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Abstract

In this paper, the vector extension of the Jiles-Atherton hysteresis model is mod-
ified to predict both alternating and rotational field strength variations observed
in a nonoriented silicon steel sheet. The model parameters are changed to be func-

tions of the magnitude and direction of flux density, and the anhysteretic mag-



10

11

12

13

14

15

16

17

18

19

20

netic characteristics are identified from several unidirectional alternating B(H)
measurements. We demonstrate that the modified vector Jiles-Atherton model
can predict both alternating and rotational field strength variations with better
accuracy than the “basic” approach.
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1. Introduction

Nonoriented (NO) silicon steel laminations are widely used as magnetic cores
for various electromagnetic applications, such as rotating electrical machines,
toroidal inductors, and small distribution transformers. For efficient design of
electromagnetic devices, the magnetic hysteresis in the core material should be
modeled with sufficient accuracy. Especially in rotating electrical machines, the
magnetic field is both rotating and alternating, so the hysteresis model should
be able to describe complicated field variations [1, 2, 3]. In addition, NO silicon
steel exhibits a significant level of magnetic anisotropy. This is often neglected,
but in this work, we specifically aim at taking this effect into account [4, 5, 6, 7].

The Jiles-Atherton (JA) hysteresis model is an attractive choice for modeling
ferromagnetic materials [8, 9, 10, 11, 12]. Its simplistic formulation has an edge
over other existing models, such as Preisach type models [13, 14]. The original
JA model is a scalar model with five parameters, which have a physical inter-
pretation [8, 9]. Bergqvist [15] later proposed a vector extension of the original
JA model that is able to take into account vector magnetic characteristics. This
extension is applied succesfully with the finite element analysis of electromagnetic
devices [10, 11, 16].

Bergqvist’s vector extension retains the simplicity of the classical JA model,

as it degenerates to the scalar model if the input is alternating unidirectionally.
Preprint submitted to Journal of Magnetism and Magnetic Materials December 30, 2020
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However, some limitations of the vector extension are reported in [3, 13, 17, 18].
For instance, the model is deprived of the memory property, it does not describe
the rotational field loci and the losses correctly [3, 17, 19], and the JA parameters
need to be field-dependent in order to reproduce minor hysteresis loops with a
sufficient accuracy. In order to overcome these limitations, several improvements
have been proposed in the last years [10, 17, 19, 20, 21, 22, 23, 24, 25].

Magnetic anisotropy observed in NO silicon steel sheet can be included in the
vector JA model by identifying the JA parameters independently for the rolling
direction (RD) and the transverse direction (TD) [10, 15, 25, 26, 27]. However,
this can reproduce only an elliptical field profile, and the model is accurate only
when the input excitation is along the RD or the TD [19, 23, 28]. In this work, we
incorporate measurements from several angles in order to model the intermediate
directions between the RD and the TD.

The magnetic measurements performed on a NO silicon steel using a round
rotational single-sheet tester (RRSST) show complicated magnetic characteris-
tics [29, 30, 31]. Efforts have been made to model the magnetic field due to
both alternating and rotational input excitations [1, 2, 19, 25, 27, 32]. In ad-
dition to fitting the field loci, predicting the alternating and rotational losses
is an essential goal of a hysteresis model. The classical JA model and its vari-
ants are capable of predicting alternating losses with a reasonable accuracy [33].
However, to predict rotational losses, the Bergqvist vector JA model must be
modified [19, 25, 27, 23, 33]. It has been proposed that the JA model parameters
are allowed to be functions of the field strength [15, 20, 21, 22, 33].

In this paper, we present a modified vector JA model and apply it to simulate
both the alternating and rotational magnetic characteristics. We combine the

following two ideas:

(i) The anhysteretic characteristics are extracted from quasi-static magnetic

3



a8 measurements, alternating in different directions (0°,15°,30°,...,90°) spread
49 by 15° increments.
so (i) The parameters of the JA model (k, a, ¢) are functions of the magnitude

51 and direction of the flux density B.

s2 We incorporate the above ideas in the Bergqvist’s vector JA model [15], which
53 we call the “modified” approach. As a reference, we use the “basic” JA model
sa presented in [26]. The results obtained from the modified and basic approaches
55 are compared with the measurement data. In this work, we consider only a

ss rate-independent (or quasi-static) case.

