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Abstract

Energy conversion is essential to meeting sustainable energy needs. Higher frequencies impart
enhanced efficiency. Standard magnetic characterization methods have not been designed for
these working conditions, and manufacturers seek alternative solutions.

Inductance spectroscopy (IS), which is easy to implement in a production line, relies on
impedance measurements during frequency sweeps. IS gives access to dynamic behaviors.
Combined with dedicated simulation methods, IS enables parameters that are useful for
predicting the hysteresis cycle frequency dependence and the related magnetic losses to be set.

We applied IS to oriented grains of electrical steels. We established a correspondence
between a lumped model developed to simulate hysteresis cycles and the magnetic version of
the Cole—Cole ferroelectric method for IS.

We obtained good comparisons with experimental results on large frequency bandwidths for
both models and with the same combination of dynamic parameters. We established the

uniformity of the dynamic behavior, such as the possibility to characterize this behavior by 1S.1

Keywords: Dynamic hysteresis, Cole—Cole model, fractional derivative, impedance analysis

1GO: oriented grains; ImS: impedance spectroscopy; IS: inductance spectroscopy; RD: rolling direction; STL:
statistical theory of losses; TD: transverse direction.



1 - Introduction

Energy efficiency is essential to meeting clean energy needs. Although solar and other
renewable energy technologies usually take precedence, energy efficiency also lowers emissions
[1], and researchers predict substantial progress [2]. There are multiple possibilities for this
progress, including new geometrical designs, materials, and technologies.

We focus explicitly on magnetic conversion, magnetic loss evaluation, and characterization.
Magnetic loss prediction in electromagnetic devices is a longstanding problem [3][4].
Nevertheless, the large number of recent papers is noteworthy, confirming a resurgence of
interest that is motivated by sustainability and electrification in the transportation domain [5]-
[10].

Progression in industrial development proceeds through technological breakthroughs, which
can be listed as follows (in the context of magnetic laminated cores).

e Silicon adjunction

e Goss texture [11]

e Stacking [12]

e Coating [13]

These advances have substantially improved energy efficiency. Nevertheless, research is still
ongoing. In 2014, the World Bank database estimated that 8% of the world's electrical energy
production was lost between generation and consumption [14]. Of that 8%, one can attribute a

considerable fraction to magnetic conversion, hysteresis, and eddy current loss.



If nothing is done to reduce this waste, the fraction of energy lost will increase with the spread
of high-frequency-power electronics, which will require an alternative means of power
distribution [15][16].

High-frequency characterization is necessary for the development of high-frequency magnetic
cores. Magnetic characterization standards describe the necessary experimental conditions for
measuring the magnetic hysteresis cycles: evolution of the cross-section averaged induction Ba
as a function of the tangent surface magnetic excitation field Hsuwrf. For electrical steels, these
standards include:

e Epstein frame (IEC 60404 — 2 [17]);

e Single-sheet tester (IEC 60404 — 3 [18]); and

e Toroidal magnetic core (IEC 60404 — 6 [19]).

Among these methods, IEC 60404-6 is the only one that mentions the high-frequency range
(higher than a few hundred hertz). Nevertheless, this technique imposes toroidal-shaped
specimens, which is never the case on a production line.

Further advances in magnetic characterization are needed. Inductance spectroscopy (IS) is
pertinent in this context. IS has rarely been used in industry and, to our knowledge, never for
electrical steel. However, IS has been demonstrated on amorphous materials [20] to be an
accurate means of characterizing the behavior of soft ferromagnetic materials in the high-
frequency range. IS can easily be implemented for fast, nondestructive controls because it only
requires an impedance analyzer and good electrical contacts.

In this study, we used IS to observe the dynamical behavior of grain-oriented (GO) electrical

steel (FeSi) laminated strips. We also developed an IS simulation method based on the



ferromagnetic version of the classical ferroelectric Cole—Cole model. We established a
relationship between this simulation method and a lumped model based on a fractional
differential equation that was previously revealed to be efficient for simulating the hysteresis
losses (high-amplitude, frequency-dependent hysteresis cycles as observed with standard
characterization techniques).

From this relationship we developed conclusions, including the consistency of the dynamic
behavior observed from IS and the possibility of assessment by this characterization method.

