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This paper presents an identification algorithm of the scalar Preisach model by using a set of symmetric minor hysteresis loops
and suggests an improved vector Preisach model to describe the vector and anisotropic hysteresis behavior of a non-oriented (NO)
electrical steel sheet (ESS) under rotating magnetic fields. Symmetric minor hysteresis loop is quite easy measured, so an identification
algorithm based on symmetric minor hysteresis loop instead of first-order reverse curve is presented in this paper. The vector Preisach
model employs a nonlinear coefficient, which is a function of magnitude and a direction of magnetic flux density, to describe the
anisotropic property of the NO ESS and increases the numerical accuracy. The validity of the suggested vector Preisach model is
investigated through comparisons with the experimental results under various magnetic field conditions.

Index Terms— Electrical steel sheet (ESS), hysteresis model, vector hysteresis property, vector preisach model.

I. INTRODUCTION

MOST electrical machines have both rotating magnetic
fields and alternating fields, and combination of them

results vector hysteresis behaviors. Therefore, magnetic field
finite-element analyses and iron loss calculation of the electri-
cal machines require accurate description of the vector hystere-
sis property of the electrical steel sheet (ESS). Up until now,
several vector hysteresis models [1]–[4] have been proposed
to describe the vector hysteresis properties under alternating
and rotating magnetic fields. However, even if so many vector
hysteresis models have been developed, the accuracy and the
efficiency of the developed models are not satisfied.

The scalar Preisach model is considered numerically effi-
cient and accurate. As we all known, the Everett function
should accurately be identified by using first-order reverse
curve (FORC) traditionally. However, the process of FORC
measurement is quite difficult and tedious, and the measured
data must be modified to get the reasonable results [5]. The
vector Preisach model is superposition of the scalar Preisach
models along the azimuthal direction [1]. However, the tradi-
tional vector Preisach model cannot consider the anisotropic
property of the ESS. Therefore, Dlala et al. [5] and Kuczmann
[6] tried to describe the anisotropic property. However, the
comparisons of their outputs with experimentally measured
data show that the accuracy of the anisotropic versions is still
not satisfactory to be applied to electric machines such as
motors and generators [6].

In this paper, an identification algorithm of the scalar
Preisach model is proposed to improve the accuracy. A set of
symmetric minor loops that have different maximum values
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of magnetic flux density (Bmax) will be adopted to identify
the Everett function of the scalar Preisach model. Then,
an improved anisotropic vector Preisach model is developed to
describe the anisotropic vector magnetic properties of the non-
oriented (NO) ESS under rotating magnetic fields. The pro-
posed anisotropic vector Preisach model increases modeling
accuracy, especially under rotating magnetic fields. Although
applications to NO ESS, 35PN440, and comparison of the
results with experimentally measured ones, the effectiveness
of the proposed model is investigated.

II. SCALAR PREISACH MODEL AND ITS IDENTIFICATION

A. Scalar Preisach Model

An inverted version of the scalar Preisach model, which
provides its output magnetic field strength (H ) from the input
magnetic flux density (B), is expressed as follows:

H = �(B) =
��

α≥β
μ(α, β)γαβ(B(t))dαdβ (1)

where γαβ is a hysteresis operator controlled by the increasing
α and decreasing β values of the input B and μ is the
distribution function of the hysteresis operators. The hysteresis
operator is given as

γαβ(B(tk)) =

⎧⎪⎨
⎪⎩

+1 if B(tk) > α

−1 if B(tk) < β

γαβ(B(tk−1)) if β ≤ B(tk) ≤ α

(2)

where tk is the instance time step of input B .
From the definition of the scalar Preisach model, the integral

area of (1) is a triangle as shown in Fig. 1, and it is called
the Preisach plane. According to the input B-waveform, the
Preisach plane can be separated to the positive T +(t) and
negative T −(t) parts whose output values of the hysteresis
operators are +1 and −1, respectively. The shape of the stair
line is a function of the input B-waveform, and it depends on
the history of the input B-waveform.
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Fig. 1. Preisach plane.

Fig. 2. Symmetric minor loop when Bmax = a and the corresponding
Preisach plane. (a) Symmetric minor loop. (b) Preisach plane at the initial
point O . (c) Preisach plane when B = Ba . (d) Preisach plane when B = Bb.

