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Abstract: Accurate demagnetization modelling is mandatory for a reliable design of rare-
earth permanent magnet applications, such as e.g. synchronous machines. The magne-
tization of rare-earth permanent magnets requires high magnetizing fields. For techni-
cal reasons, it is not always possible to completely and homogeneously achieve the re-
quired field strength during a pulse magnetization, due to stray fields or eddy currents.
Not sufficiently magnetized magnets lose remanence as well as coercivity and the de-
magnetization characteristic becomes strongly nonlinear. It is state of the art to treat
demagnetization curves as linear. This paper presents an approach to model the nonlin-
ear demagnetization in dependence on the magnetization field strength. Measurements of
magnetization dependent demagnetization characteristics of rare-earth permanent magnets
are compared to an analytical model description. The physical meaning of the model
parameters and the influence on them by incomplete magnetization are discussed for
different rare-earth permanent magnet materials. Basically, the analytic function is able
to map the occurring magnetization dependent demagnetization behavior. However, if
the magnetization is incomplete, the model parameters have a strong nonlinear behav-
ior and can only be partially attributed to physical effects. As a benefit the model can
represent nonlinear demagnetization using a few parameters only. The original analyt-
ical model is from literature but has been adapted for the incomplete magnetization.
The discussed effect is not sufficiently accurate modelled in literature. The sparse data
in literature has been supplemented with additional pulsed-field magnetometer measure-
ments.

Key words: demagnetization, magnetic hysteresis, magnetization processes, permanent
magnets
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1. Introduction

High energy rare-earth magnets are commonly applied to many applications ranging from
electro-mechanical devices to sensors [1]. The virgin material magnetization requires the appli-
cation of magnetic fields up to several kA/m. As a rule of thumb, at least a magnetizing field
strength of approximately three times the coercive force is required for complete magnetization.
To achieve sufficiently high magnetizing fields in the magnetizing coils the currents are in the
range of several hundreds of kA, which can be generated by pulse magnetizers [2, 3].

Models for ferromagnetic magnetization processes are based on empirical, phenomenological,
fundamental physics or energy-based approaches. State-of-the-art hysteresis models, such as
Jiles-Atherton [4] or Play/Stop hysterons [5], have been adapted to predict the behavior of
hard magnetic materials. These approaches generally work for fully (pre-) magnetized samples,
while the interdependency of the virgin magnetization process and the demagnetization are still
challenging. In this paper, a mathematical/empirical demagnetization model dependent on virgin
magnetization, is proposed, parametrized and validated on measurements.

2. Permanent magnets

2.1. Materials

Permanent magnet materials are ferrites, AINiCo and rare-earth magnets, namely SmCo
or NdFeB. They are composed of several elements and therefore expose a complex crystalline
structure. Ferrites are a ceramic composite material made of Fe; O3 and barium, strontium or lead,
with a low remanence of up to 0.4 T and a coercive field strength of Hc = 100 kA/m. AINiCo
magnets are composed of aluminum, nickel and cobalt. They possess a remanence with up to
1.3 T and a coercive field strength below 100 kA/m. They are not air-stable which needs to be
considered during magnetic circuit design. The technical feasible rare-earth permanent magnets
possess a high energy product and are composed from either a combination of samarium with
cobalt or neodymium (or other lanthanides) with iron and boron. The remanence of these rare
earth permanent magnets can be up to 1.5 T for NdFeB and 1.2 T for SmCo and the coercive field
strength is at NdFeB at around the 800 ka/m, as well as at 600 ka/m at SmCo.

2.2. Magnetization process

Permanent magnets possess no remanent magnetization after manufacturing process. They can
be magnetized by imprinting very high field strengths to saturate the magnetic domains. In order
to achieve this, an impulse magnetizer is the device of choice that consists of an interconnection
of capacitors which are charged and then discharged over a magnetization coil via a thyristor.
The stored energy in the capacitors must be sufficient to supply the permanent magnet with
its magnetic energy and in addition capture the losses during transient magnetization process.
In [6] and [7], this process is considered simulative, with no remanence taken into account, in
contrast to [8] which also takes into account the remanent polarization of the permanent magnet
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during the magnetization process, allowing a more accurate calculation and description of local
demagnetization effects.

