


reference gives a useful picture for tracking the development
trend of PM motors for electric vehicles.  It might help to
understand the need for flux guides to lower the cost and
improve the performance of PM machines.

II. THE FIRST LAW (AMPERE’S LAW) OF
ELECTROMAGNETIC THEORY

Electromagnetic theory is based on two fundamental
laws called the ‘circuit laws’ [4-6]. The first law (Ampere’s
law) is: ‘The line integral of the magnetic field strength or
intensity taken around any closed path is proportional to the
total current flowing across any area bounded by that path.
In symbols, the first law is

H dl I= ∑∫ . (1)

2.1  Magnetic Field Strength Inside PM Without Current:
Unlike the magnetic flux in a soft magnetic material

path, the PM sees flux even when the total current, ΣI,
flowing across any area bounded by that path is zero.  The
total magnetic field strengths inside and outside the PM are
equal in magnitude but in opposite directions.

H L H Lg g m m⋅ = − ⋅ , (2)

where the symbol H is for the magnetic field strength, L is for
the length.  The suffix g is for the air gap, and m is for the
PM.

2.2 Intrinsic Demagnetization Curve with Leakage Factor:
An intrinsic demagnetization curve that includes the

consideration of leakage flux is derived for the evaluation of
the PM flux density, Bm, and the air-gap flux density, Bg.
The derivation of the intrinsic demagnetization curve with
leakage factor follows.

Fig. 2 shows a simple magnetic path in a uniform
thickness.  Ag represents the air gap area perpendicular to the
flux, and the PM area perpendicular to the flux is represented
by Am.  From (1) we have

∑=⋅+⋅ ILHLH mmgg .      (3)

For simplification let us assume that the flux is confined in
the path shown in Fig. 2; the iron is not saturated with its
magnetic field strength close to zero.      Magnetic flux must
be continuous.  Because of the leakage flux the PM flux
BmAm is greater than the air-gap flux BgAg by a leakage
factor, σ , that is always greater than or equal to 1.
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Substituting (4) into (3) and using the air-gap

permeability, oµ , to relate Bg to Hg give
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Fig. 2  Flux path with air gap area, Ag, PM area, Am, and
leakage flux.

Simplification gives:
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Eqn. (5) represents the intrinsic demagnetization
curve that considers the influence of leakage flux by
including the leakage factor, σ.  This curve is shown in Fig.
3.
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Fig. 5  Flux path with air-gap area, Ag, equal to PM area,
Am.

Fig. 6 shows the finite element flux plots. Fig. 6(a)
corresponds to the magnetic path arrangement of Fig. 2
where the air-gap area is less than the PM area.  Significant
leakage fluxes are shown in the plot.  This is also equivalent
to the magnetic paths of Fig. 1.  Fig. 6(b) shows that the
effective flux for the motor is increased when the air-gap area
is not less than the magnet area. The flux lines become more
dense in the iron core.
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Fig. 6 Finite element flux plots.

IV. MAGNETIC-PATH PROTOTYPES AND TESTS

4.1 Magnetic-Path Prototypes:
Fig. 7 shows four experimental setups of the

magnetic-path arrangements.  The air-gap areas of Figs. 7a
and 7b defined by the area of the iron piece at the gap are the
same but the leakage situations are different. The air-gap
areas shown in Figs. 7c and 7d are in their opposite
extremes.   Fig. 7c has a gap area less than the PM area.  It
represents the magnetic path shown in Fig. 2.  Fig. 7d has a
gap area identical to the PM area.  The magnetic path of Fig.
7d is shown in Fig. 5.   The air gap flux densities are

measured through a Bell Model 620 Gaussmeter.  The
measured results are given in Table 1.
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Fig. 7  Four experimental setups.

4.2 Test Results:
If the leakage flux were negligible, the air-gap areas

of Figs. 7a and 7b, defined by the area of the iron piece at the
gap, are the same and the air-gap flux densities between
columns (a) and (b) of Table 1 would be the same.  However,
because of the leakage flux the measured air-gap flux
densities between columns (a) and (b)  for all three PM and
air-gap types are quite different.  The lower values of Bg in
column (a) indicate that the flux path arrangement of Fig. 7a
has a stronger leakage flux.

(a) (b) (c) (d)
Ceramic #5
0.105” gap
0.387” PM

2.5
kgauss

2.8
kgauss

2.5
kgauss

2.8
kgauss

Nd+B
0.098” gap
0.394” PM

4.0
kgauss

4.7
kgauss

5.7
kgauss

4.6
kgauss

Bg

Nd+B
0.295” gap
0.197” PM

1.6
kgauss

2.1
kgauss

1.9
kgauss

2.1
kgauss

Table 1  Measured air-gap flux densities of four experimental
setups with different air gaps and PM thicknesses.





5.4 Axial-Gap PM Machines with Rotating  Flux Guides:
Fig. 11 shows a conceptual cross-sectional view of a

multiple-disk axial-gap PM machine with rotating flux
guides.   The flux guide is mounted on the surface of the PM
pole.  It is not necessary to used compressed powder for the
guide material, because the guide is rotating with the main
PM flux.  It should be pointed out again that this type of flux
guide is only good for high-grade PM materials and with a
small air gap.
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Fig. 11  A rotating flux guide of a multiple-disk axial-
gap PM machine.

5.5 Radial-Gap PM Machines with Rotating  flux Guides:
Fig. 12 shows the side cross sectional and front

views of a radial-gap PM machine with rotating flux guides.
This type of flux guide is also only good for high-grade PM
materials with a small air gap.
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Fig. 12  Radial-gap PM machine with rotating flux guides.

VI. CONCLUSIONS

• A new concept for the enhancement of effective flux of
PM machines by using flux guides is introduced.

• Stationary and rotating flux guides are introduced.

• The stationary flux guides are suitable for low-grade
PMs and/or large air gaps.  The rotating flux guides are
suitable for high-grade PMs with small air gaps.

• An intrinsic demagnetization curve with leakage factor
is derived for the evaluation of flux densities.

• On the basis of a higher effective flux produced by the
flux guides, the stator winding size can be reduced to
produce a lighter stator and a higher efficiency PM
machine.

• A significant leakage flux may negate the higher power
density predicted by an air-gap flux density amplification
in a conventional flux focused machine.

• transverse flux machine with an air-gap area less than its
PM area and with a significant leakage flux might not
have a higher power density than a conventional PM
machine.

• Examples of flux-guide structures are given.
• This technology can be used for both PM motors and

generators.
• This technology is particularly useful for, but not limited

to electric vehicle motor drives and PM generators.
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