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Partial Demagnetization of Permanent Magnets in Electrical Machines
Caused by an Inclined Field

Sami Ruoho!? and Antero Arkkio®

I Laboratory of Electromechanics, Helsinki University of Technology, FIN-02015 TKK, Finland
2Neorem Magnets Oy, FIN-28400 Ulvila, Finland

We report a study of partial demagnetization of axially pressed sintered Nd—Fe-B magnets by inclined pulse demagnetization mea-
surements, including a recoil behavior of the Nd-Fe-B material. From these measurements, we develop a simple empirical model for
demagnetization of Nd-Fe-B magnets caused by an inclined field. We calculate demagnetization of a simple surface-magnet machine and
a two-pole high-speed machine by using an exponent function-based model, taking also the inclined demagnetizing field into account.
We show that it is not enough to consider only antiparallel demagnetizing field components in accurate demagnetization calculations.

Index Terms—Demagnetization, finite-element analysis, magnetic field modeling, permanent magnets, synchronous machines.

I. INTRODUCTION

ECENT models for demagnetization of Nd—Fe-B perma-
Rnent magnets in permanent-magnet machines take into
account only one field component: the demagnetizing field
directly against the magnetization direction [1], [2], the an-
tiparallel field. Thus, it is assumed that only the magnetic field
component against the magnetization direction matters. With
this assumption, the demagnetization resistance of Nd—Fe-B
magnet should have a 1/ cos ¢ dependence on the field inclina-
tion, where ¢ is the angle between the magnetization direction
and the applied field (Fig. 1). This assumption also means that
the field perpendicular to magnetization direction should not
cause any demagnetization.

In reality, 1/ cos ¢ dependence is not a proper assumption
when modeling a demagnetization of mass-produced Nd—Fe-B
magnets caused by an inclined field, as will be shown later in this
paper. The reason for this is that the mass-produced Nd—Fe-B
magnets do not have a perfect grain orientation, and thus, they
are more prone to demagnetization. The 1/ cos ¢ dependence
would also mean a perfect demagnetization resistance against
infinite field when ¢ = 90°, which is not reasonable.

Katter [3] has made a good research of angular dependence
of demagnetization stability for the magnets used in some
scientific research equipment. He has also compared different
pressing methods, which do give different orientation degrees
of the grains inside the magnetic material. According to the
publication by Martinek and Kronmiiller [4], the increase of
orientation degree increases the demagnetization resistance
against an inclined field.

This paper first presents measurement results from tests,
in which Nd-Fe-B magnet samples have been demagnetized
by an inclined field. Based on these measurements, a simple
model is presented to take into account the angular dependence
of demagnetization resistance when modeling demagnetization
of permanent magnets in electrical machines. A model is im-
plemented in a finite-element-method (FEM) calculation and
used to calculate the demagnetization of two generic perma-
nent-magnet machines when heavily loaded and overheated.
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Fig. 1. Experimental setup of the pulsed field measurements. The sample was
set in a special jig in a magnetizing fixture. The jig could be adjusted to different
angles . The field H was applied with a magnetizing fixture as a pulse field.
The self demagnetizing field caused by the sample magnetic polarization .J was
not taken into account due to the sample shape with very low demagnetizing
factor.

II. DEMAGNETIZATION OF Nd-Fe-B MAGNET MATERIAL
BY AN INCLINED FIELD

In this section, the samples and measuring equipment used
in the pulsed field measurements are described. The results
acquired by these measurements are presented. The recoil be-
havior of sintered Nd-Fe—B material is also briefly presented.

A. Samples

Three different Nd-Fe—B magnet grades were tested. All
grades were axially pressed commercial grades with some
92% orientation degree. The orientation degree was tested
with a method presented by Fernengel et al. [5]. Cylindrical
samples of two different sizes were manufactured: large ones
with diameters of 18 mm and heights of 5 mm, and small ones
with diameters of 4 mm and heights of 20 mm. All the samples
were magnetized axially, through the thickness. The samples
were wire-cut from larger block magnets. The large samples
(D18 x 5) were used for hysteresisgraph measurements and
the small samples (D4 x 20) for pulsed field measurements.

