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Abstract: As one of the main parasitic parameters in permanent magnet (PM) synchronous machines
(PMSMs), cogging torque is the main component of the torque ripple, which has always been the
handicap in the high-performance, low-speed drive systems. Over the last two decades, various
methods have been proposed to decrease the cogging torque in both radial-flux and axial-flux PMSMs.
Among these methods, stator slot skewing, stator tooth notching, PM skewing, PM shifting, and pole
pairing are extensively investigated. However, little work has been done on reducing the cogging
torque of the claw pole machine (CPM), whose cogging torque cannot be ignored. In this paper,
the general methods that have been used to reduce the cogging torque in radial-flux and axial-flux
PMSMs are developed and verified in a CPM with a soft magnetic composite (SMC) core. The 3-D
finite element method (FEM) is used to calculate the cogging torque and PM flux linkage per turn.
By comparing different cogging torque reduction technologies, it can be found that the magnet step
skewing and unequal claw pole width are very suitable for CPM.

Keywords: cogging torque; claw pole machine; soft magnetic composite (SMC); finite element
method (FEM)

1. Introduction

As one of main parasitic parameters in permanent magnet synchronous machines (PMSMs),
cogging torque is the main component of torque ripple, which has always been the handicap in the
high-performance drive applications [1]. During the last two decades, various kinds of work were
conducted on the cogging torque of radial-flux and axial-flux PMSMs [2,3]. Some work was done on
calculating and reducing the cogging torque of transverse flux machines, including the traditional
transverse flux machine [4] and flux switching transverse flux machine [5]. Both the analytical
method [6,7] and numerical method [8,9] were used to calculate the cogging torque in PMSMs, and
various kinds of technologies were developed to reduce the cogging torque in the radial-flux and
axial-flux PMSMs [10,11]. These methods can be classified into two ways: one is based on the control
method [12], and the other is based on the optimized structure of the PMSM [13]. Some other studies
have been done on reducing the cogging torque through optimization [14,15], and considering the
effect of the manufacturing [16]. When the cogging torque is reduced greatly, the average output
torque of the machine is usually decreased. Therefore, during the process of reducing the cogging
torque, its effect to the average output torque should be considered.
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Compared with the radial-flux PMSM and axial-flux PMSM, the claw pole machine (CPM) is
one kind of transverse flux machine that has the 3-D flux paths. Due to the global coil, the CPM has
relatively high torque density [17]. However, it is very difficult to manufacture the CPM with electrical
steels, as its structure is very complex, and consists of 3-D flux paths. By using low mass density soft
magnet composite (SMC) cores, the productivity of CPMs with SMC cores can be greatly improved, and
hence the manufacturing cost is also reduced significantly. With the development of the SMC material,
the performance of PMSMs with SMC cores is improved as well, and now it can compete with that of
the PMSM with electrical steels. For the commercial production, the CPM with a SMC core is a good
candidate, as it can provide relatively high performance with very low manufacturing cost [17,18].

In our review of the cogging torque reduction technologies of the PMSM, we have found few
technical papers on reducing the cogging torque of the CPM with SMC cores. The stator shift is
often used to reduce the cogging torque of CPM [19].The methods to reduce the cogging torque in
transverse flux machines include the optimal design of the overlap [20], stator and rotor shaping and
skewing [21,22]. In this paper, the various kinds of technologies used to reduce the cogging torque
in axial-flux and radial-flux PMSMs are developed and verified in the CPM. Considering that the
permeability of the SMC is much lower than that of silicon steels, the analytical calculation of the
cogging torque in the PMSM with silicon steels is not suitable for the calculation of cogging torque
in PMSMs with SMC cores, as the assumption that all of the co-energy exists only in the air gap and
permanent magnet (PM) is far from reality. Meanwhile, the structure of CPMs is much more complex
than that of the conventional radial-flux PMSM. Thus, it is difficult to accurately calculate the cogging
torque of CPMs with SMC cores by using the analytical method.

In this paper, the 3-D finite element method (FEM) software ANSOFT is used to calculate the
cogging torque and PM flux per turn of the CPM. The effectiveness of the calculation method is
verified by two examples. The effect of optimized claw pole dimensions, unequal claw pole width
structure, and stator tooth notching, magnet step skewing, magnet axial pairing, and magnet shifting
are examined by FEM. By comparing the results of various kinds of methods for reducing the cogging
torque in CPM, the most suitable method is obtained.

