This article has been accepted for inclusion in afuture issue of thisjournal. Content isfinal as presented, with the exception of pagination.

INVITED
PAPER

Practical Issues in the Use of
NdFeB Permanent Magnets

in Maglev, Motors, Bearings,
and Eddy Current Brakes

Design guidelines for these magnets in large-scale transit, braking and magnetic

bearing applications are discussed, including mechanical and thermal issues.

By Marc T. THOMPSON, Member IEEE

ABSTRACT | In this paper, practical design issues related to the
use of high-strength neodymium-iron-boron magnets are de-
scribed. These magnets have increasing utility in transporta-
tion systems (maglev, linear and rotary motors), bearings, and
in eddy-current brakes. However, careful design must be done
to utilize the full capabilities of these magnets.
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permanent magnet.

x Magnetic reluctance. A-turns/Weber
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I Length of permanent m
magnet.

I Magnetic path length in m
steel.

N Number of blocks per —
wavelength in Halbach
array.

Niam Number of laminations. —

v Linear velocity. m/s

Vpk Velocity at which force m/s

peaks in an eddy current
brake.

I.INTRODUCTION

The year 2008 marked the twenty-fifth anniversary of the
introduction of sintered neodymium-iron-boron (NdFeB)
magnets. In 1983, this new generation of rare-earth
magnet was introduced and patented independently by
Sumitomo Special Metals and General Motors (later
Magnequench). Sumitomo and Magnequench later cross-
licensed their patents. In subsequent years, the NdFeB
divisions of GE and Sumitomo were bought and sold sev-
eral times; the current incarnations are Neomax (a 2003
merger of Hitachi and Sumitomo Specialty Metals) and the
Magnequench division of AMR Technologies, which be-
came Neo Material Technologies in 2005.

In the past 20 years or so, significant improvements
have been made in the magnetic strength and thermal
stability of these permanent magnet materials [1]-[6],
opening up new applications in large-scale systems such as
motors, bearings, maglev, and eddy-current brakes, as well
as other transportation applications such as hybrid vehi-
cles. A key figure of merit is the maximum energy product,
given in megagauss-oersteds (MGOe), but equally impor-
tant are the issue of thermal stability and the resistance of
the permanent magnets to demagnetization. Currently,
NdFeB with maximum energy product of greater than
50 MGOe is commercially available [7]. NdFeB is replac-
ing samarium cobalt (SmCo) and alnico in many applica-
tions, but for very high-temperature applications, SmCo is
still a competitor to NdFeB. This paper focuses on the use
of high-strength NdFeB magnets in large-scale applica-
tions where temperatures are modest and describes some
of the design challenges unique to NdFeB design,
including specifically mechanical and thermal design
issues.

IT. ANALYTICAL APPROXIMATE
MODELING OF NdFeB SYSTEMS

A. Use of Ampere’s and Gauss’ Laws and Load Line

An NdFeB magnet has the characteristic B/H curve
shown in Fig. 1(a), where By, is the flux density inside the
magnet and H,, is the magnetic field inside the magnet.
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Fig. 1. Construction of a load line in a circuit containing a NdFeB
magnet and steel. (a) Characteristic demagnetization B/H curve of
the magnet. (b) A magnetic circuit containing a permanent magnet,
high-permeability steel, and an airgap. (c) Load line showing
operating point of the permanent magnet.

Material parameters (which are further discussed in
following sections) are the coercive force (H,, with units
of A/m) and remnant flux density (B,, with units of T). The
permanent magnet constrains the operating point (B, Hy)
of the magnet to be somewhere on the line shown. By
constructing a load line by analyzing the external circuit
surrounding the magnet, we can predict the operating
point of the magnet at the intersection of the magnet B/H
curve with the load line.

