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In this paper, we apply an anisotropic extension for the energy-based and the Jiles-Atherton hysteresis models to simulate
both unidirectional alternating and rotational magnetic field excitations. The results show a good agreement with measurements
for unidirectional alternating fields. However, the results for rotational fields, especially at high magnitudes, show a significant
discrepancy with the measurement data. We demonstrate that the Jiles-Atherton model with appropriate parameters can estimate
the losses in alternating cases up to 1.5 T, whereas both models give reasonable loss estimation up to 1 T in rotational cases.

Index Terms—Energy-based Model, Jiles-Atherton Model, Magnetic Hysteresis, Non-oriented Electrical Steel.

I. INTRODUCTION

CCURATE modeling of hysteresis phenomena is impor-

tant for efficient design of electromagnetic devices, and
different types of ferromagnetic hysteresis models have been
developed for different applications. Among existing models,
the energy-based (EB) model is particularly attractive [1]—
[4], as it combines advantages of both Preisach and Jiles-
Atherton (JA) models [3], [5]-[7]. The EB model is derived
from thermodynamic principles, and at any moment, the stored
and dissipated magnetic energy is known (as opposed to the
JA model). In addition, the model is readily vectorial. Another
advantage is that the memory effect is present, which yields
a better representation of non-symmetric minor loops. The
model considers the magnetic field strength H as the input
variable. Unlike the Preisach and JA models, the EB model
is not easily invertible to use magnetic flux density input [8]—
[11]. Therefore, the model must be inverted numerically for a
numerical field analysis that utilizes the magnetic flux density
B as the primary variable [8].

In this paper, the anisotropic EB and JA hysteresis models
are briefly discussed. The anisotropic extension is realized
using parameters and anhysteretic characteristics in the rolling
and transverse directions of the silicon steel sheet. The param-
eters of the EB model are identified from the unidirectional
alternating magnetic measurements. The identification proce-
dure utilizes the auxiliary function approach presented in [12].
The JA model parameters are estimated from all the measured
symmetric minor and major BH loops corresponding to the
unidirectional alternating field. The parameters are computed
using a combination of heuristic optimization techniques [13]—
[15].

Since the EB model defines hysteresis loss dissipation as
a direct consequence of the domain wall pinning, an idea
intrinsic to the JA model, a comparison with the JA model is
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insightful. In this paper, the accuracy in the simulation of the
symmetric minor BH loops and the corresponding hysteresis
losses is investigated. Also, the measured rotational magnetic
characteristics and the corresponding losses are compared with
simulation results. The BH measurement data used in this
paper corresponds to 0.5 mm non-oriented (NO) silicon-iron
electrical steel (grade M400-50A). The magnetic measure-
ments are obtained from a rotational single-sheet tester (RSST)
[16], [17]. The measurement is a B-controlled and performed
at 50 Hz. An approximation of the quasi-static magnetic field
is obtained by removing the classical eddy-current loss field
from the measured field strength [18]. It should be noted that
the models in this paper are limited to the rate-independent
case.

II. ENERGY-BASED HYSTERESIS MODEL
A detailed derivation of the EB model can be found in

[3], [4], [19]-[21]. The magnetic flux density in a material
is expressed as

B = poH + oM = poH + J, (1)

where i is the permeability of free space, J is the material
magnetic polarization, M is the material magnetization, and
H is the magnetic field strength. The magnetic material is
considered to be a collection of sub-systems (or pseudo-
particles), and the resultant magnetic polarization is a sum
of contributions from all the sub-systems,

N N

T=Y"J'=) (Wi cex +widhey), ()

(=1 (=1

where

ex = (Hrev.,x/HHreVH)ém and ey, = (HreV,y/HHreVH)éY'

The pinning field probability densities wf, w! > 0 are associ-
ated with the pinning field strengths %, «/ and satisfy

N N
dwb=1, and Y wl=1
=1 =1
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Fig. 1. Schematic of energy-based hysteresis model. A mechanical analogy
with a spring-slider system (left), and a single particle model (right).

The anhysteretic polarizations

Jgn,x = fx([Hyev|]) and Jﬁn,y = fy(HHreV”)

represent the anhysteretic characteristic of the magnetic mate-
rial in the rolling and transverse directions.

The update rule of the reversible magnetic field strength
(the memory vector) is

H, . if | ["] " 0H'| <1,
y) rev,t
Hrcv,tJrAt = (3)

— klegye , otherwise,

‘ ¢

0 _ 14 — J_E e — |Fx 0
where 0OH" = H — H,,, ,, eppe = O [O kLD
H!

