Metadata, citation and similar papers at core.ac.uk

Provided by Okayama University Scientific Achievement Repository

Physics
Electricity & Magnetism fields

Okayama University Year 2004

Investigation of AC loss of permanent
magnet of SPM motor considering
hysteresis and eddy-current losses

A. Fukuma Susumu Kanazawa
Okayama University Okayama University
Daisuke Miyagi Norio Takahashi
Okayama University Okayama University

This paper is posted at eScholarship@OUDIR : Okayama University Digital Information
Repository.

http://escholarship.lib.okayama-u.ac.jp/electricity_and_magnetism/167


https://core.ac.uk/display/12525445?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1964

IEEE TRANSACTIONS ON MAGNETICS, VOL. 41, NO. 5, MAY 2005

Investigation of AC Loss of Permanent Magnet
of SPM Motor Considering Hysteresis
and Eddy-Current Losses

A. Fukuma, S. Kanazawa, Daisuke Miyagi, and N. Takahashi, Fellow, IEEE

Department of Electrical and Electronic Engineering, Okayama University, Okayama 700-8530, Japan

NdFeB sintered magnets are widely used in rotating electrical machines. In order to develop an efficient rotating machine, it is impor-
tant to estimate ac loss of the permanent magnet of rotor precisely. In this paper, the ac losses of the permanent magnet of IEEJ model
(surface permanent-magnet motor model) are examined by using the three-dimensional finite-element method taking into account the
newly measured hysteresis losses of permanent magnet. The result shows that we should consider not only the eddy-current loss but also
the hysteresis loss, when the frequency of ac field due to a slot ripple is of the order of several hundred hertz.

Index Terms—Eddy-current loss, hysteresis loss, NdFeB magnet, SPM motor.

1. INTRODUCTION

ECENTLY, NdFeB sintered magnets have been widely
Rused in rotating electrical machines. It is considered that
the major part of ac losses of the permanent magnet in motors
with NdFeB magnets are eddy-current losses due to a slot ripple,
inverter, etc. [1], as the conductivity of NdFeB magnet is fairly
high compared to that of a ferrite magnet. If a large ac loss is
produced in the NdFeB magnet, the temperature of magnet in-
creases and it may cause the thermal demagnetization. In order
to develop an efficient rotating machine, it is important to esti-
mate the ac loss correctly. But, the calculation of eddy-current
loss of permanent magnets in the rotor has not been verified by
experiments until now.

In this paper, the ac loss of NeFeB sintered magnet is mea-
sured by using a newly developed closed-type measuring equip-
ment, and compared to the calculated value. The behavior of
the hysteresis loss of permanent magnet is investigated, and it
is found that the hysteresis loss is larger than the eddy-current
loss in the range of frequencies less than several hundreds hertz.
Then, the ac losses of the permanent magnet of rotor of SPM
motor model [2], which is proposed by IEE of Japan to inves-
tigate the estimation methods of iron losses, are examined con-
sidering the hysteresis and eddy-current losses.

II. MEASUREMENT OF AC LOSS OF PERMANENT MAGNETS
A. Measurement System and Conditions

We measured ac loss of NdFeB magnets using the closed-type
measuring equipment shown in Fig. 1. The measured specimen
is an NdFeB magnet (NEOMAX-44H, NEOMAX Co. Ltd.) of
30 mm length, 10 mm width, and 10 mm thickness. The density
p is 7500 kg/m® and the conductivity o is 6.9 x 10° S/m. We
measured the ac loss of a fully magnetized magnet. The ac loss
of NdFeB magnet is measured from 30 to 150 Hz and 0.01 to
0.1 T. The ac loss is obtained by the flux density B measured
using the search coil and the magnetic field strength H. H is
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measured using a coaxial double coil as shown in Fig. 2. This
coil detects the magnetic field strength on the surface of a spec-
imen by the difference of the inductive voltages of coil 1 and
coil 2.
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Fig. 4. Analyzed model.

B. Measured Results

The ac loss W was separated into the eddy-current loss W,
and the hysteresis loss Wy, by using the two frequency method.
The W-B curve at frequency f = 50 Hz is shown in Fig. 3.
In order to verify the validity of measurement, we analyzed the
eddy-current loss of NdFeB magnet by using the 3-D FEM. The
relative permeability of magnet is considered 1.05 (fully mag-
netized). The calculated results are also shown in Fig. 3. The
hysteresis loss is greater than the eddy-current loss.

As the eddy-current loss W, is proportional to f2, W, is dom-
inant at high frequencies (for example, more than 1 kHz). How-
ever, the hysteresis loss W}, cannot be neglected at low frequen-
cies. Therefore, the hysteresis loss may need to be considered in
the analysis of the ac loss of widely used motors (normal speed
motor).

III. SPM MOTOR MODEL

Fig. 4 shows a 4-pole SPM motor model [2]. The motor con-
sists of the rotor core, the permanent magnet, the stator core,
and the aluminum case. The stator and rotor cores are made
of nonoriented silicon steel (grade: 50A1300). The core length
is 40 mm. The permanent magnet is Nd—Fe—B magnet and the
magnetization is 1.26 T (parallel orientation). The rotor is ro-
tated at no excitation to investigate the iron loss of stator core
due to the flux produced by the permanent magnet of rotor. The
rotating speed is 1500 rpm. The iron loss of stator core is mea-
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Fig. 5. 3-D finite-element mesh (1/4 region).
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Fig. 6. Eddy-current distribution in magnet. (a) Distribution of eddy-current
vectors. (b) Distribution of eddy-current density.

sured by using a torque meter and by driving the permanent
magnet rotor by another motor.