This manuscript is organized as follows. The second section presents IS. Subsections are
dedicated to the experimental setup and the tested specimens. The third section presents the
experimental results. The fourth section presents the simulation method (Cole—Cole model), such
as its relation with the lumped model based on a fractional differential equation. The fifth section

presents the discussions and conclusions.

2 — Inductance spectroscopy, description, and implementation

Researchers have implemented impedance spectroscopy (ImS) to investigate the ferroelectric
properties of many materials (e.g., metallic [21], ceramic [22], and polymeric [23]). ImS is rapid,
nondestructive, and can be easily automated. ImS applies frequency sweeps of an imposed
sinusoidal voltage/current and monitors the current/voltage responses. The resulting impedance
Z is a powerful indicator of the material properties [24]. IS, described next, is the magnetic
complement of ImS. It is based on the same ideas but focuses on magnetic properties.

2.1 - Inductance spectroscopy: description



IS outputs the evolution of the inductance L as a function of frequency. Initial research on this
topic was carried out in the middle of the twentieth century [25]. IS is a versatile means of
characterizing the magnetization dynamics of soft ferromagnetic materials (e.g., amorphous
ribbons and wires [26][27], ferrites [25], and glass-coated ferromagnetic microwires [28]).

Similarly to ImS, IS relies on impedance analyzer equipment. IS monitors the impedance of
sensor coils, which can have various geometries.

e Flat pancake coil (Fig. 1) positioned parallel and close to the surface of a ferromagnetic

specimen.

\Eﬁ/ﬁmcake coil

Fig. 1 — Pancake coil sensor.

e Ferromagnetic sample, subjected to an alternating current (AC) (Fig. 2). In this
configuration, the magnetic excitation comes from the alternating electrical current
flowing in the tested specimen.

One exciting property of IS (in the context of ferromagnetic thin films) is its ability to
distinguish the magnetization mechanisms [20]. These mechanisms can be regrouped into five
families:

e Domain wall bulging (low Hsurf amplitude range)[29];

e Domain wall irreversible motions (middle Hsurf amplitude range)[30];

e  Magnetization rotation (high Hsurf amplitude range)[31];



e Domain wall frequency dependence, ripples, and avalanches phenomena (AC Hsurf)[32]-
[34]; and

e  Macroscopic eddy currents (AC Hsurf)[35].

Each of these mechanisms is characterized by its own time constant. All the magnetization
mechanisms contribute in the low-frequency range, and the inductance value is maximal. The
mechanisms associated with the domain wall motions (bulging, irreversible motions, etc.) are
characterized by a high-time-constant. High-time-constant (slow dynamic) mechanisms cannot
respond to the magnetic excitation when the frequency increases, leading to an incremental
decrease in inductance. Each decrement and corresponding frequency is attributable to a given
magnetization mechanism. Beyond a threshold frequency (relaxation frequency), the
permeability becomes very small, reflecting the contribution of the magnetization rotation
(characterized by a low-time-constant) as the only active magnetization mechanism. The time
constant of the macroscopic eddy current is easier to assess as the equations associated with this
mechanism are well known. Finally, a careful study of the inductance variations yields essential

information about the magnetization processes.

2.2 - Inductance spectroscopy: experimental setup description
Fig. 2 shows a photograph and a schematic three-dimensional view of the experimental setup

that we designed to characterize electrical steel strips by IS.



front view

(1) impedance analyzer  (3) GO FeSi specimen (5 Aluminum rail

@ Copper tape @ Linear actuator

Fig. 2 — Photograph and overall three-dimensional view of the experimental setup.

The tested specimen was placed between two electrodes (copper tape, n°2 in Fig. 2). The
contact resistances associated with the copper tape electrodes were compensated through a pre-
calibration step. Two linear actuators translating in the Ox direction were used to ensure excellent
electrical contacts. Four-point impedance measurements (where current-carrying and voltage-
sensing electrodes are separated) were achieved with the impedance analyzer. BioLogic MTZ35
(Grenoble, France) and NF Corporation ZM2375 (Yokohama, Japan) analyzers were tested to
check the results' reproducibility. The voltage- and current-imposed experiments were tested;
Since the analyzer output impedance is much larger than the specimen one, working under the
voltage-imposed is equivalent to working under the current-imposed, and similar plots were

obtained. The complex inductance was calculated in post-processing using Eq. (1) and Eq. (2) [36].

