o

http://www.diva-portal.org

This is the published version of a paper presented at IEEE International Magnetic
Conference (INTERMAG), MAY 15-19, 2023, Sendai, JAPAN.

Citation for the original published paper:

Silva, M D., Lind, E., Ibrayeva, A., Ghorai, S., Eriksson, S. (2023)

Model for Angular Dependency of the Intrinsic Coercivity of Ferrite Permanent
Magnets

In: 2023 IEEE International Magnetic Conference, INTERMAG Institute of Electrical
and Electronics Engineers (IEEE)

International Conference on Magnetics
https://doi.org/10.1109/INTERMAG50591.2023.10265092

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-520987



Model for Angular Dependency of the Intrinsic Coercivity
of Ferrite Permanent Magnets

Marcelo D. Silva', Emil Lind!, Anar Ibrayeva', Sagar Ghorai® and Sandra Eriksson'
'Department of Electrical Engineering, Uppsala University, Uppsala 752 37, Sweden
ZDepartment of Materials Science and Engineering, Uppsala University, Uppsala 751 03, Sweden

In internal permanent magnet synchronous machines (IPMSM), the use of ferrite permanent magnets is being studied as an
alternative to rare-earth elements-based permanent magnets, such as NdFeB. However, demagnetization measurements of ferrite
magnets are rarely published and such information is crucial for an efficient electrical machine design with ferrite magnets. In this
paper, we present measurements of partial demagnetization on ferrite permanent magnets subject to inclined external magnetic
fields. From the measurements done, mathematical models are developed for Y30 and Y40 samples that defines a relationship
between the intrinsic coercivity and the inclination of the external demagnetizing field. Furthermore, from the primary results, the
angular dependency of hysteresis losses and relative permeability are also explored, as well as their impact on the design of IPMSM.

Index Terms—Angular Demagnetization, Ferrite Magnets, Intrinsic Coercivity, Magnetic Field Modeling.

I. INTRODUCTION

HE USE of ferrite permanent magnets (PM) is common
in applications requiring low magnetic energy product
BH,, ., and low cost. In the case of applications requiring
higher BH,, .., rare-earth elements-based (REE) PMs are of-
ten used, such as NdFeB PM. Although, the use of REE gives
rise to supply-chain, political and environmental problems [1].
Internal permanent magnet synchronous machines (IPMSM)
is one of the applications requiring high BH,,,,, although
to avoid the issue mentioned previously, ferrite PM has been
studied as an alternative to NdFeB [2]. However, differences in
both the magnetic intrinsic coercivity, H.;, and the magnetic
remanence, B,., creates challenges.

Ferrite PMs have, compared with NdFeB, inferior properties
for magnetic intrinsic coercivity, H.;, which turns them more
prone to permanent demagnetization due to winding faults or
during field weakening operation. The mitigation of permanent
demagnetization can be done by carefully designing the shape
of the PM and the shape of the magnetic circuit around it.

Spoke Type IPMSM is an effective topology for use of
ferrite PMs, due to its capacity to concentrate magnetic flux.
Although, such topology tends to expose the PM to inclined
demagnetizing fields [3]. The calculation of permanent demag-
netization considering the inclination angle of the external field
is then necessary to produce reliable simulations.

Previous studies on the angular dependence of the intrinsic
coercive force were done for NdFeB PM in [4]. In [5] a
study on the angular dependence of coercive force of ferrite
magnets is presented, although the tests were conducted on
ferrite powder samples, not in commercially graded samples.
Additionally, proposed models of angular dependency, [6] and
[7], have been shown to not produce accurate predictions of
the intrinsic coercivity for different angles of the external
demagnetization fields.
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In this paper, the aim is to measure the permanent de-
magnetization of Y30 and Y40 ferrite samples for different
inclinations of the external demagnetizing field. The measure-
ments are used for the development of a mathematical model
relating the inclination of the external demagnetizing field and
the intrinsic coercivity of the samples. In the next section, a
brief explanation of the theory is presented, followed by an
explanation of the study procedure and the measurement re-
sults. In the last sections, the results and their implications for
electrical machine design are discussed and the mathematical
models are developed.

