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Core Material Design of a High Performance Rotating Machine
Considering Magnetic Anisotropy

Atsushi Ikariga*, Masato Enokizono**, Hiroyasu Shimoji*** and Hirofumi Yamashiro****

Abstract - This paper deals with a new design method for a small-size rotating machine with high
power. In order to achieve high performance, secondary excitation by Nd-Fe-B magnets and the grain-
oriented electrical steel sheets were selected and a new design using dual rotors is proposed. The
outline of the high-performance rotating machine will be presented and the results of the finite element
analysis by using this method combined with the E&SS modeling will be shown in the paper.
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1. Introduction

The designing under high magnetic flux density is
necessary to realize high-performance electrical machinery
and apparatus. It is important to know how to suitably select
and use the magnetic properties of core materials such as
electrical steels. Use of the complex characteristics in the
magnetic field analysis is important in designing of the
electrical machinery of a high performance. Then it is
required that the complex characteristics of the magnetic
materials are taken into consideration in the magnetic field
analysis. The conventional analysis was not able to consider
the phase difference between the magnetic flux density B
and the magnetic field strength H. Therefore, it was difficult
to consider the complex characteristics in the magnetic
anisotropy materials.

Recently the measuring technique of the two-dimensional
magnetic properties has developed rapidly and the achieve-
ments have become a center of attention. The two-dimen-
sional magnetic properties are the relationship between the
measured magnetic flux density B and the measured
magnetic field strength H as vector quantity. These modelings
can express the magnetic anisotropy and iron loss precisely.
We have enabled the analysis of the magnetic anisotropy
and nonlinearity that have so far been considered difficult to
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do. Thus the tendency that iron loss increases when the
phase difference between B and H occurs, is well expressed
in this method. The designing of the high performance
rotating machine was carried out by using the magnetic
field analysis, combining the finite element method with a
new E&SS (Enokizono, Soda & Shimoji) modeling [1]-[3].

2. The Finite Element Method with the E&SS
Modeling

2.1 The Representation of Magnetic Anisotropy

Fig. 1 shows an alternating magnetic flux and a rotating
magnetic flux. The alternating magnetic flux can be defined
by the maximum magnetic flux density Bn.. and the
inclination angle &5 from the easy axis. The rotating
magnetic flux can be defined by the axis ratio o and the
maximum magnetic flux density B, and the inclination
angle & from the easy axis. The easy axis direction and the
hard axis direction exist in any magnetic material. The
nonlinear magnetic properties of each magnetic flux con-
dition we have used in calculation are obtained by using the
two-dimensional magnetic properties measurement [4], [5].
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(a) Alternating flux condition (b) Rotating flux condition
Fig. 1 Representation of alternating and rotating flux.
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Fig. 2 The magnetic field measured in rotation flux con-

dition(sample: non-oriented electrical steel sheet,
a=1, B=1 [T])
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Fig. 3 The magnetic field measured in rotation flux con-
dition(sample: grain-oriented electrical steel sheet,
0=1, Bup=1 [T])
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Fig. 4 The magnetic field measured in rotation flux con-
dition(sample: double grain-oriented electrical steel
sheet, 0=1, By,,,=1 [T])

For example, Fig. 2 shows the magnetic field loop of a
non-oriented electrical steel sheet, which has the hard axis
direction near 45 degrees through 120 degrees. Fig. 3 shows
the magnetic field loop of a grain-oriented electrical steel
sheet having the hard axis direction near 90 degrees. Fig. 4
shows the magnetic field loop of a double grain-oriented
electrical steel sheet having the hard axis direction near 45
degrees and 130 degrees.

2.2 The E&SS Modeling

The magnetic flux density B and the magnetic field
strength H in anisotropic materials are not parallel when the
rotating magnetic field is applied to materials and the
alternating magnetic field is applied with €. The magnetic
properties have strong nonlinearity as a function of the
magnetic flux density and the inclination angle ;. The E&
SS modeling can express alternating and rotating hysteresis
as a relationship between B and H during one period. The
modeling is defined with the following equations.

Hx =er (Bmax’937a!T)Bx (T)

+in(Bmax,HB’a,‘[) JZBX (T)dz- (1)
Hy =v, (Bmax,HB,a,‘r)By (z')

+Vyi (Bmax’es,aar) J:)TBy (T)dr

where V, and ¥, are named as the magnetic reluctivity
coefficients, and then v; and 1; are named as the magnetic
hysteresis coefficients. The magnetic reluctivity coefficients
and the magnetic hysteresis coefficients are altered as a
waveform in one period.