57 2. Methodology

ss 2.1. Bergquist’s Vector JA Model

59 The vector JA model gives the relation between the magnetic quantities,
60 the field strength H and bulk magnetization M, in the form of a differential
61 equation [15]. In this paper, the flux density B is considered as the input, so we
e utilize the differential reluctivity formulation [26, 34].

63 The flux density B in ferromagnetic steel consists of external field H and the

& volume-averaged domain magnetization M [35],
B = i,(H + M). &
es Differentiating (1) with respect to H leads to the differential permeability,

0B oM
6—H:’UO<I+8—H>’ (2)

66 where i, is the permeability of free space, and I represents the identity matrix.

M

67 In the JA model, the differential susceptibility ?9 0 is given by [17]

oM _

OH = [I - (Xaa + cEaO‘)] ! [Xa + CEB] ) (3)
4
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where £, and x, are the differential anhysteretic and irreversible susceptibilities,
respectively, a > 0 represents the coupling between domains, and the parameter
¢ € [0,1] is related to domain wall bowing (¢ = 1 corresponds to a completely
reversible process) [8, 9].

The differential irreversible susceptibility x, is given in terms of an auxiliary

vector quantity

M - M
X, = —"—, (4)
k
with [15]
XX
2L if (M, — M)-8H, >0,
v =1 Tx] )
0 otherwise,

where k > 0 is a parameter associated with the pinning of domain walls, M, rep-
resents the anhysteretic magnetization, and H _ is the effective field strength |8,

9]
H,_=H + oM. (6)

The condition in (5) reflects the assumption that irreversible changes occur only
when the field H ; is incremented in the direction of (M, — M) [15].

The differential anhysteretic susceptibility &, is defined by

oM,,, OM,,
¢ - oM, _ OH ;. aHeff,y (7)
°  O0H_ oM,,, OM,

OH, . OHg

The inverse model, with B as the input variable, is given by

OH 1 oM
oB pu, OB’
where [26]

%—Jg - Mio[(I—FXa(l _a)g—cﬁa(l—a))]l [Xa +C£8]' (9)
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2.2. Basic Approach

By the basic approach we mean the modification introduced in [26]. The
model parameters are identified from the RD and TD B(H) characteristics of an

electrical steel sample,

where ky, ayx, and ¢y identified from the alternating magnetic characteristics in
RD, and ky, ay, and ¢y identified from the TD [26].
The anhysteretic magnetization is modified according to the alternating mag-

netic measurements obtained from the RD and TD of the electrical steel sam-

ple [26],
Heff X A Heff ~ .
Fan,x (Heff) : €x + Fan,y (Heff) = ey lf Heff 7& 07
Man = Heff ) Heff (10)

0 otherwise,

where F (H_)and F,, (H_) are the anhysteretic magnetic characteristics in

an,x an,y

the RD and TD, and H_, = | H| = /HZ%  + Hgﬁy. According to (10), M,

and H_; are collinear only along the principal axes, RD and TD. We denote
M, ,=F, (Hg),and M, =F,  (H,g).

an,x an,x an,y eff

Based on (10), the elements of the differential anhysteretic susceptibility are

M, oM, H? 1 H

an,x _ an,x ef2f,x Man’x _ ef;,x , (11)
8Heff,x aHeff Heff HEff Heff
a]\4an,x — a]\4an,x Man,x Heff,xHeff,y ’ (12)
8Heff,y 8‘Heff Heff He2ff
a]\4an,y — a]\4an,y Man,y Heff,xHeff,y (13)
8Heff )X 8Heff Heff He2i"f ’

2 2

aA4’an,y — aA4’an,y Heff,y L _ h (14)
a]q—eﬁ”,y 8Heff He2€f o Heff Hgff

(@)
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Figure 1: Equal contours of H_ in (M, ,
Man,y

M.

an,x

- Manwy)—plane. In the basic approach it is assumed

that 0 <

< 1forall H #0.

The auxiliary vector for the basic approach is written as x, = k=1 (M, — M),
and all the scalar parameters, including the unit value in (3) and (9), are replaced
with their tensor counterparts.

