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Abstract—This article presents a 2D axisymmetric finite element
model allowing to evaluate the axial force developed by a
permanent magnet thrust bearings, including demagnetization
and temperature effects. For this purpose, a linearized B-H curve
is included in the model, with coefficients depending on the
temperature. The axial force evaluation, as a function of the
operating temperature is validated experimentally on a test
bench. Finally, based on this model, the performance of thrust
bearings using either SmCo or NdFeB are compared.

. INTRODUCTION

Nowadays, permanent magnets (PM) are increasingly used
in applications e.g. maglev, motors, eddy current brakes and
magnetic bearings [1]. Thanks to the recent development of
rare-earth magnet [2], the PM properties are improved with a
greater:

e maximum energy product,
e ability to withstand demagnetization,
e temperature stability.

Two main categories of rare-earth PM are commonly
available on the market: the samarium cobalt SmCo and the
neodymium iron bore NdFeB. The former present lower
variations of their remanence and coercivity with an increase
of temperature and the latter reach higher values of maximum
energy product and higher coercitive fields.

Despite progress/improvements made on the rare earth
permanent magnet properties, PM materials are still subject to
a risk of demagnetization. This risk is notably due to (i)
external applied magnetic field and (ii) to PM properties
including coercivity and temperature dependence. This means
that the risk of demagnetization is strongly dependent on the
PM material but also on the equivalent magnetic circuit. From
permanent magnet manufacturers, few information is given
regarding the PM properties apart from a maximal operating
temperature. This maximal temperature is given as an advice
for basic design, but this information is not sufficient. For
instance, in [3] and [4], authors work on modeling PM machine
and take into account the demagnetization and the temperature
effect. They show that these effects can impact results and in
some cases need to be considered for a good prediction of PM
devices.

To the author’s knowledge, there is no publication about
the demagnetization or temperature effect on PM bearings. PM
bearings are made of PM magnets opposing or attracting to
each other. Efficient PM bearings, in terms of PM volume, are
made of axial or radial stacks of pairs of PM rings axially or
radially polarized [5]. One stack is linked to the stator and the
other stack to the rotor. Their aim is to either generate
axial/radial force to compensate static effort, and/or develop
axial/radial stiffness. In the literature [6—7], authors use some
models to evaluate force and stiffness but do not take into
consideration  demagnetization or temperature effect.
Therefore, these effects are not considered for the sizing, the
optimization or the comparison of PM bearings and no study
is done on the impact of the PM properties.

This paper describes the finite element model (FEM) used
to evaluate the axial force generated by PM thrust bearings
(PMTB). The demagnetization and the temperature effect are
included in this model. The results of the FEM are validated
experimentally. Based on this FEM, the performances of
PMTB made of SmCo and NdFeB are compared.

In Section 2, the demagnetization model is presented and
the temperature effect is added. The FEM is introduced in
Section 3 and illustrated on a study case. It is validated through
experiments in section 4. Finally in section 5, the results are
discussed and a comparison of the samarium cobalt and the
neodymium iron bore PM is made.

Il.  DEMAGNETIZATION MODELLING

This section describes the demagnetization curve used in
the finite element model. It is divided into two subsections.
First, the reversible and irreversible demagnetization curves
are given. Secondly, the temperature effect is described.

A. Reversible and irreversible demagnetization

PM materials are usually characterized by their
polarization curve J-H or their magnetic flux density curve B-

H, linking respectively the evolution of the polarization J and



the magnetic flux density B to the magnetic field H.In [31,
authors model the polarization J in PM as solely due to the
magnetic field parallel to the polarization. In [8], they prove
that the perpendicular field need, in some cases, to be
considered. However most of authors [9], [10] neglect the
influence of the perpendicular field, leading to:

By = pou,Hy + J(H,)
B, = poprHy

with u, the vacuum permeability and u, the relative
permeability of the PM.
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Figure 1. B-H and J-H curve of PM material. B, the remanence, H,;: the

coercivity of the polarization J, H, the knee point of the demagnetization and
H_ g the coerivity of the magnetic flux density. Continuous line: piecewise
linear approximated curve, broken line: actual curve.