B. Hpysteresisgraph Measurements

In the hysteresisgraph measurement a sample is placed in a
large electromagnet, which generates a homogenous field ex-
actly antiparallel to the direction of the magnetic polarization.
The demagnetizing field is then slowly increased, and the mag-
netic polarization (J) and the demagnetizing field (H) values
are measured and stored during the course of measurement.
With this method, the whole second quadrant hysteresis-curve
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TABLE I
HYSTERESISGRAPH MEASUREMENT RESULTS
JH. Hy, 90%
Sample Sample type B (T) (KA/m)  (KA/m)
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Fig.2. Relative total magnetic moment of sample C as a function of the applied
pulse strength. The measurements are done after each pulse with Helmholtz coil.
Different curves are for different angles between the magnetic polarization axis
and demagnetization pulse.

is easily acquired. The hysteresisgraph measurement method is
described more thoroughly in [6].

The hysteresisgraph measurements were performed with a
Walker Scientific MH1575PS hysteresisgraph. The results of
the measurements of the samples used in this paper are pre-
sented in Table I. The values of B,.,; H., and H %.90% in a room
temperature are given. H k.00% Means the demagnetizing field
strength Hj,, where the magnetic polarization .J of the sample

has been decreased by 10%.

C. Pulsed Field Measurements

The shape of samples for pulsed field measurements was se-
lected so that the self-demagnetization factor of the samples is
as low as possible, so that the self-demagnetizing field of the
samples can be ignored in calculations. That is why the pulsed
field measurements were performed on the samples resembling
along needle shape, which has a zero self-demagnetizing factor.
The shape of diameter of 4 mm and length of 20 mm was se-
lected, because it is close enough the “long needle” shape and
because this shape and size is practical to handle.

The demagnetizing pulses were applied on the samples with
a pulse magnetizer giving a pulse shape of a half sine-wave.
The pulse length was 4 ms. The accuracy of the magnetizer on
the pulse strength is +=2%. The total magnetic moment of each
sample was first measured with a Helmholtz coil, which has the
measurement accuracy of +1%. Then, a series of pulses with
increasing field strength was applied on the sample. The sam-
ples were measured with the Helmholtz coil after each pulse.
The series of pulses were repeated keeping the sample at dif-
ferent angles with the applied field using a special plastic jig.
The measurement setup is shown in Fig. 1.

Three samples (A, B, and C) were used. The measurement
results for sample C are shown in Fig. 2.
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Fig. 3. Relative field strength needed to reduce the magnetic polarization of
sample C by 10% as a function of sample inclination. Solid line is a 1/ cos ¢
curve showing the difference to the measured values (black rectangles). The data
for this figure is based on the measurement results shown in Fig. 2.
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Fig. 4. Field strength needed to reduce the magnetic polarization of the three
samples by 10% as a function of sample inclination. This data is based on the
pulsed field measurements. (Circles: Sample A, Triangles: Sample B, Rectan-
gles: Sample C).

Fig. 3 is generated using the data of Fig. 2. Fig. 3 shows how
much field is needed to reduce the magnetic polarization by
10% as a function of sample inclination. The required field is
shown related to the field required to drop the sample magnetic
polarization by 10% with zero inclination. The inverse cosine
curve is also shown for comparison purposes. It can clearly be
seen that the assumption of the 1/ cos ¢ dependence is not sat-
isfying when modeling the demagnetization of axially pressed
Nd-Fe-B magnets by inclined fields. Fig. 4 shows for all the
samples the required field to drop the magnetic polarization by
10% as a function of sample inclination.

D. Recoil Behavior of Nd—Fe—B Samples

In literature, the shape of a recoil curve is normally assumed
to be a straight line. This assumption can be seen in many pa-
pers using irreversible demagnetization models implemented in
FEM analysis [1], [2]. However, the recoil curve of Nd—Fe-B
magnet material can be estimated with a straight line only,
when demagnetization causes only a small loss of magnetic
polarization [7].