Yy
. 1s the irreversible magnetic field strength. The correct

direction ege = cos(a)éy + sin(a)é, is searched utilizing
(2) and the explicit update rule [21], [22]
Hf

rev,t’ lf H [K’q_l aIjl-é” S 1’
HrécvytJrAt = , K/E(?HE ) (4)
—K W’ otherwise.

The EB model with explicit update rule (4) is a so-called
vector play type model (VPM) [23], [24]. In this paper, (4)
is used to simulate the unidirectional alternating magnetic
excitations, whereas (3) is used to simulate rotational magnetic
field excitations. For brevity, in this paper, the EB model
having (3) as an update rule is called EBM (in the literature,
some authors prefer to call it a full differential approach [21]).

Fig. 1 is a mechanical analogy of the single-particle EB
model. It consists of a spring connected to a friction slider (or
damper). In a multi-particle (or cells/sub-systems) EB model,
the spring-damper units are connected in series. Thus, for
a N particle system, there are N — 1 spring-damper units,
and the remaining one is spring without any damper. The
single-particle model is a representation of isotropic media.
Therefore, for an anisotropic medium the shape of the particle
region could be ellipsoidal and various other shapes (see, e.g.,
[25, Fig. 3 and 4] for a detailed overview).

III. JILES-ATHERTON HYSTERESIS MODEL

The vector modification of the original scalar JA model is
presented in [11], [26]. The following equations describe the
vector JA hysteresis model:

B = po(H + M), ©)
0B oM
9H =M01+M08—H7 (6)
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Fig. 2. Anhysteretic magnetization in the rolling and transverse directions
of the NO silicon steel sheet. The anhysteretic curves are extracted from the

measured major BH loops. (a) Logarithmic plot. (b) Linear plot for Hayg <
10 kA/m.

oM
O0H
where I is the identity matrix, ) is the differential irreversible

susceptibility, and & is the differential anhysteretic suscepti-
bility:

=[I— (x+c€)a] " [x+ct], )

X5l if (May — M)OHeg > 0,
X = lIx sl
0 otherwise,
Man
Xf:kil(Man_M)ag 0 HCH:H+aM

- aHeff ’

where X is an auxiliary vector quantity, My, is the an-
hysteretic magnetization, and H.g is the effective magnetic
field strength. The model parameters k, o, and ¢ describe
respectively, the pinning of domain walls, the Weiss domain
co-operation, and the bulging of domain walls [7], [27].

For an isotropic magnetic material, the parameters of the
JA model are scalars. However, experience has shown that a
single set of parameters produces inaccurate results if used
to fit all the symmetric minor BH loops [28]. Thus, in this
paper, the parameters of the JA model are estimated for each
measured symmetric minor BH loops. In the anisotropic case,
the parameters are assumed to be symmetric tensors with
entries

k_km 0 o= | 0 c— |G 0
S0 kT T {0 oyt T |0 gy
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Fig. 3. The measured coercive field strength H. represented as a function of
the peak amplitude of magnetic field strength H,.

IV. ANHYSTERETIC CHARACTERISTIC

The classical Langevin and Brillouin functions are com-
monly used to represent the anhysteretic magnetic characteris-
tics [7], [28]. However, these functions, or their combinations,
cannot always fit with the measurements [29]. In this paper,
the average curve of a measured major BH loop is assumed
to be a close approximation of the anhysteretic magnetic
behavior. The average curve is identified from unidirectional
alternating magnetic measurements in the rolling and trans-
verse directions. Computationally, the anhysteretic curve is
represented by a shape-preserving cubic spline (see Fig. 2)
[30]. In addition, the anhysteretic curve is linearly extrapolated
in the region outside the measurement range.

Note that the JA model recognizes the interaction between
neighbouring domains, so an inter-domain coupling field M
is added to the applied magnetic field strength (see Section III)
[7]. Although the formulations presented in preceding section
(see Section II) neglect any interaction between domains,
it is essential to apply the inter-domain coupling field for
a better description of the magnetic characteristics. Adding
the coupling field in the EB model leads to an implicit
condition, and the condition in the update rule (4) evaluates
to H[ne]fl(H +aM — Hf,, )| <1, so (1) must be solved
iteratively. )

We first assume o = 0 for the EB model and identify the
inter-domain coupling parameter for the JA model. Then, the
identified o from the JA model is applied to the EB model,
and the magnetic flux density is sought as a fixed point of the
recursive relationship

Biilm = g(leH—At)v (8)

where | = 0,1, ..., lnax is the iteration index, and g is the
mapping function. The initial guess B} " A¢ 18 obtained from
the solution of the explicit EB model (i.e., a = 0).