Figure 1 shows the evolution of the J-H and B-H curves.
They are characterized by some specific points, i.e. the
remanence B,, the coercivity of the polarization H.; and the
coercivity of the magnetic flux density H.g. In addition, they
can be divided in two domains from either side of the knee
point H,:

— adomain of reversible demagnetization, in which the

magnetic flux density decreases slowly;

— a domain of irreversible demagnetization, in which

the magnetic flux density decrease drastically.

Different approximations of the J-H curve can be found in
the literature [9], [10]. In this paper, a piecewise linear curve
is used. The linear interpolation of the polarization J is done
by:

B, for |Hy| = H,
(Hc] - |17|||) for Hy < |ﬁ||| < 2H; — Hy 2
-B, for |Hy| < 2H. — Hy

By
HC]-fik

Il =

No hysteresis model is implemented. Consequently, the recoil
curve cannot be estimated.

B. Temperature effect

The remanence B, and coercivity H.;_p of PM decrease
with an increasing temperature as shown in Fig. 2. In [11],
authors show that both quantities are dependent on temperature
and can be represented using a second order polynomial
equation. From PM manufacturer [12], only the linear
coefficient is given and expressed in [%/K]:

- the temperature coefficient of the remanence ap_;

the temperature coefficient of the coercivity ay,
identical for both the coercivity of the polarization
and the coercivity of the magnetic flux density.
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Figure 2. BH and BJ curve of PM material subect to different temperatures:
Ty <Ty <T, <Ts

Finally the evolution with the temperature of the
remanence and coercivity can be expressed respectively by:

(T-20°C)
B, = By 500c (1 —ap, 1—00)

(T-20°C)
Hy = Hy z0°¢ (1 —ay T) 3)

(T—20°C)
Hc] = Hc],zo°c (1 —ay T)

I1l.  FINITE ELEMENT MODEL

In order to evaluate the impact of the demagnetization and
the temperature on the performance of a PM bearing,
constitutive equations (1), (2) and (3) are implemented into a
FE software. In addition, the model also considers:

— anisotropic relative permeability for all the materials,
— alinear ferromagnetic material.
To reduce the computation time, the model benefits from the
axial and plane symmetries of the system.

Practically, the FE model is implemented in COMSOL, the
magnetic field is solved by the scalar magnetic potential and
the axial force is evaluated by integration of the Maxwell stress
tensor.

TABLE |. DIMENSIONS AND PROPERTIES OF THE PM RINGS (N38H GRADE)

Parameter Value
D Outer PM diameter 50 mm
d Inner PM diameter 30 mm
h PM height 5mm
B, Remanence 1.24T
Hrpyg PM relative permeability 1.0588
H, Coercivity: knee point 1380 kA/m
Hg; Polarization coercivity 1420 kA/m
Temperature coefficient of o
s, remanence 0.115 %/K
Temperature coefficient of o
oLl coercivity 0.58 %/K
Maximal working o
Tmax temperature 120°C




To illustrate the model, an application case is presented
with two opposed PM rings with axial polarization mounted
with a soft magnetic materials on the back. The dimensions of
the iron core are given in Fig. 3.a and the dimensions and
properties of the PM rings are in Table I. Figure 3.b shows the
FE model with its symmetries, the contour used to perform the
Maxwell stress integration, and the mesh for an airgap of
2.6 mm. The relative permeability of iron is supposed to be
isotropic and equal to 5000.
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Figure 3. (&) Dimensions of iron core and PM rings and (b) FE model and
mesh for an airgap of g = 2.6 mm.

Maxwell line integral

The axial force F, is evaluated for different values of
temperature and airgap thickness:

Fz,ij :f(Ti'gj) (4)

with T; the temperature ranging from 20°C to 140°C in steps
of 5°C and g; the airgap form 0.2 mm to 3.8 mm in steps of
0.1 mm. The results are given in Fig. 4 for four particular
airgap values.

300
250
200

150

Axial force F, [N]

100

50

20 40 60 80 100 120 140
Temperature 7 [°C]

Figure 4. Evolution of the axial force with the temperature from 20°C to 140
°C by step of 5°C for different air gap g

Based on these values of the axial force F,;;, a linear
interpolation is made to deduce from a temperature T' and an
axial force F; the corresponding airgap g":

g =fTE (5)

This function is used in section VI to compare the FEM with
the experimental results.