In Fig. 5, a hysteresis curve and a drop of polarization by in-
dependent pulses are shown for the sample A. It can be seen that
a curve acquired by a set of pulses crosses the horizontal axis a
bit further on negative H-axis than the hysteresis curve measured
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Fig. 5. Second quadrant hysteresis curve measured with a hysteresisgraph
(solid line) and a drop of magnetic polarization of sample A with zero incli-
nation as a function of applied pulse strength (single dots). The single dots
are acquired by measuring the total magnetic moment of the sample with a
Helmbholtz coil after each demagnetizing pulse.
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Fig. 6. Curve measured with a hysteresisgraph showing recoil behavior of
Nd-Fe-B magnet material. The field is first increased on the negative H-axis.
After some demagnetization, the field is decreased to zero. After that the field
is again increased to cause more demagnetization. It can be seen that the recoil
curve is clearly bent and that there is no significant minor loop in Nd-Fe-B
recoil curve. The arrows show the course of the measurement.

with a hysteresisgraph. The reason for this can be seen in Fig. 6:
The recoil curve of Nd—Fe-B magnet is not a straight line but
curves clearly upwards near the vertical axis. It can also be seen
that there is no significant minor loop in Nd—Fe-B magnet recoil
behavior, which is exactly what could be expected according to
Harland et al. [8].

In pulse demagnetization measurements, the magnetic po-
larization of the sample is measured after each demagnetizing
pulse with the Helmholtz coil. After the pulse, the sample has
returned to its original working line. Because the recoil curve is
bent upwards, the magnetic polarization has increased after the
pulse. The magnetic polarization in hysteresisgraph measure-
ment, however, is measured simultaneously when the field is
applied to a sample. So there is no recoil operation during the
hysteresisgraph measurement.

When comparing the intersection points with the horizontal
axis, the self-demagnetization field will be zero because J is
zero on the axis, which means that the self-demagnetizing field
can be ignored. Thus, the only demagnetizing field is the ex-
ternal applied field, when crossing the horizontal axis.
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Fig. 7. Calculated curve of an irreversible demagnetization of Nd-Fe-B
magnet modeled with the exponent function model. The working point (circle
in figure), which is calculated using the linear model, is reduced to a curve
described by the exponent function, if the working point is too far on the
negative H -axis. The saturated curve is drawn according to (1) [2], [10].

This comparison of the hysteresisgraph and pulse field mea-
surements (Fig. 5) clearly shows that the pulsed field measure-
ment cannot be used to define the intrinsic coercivity of a magnet
material accurately if the shape of the recoil curve is not known
(Fig. 6).

III. MODEL

In this section, an empirical model for modeling of demag-
netization caused by an inclined field is presented based on the
measurement results presented in the previous section.

A. Modeling Demagnetization With Antiparallel Field

In paper [2], Ruoho et al. have presented an exponential func-
tion based model, in which the sharpness of the HB-curve knee
can be adjusted with parameter K; in (1), whereas K is calcu-
lated based on j H. and B, [2]. This model is used accordingly.
During FEM calculations, a working point of each element con-
taining permanent magnet material is checked after each time
step against the model according to Fig. 7. Only the magnetic
field component antiparallel to the magnetization direction is
considered. If the working point in the element is too far on the
negative H-axis, the remanence of that element is reduced. If
there has been any demagnetization in any element according
to the model, the field for the time-step is recalculated

B =B, + popu.H — Eef (K +H), €))

More thorough information concerning this demagnetization
model can be found in paper [2].

B. Demagnetization With Inclined Field

In this paper, the effect of demagnetizing field inclination is
taken into account in FEM analysis. A third-order polynomial
is first fitted into the data in Fig. 8 taking into account only sam-
ples B (triangles) and C (rectangles). This is because the magnet
grade used in the modeled machine has magnetic properties be-
tween those two samples, which can be seen in Tables I and II.
Also, several kinds of other functions were fitted to the data, in-
cluding the polynomials of different orders. The best fit was ac-
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Fig. 8. Relative field strength needed to reduce 10% of magnetic polarization
of a sample as a function of sample inclination for all three samples. The gray
curve shows the fitted curve according to (2). The measured points are based on
the pulsed field measurements.