II. THEORY

The behaviour of the magnetic flux density generated by a
PM, given an internal magnetic field can be modelled either
by:

B = po(prH + M), (1

or:

B = N’O/J'TH + B, )

where, B is the magnetic flux density, H is the internal
magnetic field strength, M,. is the remanent magnetization and
B, is the remanence. Additionally, p and p,., are the vacuum
and relative magnetic permeability, respectively.

The internal magnetic field is dependent on the applied field,
H,, the demagnetization factor, N, and the magnetization
of the PM, M. Although, laboratory measurements using
vibrating samples magnetometer (VSM) can only detect the
applied field. The equation describing its dependences with
the other magnetic field components is:

Hy,=H+NM, 3)

From the previous equations we can concluded that the
magnetic flux density has two contributions. The first is the
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contribution of the applied magnetic field. The other contribu-
tion has it origins in the magnetization of the PM, described
in (1) by oM, and in (2) by B,.

Therefore, the applied magnetic field can contribute to
reinforce the magnetization of the sample, or to cancel it.
For a certain applied field the magnetic flux density, B, is
zero. Coercivity, H,, is defined at this level of field strength.
When the PM reaches its coercivity, it is also possible to
observe demagnetization, although, this demagnetization is not
necessarily permanent.

At the same time, the applied magnetic field also has an
influence on the magnetization, M, of the PM sample. The
magnetization of a PM also describes the orientation of the
magnetic domains inside it. If the applied magnetic field
is parallel to the orientation of these domains, the overall
magnetization of the PM increases, until it reaches the re-
manent magnetization, M.,.. If, instead, an antiparallel applied
magnetic field is considered, this will cause the rotation of
some magnetic domains, reducing the overall magnetization
of the PM sample. Eventually, the applied magnetic field, H,,
reaches a field strength for which the magnetization will be
zero. This level of field strength is known as the intrinsic
coercivity of the PM, H,;. Usually, when the working point of
a PM reaches H.;, permanent demagnetization is observable.

A model describing the relation between the intrinsic coer-
civity, H.;, and the angle of the external demagnetizing field
is used in [8] and first developed by [6]. The model follows:

HY = H7 cos(B) )

where [ is the angle between the magnetization of the PM
and the external demagnetizing field.

Another way of looking into the angular dependency of the
intrinsic coercivity is through the Stoner-Wohlfarth model [7].
The non-parallelism between the magnetization direction and
the external field generates an energy that is counterbalanced
by the parallelism between the magnetization direction and
the anisotropic axis. In each magnetic domain, these two
energies balance each other. This mechanism justifies the
need for stronger external demagnetizing field to reach the
intrinsic coercivity when it has an angle with the magnetization
direction.

Nevertheless, it has been proven in [4] and [9] that neither of
these models can predict the angular dependency satisfactorily.
Due to these mismatches, it is still necessary to do empirical
measurements to know how the angular dependency of the
intrinsic coercivity behaves.

Lastly, most of the commercial tools that calculate electro-
magnetic fields based on finite element methods (FEM) use a
simple model that only considers the antiparallel component
of the magnetic flux density, B.

III. EXPERIMENTAL METHOD

The analysis used ferrite PM graded as Y30 and Y40 with
the shape of a prism. The dimensions of the samples are
2 mm x 2 mm X 3 mm, with the magnetization direction
parallel to the 3 mm dimension. The magnetic characterization
of the samples was determined using a vibrating samples

magnetometer (VSM, Lakeshore 7400) with a range of applied
field of + 800 kA/m. The measurements were done every
1.8 kA/m for the major loop, and every 3,. kA/m for the
minor hysteresis loops. The whole characterization process
was conducted at room temperature.