2. Cogging Torque Calculation and Analysis Method

2.1. Analysis of Cogging Torque

The cogging torque is the result of the interaction of the PMs on the rotor and the stator slots,
which brings the vibration and noise. In a complete period of operation, the average of the cogging
torque is zero, but it produces the torque ripple. The cogging torque of the PMSM can be expressed by
differentiating the co-energy of the PMSM with respect to the rotor position angle [3],
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Tcog = - (1)
where W, is the magnetic co-energy of the machine, and « the rotor movement angle. In the PMSM
with high permeability silicon steels, the magnetic co-energy can be represented by the co-energy
storing only in the air gap and the magnet. However, in the PMSM with a SMC core, the co-energy in
the stator core cannot be ignored, as the permeability of the SMC material is not high enough for the
magneto motive force drop in the core to be neglected. Thus, the accurate calculation of the cogging
torque in the CPM with a SMC core should be carried out by the FEM.

In addition, to guide the design process of reducing the cogging torque in CPMs with SMC cores,
some simplified analysis methods can be used. By using Fourier analysis, the cogging torque of CPM
can be described by Zhu et al. [3]:

Teog(Bm) = Y, Tiesin(kNOw + ¢x) ()
k=1
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where 6, is the rotor rotating angle, Ty is the amplitude of k-th harmonic component of the cogging
torque, @y is the phase angle of k-th harmonic component of the cogging torque, and N, is the least
common multiple between the number of stator slots and number of rotor poles. In the CPM, N,
equals the number of rotor poles. The amplitude of the cogging torque of the CPM can be calculated
by the FEM. For the CPM analyzed in this paper, when k is the multiple of 3, the T appears, and when
k increases, T} decreases.

If the PM rotor is skewed, the resultant cogging torque of CPM will be

Teog (0m) = kzl L [sin(kNcBy + @) + sin(kNe (6 + 65) + )]
= o 3)
= Y. Tycos(kNs%) x sin[kNe (6, + &) + 4]
k=1

where 0; is the skew angle. The k-th cogging torque T} can be decreased by an alleviating factor

NCGS )
2

cos(k 4)

As analyzed previously, the third cogging torque component takes the major part in the total
cogging torque. For the CPM, if the PMs are shifted, the resultant cogging torque by each PM can be
calculated by the above analysis method. In this paper, the CPM has six pole pairs; thus, the optimized
skewing angle and shifting angle should be around 5 degrees mechanical.

2.2. Calculation of Cogging Torque

Considering that the co-energy of the motor with a SMC core cannot be ignored, the FEM is
used to calculate the cogging torque. In this paper, the commercial FEM software ANSOFT is used to
calculate the cogging torque, based on the magneto static module and adaptive automatic meshing
method. To accurately calculate the cogging torque, the Coulomb virtual work method is chosen, and
the convergence condition is that the energy error is less than 1% of the energy from the last step.
For a complete period, the cogging torque is calculated by rotating the rotor for one pitch in 12 steps.
The resultant cogging torque is obtained by summing the cogging torque of three single stacks (phases)
of the motor with angular shifting of 120° electrical degrees from each other.

To verify the effectiveness of this method, two examples are given. One is an outer rotor transverse
flux motor, and the other is an outer rotor CPM. Both of these motors are developed with the SMC
core, as shown in Figure 1.

Stator

(b)

Figure 1. Topology of an outer rotor claw pole machine (CPM) and transverse flux motor(TFM) with a
soft magnetic composite (SMC) core: (a) CPM, and (b) TFM.
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Figure 2 shows the comparison of the measurement results and the calculation results of the
resultant cogging torque of the outer rotor transverse flux motor(TFM) and outer rotor (CPM) by using
the above method. As shown, the calculation results match well with the experiment results, except
at the rotor position of 1 degree, which may be a result of the eddy current on the steels between the
adjacent stacks.
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Figure 2. Comparisons of the cogging torque of an outer rotor CPM and TFM, where. (a) the comparison
of calculation and measurement of the cogging torque of a CPM, and (b) comparison of the calculation
and measurement of the cogging torque of a TFM.

