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In this article, a coupled algorithm between the control volume method and the hysteresis
dynamic energetic model for ferromagnetic hysteresis is presented. To illustrate the
dynamic behavior of ferromagnetic materials, the quasi-static model is extended by adding
two components to the applied magnetic field “Hedd”, and “Hexc”. The added fields are
related to the excess losses and classical eddy losses. Thus, two new supplementary
coefficients are added to the model parameters. The determination of those coefficients is
attained by measuring the energy density for two distinct frequencies. This model
introducing the magnetic induction as an independent variable is presented in order to be
directly used in time-stepping finite volume calculations applied to the magnetic vector
potential formulation. The calculated results are validated by experiences performed in an
Epstein’s frame. To check the effectiveness of this model combined with the control
volume method in the time domain, the obtained results are compared with experiments.

1. INTRODUCTION

The accurate determination of hysteresis losses permits to
carry out of highly efficient magnetic devices, especially in the
high-frequency regime. During a time-varying field, the
hysteresis loops in ferromagnetic materials are increased
proportionally with the frequency and may be estimated by the
integration over the curve. The good assessment of those
losses requires an accurate approach to the hysteresis
characteristics with the frequency regime [1]. Several
approaches are proposed in order to offer an accurate
representation of hysteresis loops in frequency regime [2, 3].
Among existing models, we note the Jiles-Atherton model [2-
4], the Preisach model [5, 6] which are most widely used, and
the energetic model proposed by Hans-Hauser [7, 8]. The
Preisach model supposed the material as a group of small
independently acting domains. These domains have a simple
relay-like hysteresis mechanism [9].

Although the Preisach model is more accurate, its
complicated mathematical formulation is the major restriction
in numerical implementations. On the other hand, the modified
inverse JA model is based on the magnetization through the
domain wall motion with pinning effects [10]. The modified
inverse JA is characterized by fewer parameters characterizing
the B-H curve and its simplicity of implementation with field
calculation procedure.

In recent years, a several important researches are devoted
on hysteresis modeling in finite element field [11, 12], its
complex mathematical formulation to solve Maxwell’s
equations taking into account the B-H curve [13, 14] can lead
to use a more simple numerical computation, such as the finite
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volume method.

In this work, an analogous way such made in [1] is
employed to depict the hysteresis comportment using the
energetic model (EM) [7, 8]. The EM is remodeled in
frequency regime based on the statistical theory of iron losses
separation developed by Bertotti in magnetic materials [15,
16]. The reformulation of EM in dynamic regime is based on
the addition of two additional energies associated to the eddy
and excess losses [17, 18]. In this situation two new
parameters related to eddy and excess losses are introduced.

In order to determine these parameters, the volumetric
energy density is measured for two arbitrary frequencies.

To test the validity of the proposed dynamic energetic
model coupled with finite volume method, the obtained results
are compared with measurements.

2. ENERGETIC MODEL

2.1 Quasi-static EM

In quasi-static regime, the magnetic field “H” compounds
by three terms [7, 8]:

Hys(B)=Hy +sgn(m)H, +H, (1)

With, Hq represents the demagnetizing field corresponding

to the linear material behaviour; H, represents the reversible

field depicts the nonlinear behavior of materials; H, represents
the irreversible field, corresponding the hysteresis effects.


https://en.wikipedia.org/wiki/Magnetic_domain
https://crossmark.crossref.org/dialog/?doi=10.18280/i2m.200104&domain=pdf

where,

H, =N,M.m (1a)
H, =h((@+m)""@-m)"")*" -1 (1b)
K q
Hy =8(——+CH)A-xexp(-—m-m)  (ic)
MoV K
With, §=sgn(m-m,)-
=21, eXp(eXp(——L | m ) )

The calculation procedure starts from the demagnetization
state (m=0, x=1), and therefore, the relative magnetization “m”
gradually increases such given in Eq. (1). The function “x” is
calculated by the Eq. (2) based on the previous value “xp”.