In order to guarantee the same state at the beginning of the
demagnetization process, the samples are magnetized parallel
to the easy axis until saturation is reached. The sample is then
rotated to a defined angle and after that, the demagnetizing
field is applied. The magnetization, M, of the sample, is
recorded, as well as, the corresponding levels of the applied
field. This process is carried on until the applied magnetic field
strength amplitude is higher than the amplitude of the intrinsic
coercivity.

The procedure described is repeated for 0°, 30° and 60°
of inclination of the external demagnetizing field for Y30
samples. The samples of Y40 were submitted to the process
described previously for 0° 15° 30° and 45°.

IV. RESULTS

In this section we start by showing the direct measurements
from the VSM, that is the M H curves for Y30 and Y40
samples, followed by the angular dependency of the intrinsic
coercivity on both samples. Following that step, the description
is done for indirect results, possible to infer from the direct
measurements. Those are the BH curves, the permeability of
the linear region of the BH curves and the area of the minor
loops of M H curves from the Y30 and Y40 samples.

A. M H Curves

The M H curves describing the demagnetization of the Y30
and Y40 samples for the different angles of inclination are
presented in Fig. 1 and Fig. 2. These results indicate an
increase of the intrinsic coercivity, H;, with the increase of the
inclination angle, /3. For both Y30 and Y40, that dependency
is illustrated in 3.
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Fig. 1. MH curves of the Y30 sample at different angles of inclination

of the external demagnetizing fields. Black dotted lines are a mathematical
extrapolation.

From Fig. 4 and Fig. 5 it is possible to observe that the recoil
lines and the area of the minor hysteresis loops increases with
B for the Y30 samples. The minor hysteresis loops of the Y40
samples are visible in Fig. 6 and Fig. 7, and those also show
a similar reaction to the increase of .
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Fig. 2. MH curves of the Y40 sample at different angles of inclination
of the external demagnetizing fields. Black dotted lines are a mathematical
extrapolation.
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Fig. 3. Relative intrinsic coercivity as a function of the angle of the

external field. The rhombus represents the measurement data for Y30 samples,
the square represents the measured data for Y40 samples, the dashed line
represents the mathematical model for Y30, the dash-dotted line represents
the mathematical model for Y40, the dark continuous line (grey) represents
the 1/cos(3) model and the light dotted line (yellow) represents the results
from [4]. The mathematical models for ferrite samples PM are described in
section V.

B. BH Curves and Change in Relative Permeability, |,

The direct measurements make it possible to calculate the
magnetic flux density, in order to analyse the BH curves. The
following equation is used for the calculation:

B=ug(M+ H, — NM) = puo(M + H), (3)

where N is the demagnetization factor. Due to the shape of
the sample, the theoretical demagnetization factor is 0.25 [10].
Although, in practice it was needed to adapt it, N, to 0.2025.

Analysing the BH curves of Y30 in Fig. 8 and of Y40 in
Fig. 9, shows that the coercivity, H., has the opposite tendency
of the intrinsic coercivity, H.;. The former decreases with 3.
Furthermore, it is possible to detect a change in the relative
permeability in both Y30 and Y40 samples in the linear region.
The permeability increases with 5. As is presented in Table I.

C. Area of the Minor Hysteresis Loops of M H Curves

The areas of the minor hysteresis loops of M H curves for
Y30 and Y40 samples are also affected by 3, which can be ob-
served in Fig. 4, 5, 6 and 7. This aspect is important to analyse
because these areas are proportional to the hysteresis losses in
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Fig. 4. MH curves of the Y30 samples at 0° of inclination of the external
demagnetizing fields with recoil lines and minor loops. Black dotted lines are
a mathematical extrapolation.
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Fig. 5. MH curves of the Y30 samples at 30° (left) and 60° (right) of
inclination of the external demagnetizing fields with recoil lines and minor
loops. Black dotted lines are a mathematical extrapolation.

