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Two Types of Isotropic Vector Play Models and
Their Rotational Hysteresis Losses

Tetsuji Matsuo� and Masaaki Shimasaki�

Department of Electrical Engineering, Graduate School of Engineering, Kyoto University, Kyoto, 615-8510 Japan
Fukui University of Technology, Fukui, Japan

This paper presents a comparison of two types of isotropic vector play models and their generalized models. The first vector model
is represented by a superposition of scalar play models. The other type is given by a geometrical vectorization of play hysteron. The
rotational hysteresis losses of both models are discussed. A method is proposed to adjust the simulated rotational hysteresis loss to a
measured loss.

Index Terms—Isotropic vector hysteresis, rotational hysteresis loss, superposition, vector play hysteron.

I. INTRODUCTION

THE play model [1], [2] is an efficient hysteresis model that
can be implemented more simply than the Preisach model

[3]. Yet, the play model with input-independent shape functions
has been proven equivalent to the classical Preisach model [4].
A previous study [5] has shown that the play model with input-
dependent shape functions is mathematically equivalent to the
nonlinear Preisach model proposed by Mayergoyz [3].

Two vector versions of the play model have been proposed
in previous studies: one is a geometric extension of the scalar
model [1], [6], [7], whereas the other is a superposition of scalar
models along the azimuthal direction [8], [9].

This paper discusses rotational hysteresis losses of the two
types of two-dimensional (2D) isotropic vector play models.
Both models are generalized using weighting functions to con-
trol their rotational hysteresis losses. A method to determine the
weighting function is proposed to adjust the simulated rotational
hysteresis loss to a measured loss.

II. SCALAR PLAY MODEL AND ITS HYSTERESIS LOSS

The play model usually gives a hysteretic output of magnetic
flux density from an input of magnetic field . However,
it is also able to provide an output from an input simi-
larly to the Preisach model using the inverse distribution func-
tion method [10]. The play model describes a hysteretic function
having input as

(1)

where is a play hysteron operator having width , is an
input-independent shape function, and is the saturation mag-
netic flux density. The play hysteron operator is given as

(2)

where is the value of at the previous time-point. Fig. 1
illustrates characteristics of the play hysteron.

The parameter is chosen as the magnetic flux density at
which the saturation of magnetization becomes significant. It is
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Fig. 1. Play hysteron operator.

assumed that does not exhibit hysteretic properties for
. To ensure that is a single-valued function

for , is set to be constant for
.

For an alternating input with amplitude , the play model
yields a hysteresis loss per cycle of

(3)

where is assumed and

(4)

The minus sign in (3) is required because the input is not
but .

III. SUPERPOSITION OF SCALAR PLAY MODELS

A. Superposition of Scalar Play Models

Similarly to the vector Preisach model proposed by
Mayergoyz [3], a 2D isotropic vector play model can be
constructed using the superposition of scalar play models [8],
[9]

(5)

Here, is a scalar play model, is the unit vector along
the -direction, is the angle of , and is a projection
parameter for input to the -direction; denotes
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for simplicity of expression. The iden-
tification method of the vector model (5) is given in [9] (see
Appendix).

When a rotational input

(6)

is given, the vector model (5) yields the hysteresis loss

(7)

When , becomes

(8)

where is the alternating hysteresis loss given by as (3).
Because is constant for , is also
constant for . This constant rotational hysteresis loss
is not observed in actual ferromagnetic materials.

B. Generalized Vector Model With Weighting Function

Similarly to the scalar play model with input-dependent shape
functions [11], the vector play model is generalized as

(9)

where is a weighting function. Equations (5) and (9)
imply that is the vector play model
(5). For the rotational input (6), yields a (rate-indepen-
dent) hysteresis loss of

(10)

where is given by (7). When , becomes

(11)

The rotational hysteresis loss depends strongly on .
However, is not proportional to for
because the scalar model and its alternating hysteresis loss

also depend on the choice of .
When , does not affect the scalar hysteretic

property of . Accordingly, can be determined to con-
trol directly the rotational hysteresis loss for

. For example, when , because is constant,
is proportional to as

(12)

IV. GEOMETRICAL VECTORIZATION OF THE PLAY HYSTERON

A. Vectorization of the Play Hysteron

The play hysteron (2) is geometrically vectorized [6] as

(13)

where is the value of at the previous time-point. The ge-
ometrical meaning of the vector play hysteron is illustrated in

Fig. 2. Behavior of vector play hysteron: (a) �������� � � � and (b) �������� � �� .

Fig. 2. A point B is located in a circle of which the

center and radius are P and , respectively. When
B moves inside the circle, P does not move [Fig. 2(a)]. When B
reaches the circumference of the circle, the circle and its center
P move together with B [Fig. 2(b)].

Using this vector play hysteron, a vector play model [6], [7]
is given as

(14)

(15)

This vector model is simpler than the vector model (5) having
an integration along the -direction that is computationally
expensive.

For unidirectional inputs, the vector model (14) is reduced
to the scalar model (1) having the same shape function .
This means that can be determined only from unidirec-
tional measured data.