To improve the calculation efficiency of (1), the Everett
function at point (α0, β0) is defined to instead the double-
integral calculation in (1) as follows:

E(α0, β0) =
��

α<α0,β>β0

μ(α, β)dαdβ. (3)

Therefore, (1) can be instead by addition and subtraction of
the Everett function.

B. Identification Method

From (1) and (3), the Everett function should be identified
instead of the distribution function. Fig. 2(a) shows a sym-
metric minor loop whose Bmax = Ba at point a. In Fig. 2(a),
point O is the initial point, and the corresponding Preisach
plane is shown in Fig. 2(b). Then, if B increases to point a
whose Bmax = Ba , the corresponding Preisach plane is shown
in Fig. 2(c). According to (3), the Everett function at point
(Ea , −Ea) can be calculated as

E(Ba,−Ba) = Ba. (4)

Next, B is decreased from point a to point b, then, the
corresponding Preisach plane as shown in Fig. 2(d), and the
Everett function at point (Ea , Eb) can be calculated as

E(Ba, Bb) = (Ba − Bb)/2. (5)

Fig. 3. Hysteresis operator of the Preisach model.

Fig. 4. Everett function of 35PN440.

Similarly, the Everett function on the line α = Ba from point
(Ea, Ea) to point (Ea,−Ea) can be calculated by using the
upper branch of the minor loop.

The proposed identification method can be summarized as
follows.

Step 1: Calculate the Everett function along the line
α = −β. by using the Bmax point of each minor loop and (4).

Step 2: Calculate the Everett function in the upper triangle
zone of the Preisach plane by using the upper branch of each
minor loop and (5).

Because the Everett function is symmetric with α = −β,
the lower triangle zone of the Preisach plane can be obtained
from the upper triangle.

C. Implementation and Application Results

The result of the scalar Preisach model is decided by the
shape of the stair line. Therefore, the shape of the stair line
should be recorded. In this paper, an extreme point memory
as shown in Fig. 3 is adopted to record each extreme point of
the B-waveform, and (1) can be rewritten as

H (t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

sign(B2 − B1) · E(|B2|,−|B2|)+

2
N�

k=3

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

E(Bk, Bk−1)

when sign (Bk − Bk−1) > 0

−E(Bk−1, Bk)

when sign (Bk − Bk−1 =) < 0

k > 1

0 k = 1
(6)

where Bk is the extreme point in the extreme point memory.
The proposed identification algorithm is applied to an NO

ESS 35PN440 specimen. Totally, 16 symmetric B–H loops are
measured along the rolling direction for the range of 0.1 ≤
B ≤ 1.6 (T) by using 2-D single-sheet tester [7], and then,
the Everett function is identified.

Fig. 4 shows the Everett function which identified by
the proposed method. Fig. 5 shows the application results
to minor loops under alternating magnetic fields along the
rolling direction where modeling results match well with the
measured ones.
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Fig. 5. Comparison of the measured (dotted line) and modeled (solid line)
major loop (Bmax = 1.6 T) and minor loos under alternating magnetic field
along the rolling direction.

III. ANISOTROPIC VECTOR PREISACH MODEL

A. Original Anisotropic Vector Preisach Model

The original vector Preisach model that can consider the
anisotropic property of ESS has been proposed as follows:

H =
� π/2

−π/2
eϕi Hϕi (Bϕi )dϕ (7-a)

Hϕi (Bϕi ) =
��

α≥β
η(α�, β �)γ̂ (Bϕi )dα

�dβ � (7-b)

Bϕi = |B|δ|cos(θB − ϕi + ψ)|1/ω (7-c)

where Hϕi is calculated from the scalar Preisach model along
the ϕi direction, having the flux density Bϕi as input, η is the
vector distribution function, and δ = sign[cos(θB − ϕi + ψ)],
ω is a parameter to generate the flower shape of H-waveform
to describe the anisotropic property, and ψ is a parameter to
control the initial phase of the H-waveform. They are decided
by fitting the measured data.

It should be noted that the original model cannot match
the measured H-waveforms very well under rotating magnetic
fields, although it can generate flower shaper H-waveforms by
using parameter ω.

