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Abstract — This paper deals with an improved Chua-type
vector hysteresis model and its implementation to the finite
element method (FEM). The proposed model improves the
modeling accuracy compared with the conventional one under
the distorted magnetic flux condition. The proposed model
combined with FEM is applied to iron loss estimation of a
three-phase induction motor, and its validity is investigated
through the comparison of the numerical result with the expe-
rimental one.

I. INTRODUCTION

It is well known that, in electrical machines, a consider-
able part of iron loss is caused by the rotating magnetic field
[1]. For reducing the iron loss, therefore, a precise hystere-
sis model is required to predict not only alternating but also
rotating magnetic properties accurately.

In order to describe the vector magnetic property for al-
ternating and rotating magnetic fields, E&S model has been
developed and applied to various applications such as three-
phase transformer and induction motor [2]-[4]. Although
this method precisely models the behavior of the magnetic
field intensity for sinusoidal B-waveforms, it does not for
saturated and distorted B-waveforms.

For the application to an electrical machine where the
local parts are magnetically saturated and B-waveforms are
distorted, the accuracy of the model should be improved.

In this paper, an improved Chua-type vector hysteresis
model based on E&S model is proposed to increase the
modeling accuracy under the distorted magnetic flux density
condition. The developed model is combined with the finite
element method (FEM) and applied to an iron loss analysis
of a three-phase induction motor. Through a comparison
with experimental result, the validity of the proposed algo-
rithm is verified.

II. IMPROVED VECTOR HYSTERESIS MODEL

A. Chua-type Vector Hysteresis Model

In Chua-type vector hysteresis model which takes ac-
count of the classical eddy current field, the relationship
between B and H is defined as follows [5]:
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where the subscript &, hereinafter, will be referred to the
rolling (R) and transverse (T) directions, respectively, v-
and vi are magnetic reluctivity and hysteresis coefficient

matrices, respectively. The magnetic reluctivity and hystere-
sis coefficients in (1) are defined as [5]:
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The coefficients Rs , Is , Row-nme and Ioun-nm, in (2)
and (3) are defined from the measured B- and H-waveforms
under sinusoidal (elliptical) magnetic flux density condition
for both alternating and rotating fields.

Since the reluctivity and hysteresis coefficient matrices
in (2) are defined only for elliptical B-waveforms, a dis-
torted B-waveform (B, Br), to get corresponding coeffi-
cient matrices, should be approximated to a proper elliptical
B-waveform (bg, br), as follows:
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where a is defined as Bn/Bmax With the definition of By,
Biin, @ the maximum and minimum magnitudes and inclina-
tion angle of the elliptical B-waveform.

B. Conventional Chua-type Vector Hysteresis Model

In conventional Chua-type vector hysteresis model, a
distorted B-waveform is approximated to an elliptical one
using its fundamental component, i.e., the parameters By,
¢ and a in (4) are defined using the fundamental component
of the distorted B-waveform [2]-[5]. The H-waveform is
modeled as follows:
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where the coefficient matrices are calculated with By, @, a
and 7.

H, (1)=v{ ()b, (1)+V,(7) (5)
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Fig. 1. Conventional model under a distorted B-waveform for a non-
oriented silicon steel sheet.
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This method, for an elliptical B-waveform, is proven to
present a reasonable H-waveform [2]-[S]. When applied to
a distorted B-waveform, however, this method usually over-
estimates By,,x as shown in Fig. 1(a), and thus gives the H-
waveform quite different from the measured one as shown
in Fig 1(b).

C. Improved Chua-type Vector Hysteresis Model

In this model, a distorted B-waveform is approximated
to an elliptical one, as shown in Fig. 2, by finding the para-
meters in (4) as follows:

- Bax: maximum magnitude of the distorted B-waveform

- @: direction of the magnetic flux density at By,

- a: numerically determined by minimizing the least square
error between the distorted and approximated elliptical B-
waveforms.

The H-waveform corresponding to the distorted B-
waveform in this model is modeled as follows:
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where the coefficient matrices are calculated with By, @, a
and 7*, and 7* defined in Fig. 2 is expressed as follows:
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Fig. 3 compares the modeled H-waveform using the im-
proved model with those from experimentally measured and
the conventional model. It can be found that the modeling
accuracy is a lot improved.

D. Implementation to FEM

In order to apply the proposed model to the finite ele-
ment analysis, the governing equation is defined as follows:
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where B, is the B-waveform in the previous iteration, and
b is defined as in (4) using B,,;. In the finite element formu-
lation, equation (8) is approximated using Galerkin method
together with circuit equations.

1. IRON LOSS ANALYSIS OF INDUCTION MOTOR

Fig. 4 shows the numerical results for a three-phase in-
duction motor of which the rating power and voltage are
3.7kW and 380V, respectively. In order to compare the only
pure iron loss without additional losses such as mechanical
loss and friction loss, a rotor without slots and conducting
bars is inserted and locked as shown in Fig. 4. In Fig. 4(a),
it is observed that B« in region A is almost same with that
in region B. On the other hand, it is found that the iron loss
in region A is bigger than that in region B as shown in Fig.
4(b). It is because that rotating magnetic fields are more
concentrated in region A compared with region B and the
rotational iron loss is generally larger than alternating one
under same Bi,,.
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Fig. 2. Approximation of the distorted B-waveform to the elliptical one
by using the proposed model.
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Fig. 3. Comparison of H-waveforms calculated by the proposed and
conventional model with the experimental result.
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Fig. 4. Numerical results for iron loss analysis.

In the version of the full paper, the iron loss calculated
by using the proposed method will be compared with the
experimental result.
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