We will consider the magnetic circuit of Fig. 1(b).
The permanent magnet has length I, and cross-sectional
area A,, and is wrapped with high-permeability steel. The
steel has magnetic path length [, and an airgap of length
g is also shown. Using Ampere’s law around the dashed
path (and noting that our approximation of infinite per-
meability assures that magnetic field H = 0 in the steel),
we note

Hyln + Heg =0 1)

where Hg is the magnetic field in the airgap. Next we use
Gauss’ magnetic law, which says that flux is continuous
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around a loop, to get

BuAy = BA, 2)

where A, is the cross-sectional area of the airgap. Noting
that the airgap flux density By = u,Hg, we next solve for
B, as a function of H,, resulting in the load line

equation
[
By = — o (—g>Hm
&An

We plot the load line on the magnet B/H curve resulting
in Fig. 1(c). We see the intuitive result that the
operating point of the magnet is at a higher B, if the

(3

magnet is longer or if the airgap is smaller. Conversely,
if the airgap grows, the magnetic flux density produced
by the magnet is lower and the airgap flux density is
lower.

The magnetic flux density predicted by the load-line
method, and following methods, is approximate and
should be used with care.

B. Magnetic Circuits

Rough order-of-magnitude modeling of the amplitude
of the magnetic field produced by a high-strength mag-
net can be done by using magnetic circuit modeling in
cases where airgaps are relatively small. Using magnetic
circuit modeling, magnetomotive force (MMF) is anal-
ogous to voltage, flux (®) is analogous to current, and
the proportionality constant relating MMF and flux is
magnetic “reluctance.” The magnetic circuit model of a
permanent magnet [Fig. 2(a)] of length I, and cross-
sectional area A, is shown in Fig. 2(b). The MMF
source is H.l,, where H, is the coercive force of the
magnet. The magnetic reluctance inside the magnet is
given by

Ry = (4)

where (1, & L, is the recoil magnetic permeability of the
permanent magnet material.

A closed magnetic circuit is shown in Fig. 2(c), where
we see a permanent magnet, steel (with six labeled legs),
and an airgap. Using magnetic circuit analysis, we replace
each leg and airgap with reluctances of value

Path length

(11)(Cross-sectional area).

R = ®)
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Am R tm
m_/umAm
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Fig. 2. Magnetic circuit modeling of a permanent magnet.

(a) Geometry of a permanent magnet. (b) Magnetic circuit model of
a permanent magnet. (c) Closed magnetic circuit with steel and an
airgap. (d) The magnetic circuit model.

Next, we approximate the magnet flux density (®,,) and
airgap flux B, as

Hl,
Ry A AR+ R + Ry + Ry + Rs + R

Py

Bg

~~ .

P

¥ (©)
g

where A, is the cross-sectional area of the airgap. Note that
this is an approximate method, which ignores leakage flux
and three-dimensional (3-D) end effects, but is useful for
generating rough estimates of flux density. The reluctances
of leakage paths can be approximated by adding other
reluctances to the circuit model [8], [9] to model flux
leakage through the air.

C. Method of Images

We can use the method of images to simplify the anal-
ysis of structures containing permanent magnets where
there are magnet—steel interfaces. Referring to the struc-
ture of Fig. 3(a), we see a permanent magnet of length [,
attached to a piece of steel with high magnetic perme-
ability. The boundary condition at the plane defining
the magnet—steel interface is that the magnetic field is
perpendicular to the steel, assuming that the magnetic
permeability of the steel is much higher than that of free
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Fig. 3. Method of images. (a) Permanent magnet on top of
a piece of steel. (b) Equivalent circuit using method of images for
prediction of magnetic field above the steel surface.

space, and that the steel does not saturate. Above the steel,
the field lines can be calculated using an equivalent circuit,
with permanent magnet of length 21, [Fig. 3(b)].

D. Halbach Array

The 2-D linear Halbach array [Fig. 4(a)] is a magnetic
structure where the magnetization vector rotates, produc-
ing one side of the array with a strong field and a second
side that has a weak magnetic field. This array was first
described by Mallinson in 1973 [10], [42] as a one-sided
flux “magnetic curiosity” and soon after discovered in-
dependently by Halbach [11], [12] for use in particle
accelerators at Lawrence Livermore National Laboratory.
Halbach arrays have been proposed for use in linear mo-
tors [13], [14], rotary motors [15], maglev levitation [16],
[17], eddy-current brakes [18], and high field magnets [19].
Variations are also used in other products, such as flexible
refrigerator magnets.

