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Flux-reversal machine (FRM) is cost effective and suitable for mass production due to its simple structure.
However, there is a notable permanent magnet flux leakage which deteriorates the performance. To
compensate this drawback with a design method, an Inset-Permanent-Magnet-Type FRM (ITFRM) has been
proposed. The ITFRM has permanent magnets perpendicular to the stator teeth surface, and thus, is much
more difficult to demagnetize. In this paper, we deal with the iron losses and irreversible permanent magnet
demagnetization characteristics of the ITFRM according to various design variables and driving conditions. To
analyze the characteristics, a two-dimensional finite-element method (2D-FEM) considering nonlinear analysis
of permanent magnets is used. As a result, we propose the design variables that have the largest effects on the

iron losses and irreversible magnet demagnetization.
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1. Introduction

In spite of having permanent magnets on the stator to
produce a magnetic torque, the flux linkage in the stator
phase concentrated coils of a flux-reversal machine (FRM)
reverses polarity with the rotor traveling. It also has a low
self and mutual inductance, a low electrical time con-
stant and high fault tolerance [1-4]. Thus, it is suitable for
mass production and variable speed applications such as
home appliances. However, there are considerable per-
manent magnet flux leakage, cogging torque and irrever-
sible permanent magnet demagnetization problems due to
its inherent structure. This flux leakage deteriorates the
power density and torque ability of the FRM. The cogging
torque also produces an additional acoustic noise [5].
Specifically, for home appliances which need high-re-
liability, it is very important to predict the irreversible
demagnetization and design such machine to avoid the
issue. To compensate for this weakness with a design
method and to improve the performance of the FRM, a new
inset-permanent-magnet-type  FRM (ITFRM) has been
proposed [6]. This ITFRM has permanent magnets per-
pendicular to the stator teeth surface, and thus, is much
more difficult to demagnetize.
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In this paper, we analyze the effects of various design
variables and magnet shapes for the iron losses and irrever-
sible magnet demagnetization characteristics of the ITFRM.
The iron losses consist of hysteresis and eddy current loss,
which were calculated from the time variation of the
magnetic field distribution that is obtained by a two-
dimensional finite-element method (2D-FEM). We also
used nonlinear analysis of the permanent magnet to esti-
mate the magnet demagnetization. As a result, we investi-
gate and propose the design variables that acquire the
largest effects on the iron losses and irreversible magnet
demagnetization.

2. Analysis Model and Basic Characteristics

Fig. 1 shows the structure of the inset-type FRM, as
compared to a conventional one. It has a six-pole stator
and eight-pole variable reluctance rotor. The permanent
magnet is sintered Nd-Fe-B with 2 mm thickness. The 0.5
mm mechanical air-gap has been chosen to obtain a reason-
able permeance coefficient. The constructed prototype
FRM and the important FRM design specifications are
shown in Fig. 2 and Table 1, respectively. Fig. 3 shows
the back electro-motive force (BEMF) at 1500 rpm. It has
some harmonics due to saturations of the magnetic circuit.
Therefore, we need to decrease the harmonics to improve
performances. Fig. 4 illustrates a self-inductance waveform.
We can observe the inductance variation with the rotor
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Fig. 1. (Color online) The conventional and inset-type FRM.
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Fig. 2. (Color online) The constructed prototype FRM.

Table 1. Specifications of the inset-type FRM.

Section Item Value  (Unit)
Number of phases 3
Number of slots 6

Stator Outer diameter 83 (mm)
Stack width 60 (mm)
Number of turns / phase / pole 196 (turns)
Number of poles 8

Rotor Outer diameter 40 (mm)
Pole length 7.85 (mm)
Power 100 (W)

Rated Speed 1500 (rpm)
Voltage 110 (Vrms)

Air gap Mechanical air gap 0.5 (mm)

rotating. The conventional FRM have no inductance
variation due to a large electrical air-gap between the stator
and rotor. However, the ITFRM has a little variation, which
can be used to produce an additional reluctance torque.
Thus, the torque ability is more excellent than that of the
conventional FRM.
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Fig. 3. (Color online) BEMF waveform at 1500 rpm.
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Fig. 4. (Color online) Self-inductance waveform according to
rotor position.