TABLE II
MAIN PARAMETERS OF THE MODELED MACHINES

Parameter: Motor 1 Motor 2
Number of poles 4 2
Outer diameter of the stator 310 mm 70 mm
Air gap diameter 200 mm 33.5 mm
Core length 246 mm 30 mm
Number of stator slots 48 18
Connection Star Star
Input frequency 50 Hz 900 Hz
Rated voltage (phase-to-phase) 400 V 690 V
Rated power 40 kW 8.5 kW
B; of PM material at 20 °C 12T 12T
jH¢ of PM material at 20 °C -1750 kKA/m -1750 kKA/m
B: of PM material at 150 °C 1.0T 1.0T
jH; of PM material at 150 °C -440 kKA/m -440 kA/m

quired using the third-order polynomial, which still gives quite
a simple equation:

JHNG = jHe (14 a10 + a2¢® + ase®) . (2)

In this case, the parameters in (2) are as follows: a1 = +3.17 -
1074 deg™, ay = —3.38- 1075 deg™? and a3 = +1.37 -
1076 deg™>.

Itis assumed that ;y H. has the same dependence on the angle,
as Hk,QO%’ which is shown in Fig. 8.

After each time step in time-stepping FEM modeling, the de-
magnetizing field inclination ¢ and field magnitude is acquired
from FEM solution. The intrinsic coercivity j H. is adjusted ac-
cording to the polynomial in (2), and the field magnitude, not
just the antiparallel component, is compared against the expo-
nential model using the adjusted intrinsic coercivity jHANC,
If there is any new demagnetization in any element consisting
of permanent-magnet material during the time step, the field is
recalculated for that time step and the checking is made again,
until there is no further demagnetization.
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Fig. 9. Motor 1 is a virtual four-pole surface magnet machine. One quarter of
the motor was modeled with FEM. There were 1142 elements and 2337 nodes
in a second-order finite-element mesh. The main dimensions of the machine are:
Stator outer diameter: 310 mm, air-gap diameter: 200 mm, core length: 246 mm.

Fig. 10. Motor 2 is a virtual two-pole high-speed machine with a cylindrical
magnet covered with stainless steel. A half of the motor was modeled with
FEM. There were 1262 elements and 2573 nodes in a second-order finite-el-
ement mesh. The main dimensions of the machine are: Stator outer diameter:
70 mm, air-gap diameter: 33.5 mm, core length: 30 mm.

IV. SIMULATION RESULTS

In this section, the difference between the results given by two
demagnetization models is demonstrated: one that takes only the
antiparallel field into account, and the other one that takes the
inclined field into account.

A. Example Machines

Two virtual machines were used in these calculations: A four-
pole surface-magnet machine and a two-pole high-speed ma-
chine with a stainless steel band over the magnet. The machines
are shown in Figs. 9 and 10. The main properties of the ma-
chines are given in Table II.

The surface magnet machine is the same machine that was
used in paper [2]. One quarter of the machine was modeled using
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TABLE III
MODELING CONDITIONS
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TABLE 1V
COMPUTED RESULTS

Situation Machine 1 Machine 2
Rated torque 255 Nm 1.50 Nm
Overloading torque 525 Nm 1.85 Nm
Rated temperature 100 °C 100 °C
Temperature during overloading 150 °C 170°C
100% 80 % 35%

90 % 70 %

Fig. 11. Relative remaining magnetic polarization inside the magnets of Motor
1 after the heavy loading in an over-temperature. The demagnetization was mod-
eled using the inclined demagnetization model. The direction of the magnetic
polarization is radial.

second-order elements for the FEM analysis. The finite-element
mesh of the machine contained 1142 elements and 2337 nodes.
The magnets were modeled using 245 elements.

A half of the two-pole high-speed machine was modeled
using second-order elements. There were 1262 elements and
2573 nodes in the finite-element mesh. The magnet was mod-
eled using 236 elements.

B. Modeling Conditions

The calculations were done assuming that the motors are
overheated and heavily loaded. The modeling conditions were
selected so that the antiparallel demagnetization model would
give a demagnetization between 5% and 10%. The modeling
conditions are described in Table III.