V. PARAMETER IDENTIFICATION
A. The EB Model Parameters

The parameters of the EB model are identified using the
auxiliary function approach described in [12]. For the ¢tt
sub-region, the pinning field strength and its corresponding
probability density is obtained by utilizing the following
equations:
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Fig. 4. The identified pinning field probability density for rolling direction.
The total number of units (or cells) N = 44.
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Fig. 5. The identified pinning field probability density for transverse direction.
The total number of units (or cells) N = 44.
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ol — w — {H% — F(H)] . (10
Jre w(k) dr et

where F'(H) is the auxiliary function. It is identified utilizing
the measured H.(H,,) characteristic (see Fig. 3):

1 , 1o, -
F(HY) = SFHET), it Hy = o [Hy™' 4+ He(Hg™)]
U\ HE = Hepnas i HE> H,y

(1D

The value of the characteristic function H.(H,) = 0 at the

origin, and for the section (0, H, , it is assumed to behave
quadratically,

,min]

Hy,
H

P min

,min’

2
H.= HC,min ( ) ) VHP < Hp
The identified parameters of the EB model are shown in Fig. 4
and 5. It can be seen that some of the values of wy and wy
become very small (almost negligible) if the number of cells
are increased from 44. Therefore, the total number of cells
N =44 is accepted as an optimal value.

Typically, the magnetic field strength is the most uncertain
part of BH loop measurements [16]. Obviously, the coercive
field is very small compared to the peak field strength and
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Fig. 6. Identified parameters of the JA model for rolling direction [Note: The
normalization factor kmax = 540 A/m and amax = 45 X 10*6].
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Fig. 7. Identified parameters of the JA model for transverse direction [Note:
The normalization factor kmax = 350 A/m and amax = 45 X 10*6].

thus more prone to measurement uncertainty. Although it is
difficult to quantify the exact measurement uncertainty, the
differences between the rolling and transverse directions can
be clearly distinguished (see Fig. 2 and 3).

B. The JA Model Parameters

Fig. 6 and 7 show the identified parameters of the JA model.
Unlike in the classical approach, ky,ky, oy, oy and cy,cy
are estimated for each of the measured symmetric minor BH
loops. The larger number of parameters produce a better fit
with the measured data. It is worth noting that the “loop-
dependent” parameters are actually more physical than having
a single set of parameters identified from only one major BH
loop [28]. The variation in the parameters of the JA model
improves both the reversible and irreversible susceptibility. As
a result, the model produces a better fit with the measured
symmetric minor loops (see Section VI).

The parameters of the JA model are estimated using a
combination of global and local optimization techniques. The
Simulated Annealing (SA) optimization method is used to
obtain the initial estimate [14]. The results obtained from the
SA method are refined using the Nelder-Mead-simplex (NMS)
method [15], [30]. The mean square error is used as the cost
function for the SA and NMS optimization algorithms.

The parameters ky, ky and cy, ¢, are related to the coercive
field strength. Thus, changes in coercive field strength (see
Fig. 3) reflect the changes in the pinning parameter [7]. Since
the field strength oM is a consequence of the averaged
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Fig. 8. Simulated and measured BH loops for low field excitations (transverse
direction). (a) Bpeak = 0.1 T. (b) Bpeax = 0.2 T.

interaction between the domain magnetization, it is usually
assumed to remain constant [7], [27]. However, the applied
field reorients the domain magnetic moments through domain
wall motion and moment rotation; therefore, the number of
magnetic domains vary in accordance with the direction and
amplitude of the applied field [32]. Hence, changes in domain
wall configurations could affect the interactions between the
domain magnetization. Therefore, the changes in the interac-
tions between the domain magnetizations can be accounted for
by allowing « to vary with the applied input excitation (see
Fig. 6 and 7) [31].