An ideal Halbach array has a magnetic vector that ro-
tates continuously along the length of the array. This ideal
array has a magnetic flux density on the strong side, which

A

Weak side

" 1 1N T

-

t~
%

D Strong side
(@)

(®)

Fig. 4. Linear Halbach array. (a) Magnet structure of N — 8 Halbach
array with wavelength )\ and block thickness D. (b) 2-D FEA model
showing flux lines of N = 8 Halbach array with wavelength

block width = 25 mm, block width = 25 mm, and block thickness

D =125 mm.
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varies sinusoidally with distance, and zero field on the
weak side. However, Halbach arrays are generally built
with discrete magnets, with the ideal magnetization pat-
tern being approximated in a piecewise fashion. For an
intuitive explanation of how the Halbach array produces
these strong-side and weak-side fields by constructive and
destructive interference of the fields from the individual
blocks, see [20].

A design parameter of the Halbach array is the number
N, which is the number of blocks per wavelength in the
array. Another design parameter is the block thickness D.
In Fig. 4(a), we see an N = 8 Halbach array where the
magnet vector rotates 45° per block. The blocks in the
array need not necessarily be square; in Fig. 4(b), we see a
finite-element analysis (FEA) model [21] of an N =8
Halbach array made with magnets with rectangular cross-
section. These structures lend themselves to closed-form
2-D solutions, but 3-D end-effects do significantly alter the
amplitude of the fields near the ends of the array and
outside the airgaps. Also, near the ends of the array, the
weak-side field is higher than the 2-D analysis predicts,
also due to 3-D effects [22].

The strong side (first harmonic) peak magnetic flux
density B of a single-sided Cartesian Halbach array is
given by

2

B =B,F\Fye *

F, = sinﬂ(%)
®
F2 =1- e_ZWTD (7)

where y is the distance from the strong side surface, X is
the magnetic wavelength, and D is the block thickness.
The first harmonic of the weak-side field is eliminated,
and the dominant weak-side harmonic is the third for the
N = 4 array (Fig. 5). For the N = 8 array, the dominant
harmonic on the weak side is the seventh. Note that the
weak-side fields decay rapidly away from the magnet sur-
face. Similar expressions can be derived for the cylindri-
cal 2-D Halbach array.

III. PRACTICAL DESIGN ISSUES WITH
NdFeB PERMANENT MAGNETS

A. Demagnetization B/H Curve of NdFeB at
Room Temperature

The B/H curve of one particular grade 40 NdFeB at
room temperature (Table 1) is shown in Fig. 6, where we
see the parameters derived from manufacturer’s data.!

'See http://www.grouparnold.com/products/neodymium/pdf/
NdFeB.pdf.
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Fig. 5. Linear Halbach array. (a) One wavelength of an N = 4
Halbach array, with square grade 40 permanent magnet blocks
with \ = 200 mm and D = 50 mm. (b) Fields at a distance 20 mm
from the strong side and weak sides. Note that the strong-side field
has low harmonic content and the weak-side field is dominated by
the third harmonic.

Note that the relative permeability p, = 1.11 is the
permeability in the direction of magnetization; the relative
permeability is a little lower (u, ~ 1) in directions
orthogonal to the magnetization direction.

NdFeB magnets exhibit a nearly linear B/H demagne-
tization curve in the second quadrant when operated at a
modest temperature. When a permanent magnet is used in
a magnetic circuit, it provides magnetic flux in an airgap,
which can provide forces. The operating point of the
magnet occurs at the intersection of the demagnetization
curve with the load line, and the slope of the load line
depends on details of the magnetic circuit surrounding
the magnet, as shown before. Operation of the magnet at
the “maximum energy product” (BH), .. point results in
maximum ratio of airgap flux to magnet volume [23]. In
many applications, it is desirable to operate at (BH),. .,
but in some applications it is necessary to operate off this
optimum point.