3. Claw Pole Machine with SMC Core and Cogging Torque Reduction Method

3.1. Claw Pole Machine and Its Dimension

Figure 3 shows the topology of the CPM with a SMC core, which is the single phase model.
The complete machine is composed of three single-phase models, which are stacked axially with a
shifting angle of 120° electrical. Each phase model consists of two disks, with the concentrated global
winding in between. The rotor of CPM has 12 magnets that are surface mounted on the rotor iron core.
One housing component covering the stator core is used to hold and protect the stator core. In the
CPM, the material of the stator core, magnet, and rotor yoke are SOMALOY 500™ NdFeB, and mild
steel, respectively. The rated output power and speed of the CPM are 64W and 3000 rpm, respectively.
The main dimensions and key parameters of CPM are listed in Table 1.

The reason that the torque density and shear stress of this CPM is very low is that the size of this
motor is really small. Normally, the torque density of the motor is proportional to one third the root of
its volume. This is especially true for the claw pole machine, whose torque density has the following
relationship to its dimension: T/V = V'V A2, where V is the volume and A the ratio of the axial length
to outer radius. Moreover, this CPM is an initial design. In 2015, we optimized it with the multi-level
optimization method, and the final EM torque was improved to 0.52 Nm, while the torque of the initial
design was 0.2 Nm. The deduction process of the torque to volume and the optimization results can be
seen in references [23,24].
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Figure 3. Topology of claw pole machine (a) stator and (b) rotor.

Table 1. Dimension and Key Parameters.

Dimension and Parameters Quantities
Number of phases 3
Number of pole pairs 6
Stator outer radius (mm) 33.5
Rotor outer radius (mm) 20.5
Air gap length (mm) 1
Number of claw poles 12
Effective axial length (mm) 54.56
Pole arc of magnets and claw pole (mechanical degree) 20
Magnetization direction Radial
Slot factor 0.43
Number of turns 256
PM materials NdFeB, N30M
Stator materials SOMALOY 500™

3.2. Cogging Torque Reduction Techniques in PMSM

The general cogging torque reduction techniques in PMSMs are listed in Figure 4, which are
extensively applied in the axial-flux and radial-flux PMSMs. These technologies can be classified into
the design of the combination of stator slot number and rotor pole number [25], stator design, and
rotor design. For the stator design, it can be classified into stator slot width optimization [25], stator
tooth pairing [26], stator tooth shifting [27], stator tooth notching [11], odd slot number, and stator
skewing [28]. For the rotor design, it can be classified into rotor pole width optimization [3], magnet
shaping [3,29], magnet pole width optimization [30,31], magnet skewing [1], magnet shifting [8], and
magnet segmentation [32,33]. In this paper, the CPM is designed with three phases and six pole pairs.
Through analyzing various kinds of reduction of cogging torque in technologies in radial-flux and
axial-flux PMSMs, we found that some technologies are not suitable for the CPM, e.g., the stator tooth
skewing. The technologies that can be used to reduce the cogging torque of CPMs include stator pole
optimization, stator tooth notching, magnet step skewing, magnet axial pole pairing, and magnet
shifting; these are investigated and compared in this paper.
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Figure 4. Schematicdiagram of the reduction of cogging torque technologies in permanent magnet
synchronous machines (PMSMs).

4. Reduction of Cogging Torque by Changing the Claw Pole Shape

Depending on the ways to reduce the cogging torque of CPMs, the technologies can be classified
into: (1) optimizing the stator shape, and (2) optimizing the magnet on the rotor. In this section, the claw
pole shape optimizations including the claw pole dimensions and claw pole structure are investigated.

4.1. Claw Pole Dimension

Since the cogging torque is produced by the interaction between the magnet poles and the stator
slots, both the dimensions of the claw pole and the magnet have a great influence on the cogging
torque of CPMs. Reducing the claw pole arc and claw pole length can reduce the cogging torque of a
CPM, while the PM flux will be reduced as well. Figure 5 shows the definition of claw pole dimensions,
including the claw pole arc and claw pole length.

Claw pole arc

|

Claw pole length|-

Figure 5. Definition of claw pole dimensions.