While the magnetization behavior of soft magnetic material is described in detail in literature,
however, with regard to permanent magnets, their demagnetization behavior is considered as
(linear) relation [9]. During and after being magnetized the permanent magnets suffer from self-
demagnetization, which can be expressed in air by the form factor or in matter by the load line [10].
The demagnetization curves of rare-earth permanent magnets are a function of magnetizing field
strength Hp,e due to the so called coercivity effect during magnetization reversal [11-15].
Especially for nucleation type magnets minor loops are highly nonlinear [16].

The magnetization curve of a permanent magnet is outlined in Fig. 1. Starting from virgin
state, the magnetization with ascending magnetic field along the curve to point A rises. If the
magnetic field is now lowered, the magnetization moves towards the point B. If the knee field
strength is not exceeded (above point B), the demagnetization returns comparable to the way it
came if the field strength is increased again. If the field strength is further lowered, the knee
field is passed, and irreversible demagnetized point B is reached. If the field is now raised again,
the curve is traversed to point C. To obtain the same magnetization of point A, a higher field
strength is now necessary, since the magnetization of the aligned domains must be reversed. If the
magnetization of the sample is completely reversed (see point D), the complete hysteresis must
be traversed to reach point E. To completely demagnetize magnets again, they must be heated
above the Curie temperature, because this causes the electron spins to reorient themselves anew
and randomly form. Some materials also lose their anisotropic crystal structure if heated up to
Curie temperature and remain non-magnetic without a renewed heat treatment for crystal structure
recovery. Electrically demagnetized permanent magnets never recover the virgin magnetization,
because their domain walls have changed sustainably.

M in A/m

Hin A/m

Fig. 1. Hard magnetic hysteresis M (H) based on [17]

To derive a description of permanent magnet material magnetization, it is necessary to
understand the occurring magnetization processes which are distinguished in two principles. On
the one hand the nucleation and on the other hand the pinning type. The phenomenon of nucleation



N

www.czasopisma.pan.pl m www journals.pan.pl

36 G. Bavendiek, F. Miiller, J. Sabirov, K. Hameyer Arch. Elect. Eng.

occurs in materials whose grain size is greater than a material-dependent, critical radius [17]
-
B 0 IU()M 2"

v describes a space-related energy contained in the domain wall and M is the magnetic
moment. If the radius is greater than calculated in the previous equation, a resulting domain wall
reduces the energy within a grain. The loss energy has flowed into the construction of the domain
wall. Because of this, it is energetically favorable when a domain wall is contained in the grain.
As a result, the wall can be moved within the grain with little energy. Thus, magnets that work
according to this principle are easy to magnetize. The magnetization for a completely magnetized
sample remains constant in a declining field until the nucleus is formed, the magnetization of
which corresponds to the field direction. At this point, the magnetization of the magnet turns.
Materials of this type include, among others, SmCos and NdFeB. Pinning occurs in SmyCo7, for
example. Inside the grains of this material are many small cells of the phase Sm;Co,7, which are
limited by SmCos. Due to this cell-like structure, it is more difficult to create a shift of domain
walls because they are held on the internal structure and this makes movement more difficult.
Fig. 2 illustrates the different magnetization behavior.

rc

M, M,

(a) (b)

Fig. 2. Grain and magnetization curve of (a) nucleation and (b) pinning type [17]

