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Design of a High Speed Claw Pole Motor with Soft Magnetic Composite Core
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Soft magnetic composite (SMC) materials are particularly suitable for application in
electrical machines with complex structures, 3D magnetic flux paths, and high operating
frequencies, because of their unique properties. This paper presents the design of a 2 kW high
speed (30 krpm) three stack claw pole motor with SMC core. Three-dimensional finite element
analysis of magnetic field is conducted for parameter calculation and dimension optimisation.
Considering the importance of core loss for the design of high speed motors, rotational core loss
model is employed in this paper. Practical methods considering the alternating magnetic filed
only are also presented, which are useful to designers who do not have rotational core loss data.
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1. Introduction

High speed motors have been employed in many
applications, such as machine tool spindles,
aerospace, centrifugal compressors, vacuum pumps,
friction welding units, turbine generators, and etc.
Compared with conventional general-purpose
motors, the major advantages of high speed motors
include smaller size under given power, higher
power and torque density, smaller moment of inertia
and fast response, and direct connection with other
high speed mechanical devices without gear.

Induction motors [1], [2], switched reluctance
motors [3], and permanent magnet motors [4], [5]
are suitable for high-speed operation, especially
when variable speed is required. It is difficult to
identify the "best", as the motor performance is not
the only concern. Controller, control strategy, whole
system efficiency, manufacturability, cost and
commercia-lization potential should also be
considered. Table 1 tabulates the advantages and
disadvantages of each type of motor for high speed
operation.

Soft magnetic composite (SMC) materials are
very suitable for application in permanent magnet
motors with complex structures, 3D magnetic flux
paths, and high operating frequencies, because of
their unique properties such as magnetic and thermal
isotropy, low eddy current loss, and suitability for
complex net shape manufacturing by highly matured
powder metallurgical technology [6].
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Fig. 1 plots the core losses of SOMALOy™ 500
(an SMC material) and various commonly used SiFe
sheets under alternating excitation at 1.0 T versus
frequency. Because of low eddy current, the core
loss of SMC starts to become lower than that of SiFe
when the frequency reaches about 700 Hz.

Table 1. Advantagesand disadvantages of electrical
machines for high speed operation

Machine Type Advantages Disadvantages

Easy starting Small air gap length

Induction Motor
Easy for fabrication Low power factor
Low cost Rotor loss In high
No position sensor frequency

Large air gap length
Rotor robustness

Permanent magnet Need position sensor
motor

High power factor
Field weakening for

Various structure
super high-speed
Small air gap length

Switched reluctance Simple rotor structure
Low power factor
Windage loss

motor Low rotor loss
Need position sensor
Noise
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Fig. I. Core losses of SMC and SiFe versus frequency
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Fig. 2. Core lossvs frequency (P: number of pole-pairs)

where /t;.B =900 is the mechanical angle of one pole
pitch. The major path of the magnetic flux is along
the north pole of the PM - air gap - one claw pole
- stator yoke - another claw pole - air gap 
south pole of the PM - rotor yoke to form a closed
loop. The winding flux can be computed by the
surface integral of magnetic density after the
magnetic field distribution is solved by FEA. For
this motor, the computation is based on the middle
cross-sectional area of the stator yoke. There is also
a considerable amount of leakage flux closing
through the air between the adjacent claw poles.

Fig. 4. Region for field solution

At the two radial boundary planes, the magnetic
scalar potential obeys the half-periodical boundary
conditions [6]:

qJm (r,!1B /2, z) =-qJm (r,-!1B / 2,-z) (1)

3. 3D Magnetic Field FEA

The claw pole motor has a structure of 3D flux,
therefore 3D magnetic field finite element analysis
(FEA) is desired for accurate calculation of motor
parameters and performance. In this paper, the
commercial software ANSYS was used. Taking
advantage of the periodical symmetry, only one pole
pitch region of one stack, as shown in Fig. 4, needs
to be calculated. The magnetic coupling between
stacks is negligible.
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2. Number of Poles

The pole number affects the motor structure and
performance. When the number of poles increases,
the core loss becomes larger due to the increased
operational frequency if the rotor speed remains the
same. Because the eddy current loss of SMC
material is very low, the total core loss is almost
directly proportional to the frequency, as shown in
Fig. 2. However, the amount increased also depends
on the core material and magnetic flux density.

The copper loss will decrease when the pole
number is increased. Fig. 3 illustrates the core loss
and copper loss versus pole number when the overall
motor size is kept the same. It is noted that the
increase of core loss is minor. When the number of
poles increases, the average magnetic density in the
stator core (particularly the yoke) decreases because
the flux per pole is reduced. To avoid excessive
switching losses in the power electronic components,
the number of poles is chosen as 4 with an operating
frequency of I kHz finally.

The operational frequency of high speed motors
is normally over 1000 Hz, and even 5000 Hz for
super-high speed motors, so SMC is an ideal
candidate as the core. This paper presents the
investigation on a 3-phase 3-stack permanent
magnet (PM) claw pole motor with SMC core.