By using the FEM software ANSOFT, the cogging torque and PM flux of CPMs with variations
in claw pole dimensions can be predicted. The variation of claw pole arc ranges from 20 degrees to
24 degrees, and that of claw pole length ranges from 5.8 mm to 9.8 mm. Figure 6 shows the peak
value of PM flux and the peak-to-peak value of cogging torque. As shown, the claw pole length has a
slight impact on the cogging torque when compared with the claw pole arc. The peak-to-peak value
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of the cogging torque is 0.0635 Nm, when the claw pole length is 5.8 mm and the claw pole arc is
22 degrees. For the main PM flux, the greater the claw pole length and claw pole arc, the higher the
PM flux. The PM flux per turn is 0.4787 mWb when the claw pole length is 9.8 mm and the claw pole
arc is 24 degrees.

Cogging torgue (Nm)

PM flux per turn (mWh)

0.3430

24.0

235 0.3600
0.3770
— 0.3940
-
z 0.4280
= 0.4450
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§ 04730
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5 215
Q.
3
©
&}

60 65 7v0 75 80 85 90 95
Claw pole length (mm)

6.0 65 70 75 80 85 9.0 95

Claw pole lenath (mm)

(a) (b)

Figure 6. Magnitudes of the resultant cogging torque and permanent magnet (PM) flux per turn
variation with the claw pole length and claw pole arc, (a) PM flux, and (b) cogging torque.

4.2. Unequal Width Claw Pole Structure

For the traditional CPM, the claw pole tooth is usually designed with the unequal width of the
claw pole to reduce the cogging torque, as shown in Figure 7. Figure 7 also illustrates the schematic
diagram of the CPM with unequal width claw pole and the definitions of its main dimensions. The pole
arc of the stator wall is defined as 8, and the ratio of the short edge to the long edge of the claw pole is
defined as K. In most cases, K is designed lower than 1, as that kind of CPM can produce relatively
high PM torque and relatively low cogging torque.

Claw pole length (mm E+—>
(deg.

Cao .

Figure 7. Schematic diagram of a CPM with unequal claw pole widths and its main dimensions:
(a) definition of claw pole angle, (b) definition of claw pole length, (c) schematic diagram of stator core,
and (d) definition of the ratio of the short edge to the long edge of the claw pole.

K*Claw pole angle
(deg.)
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By using the ANSOFT software, the cogging torque and PM flux of the CPM with the variation of
the claw pole arc, the ratio of the short edge to the long edge of the claw pole, and the claw pole length
can be calculated. The variation of claw pole arc ranges from 22 to 28 degrees, which is divided into
three levels. K ranges from 0.1 to 1, which is divided into nine levels. The claw pole length ranges
from 6 mm to 10 mm, which is divided into three levels.

Figure 8 shows the magnitude of the cogging torque and PM flux per turn of the CPM with the
variation of the different dimensions. It can be found that K has the greatest impact on the cogging
torque when compared with the other parameters. When the pole arc ranges from 22to 25 degrees, the
minimum cogging torque can be obtained when K equals 0.2. When the pole arc equals 28 degrees, the
minimum cogging torque can be achieved when K equals 0.6. For the PM flux per turn, in general, the
greater the pole arc, claw pole length, and the K, the higher the PM flux per turn.
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Figure 8. Magnitudes of cogging torque and permanent magnet (PM) flux with variations of claw pole
dimension, (a) resultant cogging torque, and (b) PM flux.

4.3. Stator Tooth Notching

Stator tooth notching is an effective way to reduce the cogging torque in the PMSM, and it was
widely used in various radial-flux PMSMs [22,28]. Compared with the stator tooth skewing technology,
the manufacturing cost of the stator tooth notching is much lower. However, with the cogging torque
reduction, the effective PM fluxes will usually be reduced greatly by using the stator tooth notching,
as the equivalent air gap is enlarged. Two kinds of stator tooth notching technologies of CPM are
investigated: one is that each stator tooth is notched by one slot, and the other is that each stator tooth
is notched by two slots.

Figure 9 shows the schematic diagram of the CPM with one slot stator tooth and the dimensions
of the slot. Figure 10 shows the magnitude of the cogging torque and the PM flux of the CPM with the
variation of the dimensions of the one-slot stator tooth. It can be found that the magnitude of the PM
flux of the CPM decreases when the slot becomes larger. The cogging torque of the CPM with the slot
width of 1 mm and slot height of 0.5 mm is the minimum.
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Figure 9. Schematic diagram of the CPM with one-slot stator tooth notching; (a) topology,
(b) dimensions of the slot.
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Figure 10. Magnitudes of cogging torque and PM flux with the variation of slot (notch) dimensions;
(a) cogging torque, and (b) PM flux.