2.3. Measurement of nonlinear demagnetization

Permanent magnet manufacturers usually provide the demagnetization curve in the second
quadrant of magnetic polarization or flux density over magnetic field strength for different tem-
peratures of a completely magnetized magnet. These measurements are performed with a closed
magnetic circuit as defined in standard (IEC-60404-5). The closed-loop measurement is only able
to impose a magnetic field lower than the saturation field of the soft magnetic yoke material.
Therefore, the measuring device is not able to completely magnetize rare-earth hard magnetic
material, which is why the samples are pre-magnetized by a pulse magnetizer and only demag-
netized in the measuring device. The company VACUUMSCHMELZE offers demagnetization
curves of their rare-earth magnets as a function of magnetizing field in their product catalogue
[18] for four different materials: Vacodym code 362/140 (NdFeB), Vacomax 170HR, Vacomax
240HR and Vacomax 225HR, which are examined in this paper.
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Inaprevious article [ 19], rare-earth permanent magnet samples were examined with the pulsed
field magnetometer HyMpulse from Metis. Although the measuring system only follows the pre-
standard (IEC-V 42331), it offers the big advantage to measure and impress high magnetic field
strength up to several thousand kilo Amperes. As a drawback eddy currents need to be eliminated
from measurements. In this paper the magnetization dependent demagnetization is discussed for
Vacodym764AP listed in Table 1.

Table 1. Rare-earth permanent magnet samples measured with pulsed-field magnetometer

Name Vacodym764
Pressing direction AP
Material NdFeB
Magnetization type nucleation
Code (IEC 60404-8-1) 305/135.5
Min. remanence B, in T 1.3
Min. coercivity H.y in kA/m 1275
Shape cylinder
Size in mm 15%5.5
Demagnetization coefficient 0.55

2.4. Modelling of nonlinear demagnetization

A suitable model which considers the nonlinear demagnetization including temperature de-
pendence can be found in [20], which describes an equation that is closely related to the Takécs’
hysteresis model [21]. Since the temperature dependence is not to be considered here, but instead
an additional term for the incomplete polarization is added, the assumed equation is as follows:

H+ Hy,

H+H
J(H) = botanh | —4) 4 b, tanh | 2114
ho h

) + Dhift - (1)

Originally b ; and hg; are constant coefficients identified by a nonlinear curve fitting. They
will be varied to trace the dependency of B, and H to Hy,s. The nonlinear dependence of B, and
H. on Hy,g can be approximated by a sigmoid function, as described by the following equation:

[B-H.]
[BrHe) (Hmag) = = ,
1 (Hmag[BrHc]max - Hmag)
+ exp or (2)
[ rHc]sat
CF

- (4 : [BrHc]max) ’

It is necessary to know the saturation value and the greatest slope and corresponding Hyyag.
Fig. 3 portrays the influence of the different coefficients for the shape of (a) the double-tanh and
(b) the sigmoid function.
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Fig. 3. Influence of coefficients for (a) the double-tanh and (b) the sigmoid function

3. Comparison of demagnetization measurements and modelling

Fig. 4 shows on the left side the measurements from the VACUUMSCHMELZE catalogue
and of Vacodym764AP from pulsed-field magnetometer (as full lines) and their double-tanh
approximation (as dashed lines), as well as on the right side the change of the fitted coefficients.

The study shows that the magnetization field strength dependent demagnetization is qual-
itatively well modelled by the selected analytical function. However, the analytical model is
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intended to enable a predictive or nonlinear interpolation of the different demagnetization curves.
Therefore, the course of the individual coeflicients of the fitted curves needs to be identified. The
dispersion is very pronounced so that no general trend can be identified.
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Fig. 4. Fit of demagnetization with the double-tanh function and the change of fitted coefficients

The demagnetization curves of the pinning material are monotonic and uniform, which
allows them to be described by a common function based on a transplantation of the major
demagnetization line. This can be predicted due to the fact that one of the terms of the double-
tanh is negligible (< 0.1 T) with these magnets. New values for the support points (H., 0),
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(0, B)), (Hyag, Bmag) can be derived for incomplete magnetization, firstly, with the help of the
sigmoid function, which describes the remanent magnetic flux density B, in T and secondly, the
coercive field strength H, in kA/m for different magnetization field strengths H,e kA/m. The
extracted curves and their approximations are shown below (Fig. 5).
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4. Extension for inner loops with nonlinear de-/re-magnetization

The nonlinear demagnetization model only covers a descending magnetization behavior.
To extend the model for ascending magnetization the measured demagnetization curves and
corresponding extensions to full reversal are mirrored in the origin. This does not create closed-
loop minor loops, but there are both demagnetizing and demagnetizing curves in all four quadrants.
If one now transfers this behavior on the basis of the current magnetization field strength and
transplants the magnetization behavior accordingly at each point, then one obtains a closed model
for minor loops within not completely magnetized magnets.