IV. EXPERIMENTAL TEST BENCH

To validate the FE model, a test bench shown on Fig. 5 has
been realized. The detailed cross-section view of the system is
shown in Fig. 6. The test bench allows to observe the evolution
of the distance between two identical PM rings with axial but
opposite polarization with regards to the axial force F, and the

temperature T. Each ring is mounted with a soft magnetic
materials on the back. One ring is fixed on the static part and
the other on a shaft radially guided by air bearings. The airgap
thickness is measured by a non-contact capacitive
displacement sensor. The axial force remains constant for each
test by applying different masses. The complete test bench is
placed in a temperature controlled oven.

Figure 5. On the left side, the test bench and on the right side the PM rings.

The dimensions and properties of the PM rings are given in
Table I. The properties correspond to a N38H grade material
(NdFeB). A centering diameter @50 of 1mm deep is machined
on the rotor and stator iron core.
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e Temperature sensor

Figure 6. Schematic drawing of the bench test used to evaluate the axial
distance z between the 2 PM rings. The axial force F, is constant and is
imposed by different masses. The bench test is placed in a oven and the
temperatures vary form 20°C to 130 °C.

The accuracy strongly depends on the precision of the
measured PM temperature. Two problems have to be solved.
First, due to temperature gradient and pressurized air injected
by the air bearing, the temperature is not uniform and therefore
is not the same for the two PM rings. Secondly, this
temperature cannot be directly taken on the PM rings.
Different temperature sensors (thermocouple) are placed close
to the rotor and stator PM rings on the iron core as shown in
Fig. 6. The oven temperature is slowly increased to maintain
the maximum temperature difference between both sensors
around 5°C. For the example, the measured temperature during
one cycle is given in Fig. 7.a and the difference between the
two sensors is given in Fig. 7.b. Moreover the air flow in the
air bearing is very low and has a little impact on the PM



temperature. The PM temperature is supposed to be equal to
the temperature of the rotor sensor.
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Figure 7. (a): Measured temperature inside the oven, on the rotor and stator

iron core. (b): Difference between the rotor and stator measured temperature.

V. VALIDATION AND DISCUSSION

In this section, the results from the FE model are compared
with the experimental results. Then some discussions about the
demagnetization aspect are given and a comparison between
thrust bearings made of different PM material is provided.

A. Validation

Figure 8 compares the FE results taking into account the
demagnetization effects as described by (2) and the
experimental results at room temperature (20°C). It shows the
evolution of the axial force with the airgap. As expected, the
axial force decreases when the airgap thickness increases.

Results show a very good agreement between FE results and
experiments.
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Figure 8. Evolution of the axial force in fuction of the airgap at room
temperature of 20°C. Solid line: FE results. Points: experimental results.

In Fig. 9, The FE results (5) are compared with
experimental results. The evolution of the airgap thickness
with the temperature is shown, for an imposed constant axial
force on the PM rings. Each curve in Fig. 9, illustrating the
behavior for different imposed axial loads, has been measured
with a new unaltered couple of identical PM rings. A good
agreement is found except at the knee point where experiments
show smaller airgaps than the FE results. This difference is a

priori due to the model of the demagnetization curve (2). The
latter is done by piecewise linear interpolation as explained in
section 2. This interpolation overestimates the value of the
remanence in the knee point region leading in an overestimated
axial force in the model, which means a higher airgap.
Nevertheless, the FE results are good enough to predict the
demagnetization behavior.
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Figure 9. FE (solid line) and experimental (points) results of the evolution of

the airgap thickness g with an inceasing temperature T for different constant
axial forces F,.

Finally, an experiment is performed to show the recovery
curve after different temperature cycles while keeping the
same couple of PM rings. The results are presented in Fig. 10
and show the evolution of the airgap thickness g with the
temperature T for a constant axial force of F, = 123N. A first
cycle is done in the reversible region where the maximal
temperature is T =90°C. A second cycle reaches a
temperature of T = 120°C and the recovery curve is slightly
lower than the initial curve. Cycles 3 and 4 reach respectively
a temperature of 132°C and 136°C.
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Figure 10. Evolution of the airgap thickness with the temperature for a
constant axial force F, = 123 N. The temperature is increased and decreased
in 4 different cycles. The cycle 1 stays in the reversible demagnetization region
(T < 90°C). Cycles 2, 3 and 4 are subject to irreversible demagnetization. In
dashed line, FE results of Fig. 9.