PM. In [11] the hysteresis losses on ferrite PM were studied
deeply, but there is no study on the angular dependency. In
Table II and Table III, it is shown that the area of the minor
hysteresis loops, expressed in units of area (u.a), is highly
dependent on the inclination of the external demagnetizing
field. These areas were calculated using absolute values of the
M H curves, and subtracting the integral of the lower part from
the integral of the upper part of the minor hysteresis loops.
In Table II the minor hysteresis loops are numbered starting
with the one with the higher absolute value of magnetization.

D. Comparison between Results and Standard Values

The comparison of the results based on measurements for
B = 0 and the standard characteristics of ferrite PM graded

TABLE I
RELATIVE PERMEABILITY VARIATION OF THE Y30 AND Y40 SAMPLES

B Y30 Permeability, u,r Y40 Permeability, 1,

0° 1.27 1.10
15° - 1.16
30° 1.34 1.34
45° - 1.63
60° 1.56 -
TABLE I

AREA OF THE MINOR HYSTERESIS LOOPS FROM Y30 SAMPLES

B Minor Minor Minor Minor
Loop 1 [u.a.] Loop 2 [u.a] Loop 3 [u.a.] Loop 4 [u.a.]
0° 2.26 13.8 181 210
30° 6.72 65.3 187 210
60° 29.0 259 820 1520
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Fig. 6. M H curves of the Y40 samples at 0° of inclination of the external
demagnetizing fields with recoil lines and minor loops. Black dotted lines are
a mathematical extrapolation.
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Fig. 7. MH curves of the Y40 samples at 30° (left) and 45° (right) of
inclination of the external demagnetizing fields with recoil lines and minor
loops. Black dotted lines are a mathematical extrapolation.

as Y30 and Y40 is presented in Table IV. Most of the
characteristics are within of the limits and the only one that
is significantly outside the values is the H,. for Y40 and its
deviation is of 3.3%. B, here was found from extrapolation,
see Fig. 8 and 9.

V. MATHEMATICAL MODEL

In [4] the relation between H.; and (5 is established using
a third-order polynomial for NdFeB PM. To establish math-
ematical models for Y30 and Y40, a similar technique was
used. Although, the optimal fit for the Y30 measurements is
done by using a second-order polynomial, such as:

=0 2
Hei(B) = H (14 a18 + az”) ©)
TABLE III
AREA OF THE MINOR HYSTERESIS LOOPS FROM Y40 SAMPLES
B Minor Minor Minor Minor
Loop 1 [u.a.] Loop 2 [u.a.] Loop 3 [u.a.] Loop 4 [u.a.]
0° 0.14 2.25 7.44 453
15° 0.90 8.67 44.1 115
30° 2.25 26.3 287 562
45° 3.60 54.6 296 777
TABLE IV

COMPARISON BETWEEN RESULTS AND STANDARD VALUES

Characteristics Y30 Y40
Standard Results Standard Results
H.i[kA/m] [180 - 220] 199 [340 - 360] 345
H.|kA/m] [175 - 210] 194 [330 - 354] 319
B, [mT)| [370 - 400] 402 [440 - 460] 459
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Fig. 8. BH curves of the Y30 sample at different angles of inclination
of the external demagnetizing fields. Black dotted lines are a mathematical
extrapolation.
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Fig. 9. BH curves of the Y40 sample at different angles of inclination

of the external demagnetizing fields. Black dotted lines are a mathematical
extrapolation.

For Y40 samples, the measurement fits best with a third-order
polynomial:
Hei(B) = Hi (1 + a1B + a2B* + asB®)  (7)

The coefficients a;, from (6) and (7), are stated on Table V
and the polynomials are plotted in Fig. 3.

TABLE V
COEFFICIENTS USED ON THE MATHEMATICAL MODELS

Coeficients Y30 Y40 NdFeB [4]

a1 9.25%x10~% 286%10 1 317% 10 %
as 333%1075 —8.14%107° —3.38%x10"°
as - 2.81% 106 1.37 %1076

VI. IMPACT ON ELECTRICAL MACHINE DESIGN

The results shown previously and the mathematical models
described in the last section indicate angular dependency of,
not only, the intrinsic coercivity, H.;, but also of relative
permeability, p,., and the hysteresis losses.