Alternatively, the anhysteretic magnetization (10) can be expressed as

M
Man,x <COS(SD)éX + Man’y Sln(gp)éy> lf Heff # 0’

an,x

(15)
0 otherwise,

where ¢ is the polar angle of H ;. Generally, for NO silicon steel, the RD is a

magnetically easy direction, whereas the TD is a hard direction [35]. Therefore,

the ratio between the RD and TD anhysteretic characteristics is such that % <

1. By (15), the anhysteretic magnetization follows an elliptical profile (see Fig. 1).

If % = 1, then the anhysteretic magnetization follows a circular profile, and

an,x

M, and H_; are collinear.
€

2.3. Proposed Modified Approach

We propose the following modification to the “basic approach” given above.
The anhysteretic magnetic characteristics are identified for several unidirectional

alternating field measurements. A reasonable estimate of the effective field strength
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Figure 2: Anhysteretic magnetization identified from the alternating B(H)-characteristics. The
alternating measurements are received from a RRSST. (a) z-component. (b) y-component. It

should be noted that the values of H_, are in logarithmic scale.

H

¢ is obtained by averaging the measured field strengths in ascending and de-

scending branches of the measured major hysteresis loops [35]. It is assumed that
the M(||H,,,||) acts as a reasonable estimate of M, (|[H||), the anhysteretic
magnetization.

In this paper, we do not utilize a closed-form function to describe the iden-
tified anhysteretic curves. Instead, we represent the components of the anhys-
teretic magnetization, M,  (H.,») and M, (H.,¢), where H = ||H| =

2

off x + H 62&7}, and ¢ is the corresponding polar angle, as bicubic piecewise

polynomials. Explicitly, in each rectangle (see Fig. 2),
T
Man,x(Hefﬂgo) = |:]- Heff He2ff HSH] ’6" |:]‘ SO S02 S03i| ? (16)
T
M, (Huo) =1 Ha By 4|81 ¢ & &), (17)

where B, and 3, are the 4 x 4 coefficient matrix whose elements are identified

from the anhysteretic data (see Fig. 2) following the approach described in [36].
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Figure 3: Directional variation of the pinning parameter k. The shape of k-loci changes according

to the values of kx and k,. Similar variations can be plotted for the parameters « and ¢ [23].

The elements of £, are evaluated from (16) and (17),

[OM. OM,, 17 |cose —3FE| oM oM, 17

an,x — off an,x an,x , (18)
L aHeE,x aHeFf,y i Sin © (}(}S L2 L 8Heff 8(10 _
L eff -

- - __sing - -
aMan,y aMan,y T — cos SD Heff a‘]\4an,y a]\4an,y T (19)
0H, .  OH '

eff,y | Sin SD H L eff

In the basic approach, the parameters of the JA model are constant scalars [8,
9], which are known to produce inaccurate results, when both, major and minor,
symmetric hysteresis loops are examined [22, 33]. In [22, 23, 28], it is proposed
that k, ¢, and « are not constants, but depend on the magnitude and direction of
the input excitation. Therefore, we consider an alternative approach presented
in [23], which is an observation-based analytical model, particularly suitable for
NO silicon steel. According to the findings, the directional variation of the pa-

rameters can be described by the following equations [23],

(20)
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ex(B) ¢y (B)
V(ex(B)sin ) + (¢ (B) cos )?

«(B,¢) = ; (21)
ax(B) ay(B)

OC(B, (b) = > >
V/(ax(B)sin6)? + (ay(B) cos 6)

; (22)

where B = |B|| = (/B2 + B and ¢ are the magnitude and polar angle of
the flux density vector, and the model parameters kx(B), cx(B), and ay(B) are
identified from the unidirectional alternating field variations in RD, and ky(B),
¢y(B), and ay(B) are identified from the TD. Fig. 3 is a schematic representation

of a possible variation of the pinning parameter k based on (20).

