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Analytical Calculation of Air Gap Magnetic Field for Permanent Magnet Machines Based on
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ABSTRACT: In order to easily and accurately analyze the
no-load air gap magnetic field of surface-mounted permanent
magnet motors with eccentrically cut poles, a magnetic field
analytical calculation method was proposed based on
equivalent block of permanent magnet (PM)s and subdomain
model, which solves the problem of unequal thickness and
parallel magnetization. The method can consider the effect of
stator slotting and the actual magnetic permeability of the PM,
and the fundamental and each harmonic component of no-load
air gap magnetic density can be directly obtained. The air gap
magnetic field is directly calculated by the finite element
method, and the analytical method is in agreement with the
results of the finite element method, which verifies the
accuracy of the analytical method. An experiment on a
nine-phase permanent magnet motor prototype was conducted.
The measured no-load back EMF is consistent with the
calculated value of the analytical model, which verifies the

correctness of the analytical method used.

KEY WORDS: permanent magnet machine; eccentric shaped
poles; magnetic pole partition; subdomain model; no load air
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Fig.1 The magnet shape and partition of

eccentric permanent magnet machine
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Fig.2 Cross section of permanent magnet machine with

equivalent magnet segments
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Table 1 Data of prototype for

a nine phase permanent magnet machine
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Fig. 4 Flux density distribution of eccentric

permanent magnet machine
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no load magnetic flux density
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Table 2 Comparison of harmonic contents for

air gap magnetic flux density
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1 0.8419T 0.8372T
3 0.0550 T 0.0561 T
5 0.0199 T 0.0185T
7 0.0069 T 0.0071 T
9 0.0022T 0.0019 T
11 0.0003 T 0.0003 T
17 0.0747T 0.0743 T
19 0.0730 T 0.0724 T
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Table 3 Comparison of cogging torque
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Table 4 Comparison of analytical fundamental
EMFs with experimental ones
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magnetic field

Surface-mounted  permanent magnet (SPM)
machine can reduce harmonics by optimizing the shape
of permanent magnet. Through optimization of the shape
and length of outer surface of the permanent magnet
(PM), the sine wave characteristics of radial air-gap
magnetic flux distribution can be improved and vibration,
noise and torque ripple can be reduced. It is significant to
find a fast method for researching the performance of the
SPM machine with optimized permanent magnet.
Currently, finite element (FE) analysis is the mature and
powerful analysis technology, and it can accurately
analyze the motor with complex PM shapes. But it is
time-consuming and has poor flexibility. The analytical
method is still preferred for initial design because of the
wide range of candidates. Therefore, the analytical
method is more attractive due to its flexibility and fast
calculation speed.

The exact subdomain modeling is an analytical
method with high accuracy for calculating magnetic field
and electromagnetic performance for SPM machines
with traditional tile-shaped PM. In exact subdomain
model, the magnetic field of motor is calculated by
dividing into several regular subdomains and the PM is
processed by the magnetization vector function. The
general solution of vector potential of each subdomain
can be obtained by the separation variable method and
the undermined coefficients of general solution can be
also obtained by solving governing equation set
according to boundary conditions. Applying it for
calculating the performance of SPM machines with
optimized PMs can obtain an analytical result close to
FE result with faster calculation speed. But in the exact
subdomain model, only PMs of equal thickness can be
applied and the optimized PMs of unequal thickness
need to be processed equivalently.

In this paper, the optimized magnets are partitioned
into regular magnet segment and the magnetic field of
machine is obtained by the superposition of magnetic
field generated by each magnet segment. By improving
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the way of calculation after partitioning, the proposed
method avoids rotation of magnetization vector in the
case of parallel magnetization. Meanwhile, the number
of magnet segments can be arbitrarily large to obtain
more accurate analytical result. In addition, the model
also considers the slotting effect by adding slot
subdomain to get closer to the actual motor model.

The magnetic field of each equivalent PM segments
is not calculated separately, and the two symmetrical PM
segments are calculated together as shown in Fig. 1. In
this way, the original calculation will be reduced by half,
including the calculation of the outer radius of PM and
the calculation of the magnetic field. Due to the
symmetry of the PM segments, the Fourier series
expansion of the magnetization vector function is
obtained easily, and the problem of rotation of
magnetization vector is also avoided.

Fig. 1 Cross section of permanent magnet machine with

equivalent magnet segments

Through the above processing, the calculation
amount of the magnetic field of each PM segment will
be reduced greatly. Therefore, when the number of
segments is sufficient, calculation time is not improved
much.

Based on the analytical model result, the flux
linkage, back electromotive force and cogging torque are
obtained easily. The accuracy of the analytical model has
been validated by the results from FE analysis and
experimental test.