B. Improved Anisotropic Vector Preisach Model

This paper proposes a new simple anisotropic vector
Preisach model as follows:

H =
� π/2

−π/2
eϕi Hϕi (Bϕi )dϕ (8-a)

Hϕi (Bϕi ) = z(|B|, ϕi )

��
α≥β

η(α�, β �)γ̂ (Bϕi )dα
�dβ � (8-b)

Bϕi = |B| cos(θB − ϕi + ψ(Bmax)) (8-c)

where z is a parameter to describe the anisotropic property,
and it is a function of |B| and ϕi , and ψ(Bmax) is also used to
control the initial phase of the H-waveforms. This is motivated
by the experimental phenomena that the shape and the initial
phase of the H-waveforms are quite different under the circle
magnetic fields with a different Bmax.

Similar with the scalar Everett function E(α, β), the vector
Everett function F(α�, β �) is used to implemented the vector

Fig. 6. Parameters z and ψ for 35PN440.

Preisach model, and it can be identified from the scalar Everett
function as follows:

F(α, β) =
� π/2

−π/2
cosϕE(α cosϕ, β cosϕ)dϕ. (9)

To implement the improved anisotropic vector Preisach
model, (8-a) should be rewritten to its discrete format as

H =
n�

i=1

Hϕi (Bϕi )ωi (10)

where ωi is the weight of Gauss integral method, and (9) can
be solved by using the method which is explained in [7].

The parameters z and ψ are identified via fitting the
measured H-waveforms under different Bmax circle magnet
fields and by using the particle swarm optimization method.

C. Modeling Results

The proposed vector anisotropic model was applied to pre-
dict H-waveforms when alternating and rotating magnetic flux
densities are applied to NO ESS (35PN440). The coefficients
z and ψ in (8) are constructed by using a set of measured H-
waveforms under circular rotating magnetic flux density for
the range of 0.4 ≤ B ≤ 1.6 (T) as shown in Fig. 6.

Fig. 7 shows the comparisons of the measured and predicted
H -waveforms using the original and proposed vector hystere-
sis model under circular rotating magnetic field conditions
when Bmax = 1.6 T. From Fig. 7, the accuracy of the proposed
method is much better than the original one.

To compare the modeling accuracy, deviation between the
measured and modeling results under different Bmax rotating
magnetic fields, dH,k(%), is defined as follows:

dH,k =
�	N

i=1



H mea

k (τi )− H mod
k (τi )

�2

N{max(H mea)− min(H mea)} × 100 [%] (11)
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Fig. 7. Modeling results comparison of original method, proposed method,
and measured data under circle magnetic field when Bmax = 1.6 T.

TABLE I

COMPARISON OF MODELING ACCURACIES WHEN Bmax = 1.6 T

Fig. 8. Modeling results comparison of original method, proposed method,
and measured data under different Bmax circle magnetic fields.

where k refers x , y, N is the number of sampling points of a
H -waveform, τ stands for ωt ∈ [0, 2π] with as the angular
frequency of a B-waveform, and Hmea and Hmod are the
measured and modeling H -waveforms, respectively. Table I
shows the modeling accuracies of original and improved model
when Bmax = 1.6 T under rotating magnetic field. From
Table I, the improved model gives a better accuracy than the
original one.

Fig. 8 shows the comparisons of the measured and pre-
dicted H -waveforms using the proposed model under circular
rotating magnetic field conditions. In Fig. 8, the H -waveforms
for Bmax = 1.3, 1.4, and 1.5 T are used in the calculation
of z and ψ , while those for Bmax = 1.35 and 1.45 T
are not. It means the proposed vector hysteresis model can
describes the behaviors of the H -waveforms very accurately
under various rotating magnetic fields.

The H -waveform predicted by the proposed vector hystere-
sis model for an alternating magnetic field of Bmax = 1.5 T
is shown in Fig. 9 together with those from measured and the
original vector Preisach model. It means the proposed vector
hysteresis model automatically reduces to scalar model.

Fig. 9. Modeling results comparison of the proposed method and measured
data under alternating magnetic fields along the rolling direction when
Bmax = 1.4 T

IV. CONCLUSION

An improved anisotropic vector Preisach hysteresis model
is proposed to describe the anisotropic behavior of NO
ESS under rotating magnetic fields. The proposed model is
improved from the conventional model by introducing two
coefficients, z and ψ , which can be identified by using mea-
sured H -waveforms under circular magnetic fields conditions.
An improved identification method for scalar play model is
also proposed, and a set of different Bmax symmetric minor
loops is used to identify the scalar Everett function. Through
applications to NO ESS, the proposed vector hysteresis model
is proven to describe the anisotropic properties under various
rotating magnetic fields.
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