2.2 Energetic model in dynamic regime

The principal concept of DEM is the adjustment of the
energy density by adding two energies represented in excess
“Wexe” and eddy losses “Weqd”. If the magnetic flux density
waveform is assumed to be a sine wave, the total magnetic
field can be consisting of three terms [19].

den (B) = H hys (B) + Hedd (t) + Hexc (t) (3)

The equation of “Hnys” is similar to that given by Eq. (1),
“Hexc” and “Hedd” are the magnetic fields created by excess
losses and eddy currents respectively, and they are given in the
magnetic material by Eq. (4) and Eq. (5):

Am
Hedd (t) = kedd -

AL 4)
12
How) =k 57 ®)

The resulting magnetic field in frequency regime is given
as:

Am Am Y}
den (B) = thst (B) + kedd ?t + kexc (A_tj (6)

“Kedd” and “kexc”” represent the new factors of the frequency
regime associated with the geometrical and physicals
properties of materials [2-20]. Finally, the dynamic energetic
model is characterized by nine parameters, seven of them are
identified in quasi-static regime “Kedd” and “kexc” are identified
in dynamic regime.

3. IDENTIFICATION OF EM PARAMETERS

The hysteresis loops optimized and measured are plotted in
Figure 1. The optimized one is calculated using EM with the
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parameters extracted in the case of the quasi-static regime and
they are shown in Table 1. These parameters are identified
from the measured hysteresis loop at low frequency of 10 Hz,
by using a stochastic algorithm called simulated annealing
[21]. This algorithm is implemented in MATLAB software in
such a way as to achieve the best accordance between
measured values “Hmeasurea” and the corresponding values of
optimized magnetic field “Hmodelea”. The best agreement is
achieved when the minimum of used objective function (7) is
found for the selected parameters.

N i R
\/Z( H rlneasured -H ;ptimized )2 (7)
Error = 1— N

Table 1. Parameters of energetic model in quasi-static regime

EM parameters Modelled values

Ne: demagnetization coefficient 1.58-107
Ms: saturation magnetization 1.27-108
h: associate with the saturation filed and 4.93
anisotropy '
g: related the saturation filed and anisotropy 9.51
k: depends on the wall displacements 92.12
g: pinning place density 12.40
cr: particle geometries 0.83
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Figure 1. Optimized and Measured hysteresis loops at
10 Hz

To obtain the coefficients “Kedd” and “Kexc” linked to the
dynamic regime, we must solve the equations system given by
(8). By measuring the energy density for two distinct
frequencies (f=50Hz and f=100Hz), and Bsx=1.4T. The new
dynamic coefficients obtained are illustrated in Table 2.

e[ T2 ) k[ (A
(Wrgy ) 3 = Wr = Koy J.At m f1+ e _[ A m .

W, )., —w =k UA—mdm) K I[A—mjmdm
Tdy/f2 T edd At 0 exc At

With, “wr” is the energy dissipated in quasi-static regime
independent of frequency.

(®)

f2

Table 2. Coefficients depending on the frequency regime

Kedd (m/Q)
0.0426

Kexc (A/m)1’2
0.4266




4. MAGNETIC FIELD COMPUTATION

The equations governing electromagnetic problem are
given by:

m(ﬁ):is ©)
ﬁ(ﬂ):ﬁ (10)
H=v,B-M (1)

where, H is the applied magnetic field; A-is the magnetic
vector potential and; B is the magnetic flux density; 1o is the
magnetic reflectivity of vacuum; Js is the density of current
and; M is the magnetization vector.

The incorporation of (9), (10), and (11) lead to the
following formula:

VoVXVxA=J,+VxM (12)
The Eq. (12) can be simplified in (2-D) case, as:
oM, (t) oM, (t

VYA )=, + 2t O )

OX oy

“My” and “My”, are the parts of magnetization, computed by
the proposed hysteresis model.

4.1 Numerical method

The discretization of Eq. (13) is attained by using the FVM
[1]. The integration of Eq. (13) over all control volumes
(domain) is given by:

_ oM, (1) oM, (t)
VJ;(V-V(VOAZ(t)))dv_ vjiJs+—aX o Jdv (14)

Applying the Gauss-divergence theorem to the first
member we get:

[voV-VA (Odv = Y v, VAQ®)-fi s, 15)
f

v

where, A is unit normal vector of surface ds.