B. Discussion and comparison

Based on the FE model, two PM materials are compared:
the samarium cobalt SmCo and the neodymium iron bore
NdFeB. In table 11, the properties of two particular PM material
used for this comparison are given: YXG32 (SmCo) and N38H
(NdFeB). The dimensions of PM rings and the conditions of



simulation are exactly the same than in previous sections (see
Fig. 3).

TABLE Il.  PROPERTIES OF TWO PM MATERIAL: THE SAMARIUM COBALT
AND THE NEODYMIUM IRON BORE
Parameters Smco NdFeB
YXG32 N38H
B. Remanence 1.11T 1.24T
Porpag PM relative permeability 1.0553 1.0588
H, Coercivity: knee point 910 kA/m 1380 kA/m
Hg; Polarization coercivity 1700 kA/m 1420 kA/m
Hy H,, 54 % 97 %
Temperature coefficient of 0 o
ag, remanence 0.035 %/K 0.115 %/K
Temperature coefficient of o o
ay coercivity 0.2 %/K 0.58 %/K
Maximal working o o
Tmax temperature 300°C 120°C

In Fig. 11, the FE results for both materials show the
evolution of the axial force with the temperature for four
different values of constant airgap, as shown by (4). The solid
lines curves represent the predicted axial force when
considering irreversible demagnetization and in dashed line,
when considering the demagnetization curves without the
irreversible effects. The temperature T;..., represents the
temperature where the two curves diverge, and its value is
indicated on the figure for each airgap. At this point, the
maximal value of the magnetic field of some local regions
inside the PM and parallel to the polarization reaches the value
of the knee point coercivity: max|H,| = Hy. If the temperature
is higher than Ty..,, the PM material is subjected to
irreversible demagnetization. The values of Tj,...,, illustrated in
Fig. 11 are also summarized for different airgap thicknesses
and for the both PM materials in Table Ill. The temperature
corresponding to a null axial force is 500°C for SmCo and
180°C for NdFeB and is the same for all airgap thickness.
Some analyses are done on this figure.
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Figure 11. Evolution of the axial force with the temperature for 4 different
airgap thicknesses g = [0.2 ;1.0 ;1.8 ; 2.6] mm. On the left side, the YXG32
samarium cobalt and on the right side the N38H neodymium iron bore. The
maximal recommended working temperature is 300°C for SmCo and 120°C
for NdFeB. In dashed line: curve without considering irrversible
demagnetization.

First, the parameters that influence the temperature Tjep,
are studied. This temperature Tj..., Where the PM material
become irreversibly demagnetized, depends on:

(i) an external applied magnetic field H,.

(if) the PM properties.

The increase of the external magnetic field H, happens when
the airgap thickness decreases. In Table IlI, we observed that
for SmCo, the temperature T;,..., IS more variable with the
airgap thickness than for NdFeB. The reason is that SmCo have
poor resistance to demagnetization in comparison to the
NdFeB:

HEmEe = 910 kA/m,

—  HY4FeE = 1380 kA/m
with Hy ¢ the coercivity knee point at 20°C. This means that
even at low temperature, SmCo have a risk of demagnetization
if the magnetic field H; is significant. In contrast, NdFeB
resists to irreversible demagnetization but not to temperature
effect. Thus, the range of temperature for Tj,..,, iS sSmall.

Secondly, the temperature Tj..., iS compared with the
maximum working temperature T, suggests by the PM
manufacturer. As observed in Fig. 11, the temperature from
manufacturers T, (vertical red line) does not correspond to
the temperature T;,,., (points indicated with the arrows). The
temperature Ty, IS €ven more restrictive for the application
cases presented here than the maximal temperature T4, -
Consequently, a model where both reversible and irreversible
effects, is needed to safely design PM bearings for applications
with high or variable operating temperature.