L=-j= (1)

w

L =L +jL", (2)



where j = V=1, w is the angular frequency, L' and L’ the real and the imaginary part of the

inductance L.
2.3 - Tested specimens
All of the tested specimens were from the same batch and were all GO FeSi laminated strips
with 3 wt % silicon content. Table 1 shows the physical properties measured at room temperature

for GO FeSi as gathered from the manufacturer's website.

Table 1 — Typical values of FeSi GO magnetic parameters at room temperature.

Max. relative L Saturation Curie Saturation
- . Coercive field . .
Composition permeability He (A-m) polarization Temperature magnetostriction
(u-max) JS(T) Tc (°C) }\s=(A|/|)Js
GO FeSi Feor—Sis (15-80) x 10° 4-15 2.02 750 (1-3) x 106
Core loss (W-kg™)
W10/50 ‘ W10/400 | W10/1k ‘ W5/2k ‘ W1/10k ‘ W0.5/20k
GO FeSi 0.7 ‘ 14.4 | 62.0 ‘ 50.2 ‘ 38.0 ‘ 33.0

W10/50 is the core lossat 50 Hz, 1 T
(10 kGauss)
GO FeSi specimens have strong magnetic anisotropy because of their Goss texture [11]. Fig. 3,
right-hand side, shows this anisotropy; where simulations of the anhysteretic behavior [37] show
|Ba-anh|| for various angles and amplitudes of Hsurt. The left-hand side of Fig. 3 shows the tested

specimens' geometrical characteristics.
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Fig. 3 — Specimen dimensions and illustration of the magnetic anisotropy in GO FeSi.

3 — Electrical steel: inductance spectroscopy and experimental results

Fig. 4 shows the experimental results obtained in current-imposed conditions and a maximum

amplitude varying from 2 to 100 mA. The electrical current flowed in the transverse direction

(TD).
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Fig. 4 — Real and imaginary parts of the relative effective permeability as a function of the excitation frequency; the
electrical current flowed in the transverse direction.

Fig. 5 shows the results obtained in the same conditions, but in which the electrical current

flowed in the rolling direction (RD).

TD
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Fig. 5 — Real and imaginary parts of the relative effective permeability as a function of the excitation frequency; the
electrical current flowed in the rolling direction.

Figs. 4 and 5 confirm a strong anisotropy in the magnetic response of the GO FeSi. When the
electrical current flowed in the TD (Fig. 4), a resulting magnetic field was generated in the RD
(easy magnetization axis), leading to high inductance values. This observation was especially true
in the low-frequency range when the frequency is low enough to drive every magnetization
mechanism. When the excitation amplitude is large, the resulting inductance is high, reflecting
the superposition of all these mechanisms. Refs. [38] and [39] reveal that a magnetic field that is
greater than at least half of the coercivity Hc (= € [5-20] A-m™ in RD) is required to generate
irreversible domain wall motions.

It is complex to estimate precisely the amplitude of the magnetic excitation field during the

testing process. FeSi GO laminated sheets are characterized by stiff hysteresis cycles (Fig. 6);



saturation comes soon after coercivity under the influence of an increasing magnetic excitation
field. The substantial difference between behaviors observed at 10 and 40 mA combined with
the relative invariance for 240 mA indicates that a steady-state has been reached. An increase in
the flowing current induces a rise in magnetic excitation, and the steady-state can be assimilated
into a saturated state. This observation concludes that coercivity was reached in the 10- to 40-
mA range. Fig. 6 shows a FeSi GO low-frequency range Ba(Hsurf) hysteresis cycle. Nonlinear
behaviors started at Hsurf = 2-Hc, and saturation was reached at 3-Hc, which is in these conditions
slightly greater than 50 A-m™L. Fig. 6 shows a FeSi GO low-frequency range Ba(Hsurf) hysteresis
cycle. Nonlinear behaviors started at Hsurf = 2-Hc, and saturation was reached at 3-Hc, which is in

these conditions slightly greater than 50 A-m™.
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Fig. 6 — Quasi-static Ba(Hsurf) hysteresis cycle for GO FeSi.