Figure 11 shows the schematic diagram of the CPM with the two-slot stator tooth, and its
dimensions. Figure 12 shows the waveforms of the cogging torque and PM flux of CPM, as predicted
by FEM. With the acceptable dimensions of the slots developed to the stator tooth, where the height of
the slot ranges from 0.5 mm to 1 mm and the width of the slot ranges from 0.5 mm to 1 mm, the peak
value of the cogging torque of single-phase (stack) CPM and three-phase CPM change very little when
the dimensions of the slot are changed. In addition, it has a slight impact on the PM flux.

(2)

(b)
Figure 11. Schematic diagram of the CPM with the two-slot stator tooth notching; (a) topology,
(b) dimension of the slot.

Height of slo
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Figure 12. Cogging torque and PM flux waveforms with the variation of slot dimensions; (a) cogging
torque of a single-phase CPM, (b) cogging torque of a three-phase CPM, and (c) PM flux per turn
of CPM.

Both the one-slot and two-slot notching on the stator tooth of the CPM are investigated. It can be
found that the effect of the stator tooth notching of the CPM with a SMC is little, particularly for the
two slots implemented on the stator claw pole. The main reason is that the permeability of the SMC
is much lower than that of silicon steel. Thus, the slotting of the stator pole has little impact on the
equivalent air gap.

5. Reduction of Cogging Torque by Using Magnet Step Skewing

Skewing is a general method that can be used to reduce the cogging torque of PMSMs. For the
traditional PMSM, both the stator tooth and magnet can be skewed to reduce the cogging torque. In the
traditional PMSM, skewing the stator tooth will increase the difficulty of manufacturing. Compared
with skewing the stator tooth, skewing the magnet on the rotor is more convenient. Meanwhile, in the
CPM, it is very difficult to put two single-skewed stator cores together to form one phase stator core.
Therefore, the magnet skewing method is chosen to reduce the cogging torque of the CPM. However,
the manufacturing cost of skewing the magnet continuously is very high. The magnet step skewing is
adopted in the CPM for achieving the low cogging torque with the acceptable manufacturing cost.

Figure 13 shows the general magnet skewing methods and the definitions of various skewing
angles: (a,b) show traditional rotor step skewing, (c) is the herringbone step skewing, and (d—f) are the
angle definitions of the above rotor skewing, respectively. By using the simplified analytical analysis
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method to analyze the effect of the skewing angle to the cogging torque, it can be found that the
minimum cogging torque can be achieved when the magnet-skewing angle equals 5 degrees.

(©)

(a)

PM

PM PM

Angle hngle

(d (e) O]

Figure 13. Magnet skewing and the definition of skewing angle, (a) traditional two-step magnet
skewing, (b) traditional three-step magnet skewing, (c) herringbone magnet skewing, (d) definition of
angle in (a), (e) definition of angle in (b), and (f) definition of angle in (c).

Figure 14 compares the results of the PM flux per turn and the cogging torque of the CPM with three
different magnet-skewing technologies. It can be found that the minimum cogging torque can be achieved
when the traditional three-step magnet skewing is adopted, where the skewing angle is 6 degrees.
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Figure 14. Comparison of the influence of rotor skewing, (a) traditional two-step skewing,
(b) traditional three-step skewing, (c) herringbone two-step skewing.
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Among these methods, the performance of the CPM with traditional three-step magnet skewing is
better than that of the CPM with traditional two-step magnet skewing. Compared with the traditional
three-step magnet skewing technology, the herringbone two-step magnet skewing can provide higher
PM flux per turn with the acceptable cogging torque.