This approach is very similar to the Takdcs hysteresis model [22]. The hysteresis model pro-
posed by Takdcs is phenomenological motivated and possesses with the tanh as basis function a
closely related mathematical equation to the demagnetization model. It has already been success-
fully applied to permanent magnets [19, 23]. The Takéacs model is based on the approximation of
magnetization and related to the Langevin or Brilloin function. The hysteresis is divided into an
ascending

f+(x) =tanh(x — ag) + by

and descending
f-(x) =tanh(x — ag) — by

branch. The coefficients can be derived by
Sf+(aop) =0

and
by = (tanh(x,, + ag) — tanh(x,, — ag)) + 2,
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with x,, as peak value of f.. The minor loops are described by the same equation as the major
loop

f+(x) = tanh (x ¥ ag) + cy,a,
but with a new offset value c,, 4. The offset can be calculated by the equation:

tanh(+x,, ¥ ap) — tanh(x F ap)
c 9
"tanh(zx,, T ag) — tanh(x, F ap)

Cu,d =

with
c1 = tanh(x, + ag) — tanh(x, — ag) — by .

x, is the point at the major loop at which the first order return curve starts, its endpoint is at
Xm. With this model, the major loop can be mapped very well, but even with first order return
curves of the major loop this approach evokes problems as soon as the nonlinear magnetization
behavior deviates from the simple tanh approach function [24].

The key difference from the proposed model to the Takdcs approach is that in the current
method of resolution not only one major ascending and descending branch is transplanted, but
a whole magnetization characteristic extracted from measurements is utilized. In Fig. 6, for
example, the nonlinear surface interpolation of Vacomax170HR is shown in (a) and in (b) some
arbitrary de- and re-magnetization lines are derived from that data for all quadrants of J(H) plane
without transplantation model.

De-/Re-Magnetization Surface Vacomax170HR De-/Re-Magnetization Plane Vacomax170HR
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s T o2
S0 =
ﬁ g 0.00
7] 2
£ H
E § -0.25
-1 =0.50
5
3000 —0.75
2000
5 1000 ~1.00
Sluxdensity Bin T 0 . . . -6 -4 -2 0 2 4 6
Magnetizing Fieldstrength in kA/m Fluxdensity B in T
(@) b)

Fig. 6. Magnetization Surface of Vacomax170HR and full magnetization characteristic

The proposed model is currently used to simulate a stepwise magnetization process with
nonlinear inner loops. For the first magnetization the virgin line is applied and additionally the
right de-/re-magnetization characteristic is picked from the modeled magnetization surface and
its transplantation. In Fig. 7 the qualitative good agreement with measured minor loops of the
same material, namely Vacomax170HR, is shown. During a stepwise magnetization process the
sigmoid characteristic of the remanence magnetic polarization and coercive magnetic field can
clearly be seen in the soft magnetic part of magnetization at low magnetic fields, which is followed
by inner loops with rising polarization levels.
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Fig. 7. Magnetization Surface of Vacomax170HR and full magnetization characteristic

5. Conclusions

In this paper the measurement and modelling of nonlinear demagnetization characteristics of
rare-earth permanent magnets are discussed. The dependency of demagnetization on magnetizing
field strength is considered in the proposed models. The differences for the modelling of a
nucleation type magnet and a pinning type magnet are portrayed. Finally a consistent model
for nonlinear de-/re-magnetization of virgin permanent magnets is derived, which qualitatively
models minor loops during stepwise magnetization processes.
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