Coercivity increases with the frequency [40]. To reach coercivity and saturation in the 10—10°

Hz range means larger Hsurf levels than those depicted in Fig. 6. Based on this observation, we



assumed that a maximum magnetic field of 100 A-m~ when max(l) = 100 mA is probably close to
the real practical condition.
It is interesting to observe the plateau-like behavior of L’ in the low-frequency range of Fig. 5

and its quasi-absence when the excitation current was high in Fig. 4.

><‘1O'7
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Fig. 7 — Illustration of plateau-like behavior.

This behavior is related to the domain wall bulging mechanism, characterized by a time
constant that is lower than the other magnetization mechanisms. The contribution of domain
wall bulging in terms of inductance was minimal, justifying its omission in most of the Fig. 4 curves
where the macroscopic eddy currents' and the domain wall motions' contributions were
dominant. Another plateau-like is observable for L’ in the high-frequency range of all Fig. 4 and
5 charts. This plateau-like is associated with the magnetization rotation as it is the only
mechanism of time constant low enough to be activated by the high frequencies tested.

Researchers have reported such observations on ferromagnetic amorphous ribbons [20].



4 - Simulation tool: frequency dependence of the magnetic hysteresis
cycles and inductance spectroscopy

This section reports our work with simulation tools on demonstrating the potential of IS as an
experimental method for evaluating the magnetic losses and dynamic behavior of electrical steel.
We focused on the high-frequency range where standard characterization methods indicate
limitations.

We established a correspondence between simulation methods developed for the frequency
dependence of the hysteresis cycles and those designed for the inductance.

4.1 - Fractional differential model for the frequency dependence of ferromagnetic
hysteresis

In the 1980s, Bertotti described electrical steel magnetic loss in the Statistical Theory of Losses
(STL) [4][41]. In accordance with the STL, one can delineate the magnetic loss into three
contributions:

W = Why + W + Wey, (3)
where:

e The quasi-static loss Why is frequency-independent and characteristic of the low-

frequency range.

e The classic loss Wq is linked to the macroscopic eddy currents. W is derived from the

Maxwell equations and is based on the assumption that skin effect is negligible:

_o6d? (1/f (dBy)?
Wa =2, (F) dt, (4)

where o is the electrical conductivity and d is the laminated sheet thickness.

e The excess loss Wex is related to the magnetic domains kinetics:



1.5
dt, (5)

Wey = y/oSgVo f, 7 |22

where g = 0.1356 is a dimensionless coefficient, S the cross-sectional area, and Vo is a max(Ba)-

dependent statistical parameter linked to the microstructure. The STL is a powerful means of
estimating the ferromagnetic losses, but it assumes a full flux penetration, which restrains its
domain of validity to a few hundred hertz. The STL is not applicable in this study, in which we
targeted high-frequency behavior.

Space-discretized methods are good alternatives [32]-[34][42]. A one-dimensional resolution
of a combination between the magnetic field diffusion equation (Eq. (6)) for the classic loss
contribution and a viscosity-based magneto-dynamic model for both the hysteresis and excess
loss contribution Wex (Eq. (5)) gives excellent results. For this material law, a basic expression (Eqg.

(7)) can lead to a unique formulation (Eq. (8)) that is readily solvable by matrix inversion [33]:

a2H dB
7%= & (6)
dB
pa = H(t) - Hstat(B) (7)
9%H __H(®)-Hgat(B)
P (8)

where B and H are the projections on the magnetization axis of the magnetic induction and
excitation fields, p is a constant, and z is in the thickness direction (Fig. 3). Hstat cannot be
measured but can be calculated from a static model of material law [33]. More accurate results

can be obtained with an improved formulation (Eq. (9)) [42]:

B 5
primires [H(t) — Hgae(B)[“®), (9)

where § is a directional parameter (= +/- 1), and we set the B-dependent functions a(B) and g(B)

by comparisons with experimental results. With such a high number of parameters, we obtained



excellent simulation results. However, this method resembles a fitting process; and thus requires
a large quantity of experimental data and is complex to implement in industrial applications.

In this context of frequency limitations or excessively sophisticated techniques, alternative
methods are needed. Consequently, some simulation techniques are based on mathematical
operators in the framework of fractional derivatives. Researchers have tested various
approaches, including the lump fractional differential equation (Eq. (10)) [43][44]; such as in
extending both the Preisach and Jiles—Atherton quasi-static hysteresis models Hs:wat(Ba) to the

frequency dependence through the adjunction of a fractional viscoelastic-type dynamic term:

d"B,
p den = Hsurf(t) - Hstat(Ba)r (10)

where n is the fractional order.