IV. CALCULATION OF AC Loss OF SPM MOTORS
A. AC Loss of Permanent Magnets

1) Distribution of Flux and Eddy-Current Density in Perma-
nent Magnet: We analyzed the flux and eddy-current distribu-
tion in the magnets of the rotor by using the 3-D edge-based
hexahedral finite-element method [3]. Fig. 5 shows the region
analyzed (1/4 of the whole region). The number of elements is
247 696 and the number of nodes is 283 050. Eddy currents are
considered only in the magnets. Fig. 6(a) shows the eddy-cur-
rent vector in the permanent magnet at the mechanical angle
30°. Fig. 6(b) shows the eddy-current density in the magnet. It
is 1/2 of the magnet. The eddy current shows small loops ac-
cording to the slot ripple.

The waveform of flux density (B B B, B,) at two points in
the permanent magnet of rotor is shown in Fig. 7. B) is the com-
ponent which is parallel to the magnetization and B is that per-
pendicular to the magnetization. The flux density changes peri-
odically due to the slot ripple at point a on the surface of magnet.
The flux density is almost constant at point b inside the magnet.
The fundamental frequency of flux waveform is 600 Hz.

2) Calculation of AC Loss: The eddy-current loss W, was
calculated directly by using the eddy-current density .J, in the
permanent magnet obtained by using the 3-D FEM as follows:

_ 1 EAR
W, = f/ /TdV dt (1
T Ve

where o is the conductivity. V, is the volume of permanent
magnet, and 7' is a period.
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The hysteresis loss W}, was calculated by using the approx-
imated curve obtained from the measured values as shown in
Fig. 8. In a first step, a Wy,—B curve at 600 Hz was extrapolated
by using the measured Wy, at 150 Hz and 0.01-0.1 T shown in
Fig. 9 (The frequency and flux density are limited due to the ca-
pacity of power source). Next, the W},—B curve is approximated
by assuming that the hysteresis loss is proportional to the square
of flux density. The hysteresis loss W}, was calculated by using
the approximated curve and by assuming that W}, is the func-
tion of the maximum flux density at 600 Hz in each part of the
permanent magnet.

B. AC Loss of Stator Core

Fig. 10 shows the loci of flux density vectors. Distorted el-
liptical rotating flux can be observed at the back of teeth and
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Fig. 10. Loci of flux density vectors.
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Fig. 11. W-DB curve under rotating flux (50A1300, 50 Hz, measured).

slot, and also at the tip of teeth. In order to estimate the iron
loss precisely, it is necessary to take into account the iron loss
under rotating flux as shown in Fig. 10 [2]. The iron loss under
distorted elliptical rotating flux is estimated by using the iron
losses measured under elliptical rotating fluxes having various
axis ratios.

Fig. 11 shows iron losses under rotating flux of nonoriented
silicon steel (50A 1300, 50 Hz) measured by using the 2-D SST
[4]. The axis ratio « of the rotating flux of fundamental compo-
nent is defined as follows:

Bmin
o B 2)
where Bp.x and DBy,, are the major and minor axes,
respectively.

In the proposal estimation method, the iron loss W under a
distorted rotating flux is represented as a summation of the loss
Wp under an elliptical rotating flux of fundamental component
and the iron loss W, under alternating flux of harmonic compo-
nents as follows:

W =Wy + W,

= Wo(Oé, Bm) +
n=2,3...

Wa(Bn) 3)

where Wy(«, B,,,) denotes that the iron loss under rotating flux
is the function of axis ratio o and the maximum flux density
(major axis) By,. W,,(B,,) is the iron loss due to alternating flux
as a function of harmonic components B,,.

The calculation is performed by using the following proce-
dure: In a first step, the fundamental components in the r and 6
components are obtained by using the harmonic analysis. Then,
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Fig. 13. Measured losses of IEEJ model. (a) Mechanical loss. (b) Iron loss.
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the iron loss Wy under the rotating flux of fundamental compo-
nent at any axis ratios « and flux density By, can be obtained
by performing interpolation of the B—W curve. The iron loss
due to harmonic component is obtained as a summation of the
iron loss at each harmonics by using the B-W curves at various
frequencies.

V. RESULTS AND DISCUSSION

The torque of the SPM motor model (IEEJ model) shown
in Fig. 4 is measured by a torque meter when the permanent
magnet rotor is driven by another motor, as shown in Fig. 12 [3].
The iron loss of the stator is obtained by subtracting the torque
(corresponding to the mechanical loss) measured by rotating a
rotor having nonmagnetized permanent magnet from the torque
when the permanent-magnet rotor is driven by another motor.
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TABLE 1
COMPARISON OF MEASURED AND CALCULATED RESULTS OF AC LOSS OF THE
IEEJ MODEL AT 1500 rpm

calculated [W] measured [W]
eddy current loss 1.0
rotor hysteresis loss W, 0.9
Wi 1.3 224
stator iron loss 23.4
total 26.6

Fig. 13(a) and (b) shows the mechanical losses W} and iron
losses W;* measured.

Table I shows the comparison of the calculated and measured
ac losses of the IEEJ model. The hysteresis loss of magnets is
greater than twice the eddy-current loss at 1500 rpm. The results
show that we should consider not only the eddy-current loss but
also the hysteresis loss, when the frequency of ac field due to a
slot ripple is of the order of several hundred hertz (600 Hz for
the model in Fig. 4).

VI. CONCLUSION

The ac losses of the permanent magnet of IEEJ model (SPM
motor model) are examined by using the 3-D finite-element
method taking into account the newly measured hysteresis
losses of permanent magnet. Consequently, the hysteresis loss
of magnets is greater than twice the eddy-current losses at
1500 rpm. The results show that we should consider not only
the eddy-current loss but also the hysteresis loss in the analysis
of iron loss of SPM motor, when the frequency of ac field due
to a slot ripple is of the order of several hundred hertz.
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