VI. RESULTS AND DISCUSSION

A comparison between the simulation and measured unidi-
rectional alternating BH loci is shown in Fig. 8 and 9. Given
the number of identified parameters for EB and JA models,
the simulation results are in good agreement with the uni-
directional alternating measurements. However, the loss loci
show some disagreements for high amplitude symmetric minor
loops. The disagreement is better visualized in the hysteresis
losses (see Fig. 10). It is worth noting that the simulation
results from the JA model show much better agreement with
the measured data. The reason behind is that the parameters for
each measured symmetric minor loop are optimized separately.

On the other hand, the EB model reproduces a close approx-
imation to the measured losses for the BH loops with the peak
amplitude of flux density up to 1.4 T. At a higher amplitude
of the input excitation, the error between the simulated and
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Fig. 9. BH-loops for high field excitations (transverse direction). (a) Bpeax =
1.5 T. (b) Bpeak = 1.9T, Hpeax = 17.73 kA [Note: The peak value of H
is quite large, so some parts of the measured and simulated data are clipped
for visualization.]
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Fig. 10. Hysteresis losses for alternating field excitations (transverse direc-
tion).

measured BH loop is higher for the EB model, compared to the
JA model. It is worth to note that the comparison is based on
the fixed number of units (cells, /N = 44). Therefore, two more
tests are performed with new sets of EB model parameters.
The first set consists of 62 cells and the second 83. However,
the improvement is negligible, compared to the results with
44 cells. In contrast, small improvement is seen in the results
with « # 0, compared to o = 0 (see Fig. 10).

The results for the rotational input excitations are shown in
Fig. 11 and 12, and the losses in Fig. 13. It is interesting to
note that the simulation results from the anisotropic two-axis
model follows the measured loss loci until 1 T and increases
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Fig. 11. Results for rotational low field excitation |B| = 0.1 T. (a) HxBx-
loci (b) Hy By-loci.
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Fig. 12. Results for rotational high field excitation |B| = 1.5 T. (a) HxBx-
loci (b) Hy By-loci.
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Fig. 13. Hysteresis losses for rotational field excitations. The simulated results
are obtained from anisotropic EB and JA models.

linearly for higher input excitations. The anisotropic extension
based on the magnetic characteristics from the rolling and
transverse directions can produce either (i) circular output loci
for circular input excitations (identical rolling and transverse
characteristics), and (ii) elliptical output loci for circular input
excitations or vice-versa (transverse characteristics are differ-
ent from the rolling). Unlike in the unidirectional case, the
measured rotational loss loci show non-monotonic behavior
(see Fig. 13).

At high field excitations, fewer but larger domains occur,
leading to a smaller number of domain walls. Hence the
dissipative losses, which are a consequence of irreversible
domain wall translation and rotation decreases. In contrast, the
number of domains varies considerably under unidirectional
alternating field excitation. Therefore, loss loci are monotoni-
cally increasing (see Fig. 10). Nevertheless, the microstructure
and crystallographic texture affect the magnetic characteris-
tics [32]. The simulation results confirm that the two-axis EB
and JA models are suitable for modeling rotational losses only
up to 1 T (see Fig. 13). Thus, it is required to have more
information (parameters from other directions) for modeling
losses occurring at higher rotational input excitations.

The modeling of rotational field variations and the losses
are still challenging. The past studies suggest that both the
EB (isotropic and with multi-cell approach) and JA models
are unable to correctly represent the rotational field variations,
specifically the decreasing trend in rotational losses at high
field excitations [4], [26]. In contrast, the VPM with play
hysterons shows acceptable results for both alternating and
rotational field variations [33]. Likewise, the vector extension
of the Preisach model (widely known as the Mayergoyz vector
model [5]) shows proper fitting even for decreasing rotational
loss loci at saturation [17], [34]. However, unlike the physical
EB and JA models, the Mayergoyz vector model must be fine-
tuned from a large set of measurement data.

VII. CONCLUSION

Simulation results from both the EB and JA models are
compared with the measurement data. The BH loci and the
hysteresis losses are compared for both unidirectional and
rotational input excitations. Also, the hysteresis models are
further extended to account for the magnetic anisotropy. The

simulations show that both the models produce close ap-
proximations to the measured unidirectional alternating fields;
however, at high field excitations, some discrepancies are
visible. On the other hand, based on the rolling and transverse
direction parameters, results from the simplified anisotropic
extension lack adequate fit to the rotational Hy By, Hy By loci
and losses. Nevertheless, based on the simulated results, we
can conclude that the two-axis (rolling-transverse) anisotropic
EB and JA models are applicable when the rotational flux
density is less than 1 T.
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