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New Magnetic Field Analysis Considering a Vector
Magnetic Characteristic

Hiroyasu Shimoji*, Masato Enokizono*, Takashi Todaka* and Toyomi Horibe*

Abstract - This paper presents magnetic field analysis technology that uses a vector magnetic char-
acteristic. Recently the magnetic material was found to be measurable using the vector quantity tech-
nique. Therefore considering the anisotropy of the magnetic material in the vector field analysis is
necessary. The magnetic field analysis method, which is considered the anisotropy by combining the
finite element method with the E&S? (Enokizono, Soda, and Shimoji) modeling, is applied to a per-

manent magnet motor model.
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1. Introduction

Recently a measuring technique for two-dimensional
magnetic characteristics has been developed and its
achievements have drawn much attention {1]. The two-
dimensional magnetic characteristics are the relationships
between the measured magnetic flux density B and the
magnetic field strength H as a vector quantity. Those data
can express the magnetic anisotropy and iron loss pre-
cisely. We enable analysis of the magnetic anisotropy and
nonlinearity that has been considered difficult [2-5]. Thus
the tendency that iron loss increases when the phase dif-
ference between B and H occurs is well expressed in this
method. The conventional analysis was unable to consider
the phase difference between B and H. Therefore, consid-
ering complex characteristics in the magnetic materials
was difficult. Use of the complex characteristics in the
magnetic field analysis is important in designing high ef-
ficiency electrical machinery; complex characteristics of
the magnetic materials must be considered for the mag-
netic field analysis. We have analyzed a three-phase in-
duction motor model and the permanent magnet motor by
using the improved finite element method considering the
vector magnetic properties. This method is very useful in
designing low loss and high efficient motors. In this paper,
we discuss and present the effect of some core construc-
tions that has low loss, by using this method.

1.1 Two-dimensional magnetic measuring apparatus

Fig.1 shows the outline of the two-dimensional mag-
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netic measuring apparatus and measurement system.
The yoke for the excitation is placed for the two-directional
excitation in X-axis direction and Y-axis direction. In addi-
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Fig. 1 Two-dimensional magnetic measuring apparatus
and measurement system.
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tion, the air gap is made by putting 0.1mm sheets between
the sample and the excitation yoke because of equalizing a
magnetic flux inside of the sample. The rotational mag-
netic flux in any direction can be generated by the
two-directional excitation.

1.2 The anisotropy of the magnetic material

Fig. 2 shows an alternating magnetic flux and a rotating
magnetic flux. The alternating magnetic flux can be defined
by the maximum magnetic flux density and the inclination
angle @ from the easy axis. The rotating magnetic flux can
be defined by the axis ratio ® and the maximum magnetic
flux density and the inclination angle @ from the easy axis.
The easy axis direction and the hard axis direction exist in any
magnetic material. For example, Fig. 3 shows the magnetic
field loop of a non-oriented silicon steel sheet, which has the
hard axis direction near 45 degrees through 120 degrees. Fig.
4 shows the magnetic field loop of the grain-oriented silicon
steel sheet having the hard axis direction near 90 degrees. Fig.
5 shows the magnetic field loop of the double grain-oriented
silicon steel sheet having the hard axis direction near 45 de-
grees and 130 degrees. In these measurements, the flux den-
sity trajectory was controlled to be a real circle.

Inclination angle : ¢ s B_v

Axis ratio : &

=Bynin' Bmax /_'
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(Rolling direction) (Rolling direction)
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(a) Alternating flux condition (b) Rotating flux condition

Fig. 2 Representation of alternating and rotating flux
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Fig. 3 The magnetic field measured in rotation flux condi-
tion (sample: non-oriented silicon steel sheet, a
=1, Bma.\'=1 {TD.
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Fig. 4 The magnetic field measured in rotation flux condi-
tion(sample: grain-oriented silicon steel sheet, «
=1, Buar=1 [TD).
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Fig. 5 The magnetic field measured in rotation flux condi-
tion(sample: double grain-oriented silicon steel
sheet, a=1, B,.=1[T]).

2. The Finite Element Method with the E&S?
Modeling
2.1 The E&S? modeling

The E&S? modeling is defined with the following equation
31

Hx :vxer +inJBrd0
' 1)
H,=v, B +v, j B do

where v,,vyVv,and v, are the reluctivity coefficients.
Vi Vg, Vyraiid v, are expressed as follows.
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The coefficients k., ki Ky and ky, (n 1,2,3,4) are ob-
tained from the measurement data. The magnetic flux density
and the magnetic field intensity are approximated with the
following equations expressed by the Fourier expansion.

v, =k, +k

vit

B, =4, coswt - By sinwt
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Fig. 6 Flow chart for magnetic field analysis.

Fig. 6 shows the flow-chart of this analysis. Because the
components of the reluctivity coefficients have non-linearly,
calculating iteratively is necessary. We can carry out the
non-liner magnetic field analysis considering both alternating

and rotating hysteresis with this modeling. Then, we can ob-
tain directly the distribution of iron loss in the core.

Fig. 7 shows the measurement data with the Two-dimensional
magnetic measuring apparatus. The inclination angle was 30
degrees, and the axis ration was 0.2. Fig. 8 shows the calcu-
lated field intensity H by using E&S® modeling. We can see
that this modeling is a fairly good approximation.
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Fig. 7 Measurements data from two-dimensional magnetic
measuring apparatus (B,,,,=0.5~1.1, «=0.21, In-
clination=31 degree).
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2.2 Formulation of magnetic field analysis

Substituting (1) into the Maxwell’s equation in the
two-dimensional transient magnetic field, we can obtain
the following equation.