Table 1 Parameters for Grade 40 NdFeB

B, Remnant flux density = 1.27 T
H, Coercive force = 905 kA/m
B Relative permeability = 1.11

B, Tesla
A
Loadlin<37_1'27
(BH)max

X -\-—0.635
I
H, |
Hm' kA/m- [ I

-905 -452.5

Fig. 6. B/H curve of grade N40 NdFeB; information from

Arnold Magnetic Technologies." Superimposed on the magnet
Bm-Hn curve is a typical load line, which depends on the detail
of the external circuit surrounding the permanent magnet.

The operating point of the magnet is the intersection of the
magnet demagnetization curve with the load line, shown here at
B, =08TandH, =334 kA/m.

B. Effects of Elevated Temperature

In high-temperature applications where maximum
magnetic strength is required, SmCo is the magnet of
choice. In lower temperature applications where high
magnetic strength is necessary, NdFeB is a common choice.
However, special care must be taken to ensure that
irreversible demagnetization of the permanent magnet
does not occur during assembly or during temperature
cycling.

The “Curie temperature” is the temperature at which
the magnetization is totally destroyed. A typical Curie
temperature for NdFeB is 300 °C, but for practical design
the magnet must be operated at temperatures significantly
lower than this. This limitation is due to temperature
coefficients of remnant flux density and intrinsic coercive
force, and the possibility of irreversible demagnetization if
the temperature is too high or if the demagnetizing field is
too high.

The remnant flux density B, and intrinsic coercive force
H,; of the magnets decrease with temperature. For higher
energy product NdFeB magnets, the temperature effects
are more pronounced [24]-[26]. The remnant magnetic
flux density of the magnet decreases with increasing tem-
perature as

B.(T) = By[l + (T — T,)] (8)

where By, is the remnant magnetic flux density at tem-
perature T, and « is the temperature coefficient of the
remnant flux density and is approximately —0.0012/°C for
grade 40 NdFeB. The intrinsic coercive force of the mag-
net also decreases with increasing temperature, as

Hci(T) = Hcio [1 + ﬁ(T - To)] (9)
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Table 2 NdFeB Magnet Grade Suffixes

Suffix Maximum recommended operating
temperature

None 80°C

M 100 °C

H 120 °C

SH 150 °C

UH 180 °C

EH 200°C

where H,, is the intrinsic magnetic coercivity at temper-
ature T, and [ is the temperature coefficient of the
remnant flux density and is on order of —0.0065/°C. If the
temperature increase is modest, the demagnetization is
reversed once the temperature reduces. However, if the
operating temperature of the magnet increases above a
critical temperature, the demagnetization is irreversible
and some loss of magnetic strength results. The critical
temperature depends on the temperature coefficients of
the magnet and details of the magnetic load line, as
shown next.

NdFeB magnet grades are denoted with a de facto
standard use of suffixes: the suffixes refer to the maximum
operating temperature as recommended by the manufac-
turer (Table 2). These specifications must be used with
extreme care; a recommended operating temperature does
not guarantee that the material magnetization will survive
at that temperature. Whether or not the magnet
demagnetizes depends on the details of the surrounding
magnetic circuit and the load line under which the magnet
operates.

The demagnetization curves of two different types of
grade 40 NdFeB materials with typical numbers for
temperature coefficients o and 3 are shown in Fig. 7.
Referring to Fig. 7(a), we see NdFeB material with a
recommended maximum operating temperature of 80 °C.
In order to avoid reversible demagnetization at tempe-
ratures higher than 60 °C or so, one must avoid operating
the magnet past the “knee” with demagnetizing field
H,, < H,;. This knee is much more pronounced at higher
temperatures. Operation of the magnet at an operating
point beyond the knee of the demagnetization curve
results in irreversible reversal of the magnetization within
the material and resultant degradation in the performance
in the machine in which the magnet is used.

The demagnetization curves at different tempera-
tures for a more temperature-stable grade 40 NdFeB
UH are shown in Fig. 7(b), with a maximum recom-
mended operating temperature of 180 °C. Operation of
this magnet at a temperature less than ~150 °C results
in reversible decrease in B, and H. but no irreversible
demagnetization.