6. Reduction of Cogging Torque by Using Magnet Axial Pairing and Magnet Shifting

6.1. Magnet Axial Pairing

Magnet axial pairing can be used to reduce the cogging torque in the PMSM, as it can comprise
the different magnet axial length and the different magnet width arc. Different from the traditional
axial pole pairing technology, a novel magnet axial paring is proposed to reduce the cogging torque of
the CPM. Figure 15 shows the structure of magnet axial pairing; the magnet of the middle part can be
changed for different width arcs and axial lengths, while in the traditional axial pole paring in PMSM,
only the end part of the magnet will be changed for different width arcs and axial lengths. Considering
that the magnet located under the stator wall contributes to the main PM flux, the novel magnet axial
pairing should be much more suitable for the CPM. Its performance is thus investigated. Figure 15b
shows the definition of the parameters of magnet axial pole pairing in CPM.

Rotor yoke
i = i PM
v -

(@ ®)

-

| PM lengthl

Width arc

Figure 15. Axial pole pairing, (a) finite element method(FEM) model and (b) dimension definition.

In this section, the PM length and width arc of the magnet vary from 4.3 mm to 7.3 mm, and
9 degrees to 18 degrees, respectively. Each parameter is divided into four levels. The magnitude of
cogging torque and the PM flux per turn are illustrated in Figure 16. It can be found that the width arc
of the magnet has a greater impact on the cogging torque than that of the PM length. For the PM flux
per turn, it is decreases with the PM length, and width arc decreases. The minimum cogging torque
can be achieved when the pole arc and PM length equal 9 degrees and 6.3 mm, respectively.



Energies 2017, 10, 1541

PM flux per turn (mWWh)

n.zzvo
02408
0.2545

13 of 17

Cogging torque (Nm)

0.03100
0.06425
0.08750
0.1308

18

16 02682 16
02820 0.1640

a - 0.2958 a 01973
[0] 03085 (0] 0.2305
T 14 . sz S 14 02638
8 0.3370 (&) 0.2970
@ ®
£ =
T 12 5 12
= S

10 10

4.5 5.0 55 6.0 65 7.0 4.5 5.0 55 60 65 70
PM length (unchanged)(mm) PM length (unchanged) (mm)
(b)

@)

Figure 16. Magnitude of the influence of the axial pole pairing on the flux per turn and cogging torque
of three phases, (a) PM flux per turn, and (b) cogging torque.

6.2. Magnet Shifting

Magnet shifting is another traditional method that can be used to reduce the cogging torque
in PMSMs. Compared with magnet step skewing, the manufacturing cost of the CPM with the
magnet shifting is much lower, and the structure is stronger. The definition of magnet shifting angle is

illustrated in Figure 17.

30+ang!
e

(b)

Figure 17. Magnet shifting, (a) the CPM without magnet shifting, and (b) the CPM with the magnet
shifted with an angle.

Figure 18 shows the magnitude of PM flux per turn and the cogging torque of a three-phase CPM.
It can be found that the minimum cogging torque is 0.021 Nm when the magnet shifts 5 degrees, while

its PM flux per turn is 0.331 mWhb.



Energies 2017, 10, 1541 14 of 17

0.40 PM flux (mWh)
0.343 0.340 0336 0331 m Cogging torque (Nm)
0.35 . 0.325 0315
0.30
0.244 0.252
0.25
0.20 0.189
0.15
0.10 0.091
0.060
0.05 . 0.021
0.00 -

0 deg 2 deg 4 deg 5 deg 6 deg 8 deg

Figure 18. Comparison of the influence of magnet shifting.

7. Performance Comparison and Discussion

In this section, the effects of various methods that can be used to reduce the cogging torque of
CPM, namely, optimal claw pole dimensions, unequal width claw pole, stator tooth notching, magnet
skewing, magnet axial pairing and magnet shifting are investigated, compared, and discussed. In order
to have a quantitative comparison, a simple target equation is proposed as

Tcog

— 5
f= o ©
where T, is the peak value of the resultant cogging torque, and @, is the PM flux per turn. The
reason for choosing the PM flux per turn is that the electromagnetic torque ability is proportional to
the PM flux per turn. To ensure that the CPM with the reduced cogging torque can provide acceptable
output torque, the constraints of the candidates need to meet
Dy > 0.9D o ©)

Tcog < 0-25Tcogo

where @y, is the PM flux of the original motor, and Teog, is the cogging torque of the original motor.