Ly ldf o ) af o
ST T x|l 9y tox ) oyl oy o oax

dfaf, oA oA af 9A , 9A)
PG Sl I vt et M F M Nt 5
+89{ax(3ay “ax] ay[l3y > o ]} ©

a = cos? @w,, + sin® (¢)vyr
a, = az =sin(@)cos(@),, —sin(¢) cos(¢)vy, (6)

a, =sin*(9)v, +cos? ()

by =cos*(@)v,; +sin® (e
b, = by =sin(@)cos(P)v,; —sin(¢) cos(@V, @)

b, =sin’ (§)v; +cos’ @)V,

where J, is the exciting current density, J,, is the magnetiza-
tion, A (=A,) is the magnetic vector potential, and ¢ is the
inclination angle of and the easy axis from the X-axis.

Because the components of reluctivity coefficients,
Van Vi, Vysand v, have non-linearity, those values must be cal-
culated iteratively until they. We can carry out the non-linear
magnetic field analysis considering the hysteresis.

The two-dimensional governing equation of the induc-
tion motor considering the E&S? model is written as fol-
lows.

d dAY d JA) d JdAY, d JA

—|v, Z v ==V = |y =

dx\ " dx) x| Mady) Iyl ™dx) Iyl ™y )
919, 94 9, 2A) 3 [, 24) 9 ( 4
(x| " ax) ax| ™dy | dyl " aIx) dyl ¥y

=-J, +G{3_A+3_¢_w: (l—s)(ya—A—xa—A]}
! 4 X

where ¢ is the electric scalar potential, ¢ is the con-
ductivity, @, the synchronous angular velocity, and s is

the slip.
On the other hand, the circuit equation is written as

d
VOn = 5; J. AdS + Rmn Inm (9)

where V,, (n=1~3) is the terminal voltage, R the re-

sistance of an exciting coil, and I the exciting current.

ap / dz can be derived with the charge conservation law.

dp 1 rr|dA JA JA
X eI (1-5) yZ2-xZ2 Las (10
3.3 J;J{ > o, ( s)(y F N ]} (10)

Combining (8), (9) and (10), the exciting current [, can
be treated as an unknown value. Furthermore, we can ob-
tain both of the H-vector and the B-vector distributions.

2.3 Iron Loss

The iron loss and total iron loss can be calculated di-
rectly from the analyzed results by using the following
equations:

1% dB dB
P=—IIH *+H Y Hr [W/k 11
> J[ = ydt} [Wkgl (1)

N,
PttotaI:p‘Dp'Nos'XPti'Si [W] (12)

i=1

where D, is the thickness of the electrical steel sheet, N,
the number of lamination of the sheet, N,, the number of
finite elements in the core, P, the iron loss of a finite ele-
ment (i),and S; the area of a finite element. As a core ma-
terial, the silicon steel sheet H30 class (produced by Nip-
pon Steel Corporation) is assumed. D, was 0.5 [mm], p

was 7850 [kg/m3], and N, was 600.

3. Results and Discussions

Fig. 9 shows a permanent magnet motor model. The stator
core is constructed of non-oriented silicon steel sheet. The
permanent magnet has been placed in the rotor surface. Table
1 shows the easy axis direction of each tooth and the detailed
analysis condition. Fig. 10 shows the obtained iron loss dis-
tributions. Total loss of model 1 was 0.43537 W and of model
2 was 042659 W. It is known that the total iron loss can be
reduced by changing the easy axis direction. Therefore the
total iron loss cannot be judged in quantity since it also in-
creases when magnetic flux density increases. Fig. 10 also
shows the distribution of the iron loss divided by the square of
magnetic flux density. Model 2 is proven to be improved fur-
ther than model 1.

Fig. 11 shows the various constricted stator core models.
The direction of the arrow in the figures is the rolling di-
rection, which is the easy axis of magnetizing. Fig. 13
shows the locus distribution of the B-vector and H-vector
of the Type-1 and Type-3. Fig. 12 shows the distribution
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of iron loss and Fig. 14 shows the speed characteristic of
iron loss. From these figures, Type-1 has the lowest loss in
the models. The main loss seems to be located in the stator
yoke part.

Table 1
Model 1 (degree)] Model 2 (degree)
Tooth 1 0 (x direction) 28
Tooth 2 0 119
Tooth 3 0 89
Tooth 4 0 59
Tooth 5 0 88
Tooth 6 0 58  (Model 2)
Tooth 7 0 28 Fig. 10 The core loss distribution [W/kg].
Tooth 8§ 0 118
Tooth 9 0 89
Tooth 10 0 120
Tooth 11 0 88
Tooth 12 0 118
Element number 34314 34314 20pug 120
Node number 17242 17242
The average of B, 0.5800 0.5764

85 mm

v _
v Bv Bv

Fig. 9 Analysis model of the permanent magnet motor.
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Fig. 11 Analytical model of induction motor core.
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4. Conclusions

The results are summarized as follows.

(1) The iron loss was analyzed directly by the improved
analysis methods taking into account the vector mag-
netic hysteresis.

(2) The distribution of iron loss and the behavior of the
H-vector and B-vector can be obtained to evaluate
the motor models.

(3) The usefulness of this method, E&S* model, is prac-
tically assessed.

We have proposed the concept of measurable data: prac-

tical machines should be analyzed using this measurable
data and its modeling.

(a) Loci of B {b) Loci of H

Fig. 13 Distribution of loci of H and B-vector.

Figs. 15 and 16 compare the maximum efficiency and
the maximum loading torque. From the results, the con-
struction of Type-1 also has the highest torque in these in-
vestigated models.
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