2.4. Integration of Differential Reluctivity

In this work, B is considered to be the input. The evolution of H is numer-
ically integrated by the explicit fourth-order Runge-Kutta (RK4) method [37].
Given an initial state (Hy, By) and an excitation B¢, the field strength Hyia¢

is computed by

Ht+At = Ht + VaAB, (23)
where
AB = (Bt+At - Bt) )
1
Vo = 6 (Ven +2v,, + 2v,, + Va4) )
and

oOH

’/81 = B—B (Ht7Bt,AB) s
OH
Yy = 55 (Hy + v, AB,B; + $AB,AB),
vy, = B (H, 4 L, AB.B, + 1AB.AB)
93 8B t 952 ) t P} ) )
OH
’/64 = 8—B (Ht + VagABaBt + AB,AB) s

10
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that is, the differential reluctivity (8) evaluated for different values of H, B, and
AB.

2.5. BH Measurement

The quasi-static magnetic characteristics of a NO silicon steel sheet (grade
M400-50A) were measured under alternating and circular magnetic-flux density
using an RRSST. The alternating and rotational field variations were obtained
for flux densities up to 1.8 T. In Section 3, the models explained in Section 2 are
applied to simulate B(H) characteristics of the steel and the results are compared
with the measurements.

The measurement setup consists of a data acquisition system (a personal
computer equipped with a data acquisition card, instrumentation, and power
amplifiers) and a tester. An excitation system includes a stator core of an in-
duction machine carrying a special two-phase winding (see Fig. 4). The sensor
elements consist of two orthogonal B-coils and cross coils placed at the center of
the circular sample. The B-coils are wound through small holes in the sample,
and cross coils are used to measure the tangential component of H on the surface.
The measurement is B-controlled, so the induced voltages in the B-coils are am-
plified and fed to a force feedback control. The details of the used measurement

setup are described in [29, 30].

3. Results and Discussion

The basic and the modified vector JA model are employed to simulate both the
alternating and rotational B(H) variations observed in the steel sheet. We denote
the alternating measurements as the dataset D1 and rotational measurements as

the dataset D2.

11
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Figure 4: Measurement system with personal computer (PC), data acquisition card (PCI 6110)
with two 12-b digital-to-analog converters and four 16-b analog-to-digital converters, stereo
power amplifier (JBL MPX 1200), instrumentation amplifier (PGA-204) controlled by DIO
port, and the round rotational single-sheet tester (RRSST). The sample disc diameter is 78
mm, and the stator inner diameter is 81.5 mm. The area of the measuring region is 20 mm x
20 mm, and the field sensing method is used. The sample is fixed stationary such that the RD
is aligned with the z-axis [29, 30].

3.1. Parameter Fitting

First, the model parameters are estimated for the alternating measurements
using D1, and we call this set of parameters (P1). Next, a new set of parameters
is estimated for rotational measurements using D2, which we denote as (P2).

The sets of parameters (P1) and (P2) are estimated by using a combination
of local (Nelder-Mead simplex) and global (simulated annealing) heuristic opti-
mization techniques [36, 38, 39]. Fig. 5 shows the estimated parameters of the JA
model. Clearly, the set of parameters under (P1) and (P2) show a smooth evo-
lution and are noticeably close to each other. For the basic approach, the model
parameters ky, oy, ¢y, ky, ay, and ¢, are estimated by averaging the parameters

(P1) over the amplitude of B.

12
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Figure 5: Identified parameters of the modified vector JA model. The parameters k and «
are normalized with k, = 600 A/m, km = 350 A/m, an = am = 5 x 107°. (a) kx. (b) ky.
(¢) ex. (d) ¢y. (&) ax. (f) ay. The legend (P1) means that the parameters are estimated
for alternating measuremnts using D1, and (P2) means that the parameters are estimated for

rotational measurements using D2.

3.2. Simulated BH loci

Fig. 6 illustrates the simulated and measured field strengths received under
alternating flux density excitations in TD. Owing to the symmetry, only half of
the hysteresis loops are shown. The results obtained from the proposed approach,
Fig. 6a and Fig. 6b, and the basic approch, Fig. 6¢, are in good agreement with
the measurement data in the scale of the figure. With a closer inspection, the
quality of the fit is the best with (P1), second best with (P2), and the worst with
the basic approach.