A comparison of specifications of these two different
subtypes of 40 MGOe is shown in Table 3. This shows
that the system designer must be aware of temperature
effects in different subgrades of NdFeB magnets.
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Grade 40 NdFeB, temp = 30C-180C, mu-rel=1.1167, alpha =-0.0012, beta = -0.0065
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Grade 40 NdFeB UH, temp = 30C-180C, mu-rel=1.0926, alpha = -0.0011, beta =-0.0051
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Fig. 7. B/H curves of two subgrades of 40 MGOe NdFeB at room
temperature, and up to 150 °C. (a) Assumed parameters for grade N40
are B, =127 T,H, = 905 kA/m, H.; = 955 kA/m, o« = —0.0012, and

3 = —0.0065. Note the pronounced “knee” in the B/H curve at
temperatures above ~90°C. (b) Assumed parameters for grade N40
UH areB, =127 T,H. = 925 kA/m, H; = 1990 kA/m, o« = —0.0011,
and 3 = —0.0051.

Table 3 Comparison of Specifications of Grade N40 NdFeB With
Grade N40 UH

Item Grade 40 Grade N40 UH
B, 1.27T 1.27T
H, 905 kA/m 925 kA/m
Hg 955kA/m 1990 kA/m
o -0.0012 -0.0011
-0.0065 -0.0051
Max. working temp. as 80°C 180°C
reported by manufacturer

C. Corrosion Resistance
If NdFeB magnets are uncoated, oxidation at the

surface results in surface oxidation, discoloration, and
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Fig. 8. 2-D FEA model prediction of force between grade 40 NdFeB
magnet cubes. (a) Flux line plot of 2-in magnets in attraction with
1-in airgap between them. (b) 2-in magnets in repulsion.

(c) Magnitude of force [in pounds-force (Ibf)] versus airgap as

the airgap is varied from 0.1 to 2.1 in, showing force greater than
100 Ibf at small airgap.

degradation of the magnetic properties. NdFeB magnets
need to be coated to prevent this corrosion. If magnets are
uncoated, over time this oxidation results in loss of
magnetic strength [27]. Fortunately, methods of coating
are well understood by magnet manufacturers who
typically use anticorrosion coatings such as nickel or
€poxy resin.

D. Mechanical Strength and Magnet Protection

It is recommended that NdFeB not be used as a main
structural member in large machines, as the ultimate
tensile strength (~12 000 psi) is significantly less than
that of structural steel.? Furthermore, chipping, cracking,
and fracture can occur during grinding and assembly, and
even during operation of NdFeB magnets. For mechanical
strength and protection, it is common to use steel pole
faces, steel backiron, nonmagnetic covers, and/or epoxy
potting of NdFeB magnet assemblies.

E. Assembly Forces

When assembling NdFeB magnets, the assembly forces
for large magnets are quite high and may require special
tooling [28], [29]. Shown in Fig. 8 is a 2-D finite-element

2
See Www.magnetsales .com.

model of two 2-in cubic magnets, a typical size used in
eddy-current brakes and large linear motors and maglev
systems. The forces with the magnets in attraction and
repulsion versus airgap are shown in Fig. 8, where we see
that the force at small airgaps approaches 200 1b force,
with the forces for magnets in repulsion and attraction
being comparable in magnitude. Note that 3-D end-effects
are quite pronounced and the actual forces may be
significantly lower.

F. Stray Magnetic Fields

There are significant stray magnetic fields that extend
far away from the surface of high-strength NdFeB magnets.
For fields greater than 50 G or so, damage can occur to
credit cards, and steel tools or other permanent magnets
can be pulled toward the magnet.

Shown in Fig. 9, we see the flux line plot for a
cylindrical grade 40 NdFeB magnet with vertical mag-
netization. The semicircles are at distances of 6, 12, and
24 in from the center the magnet cylinder. At a distance
r =6 in, the maximum flux density is 0.05 T (500 G).
At r =12 in, the maximum field is 60 G; and at
r = 24 in, the maximum flux density has dropped to 7.5 G.
We note that far away from the magnet, the magnetic
tield is approximated as a dipole with a field rolloff with
radial distance of 1/r°.