TABLE Ill. MAXIMAL TEMPERATURE  Tjn..;, BEFORE  IRREVERSIBLE
DEMAGNETIZATION FOR DIFFERENT AIRGAP THICKNESS AND FOR NEODYMIUM
IRON BORON AND SAMARIUM COBALT MAGNET

Temperature before irreversible
demagnetization T',,e,

SmCo (YXG32)  NdFeB (N38H)

Airgap thickness g

0.2 mm 80°C 85°C
1.0 mm 100 °C 90 °C
1.8 mm 120°C 95°C
2.6 mm 140 °C 100 °C

Thirdly, the comparison between the SmCo and NdFeB

materials is done in the two regions: in the reversible regions
(T < Tyrer) and in the irreversible region (T > Tiprey)-
For the reversible region, the temperature has less impact on
the SmCo material than on the NdFeB. Indeed, the axial force
depends on the square of the polarization [7], with J, = B,
leading to:

T-20°C \2

100 )
T-20°C
100 )

Fyr = Fyo0¢ (1 — p,

= I'z20°C (1 - 20(3,

(6)

The temperature coefficient of remanence ap_for the SmCo is
approximatively 3 times smaller than the coefficient of the
NdFeB. Consequently, the influence of the temperature on the
force is approximatively 3 times smaller for SmCo than for
NdFeB.



For the irreversible region, we observe that SmCo decreases
slowly with the temperature in comparison to the NdFeB.
Actually, the range of temperature during the irreversible
demagnetization is from 80 — 140°C to 500°C for SmCo and
from 85 — 100°C to 180°C for NdFeB. This is explained by the
ratio H, /H.; and the temperature coefficient of coercivity ay.
As shown in Table Il, NdFeB have higher value of H,/H,,
than SmCo. This means that the irreversible demagnetization
is abrupt inside the NdFeB. Moreover, they have bad resistance
to irreversible demagnetization with the temperature. The
coefficient ay, is approximatively 3 times greater for NdFeB
than for SmCo. Consequently, the risk of abrupt irreversible
demagnetization is important for the NdFeB magnet and some
care has to be taken when this kind of PM are used inside
applications presenting peak of temperatures. In opposite, even
if SmCo are subject to irreversible effect leading in a
diminution of the performance, the risk of abrupt
demagnetization is lower.

Finally, to illustrate the demagnetization process, Fig. 12
shows the local polarization |J | obtained from the FEM for
both material with a constant airgap thickness of g = 1mm,
while increasing the ambient temperature. In the regions
subjected to reversible demagnetization, represented by light
grey color, the polarization is uniform and the axial force
temperature dependence respects (6). The PM are also subject
to local irreversible demagnetization, which is represented in
graduated color. For this kind of PM thrust bearing, with only
one couple of PM rings facing each other and presenting a back
iron yoke, the irreversible demagnetization happens starting
from the center of the PM, on the airgap side. The effect of the
back iron yoke is also visible on the external side of the PM,
next to the 1 mm deep centering diameter. This corner is the
last one to be subject to irreversible demagnetization.
Similarly, to previous observations, it can be observed that, for
SmCo PM thrust bearing, the temperature range is much larger
than for NdFeB PM thrust bearing.
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Figure 12. Amplitude of the local polarization |f| with reversible and
irreversible demagnetization zone for different temperature T and a constant
airgap tickness g = 1 mm. On the left side for SmCo (YXG32) and on the
right side NdFeB (N338H) material.

VI. CONCLUSION

From permanent magnet machine literature, a finite
element model is adapted to permanent magnet thrust bearings.
This model takes into account the reversible and irreversible
demagnetization effect together with temperature effect. The
model is experimentally validated thanks to a test bench

allowing a measure of the airgap thickness evolution with the
temperature for different axial forces. Based on this model,
simple permanent magnet thrust bearings made of samarium
cobalt or neodymium iron boron magnet are compared. The
comparison confirms the classical distinction between both
materials:

— SmCo are more stable with temperature,

— NdFeB have greater energy density and withstand

better demagnetization.
However, this paper shows that in applications where
temperature or demagnetization effect is critical, sizing PM
bearings need a more complete model, such as the one
presented in this article.

A last comment can be done. The values presented here are
only valid for these application cases. Indeed, these results are
strongly dependent of the airgap thickness, PM dimensions,
PM properties and so on. Then with another set of parameters,
the results could be very different. However, the observations
made on the comparison between PM materials remain valid
in a more general way and the conclusion on the need of
prediction of the demagnetization ant temperature effect stay
correct.
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