Fig. 8 shows the hysteresis loss for various maximum sinusoidal magnetic induction levels and
comparisons with simulation results (Eqg. (10)). We obtained the experimental results from the
literature [45]. After running the optimization process [46], we obtained good simulation results;

p =0.05A-s"T"m?and n=0.83.
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Fig. 8 — Comparison of simulations (fractional differential equation)/experimental results for the magnetic energy
loss in a GO FeSi specimen.
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Fig. 9 — Comparison of simulations (fractional differential equation)/experimental results for the magnetic power
loss in a GO FeSi specimen.



4.2 - Ferromagnetic Cole—Cole model
ImS is popular for characterizing ferroelectric materials. In this context, we used ImS (also
termed dielectric spectroscopy) to observe the frequency dependence of the permittivity €(w),
where w = 2ntf is the angular frequency.
Concomitantly to the development of ImS, researchers have developed simulation tools to
improve their understanding and physical interpretations of ferroelectric materials. These
simulation tools include the simple Debye equation [47], which works in ideal situations; but in

most work, the fractional Cole—Cole model (Eq. (11)) is more effective [48][49]:

€S — €00
1+’

e=¢ —j&' =g, + (11)
where £« is the high-frequency permittivity modulus, €s is the quasi-static permittivity, T a
characteristic relaxation time, and n is linked to the distribution of relaxation times (0 < n < 1).
The observation of the Cole—Cole quantities €, €”, and Cole—Cole plots €'(¢") leads to an evident

analogy with the ferromagnetic results ([50][51], and Figs. 3 and 4). The scientific literature has

used this analogy, which leads to the magnetic Cole—Cole expression (Eq. (12)):

WS — poo

1+(jot)n’ (12)

Ro= g = e +
where | is the high-frequency permeability modulus, and ps is the quasi-static permeability. In
Ref. [50], Eqg. (12) was used to measure the frequency dependence of magnetic fluids and in Ref.
[51] for that of spin glasses.

4.3 - From a fractional differential equation to a ferromagnetic Cole—Cole model

Eq. (10) gives accurate results for simulations of the dynamical hysteresis cycles. Eq. (12) is

valid for harmonic-type signals. We next establish a relationship between these equations.



During the impedance analyzer test, the magnetic flux density Ba generated in the tested
specimen is supposed to have a harmonic-type waveform:
B, = Bycos (wt). (13)

We neglect the quasi-static loss contribution, so Ba and Hstat are considered as linearly linked:

B t)
Hgtar = M- (14)

Ustat

Ba is harmonic, and therefore the dynamic contribution in Eq. (10) (i.e., the product of p and

the time-fractional derivation of Ba) can be expressed analytically:

d"B,
Pam

= pByw"cos (wt + ng). (15)

A combination of Eqgs. (10), (14), and (15) leads to an analytical expression for Hsurf:

Hgyr = pBow™ cos (oot + nE) + Bocos (@) (16)
2 Mstat
Eqg. (16) can also be written using the complex number formalism:
Hgure = Boejmt : [ - + pu)nejHE], (17)
Hstat

where one can express |, the complex permeability, as follows:

— Hgurf _ 1 _ Ustat
M= 5ot — 1 penez T 1+ (twj)n (18)

Ustat

™ = Ustat * p. (19)

Egs. (18) and (12) are slightly different; but considering that pe (the infinite permeability
associated with the high-frequency behavior and the spontaneous rotation magnetization
mechanism) is w-independent and close to zero (L’ decreases highly in the high-frequency range

in Fig. 4), we established the correspondence:

_ Mstat—Hoo __ Ustat
M=t + 5 oon ~ Trram (12)




From Egs. (12)-Eq. (19), analytical development is an additional indicator that the magnetic
Cole—Cole expression (Eqg. (12)) is the low-amplitude harmonic version of the lumped fractional
differential equation used to simulate the high-amplitude, frequency-dependent magnetic
hysteresis cycles. From an experimental standpoint, however, the acquisition of the sinusoidal Ba-
imposed hysteresis cycles is complex because so doing requires highly sophisticated feedback
control. In contrast, impedance measurements are easy, fast, and require standard equipment.
Setting the dynamic simulation parameters (t, p) by using IS and anticipating the dynamic loss
and behavior in simulation is an alternative method that we validate for electrical steel in the last

subsections of this manuscript.