One approach to quantify the quality of fit is to compute the component-wise

13
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(b) Proposed approach (P2). (c) Basic approach.
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Figure 7: Comparison of RRMSEs for alternating input excitation in TD.

relative root mean square error (RRMSE) [40],
Hﬁ,sim(ti) - }Iﬁ,meas(ti))2

> (
RRMSE =
\/ Zi\; (H&meaS(ti))Q

where N is the total number of samples, Hy sim(t;) and Hp meas(ti) are the sim-

, foralll=uz,y,

ulated and measured component of the field strength vector. Fig. 7 compares
the RRMSEs of the proposed approach to the basic approach under alternating
input excitation. Until 1.5 T, the RRMSEs are lower with (P1). However, at
high magnitude levels (B > 1.6 T), RRMSEs are lower with the basic approach.

In the saturation region, oscillation in the bi-cubic interpolating function leads
14
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Figure 9: Comparison of RRMSEs for rotational input excitation.

to a high value of RRMSEs for both (P1) and (P2).

Fig. 8 compares the simulated and measured field strengths obtained under
purely circular flux density rotating in the counter-clockwise direction. The field
strength loci obtained from the proposed approach, Fig. 8a and Fig. 8b, are in
close agreement with measured data. At low and medium magnitudes of flux
density excitations, the results produced by the set of parameters (P1) and (P2)
are in a good agreement with the measurement data. However, at high magnitude

excitation, the simulated Hx(Hy)-loop is wider than in the measurements. In

15
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Figure 10: Simulated field strength loci under elliptical input excitation, B = B cos(27 ft)éx +
Bsin(2n ft+ % )éy, where B = {0.4,0.8,1.2} T, and f = 1 Hz. (a) Proposed approach (P1). (b)

Proposed approach (P2). (c) Basic approach.

particular, the field strength loci produced by (P2) is in closer agreement with
the measurement data than the loci provided by (P1).

The results from the basic approach, Fig. 8c, show a reasonable fitting for
rotational loci, specifically at lower magnitudes of input excitations. At high
magnitudes, the basic approach cannot trace the flower-shaped Hy(Hy) profile.
Fig. 9 compares the RRMSEs of the proposed approach to the basic approach
under rotational input excitation. Except for 0.1 T, the RRMSEs are higher with
the basic approach.

The basic approach cannot predict rotating field strength variations at medium
and high amplitude excitations, assumedly due to the following reasoning. The
examined M400-50A silicon steel shows significant level of anisotropy (see Fig. 8).
At low flux density excitations, the Hy(Hy)-loci are characterized by having two
axes, the one along RD, which is the easy axis, and the other along TD, which
is the hard axis. However, at high flux density excitation, the easy axis grad-
ually shifts from RD to close to £45°. The magnetocrystalline anisotropy pri-
marily causes the shift, and the effect of crystallographic texture plays a vital

role [4, 5, 41]. Thus, the field strength loci can be said to have quadruple axes
16
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(RD, TD, and the intermediate axes located near +45°) [2, 29, 30].

Fig. 10 shows the simulated field strength loci under elliptical flux density
excitations. The results with (P1) conform closely with those of (P2). In con-
trast, the basic approach yield comparatively large values of the field strength.
Although, of course, a comparison with the measured data would be meaningful,

the elliptical excitations’ results serve only for the demonstration purpose.

3.8. Simulated Hysteresis Losses

Fig. 11a, Fig. 11b, and Fig. 11c show the comparison of the simulated and
measured iron losses under alternating flux density excitations (RD, TD, and 45°
(Alt45)). As expected, the set of parameters (P1) yield good agreement with
the measured alternating losses. The fitting error is significantly higher at high
amplitude excitations. Observing the results for the RD and Alt45, we notice
that the fitting produced by the parameters (P2) are not in a good agreement
with the measured data — it yields good fit until 0.9 T. In constrast for the TD,
the fitting is good until 1.3 T.

Fig. 11d compares the simulated and measured iron losses under purely circu-
lar flux density excitations. As depicted, the set of parameters (P1) shows good
agreement with the measured losses only up to 1 T, and after that the simulated
losses are significantly higher than the measured ones. Parameters (P2) repro-
duce accurately the rotational loss (see Fig. 11d), which is expected as (P2) are
optimized to match with the measured rotational losses.

