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!Department of Automotive Engineering, Hanyang University, Seoul 133-701, Korea
?LG Electronics, Changwon, Gyeongnam 641-711, Korea
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The large demagnetizing currents in a single-phase line-start permanent magnet motor (LSPMM) are generated by a starting and
locked rotor condition. So, irreversible magnet demagnetization occurs due to the external demagnetizing field by these currents.

In this paper, we present the phenomena of the irreversible magnet demagnetization using two-dimensional finite-element method
(2-D FEM). The nonlinear analysis of a permanent magnet is added to 2-D FEM to consider irreversible demagnetization. As a result,
design techniques which are effective to avoid irreversible demagnetization are proposed.

Index Terms—Brushless motor, FEM, permanent magnet, single-phase

starting torque and power factor.
I. INTRODUCTION

S INGLE-PHASE LINE-START PERMANENT MAGNET MOTOR / Stator
(Lspmm) are known to be capable of high efficiency and y

near unity power factor performance. These attributes make )
them an attractive choice for various high duty cycle /
applications [1], [2]. The LSPMM dose not need a driving y
system such as an inverter, because of the asynchronous /
starting torque by means of conductor bars in the rotor.
However, the large currents at a starting or locked rotor [
condition can cause severe irreversible demagnetizing in the | .
permanent magnet. This demagnetizing field deteriorates the '
performance of the LSPMM such as phase peak-to-peak
variation [3]-[5]. Therefore, the demagnetization of the
permanent magnet should be considered in the design of the Is
rotor shape of the LSPMM. In this paper, we present the
phenomena of the irreversible magnet demagnetization and
propose design techniques which are effective to avoid
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Fig. 1. The proto-type single-phase LSPMM.
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irreversible demagnetization. To analyze the irreversible
demagnetization of the magnet, two-dimensional finite-
element method (2D FEM) is wused. The nonlinear
characteristic of the permanent magnet is considered as well
as that of a magnetic core on each B-H curve.

Fig. 2. Equivalent circuit of the single-phase LSPMM.
Il. ANALYSIS MODEL g fq gep

Fig. 1 shows the proto-type LSPMM with two-layer rear- TABLEI
SPECIFICATIONS OF THE PROTOTYPE LSPMM
earth permanent magnet. It has a 24-slot stator and a 2-pole - -
rotor. In the rotor, there are permanent magnets and conductor Section — :tem VZL“e (Unit
- umboer oft slots

bars t_o p_rod_uce the starting torqug. The permanc_snt magnet Stator Outer diameter 112 (mm)
material is sintered Nd-Fe-B. The air gap was designed to be Stack width 90 (mm)
0.5 mm to obtain a reasonable permeance coefficient value. Rotor Number of poles 2

Table | summarizes the important LSPMM design I(\)/IL:tirriillameter Ndf’ge = (mm)
specifications. The equivalent circuit of a LSPMM is shown in Magnet  pesidual flux density (Br) 115 0

Fig. 2. The starting capacitance Cs, running capacitance Airgap  Mechanical air gap 0.5 (mm)

Cr are connected to the auxiliary winding to increase the
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I1l. FINITE ELEMENT METHOD

A. Governing Equation and Discretization

The 2-dimensional governing equation for the LSPMM is
expressed in a magnetic vector potential A as

o0 (10A, 0 (1 0A, oM, oM,
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Where

A, : Z component of magnetic vector potential

J, @ Current density
M : Magnetization of the permanent magnet

Applying the Galerkin method to (1), we can obtain the
finite element equation in a first order triangular element as
follows:
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Where N stands for shape function.

B. Nonlinear Analysis of a Permanent Magnet

In order to perform the nonlinear calculation of a permanent
magnet, we use the approximate equation for magnetization
M of a magnet. Fig. 3(a) shows a typical demagnetization
curve of permanent magnet materials. From this graph, we can
find H=f(B) . Then, the approximate equation for

magnetization M is derived as follows:
M =B u,H =B -, (B) =h(B) @3)

where M is magnetization of a permanent magnet and .,

is permeability. Equation (3) means that the magnetization
M of a magnet is the function of flux density B . Fig. 3(b)
shows the M —B curve of permanent magnet.

Applying the Newton-Raphson method to (2), we can
obtain the following equation to be related with equivalent
magnetic current density J ;.

e e oM e
aJ = VO aM : diedje + s CieCje (4)
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where A°®is the area of an element and c and d are the
coefficients that are related with the coordinate.

C. Phase Flux Linkage Calculation for Back-EMF

The phase flux linkage A can be calculated from the
average vector potential over each winding cross section [6].

ﬂ:{”AldS/Sl—HAZdS/SZ | (5)
s, s,

Where 1 is the stack length and S, and S, represent the total

areas of an N-turn winding carrying the positive current and
negative current, respectively.