One stringent limit for stray magnetic fields is the
ICNIRP guidelines [30], which give a recommended
maximum field of 5 G for dc fields for pacemaker wearers
and 40 G for the general public. During shipping, it is
typical for high-strength magnets to be packaged in
shielded shipping boxes, with shielding being provided by
thin sheets of steel surrounding the permanent magnets.
The permanent magnets are separated by nonmagnetic
“keepers.”

Fig. 9. Flux lines from a grade 40 NdFeB cylindrical permanent
magnet by axisymmetric 2-D FEA. Magnet height h = 2 in and
magnet diameter = 2 in. One-half of the solution is shown.

The semicircles are at r = 6,12, and 24 in.
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G. Finite Electrical Conductivity

NdFeB magnets have electrical conductivity of
oNdFeB & 0.7 X 10® Q7 1m™! (about 1% of copperl), and
this conductivity is nonnegligible. In applications where
the permanent magnet is subjected to a time-varying mag-
netic field (e.g., in a motor or a generator), it may be
necessary to laminate the magnet to avoid losses, self-
heating, and possible demagnetization due to induced
eddy currents [31]. It can be shown [32, p. 402] that
laminating a permanent magnet operating in a uniform,
time-varying field with Ny, slices reduces the total
power dissipation in the magnet due to eddy currents by a
factor of Nl/(Nlam)2.

IV. SOME SYSTEMS USING
NdFeB MAGNETS

A. Maglev and Linear Motors

Today’s NdFeB magnets are magnetically strong
enough and thermally stable enough to be used in linear
motors and levitation systems for maglev. Two maglev
systems using NdFeB magnets are under development in
the United States under the Federal Transit Administra-
tion (FTA) “Urban Maglev” program. The systems are the
Magnemotion [33] M3 system (Acton MA), and General
Atomics [34]-[36] system (San Diego, CA). The systems
each use significant quantities of NdFeB magnets in their
levitation and propulsion systems.

The Magnemotion system uses NdFeB permanent
magnets for electromagnetic levitation, with control elec-
tromagnets operating to stabilize the “EMS” magnetic
suspension (Fig. 10). In an EMS suspension, magnets are
attracted to steel, producing levitation. A long-stator linear
synchronous motor provides propulsion, working against
NdFeB magnets on the moving chassis. The permanent
magnets provide the bulk of the lift force, resulting in a
suspension with minimal power consumption.

The General Atomics system uses two Halbach arrays
of NdFeB magnets to levitate over a Litz-wire ladder track,

suspension rail

e

—
propulsion windings

permanent magnets suspension control coils

Fig. 2.1. A vehicle’s magnet pod attracted upwards to a suspension rail.

Fig. 10. The Magnemotion propulsion, levitation and guidance
system as reported in the FTA report on Urban Maglev.
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Fig. 11. View of the General Atomics propulsion and levitation
system as reported in the FTA report on Urban Maglev.

in an electrodynamic, or “EDS” maglev system (Fig. 11). In
EDS suspensions, repulsive or shear forces levitate the
vehicle. A long-stator linear synchronous motor provides
propulsion, working against a third Halbach array.
Features of EDS systems are the finite drag force, which
needs to be overcome by the propulsion system, and the
fact that no active control system is needed to stabilize the
vertical suspension. However, the primary magnetic sus-
pension is underdamped, and damping must be imple-
mented in a practical EDS system.

B. Bearings

NdFeB magnets are used in axial and radial bearings.
One such bearing is shown in Fig. 12, a prototype built for
NASA [37] in a flywheel energy storage project for satel-
lites. Permanent magnets provide levitation and guidance
forces. By Earnshaw’s theorem [38], this suspension is
unstable in at least one degree-of-freedom unless there is
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Fig. 12. Magnetically levitated flywheel motor/generator for
NASA project on satellite energy storage.
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Fig. 13. Eddy current brake (ECB) utilizing NdFeB magnets.

(a) Photograph of assembled ECB showing airgap. (b) Use of an

ECB in an amusement device. (c) 3-D FEA modeling showing braking
force versus speed for an ECB with 3/8-in-thick copper fin.

some mechanical constraint or active closed-loop control,
so there is a gap sensor and control electromagnet coils. A
synchronous motor-generator speeds up the flywheel
during motor mode and generates electricity during times
when power is needed.
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