Fig. 3. Core lossand copper lossversus polenumber
whenthe motoroverall sizekeeps the same

3.1 Dimensional parameters

Fig. 5 shows the dimensional parameters, which
are determined and optimized by FEA to achieve the
maximum winding flux.

Fig. 5. Dimensional parameters
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Fig. 6. Winding flux waveform in different Qclaw
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The coefficients Kha, h, s.: s.; Ken s.; a], a2,
a, and B, can be deduced from the data measured by
the 2D [9] and 3D [10] rotational core loss tester. Bm

is the peak value of sinusoidal flux density.
The core loss with elliptical B is predicted from

the alternating and circularly rotating core losses by:

Pje =RBPr + (1- RB),2 Pal (5)

where RB=Bmi/Bmaj is the axis ratio, Bmaj and Bminare
the major and minor axes of the elliptical B locus.

The core loss is computed based on time-stepping
FEA. One electrical period is divided into 18 steps.
The meshing of stator and rotor is kept the same in
each step. Core loss in each element is calculated,
and then the total core loss of the motor is obtained
by summing up the losses of all the elements.

4.1 Rotational model

The core loss is caused not only by alternating
but also by rotational magnetic fields, and should be
considered properly in the motor design [7]. An
improved model described in [7], [8] is applied for
predicting the core loss in the 3D-flux SMC motor.
Different formulations for alternating and rotational
magnetic field are summarized in the follows:

If the magnetic density is sinusoidal (e.g. the
fundamental component), the alternating core loss is
calculated by:

Pal =KhJBmh+Kea(fBml+Kaa(fB",/5 (W/kg) (2)

and the core loss with circular magnetic density by

r, =Phr+Ker(fB,,'/+Kar(fBn,/5 (W/kg) (3)

4. Core Loss

In a high speed motor, the calculation of core loss
is crucial for performance analysis because the core
loss is the dominant component of power loss.
However, the core loss calculation can be very
complex as the magnetic density distribution in a
claw pole motor is much more complicated than that
in a conventional laminated PM motor.

The final dimensions are: bl=7.5 mm, b2=7 mm,
b3=3 mm, b4=2 mm, hl=13 mm, h2=6.6 mm,
h3=16.4 mm, h4=20 mm, h5=3 mm, Qclaw=75°,
D2o=20 mm, Dmo=26 mm, and D1i=28 mm.

Qclaw=75

o 20 40 60 80 100120140160180
Ro tor Position (mechanical angle)

b2(mm) h2 (mm) Maximum flux (mWb)

6.5 6.1 0.4286
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Fig. 7. Maximum flux versus stator yoke width

Table 2. Different combinations of b2 and h2

3.3 bl, b2 and h2

The relations of the maximum winding flux
versus dimensional parameters bl, b2 and h2 are
investigated. Fig. 7 shows the variation of the
maximum winding flux against the stator yoke width,
bl. b2 and h2 are the dimensions which determine
the coil space and the copper fill factor is Sr
Scoil/(b2*2(hl-h2)). Table 2 lists possible
combinations of b2 and h2 when the copper fill
factor is kept the same.

0.5

04
0.3
0.2

~Ol
5 0.0
ltol

5:_0.2
-0.3

-04
-0.5 +-"""T""""~..-,---r---T--.-,-.----,................-t-r-t-

-20

3.2 Qclaw

When the claw pole arc, Qclaw, increases, the
magnetic reluctance of magnetic circuit decreases
and hence the winding flux may increase. However,
if Qclaw is too big, the leakage flux between claw
poles would become significant and the winding flux
would decrease. Through calculation, as shown in
Fig. 6, the winding flux (per tum) achieves the
maximum value when Qclaw is about 75°.
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where i=r, e, Z, and Bikrn is the peak value of the k-th
harmonic flux density.

o 200 400 600 800 1000
Frequency(Hz)

Fig. 8. Comparison of core losses by different models
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presents the design and analysis of a high speed 3
phase 3-stack permanent magnet claw pole motor
with SMC core. 3D FEA magnetic field analysis is
employed for optimizing the dimensions to acquire
the maximum winding flux and calculating the core
loss. The locus method considering only alternating
field is useful to the designers who don not have
rotational core loss data.
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4.2.1 Waveform method

The magnetic flux density B is decomposed to
radial, circumferential and axial components, i.e. B;
Be and B; The waveform of each component versus
rotor position is obtained through the time-stepping
FEA. Each component is expanded into Fourier
series, and the core loss in each element can be
expressed as:

Pie i = I.(KhakfBikrn
h

+Kea(kfBikrn)2 +Kaa(kfBikrn)1.5) (6)
- k=!

5. Conclusion

Due to the very low eddy current loss, SMC
material is suitable for high speed motor, This paper

4.3 Comparison

The results calculated by the three methods are
shown in Fig. 8. The locus method is more accurate
than the waveform method.

4.2 Alternating method

Rotational model is an accurate method to predict
the core loss, but the corresponding data are difficult
to acquire. Two practical methods considering only
the alternating magnetic field are presented and
compared with the rotational model.

4.2.2 Locus method

The locus of each element is computed as stated
in Section 4.1. The core loss in an element can be
expressed as:
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