4.4 — Theoretical expression of the dynamical losses under harmonic-type conditions
When the harmonic waveform condition is valid, Egs. (11) and (13) are equivalent.
Researchers have used both of these equations to derive an expression of the frequency-
dependent loss contributions (Wdyn = Wel + Wex, in the STL domain of validity [4][41]).
In Eq. (10), the dynamic contribution relies exclusively upon the p-d"Ba/dt" term, the dynamic
loss can be obtained as follows:

Iy - S, (20)

Wdy“ ~Jo den  dt

where if Ba is sinusoidal, there is an analytical solution for Eq. (20); and after simplifications leads
to the following:

Wayn = mpB§w"sin (n g). (21)

In similar conditions, for the calculus of the dynamic losses using Eq. (12), it is necessary to

express first, W’ and p”:



o Ustat'(1+0\)n‘tncos(ng)) (22)

TT
1+2m“t“cos(n5)+m2“‘tz“

Nstat'("')nTnSin (ng)) (23)

1+2w“r“cos(ng)+a)2“12“

Ba and Hsurf are harmonic:

B, = (W +ju") - Heyre (24)
T dB,
Wdyn = fO Hgure th (25)
Wi = _mBgn" (26)
dyn — u,z_l_u,,z-

For Ba = 1.5 cos(wt)-imposed conditions, p = 0.83 A-s"T™m™, pstat = 10000 o, and n € [0 to 1]
as the resolution of Egs. (21) and (26) give superimposed results; indicated in Fig. 10 and

confirming that both models can be used to predict the frequency-dependent core losses.
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Fig. 10 — Magnetic loss as obtained from the fractional differential equation and the magnetic Cole—Cole model.



4.5 — Comparison with experimental results and validation of inductance spectroscopy

The resolution of Eq. (10) for electrical steel GO FeSi specimens gives precise simulation
results: p =0.05 A-s"-T"-m* and n = 0.83 (Figs. 8 and 9). The same parameters can be used in the
Cole—Cole model (Eq. (12)) and for a given pstat lead to the simulation of W’ and p” vs. f.

To compare with the experimental results shown in Figs. 4 or 5, a relationship between the
magnetic permeability and the inductance is necessary. In Ref. [20], researchers used Eq. (27):

(W +jp") = G- (L' +]jL), (27)
where G is a constant (G = 108 m™%, for wires and microwires [20]).

Ref. [40] describes (for various geometries) the theoretical relationships between i and L in
the absence and presence of macroscopic eddy currents. By assuming that the width of our tested
strips is sufficiently large compared with the thickness, they can be assimilated to the slab studied
in Ref. [40]. The Cole—Cole formalism (Eg. (12)) takes into account the eddy currents’ contribution,
and p and L can be linked using the relationship that corresponds to the absence of eddy currents:

(W +in") =2 @+, (28)
where a = d/2, b, and c are the tested strips’ half-thickness, width, and length, respectively. We
compared the simulation results with the experimental results in Fig. 11. To be consistent with
the experimental conditions, the experimental results are those of Fig. 4; that is, the electrical
current is in the TD and the magnetic excitation in the RD. 0 = 2.2 x 10° S-m™. We tested max(l)
=2 and 100 mA sinusoidal imposed excitations to check the viability under extreme conditions.

We set the static permeability pstat = 8330 - po for the max(l) = 2 mA simulations, pstat = 21750

uo for the max(l) = 100 mA simulations, and pw to pe = 1450 po based on the experimental



observations in the low- and high-frequency range. Even if minor differences, probably because
of small divergence between the GO FeSi specimens tested, can be observed, the overall results
(analytical solution Eq. 12 in the [102%-108] frequency range) confirm the conservation of the
dynamical behavior between the testing situations and the reliability of IS as a dynamical

behavior characterization method.