First, the no-load voltage was calculated at 100 °C. Then, the
machine was run at a constant speed for one period using the
exponent function based demagnetization model in overloading
condition. After that, the no-load voltage was calculated again
at 100 °C. This demagnetization modeling was done both with
a model that takes only the antiparallel field into account [2],
and a model, which takes an inclined field into account.

C. FEM Calculations

A special program developed in Helsinki University of Tech-
nology was used for FEM modeling. The program solves both
the field equations and circuit equations simultaneously. The
star-connection is taken into account by letting the common
point voltage float. Further details of the software can be found
in [9].

Machine 1 Machine 2
(Surface (High-
L Magnet speed
Situation Machine) machine)
EMF (V) EMF (V)
(change) (change)
Healthy machine at 100 °C 394V 646 V
(0 %) (0 %)
After the overload 369.7V 615V
Anti-parallel demagnetization model [2] (-6.3 %) (-4.8 %)
After the overload 369.7V 583V
Inclined demagnetization model (-6.3 %) (-9.7 %)

The demagnetization models were included directly in the
program code. The checking for demagnetization is done after
each time-step. If there were any demagnetization in any ele-
ment containing magnetic material, the time-step was recalcu-
lated, as described more thoroughly in [2].

D. Results and Discussion

The results of the calculations are presented in Table IV. The
results are based on the calculations using second-order ele-
ments. The calculations were repeated with third-order elements
with the same results. The calculations were also repeated with
first-order elements, and in this case there were a bit higher
demagnetizations.

It can be seen that the EMF of the surface magnet machine
was reduced by 6.3% with both demagnetization models used.
The distribution of demagnetization can be seen in Fig. 11. The
distribution is the same for both the models used. This is be-
cause the demagnetizing field from the stator has a very low
inclination when compared to the direction of the magnetic po-
larization because of the motor geometry.

If it would be necessary to improve the demagnetization resis-
tance of this motor geometry from the modeled kind of demag-
netizing situation, it would be possible to use a magnet grade
with higher intrinsic coercivity in the trailing edge of the magnet
pole, as shown in [10]. This would be very easy from the manu-
facturing point of view, because the pole is already made using
five individual magnet pieces. This kind of design using many
magnet grades in one pole is called a “mixed-grade pole.”

The EMF of the two-pole high-speed machine was degreased
by some 5% when only the antiparallel demagnetizing field
component was considered. When the inclined field was con-
sidered in the demagnetization checks, the drop of EMF was
some 10%. In both cases, the demagnetization distribution is al-
most uniform throughout the magnet. There are small areas of
higher demagnetization between the poles (Fig. 12).

The significance of the inclined field in demagnetization
modeling depends heavily on the machine geometry, as can be
understood by comparing the results acquired using the two dif-
ferent machine geometries: With the surface-magnet machine
used here, there was practically no difference in the results
with different demagnetization models, which means that the
demagnetization was completely caused by the antiparallel
field. With the two-pole machine studied, the demagnetizing



1778

100 % 88 % 77 %

92 % 84 %

Fig. 12. Relative remaining magnetic polarization inside a magnet of Motor 2
after the heavy loading in an over-temperature. The demagnetization was mod-
eled using the inclined demagnetization model. The arrow shows the direction
of magnetic polarization.

field can have a larger angle with the direction of the magnetic
polarization, and an inclined field model should be used.

In machine geometries, where the demagnetizing field can
have a significant angle with the magnetic polarization vector,
the inclined field model should be used. From Fig. 3, it can be
seen that even with quite a small field inclination of 20° the
inclined field should be taken into account.

V. CONCLUSION

The behavior of three Nd—Fe—B magnet grades was presented
when demagnetizing these samples with an inclined field. It was
clearly shown that the inclined field must be taken into account
when modeling the demagnetization of axially pressed sintered
Nd-Fe-B magnets.

The recoil behavior of sintered Nd-Fe—B magnets was also
studied. It can be seen that the recoil curve is not a straight line
but curves upwards near the B-axis without forming a minor
loop.

Two different PM machines were modeled using an expo-
nential function based demagnetization model considering the
inclined field. It was shown that in the demagnetization calcu-
lations, where the demagnetizing field can have a large angle
between the magnetic polarization vector, it is not enough to
consider only the antiparallel demagnetizing field component.
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