Unlike the iron losses under alternating excitations, the rotational losses are
governed by the average phase shift between H and B vectors [42]. The average
phase shift between H and B is controlled by properly tuning the model param-
eters ky, ¢x, O, ky, ¢y, and ay. The set of parameters (P2) yields a proper phase
shift that produces a good fit with the measured rotational losses (see Fig. 11d).

However, (P2) does not yield good results with the alternating excitations.
17
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Figure 11: Measured and simulated iron losses under (a) alternating (RD), (b) alternating
(TD), (c) alternating (45°), and (d) rotational flux density excitations. The simulated results

are received from the proposed approach with set of parameters P1 and P2.

The type of the input excitation, alternating and rotational, directly influences
the domain wall configuration, which affects microscopic eddy-current generation,
and ultimately leads to different amounts of iron losses [41, 43]. Thus, the model
parameters identified for alternating fields (P1) may not produce correct results
for rotating field cases, which agrees with our findings [3].

On the other hand, the basic approach cannot yield proper loss fitting for
both alternating (RD) and rotational measurements (see Fig. 12). For the TD,
the loss fitting is significantly good (see Fig. 12b). However, for the RD and Alt45,
the result shows a good fit only up to 1.1 T and 1 T excitations (Fig. 12a and
Fig. 12c). Fig. 12d shows the comparison between the simulated and measured
rotational losses, and the simulated losses are considerably overestimated for all

excitations over 0.4 T. Assumedly, the average phase shift between H and B
18
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Figure 12: Measured and simulated iron losses under (a) alternating (RD), (b) alternating
(TD), (c) alternating (45°), and (d) rotational flux density excitations. The simulated results
are received from the basic approach with kx = 163.6 A/m, ax = 1.8 x 107%, ¢x = 0.56,
ky = 162.0 A/m, oy, = 1.3 x 107°, and ¢, = 0.51. M., . and M, , are the average of ascending

x

and descending branches of the measured major B(H)-loops in the RD and TD.
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Figure 13: Comparison of RRMSEs for both alternating and rotational hysteresis losses.

231 cannot be controlled with constant parameters and the anhysteretic magnetic

232 characteristics from the RD and TD. The RRMSEs depicted in Fig. 13 show the
19



233

234

235

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

254

255

257

258

quality of fit for the hysteresis losses. For alternating losses, the quality of fit is
comparatively better with (P1). In contrast, for rotational losses, (P2) yields the
best fit.

The decreasing trend observed in the rotational losses has been explained by
certain hysteresis models [1, 2, 3, 32]. In the Mayergoyz vector Preisach type
models, the phase shift between H and B is controlled by changing the ampli-
tudes of the scalar projections of B (or H for a direct model) [14, 32]. However,
additional parameters must be introduced, which should be identified from the
rotational measurements [2, 44]. The Mayergoyz projection based vectorization
could be applied with the scalar JA model, which might be an alternative to the
Bergqvist’s vectorization.

The modified vector JA model results, Fig. 6a, Fig. 6b, Fig. 8a, Fig. 8b,
and Fig. 11, suggest that a large number of parameters are needed to model
anisotropic field strength variation. The anhysteretic magnetization should be
identified from different measurement directions of the NO silicon steel sheet [19].
In addition to the anhysteretic magnetic characteristics, the directional variation
of model parameters should be taken into account [23, 28]. Both the coercive field
H_. and the return point-slope of the minor hysteresis loops vary as a function of
the flux density’s peak amplitude [33]. Therefore, the JA model parameters are
loop dependent, which increases the complexity of the proposed model [20, 21,
22, 33].

4. Conclusion

We demonstrated the limitations of the basic vector JA model and proposed
modifications. The modified vector JA model yielded a better fit with the mea-
surement data than the basic approach. However, based on the results, it can be

concluded that the model parameters identified for the alternating magnetic mea-
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surements cannot be applied for predicting rotational losses, especially at high

magnitudes. Nevertheless, the modified approach is applicable for simulating

both alternating (in any direction with respect to the RD) and rotational mag-

netic fields provided that suitable measurement data for parameter identification

is available.
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