For rotational input with amplitude , the vector model (14)
yields a (rate-independent) hysteresis loss [7] of

(16)

B. Generalized Vector Model With Weighting Function

Serpico, d’Aquino et al. [7] have proposed an attractive gen-
eralization of the vector play model (14) and have discussed its
properties including the rotational hysteresis loss. This paper
proposes another simple useful generalization.

Similarly to the generalized model (9) using , the vector
model (14) is generalized as

(17)

This model yields a rotational hysteresis loss of

(18)

The rotational hysteresis loss is controlled by . For ex-
ample, because is constant for , is
proportional to as in (12).
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Fig. 3. Measured unidirectional property (averaged along the �-direction).

V. COMPARISON OF VECTOR MODELS

A. Identification From Unidirectional Property

The hysteretic properties of a non-oriented silicon steel sheet,
JIS: 35A300 are measured using a rotational single sheet tester
[12]. The anisotropic property is averaged along the azimuthal
direction to obtain an isotropic property for numerical simula-
tions. Fig. 3 shows an averaged unidirectional property that is
used to identify scalar and vector play models.

The weighting function below is examined

(19)

where is a constant. When , the vector models of
(9) and of (17) are reduced to of (5) and of (14),
respectively.

First, the scalar play model (1) discretized with 64 hysterons
is identified using the method described in [11]. Owing to the
lack of measured data greater than 1.6 T, is set to 1.6 T,
despite this being small compared with the saturation magne-
tization of silicon steel sheet. The shape function of the scalar
model is used directly for . The vector model is iden-
tified from the scalar model as in the Appendix. The integra-
tion along the -direction is performed using the midpoint rule
with 40 integration points. Because of this azimuthal integra-
tion, requires about 14 times more computation time than

.
Fig. 4(a) shows BH loops obtained by the vector play

model with and of which the unidirectional
property coincides with the property of the scalar play model.
Fig. 4(b) and (c) shows BH loops given by the vector play
model with 1, 3, respectively, and 0.5. Fig. 4
shows that both vector models reconstruct BH loops exactly.

B. Vector Property for Rotational Input

Vector hysteretic properties of the vector models for rota-
tional inputs are examined. Fig. 5(a) and (b) shows the rota-
tional hysteresis losses yielded by and , re-
spectively, Fig. 5(c) is given by ( with ) and
1, 3, 5. For comparison, the measured rotational hysteresis loss

is also shown.
Fig. 5(d) shows the phase lag of to with , together

with the measured average phase lag given by (20)

(20)

Fig. 5(a) and (b) shows that ( with ) and
with yield constant hysteresis losses for
because is set to 1.6 T. The vector model with , 5

Fig. 4. Unidirectional property of vector models with � � ���: (a) ��� ,
(b) ��� with � � �, and (c) ��� with � � �.

Fig. 5. Rotational properties of vector play models: (a) � of ��� ,
(b) � of ��� with � � �, (c) � of ��� , and (d) phase lag.

gives a hysteresis loss that decreases with the increase in for
. However, altering only is not effective for adjusting

the simulated rotational hysteresis loss to that which has been
measured. Fig. 5(a) and (b) shows that the weighting function
significantly affects the rotational loss. However, the weighting
function (19) is too simple to adjust to the measured
rotational loss.

The vector model yields a smaller rotational hysteresis
loss and larger phase lag than . This means that has
smaller amplitude than .

C. Determination of Weighting Function

A correlation between and can be used to ad-
just to the measured rotational loss. For example, the
weighting function is successively modified by

(21)
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Fig. 6. Rotational loss given by ���� in (21): (a) ��� and (b) ��� .

where is the computed rotational loss given by the
weighting function for the th iteration and .

Fig. 5 shows that given by
differs from the measured loss when . Accordingly,

is modified by (21) for while for
. Fig. 6 shows the rotational losses where

almost coincides with the measured loss. The phase lag of to
, however, was not much affected by this modification.

VI. CONCLUSION

Two types of isotropic vector play models are discussed; the
first is represented by a superposition of scalar play models,
whereas the second is given by a geometrical vectorization of a
play hysteron. The latter is more efficient than the former, which
requires an integration along the azimuthal direction.

Both vector models are generalized with weighting functions
to control their rotational hysteresis losses. The simulated rota-
tional hysteresis loss can be adjusted to the measured loss by an
iterative method to determine the weighting function.

APPENDIX

The scalar play model (1) is decomposed into an irreversible
component and a reversible component [9] as

(22)

where is the reversible
component.

The vector play model (9) is identified from its unidirectional
property. The unidirectional property of
along is given by

(23)

where is a scalar hysteretic property represented by a scalar
model (1). The play model is identified from as follows.

The following function is defined for identification:

(24)

In this definition, and ( 1, 2) denote the reversible
component and shape function of , respectively. Equation
(24) requires the following relation between and :

(25)

This integral equation is solved for by (26) and (27)

(26)

(27)

Functions and are obtained from by (28)

(28)
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