The variable 7 is in a range from zero to 2m. We
approximate B-waveforms sinusoidal, and expressed as
follows:

{szRBxcosr—lesinr )

B, =Ry, cost -1, sint

where Rg,, Rgy, Ig, and I, are coefficients.
The distorted H waveforms can be expressed as the
following equation in the Fourier series:

N
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where Ry, Ryy, Iux and Iy, are coefficients.
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As a result, the magnetic reluctivity coefficient and the
magnetic hysteresis coefficient are given by
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In the same way, ¥,yand v, can be obtained.

2.3 Formulation for Magnetic Analysis

From the Maxwell’s equations and the constitutive
relation, the governing equation in two-dimensional mag-
netic field can be written as follows:

0 a4%—a3%+ b‘,J——a'aAZ T—b3J6A2 dr
oy ox Oy

ox ox

+i al%—a2 04, +bIJQA—ZdT—bZJ6AZ dr |=J,+J,
dy oy Ox oy ox

J,, = vgrotM

)

a, = cos’ (§)v,, +sin’(@)v,
a, = a, =sin(g)cos(¢4)v,, —sin(¢)cos(¢)v, (©)

a, =sin’ (¢)v,, +cos’(9)v,

b, =cos’ (¢)v, +sin’ (¢)v,,
b, = b, = sin(¢)cos(4)v,, —sin(g)cos(¢)v,, ™
b, =sin’ (§)v, +cos’ (4)v,

where J, is the exciting current density, J, is the mag-
netization, A, is the magnetic vector potential and ¢ is the
inclination angle between the X-axis and the rolling
direction.

2.4 Magnetic Power Loss

In this method, the iron loss can be calculated directly
from the vector B and the vector H by using the following
equation.

T
P = L H, dB, + H _dﬂ_ dr [Wikg] ()
pT dt 7odt

0

where p is the material density and T is the period of the
exciting waveform.

3. Machine Construction

Generally, the Power of rotating machines is defined with
the following equation.

PocDgzxLngxACxN (9)

where Dy is the armature diameter, L is the core length, B,
is the magnetic loading, in other words the air-gap magnetic
flux density, AC is the electric loading, in other words the
ampere-conductors, N is the rotational speed.

This design was made to increase the magnetic loading
within limited volume to take more power. In order to
achieve high performance, secondary excitation by the high
performance magnets and the grain-oriented electrical steel
sheets were selected and a new design making use of dual
rotors that are created by an arrangement of permanent
magnets on the outer and inner side of the stator core is
proposed.

Fig. 5 shows the construction of a high-performance
generator. The number of pole is 12. Each rotor was formed
with 12 magnets for this 12 poles machine. The permanent
magnets are Nd-Fe-B which increase the air-gap magnetic
flux density within limited volume. For the winding a
single-phase air-gap winding was selected, which is a
concentrated winding with high space factor.

Nd-Fe-B magnets
Easy axis

Quter rotor

Stator coils

Nd-Fe-B magnets

Stator core Inner rotor

Fig. 5 Construction of Rotating Machine
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4. Results and Discussions

Fig. 6 shows the distribution of magnetic flux by using a
grain-oriented electrical steel sheet. Fig. 7 shows the loci
distribution in stator core of the magnetic flux density
vector B and the magnetic field strength vector H. It is
evident that the phase difference exists for the relationship
between B and H. Fig.8 shows the distribution of iron loss
in stator core. From these figures, the rotating magnetic flux
has occurred in the outside top of the stator core and the
rotating magnetic flux give rise to the increase of the local
iron loss. In this analysis we assumed that the magnetic flux
density was a perfect sine wave and the eddy current loss
was included in the experiment of data.

Fig. 9 shows the distribution of the maximum magnetic
flux density By, by using a grain-oriented electrical steel
sheet and a non-oriented electrical steel sheet. The non-
oriented electrical steel sheet in comparison with the grain-
oriented electrical steel sheet has a higher magnetic flux
density, and the local concentration of the magnetic flux
density is smaller. The performance of the grain-oriented
electrical steel sheet was able to be expressed accurately in
the analyzed results.
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Fig. 6 Distribution of the magnetic flux.
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5. Conclusion

It should be pointed out that the machine is not yet
completed and therefore only calculation results have been
presented. In this paper, the new modeling of the vector
magnetic properties for the nonlinear magnetic field
analyses has been presented. It became possible to express
the magnetic anisotropy of magnetic material with this
modeling.
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