting axial bearing system for an energy storageflywheel model,”Journal of Physics: Conference
Series, vol. 97, no. 1,2008.

[46] G. G. Sotelo, A. C. Ferreira, and R. De Andrade, “Halbach arraysuperconducting magnetic bearing for a flywheel energy storage system,”IEEE Transactions on Applied Superconductivity,
vol. 15, no. 2 PARTII, pp. 2253-2256, 2005.

[47]1. Valiente-Blanco, E. Diez-Jimenez, C. Cristache, M. A. Alvarez-Valenzuela, and J. L. Perez-Diaz, “Characterization and improvement ofaxial and radial stiffness of contactless thrust
superconducting magneticbearings, Tribology Letters, vol. 54, no. 3, pp. 213-220, 2014.

PM
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Superconducting Magnetic Bearings

 Radial SMBs

« Contain permanent magnets on the rotor with
superconducting components on the stator for
ease of cooling [61].

« Force creep is a major concern with solutions
such as pre-loading and supercooling methods

I
I 162].

 Stiffness and force optimization favor the use of
iron shims between the magnets.

« Radial stiffness typically much better than Axial
SMBs, but axial stiffness is lower.

[61] F. N. Werfel, U. Floegel-Delor, T. Riedel, R. Rothfeld, D. Wippich, andB. Goebel, “HTS magnetic bearings in prototype application,”IEEETransactions on Applied Superconductivity, vol. 20, no.
3, pp. 874-879,2010.

[62] T. Ichihara, K. Matsunaga, M. Kita, I. Hirabayashi, M. Isono, M. Hirose,K. Yoshii, K. Kurihara, O. Saito, S. Saito, M. Murakami, H. Tak-abayashi, M. Natsumeda, and N. Koshizuka, “Application
of superconducting magnetic bearings to a 10 kWh-class flywheel energy storagesystem,”|EEE Transactions on Applied Superconductivity, vol. 15, no.2 PART I, pp. 2245-2248, 2005.
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Superconducting Magnetic Bearings
« Conic SMBs
 Allows stable force generation in multiple
directions [75].
 Increased manufacturing difficulty of both the
magnetic and superconducting components. PM
 Further study into dynamics is needed. mgica'
Cylindrical
HTS

[75] J. G. Storey, M. Szmigiel, F. Robinson, S. C. Wimbush, and R. Badcock,“Stiffness Enhancement of a Superconducting Magnetic Bearing UsingShaped YBCO Bulks,”IEEE Transactions on
Applied Superconductivity,vol. 30, no. 4, pp. 1-1, 2020.
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Hybrid Solutions

« Combine both PMB and SMB attributes

* Increase force by increasing size of
superconductor between the magnets. Rotor

« If superconductor is above critical temperature
force generation between magnets is still
present [1].

« Can be placed above or below rotor to

counteract gravity using either attractive or

BT ¢ v

PM

[11 A.B. and Abrahamsen, “Superconducting bearings for flywheel applications,” pp. 5-42, 2001.
[76] A. Rastogi, D. R. Alonso, T. A. Coombs, and A. M. Campbell, “Axial and Journal Bearings for Superconducting Flywheel Systems,”IEEE TRANSACTIONS ON APPLIED
SUPERCONDUCTIVITY, vol. 13, no. 2,pp. 2267-2270, 2003.
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System Design

» Create system from PMB and SMB pieces

« Combine PMB simplicity with SMB for fully
passive system stabilization, typically with a
traditional motor for torque production.

« Commonly use radial PMBs or SMBs with an
axial lift SMB [52], [87].

« Experimental validation in:
« 3 kW /5 kWh flywheel system [52]

WEMPEC

Permanent
Magnetic
Bearing

Switched

Thrust superconducting
magnetic bearing [83]

[52] M. Strasik, P. E. Johnson, A. C. Day, J. Mittleider, M. D. Higgins,J. Edwards, J. R. Schindler, K. E. McCrary, C. R. Mclver, D. Carlson,J. F. Gonder, and J. R. Hull, “Design, fabrication, and test
of a5-kWh/100-kW flywheel energy storage utilizing a high-temperature superconducting bearing,”|EEE Transactions on Applied Superconductivity, vol. 17, no. 2, pp. 2133-2137, 2007.
[87] M. Subkhan, M. Komori, and H. Mitsuda, “Improvement of CompactEnergy Storage Flywheel System using SMB and PMB,”ISBM 12, 2010.
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System Design

« Can also include the use of active
magnetic bearings with associated losses.

« Experimental validation in:
10 kWh flywheel system [57]

[57] F. N. Werfel, U. Floegel-Delor, R. Rothfeld, T. Riedel, B. Goebel,D. Wippich, and P. Schirrmeister, “Superconductor bearings, flywheels

and transportation,”Superconductor Science and Technology, vol. 25,no0. 1, 2012.

[62] T. Ichihara, K. Matsunaga, M. Kita, I. Hirabayashi, M. Isono, M. Hirose,K. Yoshii, K. Kurihara, O. Saito, S. Saito, M. Murakami, H. Tak-abayashi, M. Natsumeda, and N. Koshizuka, “Application
of superconducting magnetic bearings to a 10 kWh-class flywheel energy storage system,”IEEE Transactions on Applied Superconductivity, vol. 15, no.2 PART Il, pp. 2245-2248, 2005.
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Conclusions

« Operating processes for passive magnetic
bearing types are provided.

A hierarchy of passive magnetic bearing -
topologies is created with examples for ; i 1
analysis, optimization, and where g Supsrcondaciing
applicable recommendations for each type. T t

7 ¥ v ¥

* Hybrid SMB and PMB solutions are

desirable in that they can achieve both o

stable levitation and low losses, at the
expensive of a more complicated system.

Ring Planar
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