IV. ANALYSIS AND TEST RESULTS

A. Demagnetization curve

Fig. 3(a) also shows the procedure of demagnetization.
When operating point P. moves to P. due to the external
demagnetization field, the residual flux density B, is

decreased to B, , and irreversible magnet demagnetization

occurs. As a result, the magnetization M of the magnet is also
decreased.

Load line Lz Load line L1 B M

(a) Demagnetization curve (b) M-B curve

Fig. 3. Characteristic curve of permanent magnet.

B. Demagnetization phenomena

Fig. 4 and 5 show the demagnetization phenomena of the
analysis model with the increase of stator magneto motive
force (MMF). The magnet has initial 1.15T magnetization
before demagnetization. However, it is decreased after
demagnetization as shown in Fig. 3(a). From these figures, we
can see that the magnet demagnetization becomes larger as the
MMF increases. Firstly, the center part of the lower layer
magnet is demagnetized as the MMF increases. And then, the
overall regions of the lower layer magnet become
demagnetized. Lastly, the regions of the upper layer magnet
have an irreversible demagnetization. This is due to
concentrated external demagnetization field on the lower layer
magnet.

From these analysis results, we can know that more thick
magnet in the lower layer compared to the upper layer is
effective to avoid irreversible permanent magnet
demagnetization. It is also possible to use different magnet
materials in the upper and the lower layer. Fig. 6 illustrates the
flux lines.
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(a) 0 Ampere-turns

(c) 2760 Ampere-turns

(b) 1380 Ampere-turns
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(d) 4140 Ampere-turns

Fig. 4. Magnetization distribution according to the MMF.
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(@) 0 Ampere-turns

(b) 1380 Ampere-turns

|

(c) 2760 Ampere-turns

(d) 4140 Ampere-turns

Fig. 5. Zoomed magnetization distribution according to the MMF.

(a) 0 Ampere-turns

(c) 2760 Ampere-turns

Fig. 6. Flux lines.

(b) 1380 Ampere-turns

(d) 4140 Ampere-turns

C. Test results

To prove the propriety of the analysis method, we built the
prototype LSPMM with Nd-Fe-B magnets and performed the
experiment. The constructed rotor is shown in Fig. 7.

Fig. 8 compares the measured and the calculated back-EMF
waveforms. The measurements were carried out at no-load by
driving the LSPMM using a brushless permanent magnet
servo motor. The experimental results closely match those
obtained from the simulation of the analysis method. From
these results, we know that the back-EMF is reduced because
of demagnetization. After all, the irreversible magnet
demagnetization deteriorates the LSPMM performance.

Endring
(Aluminum)

Fig. 7. The constructed rotor.
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(a) Before demagnetization
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(b) After demagnetization

Fig. 8. Comparison of back-EMF.
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V. PROPOSED DESIGN TECHNIQUE

Fig. 9 shows the 1/2 cross-sectional configuration of the
proposed LSPMM. It has different thickness magnets in the
upper and the lower layer to avoid irreversible
demagnetization. The magnet thickness in each layer of the
initial LSPMM is 2 (mm). However, the proposed LSPMM
has 1.5 (mm) in the upper layer and 2.5 (mm) in the lower
layer, respectively. The total magnet thicknesses are the same
in each LSPMM.

Fig. 10 and 11 compare the magnetization distribution of
the initial and that of the proposed LSPMM when MMF is
2760 and 4140 Ampere-turns, respectively. Fig. 12 and 13
show the calculated back-EMF. In the case of 2760 Ampere-
turns, the proposed LSPMM is more effective to avoid the
demagnetization. However, the effectiveness of the proposed
design method decreases as the demagnetization current
increases. This is because the effect of external
demagnetization field on the upper layer magnet with the thin
magnet becomes large. Accordingly, the selection of the
proper magnet thickness considering the demagnetization
current is needed and important.

o g
Stator Different ™.
thickness magnets..

(@) Initial LSPMM (b) Proposed LSPMM

Fig. 10. Comparison of magnetization distribution. (2760 Ampere-turns).

(@) Initial LSPMM (b) Proposed LSPMM

Fig. 11. Comparison of magnetization distribution. (4140 Ampere-turns).
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(a) 2760 Ampere-turns (b) 4140 Ampere-turns
Fig. 12. Comparison of back-EMF in the initial LSPMM.
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Fig. 13. Comparison of back-EMF in the proposed LSPMM.

VI. CONCLUSION

An effective design technique to avoid irreversible
permanent magnet demagnetization of a LSPMM has been
proposed and studied both theoretically and experimentally.
The nonlinear characteristic of a permanent magnet is
considered as well as that of a magnetic core on each B-H
curve. It is also shown that irreversible magnet
demagnetization reduces back-EMF and deteriorates the
performance of a LSPMM.

We confirm that our proposed method is useful for the
design of a LSPMM with high performance.
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