By using these comparison rules, the best solutions for each method are listed in Table 2.
The design of the unequal width CPM has a claw pole arc of 28 degrees, ratio of short edge to
long edge of 0.6, and claw pole length of 10 mm. The design of the two-step magnet skewing angle of
the CPM is 6 degrees, the design of three-step magnet skewing angle of the CPM is 4.5 degrees, and
for the herringbone magnet skewing, the angle is 6 degrees. The design of the magnet-shifting angle of
the CPM is 5 degrees. The optimized dimensions for the claw pole area claw pole length of 9.8 mm,
and a claw pole arc of 24 degrees.

Table 2. Comparison of different methods.

Item Fypm (mWb) Teog (Nm) Teog! Ppm
Unequal width claw pole 0.510 0.012 0.0235
Two-step magnet skewing 0.326 0.042 0.1288
Three-step magnet skewing 0.329 0.012 0.0365
Herringbone magnet skewing 0.327 0.025 0.0765
Magnet shifting 0.331 0.021 0.0634
Claw pole dimensions 0.479 0.032 0.0668

As shown in Table 2, the effects of the CPM with unequal width claw pole can achieve the best
Tcog/ Fpm, and the three-step magnet skewing of the CPM is second best. The cogging torque and
PM flux per turn of the initial CPM is 0.243 Nm and 0.343 mWb, respectively. In comparison, the
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cogging torque and PM flux per turn of the CPM with three-step magnet skewing is 0.012 Nm and
0.329 mWb, where the cogging torque is 5% of that of the initial CPM, and the PM flux per turn is
95% of that of the initial CPM. Furthermore, it can be predicted that the CPM with the combination of
unequal width claw pole and multi-step magnet skewing can obtain good output torque with very
low cogging torque.

The overall performance comparison of the CPM with the initial design, the optimal unequal
stator claw pole design and the three-step magnet shifting design are shown in Figure 19. Here, it
can be seen that the cogging torque of the initial CPM is very high, though the cogging torque of
the three-phase CPM can be much lower than that of the one-phase CPM. The maximum cogging
torque of the initial CPM is about 0.245 in peak-to-peak value, which can be a handicap for the motor
starting, since the rated Electromagnetic (EM) torque of the initial CPM is about 0.2 Nm. As show
in Figure 19b, the torque ripple of the initial CPM is very high, which is the reason why we need to
reduce the cogging torque of this kind of small CPM. With the optimization, it be seen found that the
cogging torque and the torque ripple of the CPM can be reduced greatly with the above two methods
(three-step magnet shifting and unequal stator claw pole width).Moreover, the inductance of the CPM
with optimal claw pole teeth increased a lot, since the flux leakage increased. The comparison of the
inductance can be seen in Figure 19d. In this paper, we show the inductance of per-turn winding; for
the inductance per winding, it should be multiplied with the square of the number of turns. In the
view of the power factor, the power factor of the CPM with three-step magnet shifting is quite similar
to that of the initial CPM. However, the power factor of the CPM with the optimal claw pole teeth
design is only about 0.85 of that of the initial CPM.
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Figure 19. Comparison of the overall performance of the CPM with the initial design, optimal claw
pole design, and three-step magnet shifting design. (a) One-phase cogging torque, (b) three-phase
cogging torque, (c) Electromagnetic(EM) torque, and (d) inductance per turn.
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8. Conclusions

Various cogging torque reduction techniques that have been used in axial-flux and radial-flux
PMSMs are developed for reducing the cogging torque of CPMs with SMCs. These techniques are
divided into the stator design and rotor design. By using the 3-D FEM software, the effects of the
various techniques are analyzed, particularly on the PM flux per turn and resultant cogging torque.
As the permeability of SMC is much lower than that of silicon steel, some methods that can well reduce
the cogging torque in radial-flux PMSMs with silicon steels are not suitable for the CPM with SMC, e.g.,
stator tooth notching. The axial pole pairing method that has been used to reduce the cogging torque
of radial-flux PMSMs is redesigned and developed in a CPM. It can be found that most optimized
techniques can achieve the PM flux of no lower than 95% of the initial design, with the cogging torque
of much lower than 25% of the initial design. By comparing the effectiveness of each method, it can be
found that the CPM with the unequal width claw pole and three-step magnet skewing can achieve the
lowest cogging torque. The optimized skewing angle and shifting angle of the magnet skewing and
magnet shifting match well with the Fourier analysis, where the value is around 5 degrees.
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