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Abstract —This paper deals with an iron loss analysis method in the single-phase line-start permanent magnet
synchronous motor. The iron loss is affected by the time rate of the change of magnetic flux density in the
motor cores, The distribution and changes in magnetic flux densities of the motor are computed by using 2-
dimensional finite element method. Discrete Fourier Transform is used to analyze the magnetic flux density
waveforms in each element of the analysis model. Iron losses in each element are evaluated using iron loss
curves according to frequencies and harmonic analysis results. The total iron loss can be obtained by the
summation of the iron losses in all elements.

Introduction

Capacitor-run single-phase induction motors (SPIMs) are widely used in houschold applications
because of direct operation fed capability from the commercial single-phase voltage source without any
control devices. However, the resistances and the induced currents in the conductor bars induce the slip
power loss, which causes low overall efficiency. On the other hand, single-phase line-start permanent
magnet synchronous (LSPM) motors arc essentially induction motors with permanent magnet materials
inserted in the rotor, iec., these motors have rotor cages for induction starting and permanent magnets,
providing synchronous torque. Since these motors operate as a synchronous machine, the induced currents
in the rotor are much smaller than that of induction machines. Therefore, the slip power loss in the rotor
can be significantly reduced and additionally it is possible to achieve unity-power-factor performance,
thereby reducing the stator currents and the corresponding losses [1].

In spite of the excellent performance of LSPM motors, their optimal utilization requires attention to
many aspects related to the machine design and performance. In this respect, the calculation of iron losses,
which can be a major part of total losses, is particularly challenging since it requires an accurate prediction
of the magnetic flux density distribution in both spatial and temporal coordinates and the corresponding
iron loss [2], [3].

In traditional ac machine theory the iron loss is viewed as being caused mainly by the fundamental
frequency. Normally, under altemating flux conditions, the iron loss P, in Wkg is separated into a
hysteresis loss component P;, and an ¢ddy current component P,, both in Wkg, as shown in cquation (1).

P =F,+P,=k,fB; +k [’B, 1)

where /and B,, are the frequency and the peak value of the magnetic flux density, respectively. K,, k, and
e are constants provided by the manufacturer. This conventional method assumes sinusoidal variation of
the magnetic flux density waveforms. However, in most cases, it is not sufficiently accurate because the
magnetic flux density waveforms are non-sinusoidal [3], [4]. In order to take into account the harmonic
effects of the magnetic flux density waveforms on the iron loss, accurate prediction of the magnetic flux
densities throughout the stator and the rotor cores are strongly required [5].
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This paper deals with the iron loss analysis method considering harmonics of the magnetic flux density
waveforms using iron loss curves according to frequency in the LSPM motor. The temporal and the
spatial variations of the magnetic flux density waveforms are derived by performing 2-dimensional finite
clement method (2-D FEM). Discrete Fourier Transform (DFT) is used for the frequency analysis of the
time-varying magnetic flux density waveforms at each element of the finite element (FE) analysis model.
The iron losses in each element are calculated from iron loss curves that are expressed as iron loss curves
according to frequencies and magnetic flux densitics. Finally, the total iron loss is obtained by the
summation of the iron losses in all the elements and the result of the iron loss calculation is used for the
accurate efficiency assumption of the LSPM at the steady state.

Procedure for Iron Loss Analysis

The flow chart of the method for the iron loss analysis in the paper is shown in Fig. 1 [6].
For the finite element (FE) analysis of the first step in this figure, the goveming equation from
Maxwell’s electromagnetic equation is as follows [5]. [6].

Vxv(VxA)=J,+J,+J,, ()

where vis the magnetic reluctivity, A is the magnetic vector potential, J, is the current density of the
coil, J, is the eddy current density, and.J,, is the equivalent magnetization current density. In this

cquation, the current density of the coil can be calculated from the voltage equations of the main and
the auxiliary windings [6]. The skew effect is ignored in this FE analysis.

Finite Element Analysis
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Fig. 1 Flow chart for iron loss calculation
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DFT for harmonic analysis of the magnetic flux density waveforms are computed by FEM at the
first step can be expressed as equation (3).

N-] j2ank
B, (k)= B (n)e’ ¥ 3)
n=0

where k is the harmonic order, N is the number of the discrete data, Bu(k) is the peak value of the magnetic
flux density of the k-th harmonic, and B,(1) is the magnitude of the point n (n=0, 1, 2, ..., N-1).

At final step, the iron losses P, in each element are calculated from iron loss curves that are expressed
as iron loss curves according to frequencies and magnetic flux densities and then, the total iron loss P. is
obtained by the summation of the iron losses in all the elements

Experimental Results at the Rated Condition

Fig. 2 shows the cross-scction of the analysis model. The motor has two windings, a main winding
connccted directly to the 115V, 60Hz supply, and an auxiliary winding connected to the supply via capacitor.
Rotor has the permanent magnets and the conductor bars are inserted in the rotor as shown in Fig, 2.

Fig. 3 and Table. 1 show the test apparatus and the experimental results at the rated condition. Total loss in
the motor is about 21.00W including winding copper losses of 8.67W. Thercfore, Iron loss, stray load loss,
and conductor loss in the rotor are about 12.33W, that is, these losses occupy about 58.7% in the total losses.

Fig. 3 Test apparatus

519



Table. 1 Experimental results at the rated condition

Input power (W) Output power (W) Winding copper loss (W) Efficiency (%)

181.00 160.00 8.07 88.39

Analysis Results

Fig. 4 presents the iron loss curves according to frequencics and the magnetic flux density of the
magnetic material.

As the rated currents are applied at the steady state, the distribution of the equipotential with angular
position is shown in Fig. 5.

Fig. 6, and Fig. 7 show the component magnetic flux density waveforms at different locations in the
stator and the rotor, that is, e;, and e; in Fig. 2, and the DFT results of the waveforms, respectively. In
Fig. 6, while the distribution of the magnetic ficld of ¢, that represents a position in the stator yoke has
cqual frequency to the rotating magnetic field, and the tangential component of the magnetic flux
density leads the normal component, that of e, that shows a position in the rotor voke is expressed as
dc components because the rotation of the rotor synchronizes with that of the rotating magnetic field.
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Fig. 4 Iron loss curves according to friquencis and the magnetic flux denstiy of the magnetic material
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Fig. 5 Equipotential lines at the steady state
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Fig. 7, where the fundamental frequency is 60 Hz, shows the harmonic analysis results of the magnetic
flux density waveforms in Fig. 6(a).

Fig. 8 presents the iron loss components from the fundamental component to the 12 harmonic
component according to the harmonic order.

From the results, the total iron losses to the 12" harmonic component are 12.10 W, and the losses
except for the fundamental component is about 9.41 W that occupies about 77.77 % in the total iron
loss. Therefore, it is very important to analyze the iron loss considering the harmonic components in
the magnetic flux density waveforms.

Conclusion

This paper deals with the iron loss analysis using iron loss curves according to frequencies and the
harmonic analysis results of the time-varying magnetic flux density waveforms calculated by 2-D FEM.

The total iron loss to the 12" harmonic component is 12.10W, and the loss except for the fundamental
component is about 9.41W that occupy about 77.77% in the total iron loss. The analysis result shows that
the harmonic components of the magnetic flux waveforms should be considered to evaluate the accurate
iron loss. Morcover, when the iron loss is compared with the loss of 12.33W, except for the winding
copper loss of 8.67W by the experiment, the loss of 0.23W remains. It is supposed that the loss contains
the iron loss by the harmonic components and the losses such as the stray load loss and the conductor bar
loss by the unbalanced magnetic field is not considered in the analysis.
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