3. Iron Loss Characteristics

3.1. Computation of the Eddy-Current Loss and Hys-
teresis Loss

The eddy current and the hysteresis losses of the core, W,
and Wy, can be calculated from the one periodic time
variation of the magnetic fields obtained by the FEM [7-9]
as follows:

N kel pk e pk\?
W, = KD J-iz B —-B, N B, -B, a (1)
core N 'S At

D NE AV Npr! . Npb )
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Where K, and K, are the eddy-current and hysteresis loss
coefficient obtained by the Epstein Method. D is the
density of the core, N is the number of time steps per time
period, At is the time interval, AV is the volume of the ith
finite element, B,, By are the radial and the peripheral

ii

components of the flux density, and B’,., B”, are the
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Fig. 5. (Color online) Iron losses at rated load.

Tren Loss [WKg]

7 00

Fig. 6. (Color online) Iron loss density distribution at rated
load.

amplitude of each hysteresis loop.

3.2. Analysis Results and Discussions

Fig. 5 shows the simulated iron losses of the ITFRM by
the 2D-FEM at rated load. Despite the amount of the used
iron in the rotor is smaller than the stator, the total iron
losses of the rotor is similar to that of the stator. This is
mainly due to the large variation of magnetic flux density
in the rotor teeth part. The eddy current loss increases the
iron loss of the rotor. The magnetic field variation in the
stator teeth and yoke part is primarily due to the rotation of
the magnetized rotor. Fig. 6 illustrates an iron loss density
distribution. From this figure, we can also see that the
density value is very large in the rotor teeth. Fig. 7 shows
the variation contour of the magnetic flux density on the
teeth of the stator and rotor. The stator core has an
alternating magnetic field, as compared with the rotor core
which has a rotating magnetic field. Generally, a rotating
magnetic field generates larger iron losses. Fig. 8 compares
the total iron losses according to the output of the FRM. It
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Fig. 8. (Color online) Total iron losses according to output.

shows that the total iron losses are nearly exponential. The
hysteresis losses of the stator become larger than that of the
rotor as the output increases. That is why the iron losses of
the stator is large above 100W.
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4. Irreversible Demagnetization
Characteristics

4.1. The Demagnetization Analysis of a Permanent
Magnet

For the irreversible demagnetization calculation of the
permanent magnet, we have used an approximate equation
for magnetization M of a magnet. Fig. 9 shows a typical
demagnetization curve of permanent magnet materials. When
operating point P1 moves to P2 because of a large external
magnetic field, the residual flux density Br is decreased to
B'r, and an irreversible demagnetization occurs. As a result,
the magnetization M of the magnet is also decreased [10,
11].

4.2. Analysis Results and Discussions

Fig. 10 shows the magnetization distribution in the
magnet according to magneto-motive force (MMF). The
magnetization of the magnets lower as the MMF increases.
Fig. 11 shows the generated BEMF after demagnetization.
From this figure, we can see that the BEMF considerably
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Fig. 9. Demagnetization curve of a permanent magnet.
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Fig. 10. (Color online) Magnetization distribution according to
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decreases. Thus, it deteriorates the performances of the
FRM such as the torque ability and efficiency. Fig. 12
illustrates the magnetization distribution according to the
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Fig. 11. (Color online) Comparison of the generated BFEM at
1500 rpm.
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Fig. 12. (Color online) Magnetization distribution according to
rotor teeth width.
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Fig. 14. (Color online) Magnetization distribution according to
magnet thickness.

rotor teeth width. The more the rotor teeth width increases,
the more the magnet demagnetization decreases. This is
because the large MMF concentrates on the magnets through
the narrow teeth width. The magnetization distribution
according to the magnet position is shown in Fig. 13. The
magnet placed near the edge of the stator teeth has a merit
in the view of the irreversible demagnetization. This is due
to the fact that the part of the magnet facing the rotor teeth
is small. However, these situations are varied as the rotor
rotates. The effect of the magnet thickness on the demag-
netization is illustrated in Fig. 14. The magnet thickness is
the most important design variable in the respect of
demagnetization and efficiency.

5. Conclusions

Decreasing iron losses and avoiding the irreversible
demagnetization are very important when designing the
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ITFRM with a high efficiency and reliability. Accordingly,
their accurate simulations and evaluations are needed.

In this paper, we have analyzed the iron losses and the
irreversible demagnetization characteristics of the ITFRM.
The various design variables have been investigated in terms
of such characteristics. To obtain an accurate analysis, we
have used a 2-D finite element method with the nonlinear
permanent magnet modeling. From analysis results, we can
deduce that the rotor teeth part has a considerable eddy
current loss and that the magnet thickness and rotor teeth
width and effective design variables in terms of the
irreversible demagnetization are the most important. These
assumptions could be adopted to design the ITFRM with a
good performance.
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