5 «10°® max(l) = 2 mA 5 %10 ~_max(l) = 100 mA
-+L' measurement

5- -L" measurement
--L' simulation

41 ---L" simulation

______________

10? 10° 10* 10° 10° 10 10° 10* 10° 10°
Fig. 11 — Comparison of simulations (Cole-Cole model: p = 0.05 A-s"T"-m™ and n = 0.83) / measurements (IS).
An optimization process based on minimization of the mean relative standard deviation error

function (Eg. (29)) can also be run to reach the best combination of parameters:

Brr (%) = 2059 |V tmeas FO—L g5 D) N L tmeas FO—L" 14 D) N

7. ) ", )
4q Limeas D) max(I)=2mA L imeas (F0) max(I)=2mA

|L’imeas(fi)_l',isim(fi)| n |L”imeas(fi)_L”isim(fi)|
L, imeas (fl)

7 (29)
max(I)=100mA L imeas F0) max(I)=100mA

We obtained the combination that gives the minimum error (= 9 %) when p = 0.07 A-s"-T"-m"
1 n =0.79, pstat = 8510 - po (max(l) = 2 mA), and pstat = 24100 - po (max(l) = 100 mA). Fig. (12)

shows a comparison of simulations vs. measurements in this optimal configuration.



" x10® max(l) =2 mA 5 %1078 max(l) = 100 mA
+L' measurement
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--L' simulation
---L" simulation

102 10° 10* 10° 108 102 10° 10* 10° 108
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Fig. 12 — Comparison of simulations (Cole—Cole model: p = 0.07 As"T"-m™ and n = 0.79) / measurements for IS
observations.

5 — Discussion and conclusion

IS is a valuable experimental method to collect dynamic information of magnetization
mechanisms. Among those mechanisms, some of them have well-assessed frequency
dependency, whereas others are not clear, such as :

e The macroscopic eddy current contribution frequency dependency is well known and can

be expressed analytically (Eq. (4)).

e Domain wall bulging is inevitable even under low-amplitude excitation. The plateau-like
behavior visible in the low-frequency range of L’ in Fig. 5 is characteristic of this
mechanism. The right limit of this plateau, when the frequency rises, gives information
about this mechanism time constant. It confirms that beyond a frequency threshold, the
excitation frequency is too high to trigger this mechanism, ending with a decrease of L.

e Ref. [20] indicates that the rotation magnetization phenomenon exhibits the shortest
time constant. This mechanism is not associated with the magnetic domain kinetic but

with the atomic magnetic moments. Rotation magnetization is characterized by the



plateau-like behavior that is evident in Figs. 4 and 5 for L’ in both the TD and RD directions
and frequencies higher than a few kilohertz. The magnetization rotation time constant is
low enough that even the highest frequency tested in this study can trigger this
mechanism. In this very-high frequency range, it is the only remaining magnetization
mechanism and maintains a nonzero L’ value. A decrease of L’ is forecasted at an even
higher frequency level but not tested in the framework of this study.

e The irreversible domain wall motions, avalanche, and ripple phenomena can be grouped
into the same category: domain wall kinetics. These mechanisms are strongly frequency-
dependent. Together with the macroscopic eddy currents, they contribute to the
substantial decrease of the real part of the permeability: p' (Fig. 4; from a few hundred
kilohertz to a few kilohertz).

In this study, we verified that researchers can adapt simulation tools used in ferroelectricity
research (the Cole—Cole model) to simulations of IS for electrical steel specimens. We presented
the relationships between this model and the fractional differential equation used for the
frequency dependence of the dynamic hysteresis. A combination of parameters that give correct
simulation results in both experimental situations gives almost the same combination of
parameters. This observation confirms that IS can be used to set dynamic parameters; which is
useful for predicting the frequency dependence of hysteresis cycles observed under various
experimental conditions, such as those defined in characterization standards (e.g., Epstein frame
and single-sheet tester).

IS also facilitates access in a straightforward manner to the high-frequency range where the

classic methods have limitations.



There are various possibilities for future work. It would be interesting to check the viability of
the proposed method on various experimental conditions (e.g., local electrical contacts such as
point probes, solving the geometrical restriction issue associated with the strips, and easing the
industrial implementation). Furthermore, the capability of IS to isolate the magnetization
mechanisms and the influence of the directionality is worthy of additional investigation. In this
study, we tested the frequency dependency of these mechanisms, but these mechanisms can
also be studied as the function of other parameters; including the temperature, mechanical
stress, plastic strain, or even micro-structural content. By checking the sensitivity for each
magnetization mechanism, specific indicators that correspond to higher sensitivity could be

selected and IS used as an indirect means of assessing these quantities.
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