In both ferrite samples, Y30 and Y40, the presence of
angular dependency of intrinsic coercivity, H.;, is visible. Al-
though, the mathematical model describing this dependency is
distinct for the two different samples. For Y30 the dependency
is almost proportional to the inclination angle, 5. Such can
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also be confirmed by examining the coefficients in Table V.
For Y40, the intrinsic coercivity remains mostly constant until
3 reaches around 30°After that point, the intrinsic coercivity
starts to increase significantly. This behaviour was expected
from previous studies, [4] [5]. Although it highlights the need
to conduct empirical tests for each of the PM grades intended
to use in the application being designed.

Given that most of the software solving electromagnetic
fields using FEM is using the model from [6], and comparing
the prediction of that model with the practical results, it is
expected that most of the permanent demagnetization results
from FEM models are optimistic. Such is a smaller problem
for PM operating far from the intrinsic coercivity, H.;, since
that the permanent demagnetization risk is low, as it happens
with PM based on NdFeB. Although, it turns into a bigger
problem when designing high-performance applications using
ferrite PM because the optimisation in these pushes the PM
working point near to the permanent demagnetization. In those
situations having a precise description of the PM is crucial.

Table I shows the angular dependence of the relative per-
meability, ., of the Y30 and Y40 samples. The evolution
is small and the impact of this variation should be of small
magnitude. Although, if the PM is being used in a highly
saturated ferromagnetic magnetic circuit and under an exter-
nal demagnetizing field with high 3, having the PM with
higher relative permeability, j,, can cause some unexpected
behaviour. Nevertheless, new studies and measurements are
needed in order to fully understand the extent of the impact.

Contrary to what is seen for the relative permeability, the
hysteresis losses can be highly impacted by the inclination
angle, 3, of the external demagnetizing field. In Table II
and Table III, it is clear that the minor hysteresis loop areas
increase significantly with the inclination angle, 3 and so do
the hysteresis losses [11]. In the case of IPMSM the working
point of the PM is constantly changing. The change of the
working point follows these minor loops, which are especialy
evident after permanent demagnetization has occurred. There-
fore, a PM under highly inclined demagnetizing fields presents
substantially higher hysteresis losses than a PM under parallel
demagnetizing fields.

Nevertheless, it is important to put into perspective this
increase. The hysteresis losses in ferrite PM are a small
fraction of the total losses. Although producing a design that in
some parts can multiply them up to 12,8 times, could turn them
significant and cause unexpected behaviour in the machine. To
quantify the impact of the angular dependence of hysteresis
losses in PM it is necessary to conduct more experiments.

VII. CONCLUSION

From the results shown in this study, it is clear that the
models in use do not represent the measurements of H.;(3)
for Y30 or Y40 ferrite PM samples. The adoption of such
a model includes uncertainty in the simulation results. Such
is problematic as the design of a competitive IPMSM with
ferrite depends on defining the working point of the PM near
the demagnetization threshold, i.e. near an unstable region.
The use of this new model should allow the development of a

more precise FEM model, allowing a more precise design of
the performance of the machine.

The values for the coefficients obtained for Y30 and Y40
ferrite PM are significantly different from the coefficients
obtained previously for NdFeB samples. Not only that but
also the mathematical model for the ferrite PM samples of
different grades are also different and use different coefficients.
Such implies that universal coefficients do not exist and that
different grades need to be tested individually in order to know
the angular dependency of the intrinsic coercivity, H;.

The results above show that ferrite PM under inclined
demagnetizing field presents angular dependency not only
regarding intrinsic coercivity but also for relative permeability
and hysteresis losses. The last two dependencies were not
quantified or mathematical modelled, although a short qual-
itative analysis was done. To further understand the behaviour
and impact of the angular dependency of the two last PM
characteristics more experiments are needed in the future.
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