To approximate the gradient of v,A(t) in expressions of the
cell-center values we use the 2D mesh given in Figure 2, where
the cell-centers are appointed by uppercase letter (E,W,N,S)
and the cell-faces are denoted by the lowercase ones (e,w,n,s).
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Figure 2. Control volume mesh
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After mathematical development of Eq. (15) we obtain Eq.
(16) as fellows:

AX AX

]Ax

The source term of Eq. (14) noted “F” can be expressed by:

D voVA[R)-A;s =v0(
[t A

AE_Ap_Ap_A\N\JAy
(16)

AX AX

F =i (A xAx—((M,), = (M,),)Ay +
((M,), —(M,),)Ax

Finally, we can express all unknowns at the cell-centers of
the mesh, which lead to obtain the matrix system of the
following form:

(17

o M
[a][A] =[P][3.] +[ kK] ° T (18)
M EW
! t—At
In Eq. (18), [A]: is the values at nodes of the potential vector,
[Js]t represents the current source, [D] and [K] are the stiffness
matrix, [M]eas, is the magnetization term.

5. RESULTS

The FVM-DEM is applied to Epstein-frame constituting the
bench of measure where the magnetic core is composed by
FeSi 3% non-oriented grain magnetic material. The sheet is
characterized by 0.35 mm thickness, 15 mm width, 147 mm
length, and 7650 kg/m® mass density; Figure 3, shows the
Epstein framework.

Figure 3. Epstein framework

The symmetry of the system allows to study only a quarter
(1/4) of the domain. Figure 4, shows a quarter (%) of Epstein
frame, with boundary conditions.
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Figure 4. Epstein frame domain with boundary conditions



For the purpose of verifying the proposed method, a set of
results is given in Figures 5-10, in which the average hysteresis
loops and magnetic field waveform obtained by FVM-DEM
are compared with the measured results for different
frequencies. Figures 5 and 6, illustrate the magnetic field
waveform and hysteresis loops of both measured and modeled
at 50 Hz, let’s note that there is good agreement between the
modeled and the experimental data. On the other hand, it
demonstrated the accuracy of the identification method for
determining dynamic parameters.
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Figure 5. Magnetic field waveform modeled and measured at
50 Hz
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Figure 6. Hysteresis loops modeled and measured at 50 Hz

The obtained results are compared with measurements at
distinct frequencies (150 Hz and 200 Hz). Figures 7-10 show
a good agreement for both measured and modeled.
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Figure 7. Hysteresis loops modeled and measured at
150 Hz
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Figure 8. Magnetic field waveform modeled and measured at
150 Hz
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Figure 9. Hysteresis loops modeled and measured at
200 Hz
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Figure 10. Magnetic field waveform modeled and measured
at 200 Hz

6. CONCLUSION

The combined of finite control volume method and the
dynamic energetic model (FVM-DEM) were applied to solve
dynamic hysteresis problem. A new formulation is proposed
for modeling dynamic effects of magnetic field in
ferromagnetic materials. This formulation allows to easily
introducing the calculation of eddy current and anomalous
losses.

To describe the dynamic behaviour in ferromagnetic
materials, the energetic model is modified by introducing two
additional energies associated with classical eddy and excess
losses. Thus two new parameters related to eddy and excess



losses are introduced. The dynamic energetic model is
characterised by nine parameters seven of them are identified
in quasi-static regime, and the two additional parameters are
identified in dynamic regime. The new model is applicable in
both quasi-static and dynamic cases.

The proposed methodology has good performances with
regard to numerical and gives very satisfactory by comparison
between measured and modelled hysteresis loops.
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NOMENCLATURE

AT ®>

Potential vector magnetic, T.m™*
Magnetic induction, T
Excitation current density, A.m
Magnetic field, A.m™!
Magnetization, A.m*

time, s

Greek symbols

Vo

Magnetic reluctivity of vacuum [H/m]*
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