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Abstract

The prime requirement of the today’s market potential for high torque density
and minimum ripple performance has been successfully achieved by the
proposed Combined Radial and Axial Flux Permanent Magnet Synchronous
Motor (CRAFPMSM) presented in this paper. The model combines the features
of both Axial Flux and Radial Flux machine in a single unit. One Torous slotted
stator and the combined rotor have been designed using Finite Element Method
based on 3D modelling. Rotor design, which has been adopted pertains Radial
and Axial sections. End winding encumbrances is totally eliminated in the
model. The torque generated by both sections and resultant torque has been
analytically evaluated. The results obtained show significant improvement in
specific torque at a higher speed in comparison to traditional models of the
same size. The influence of pole geometry, as well as the pole arc ratio of both
the sections, are explored for minimum ripple factor that leads to better torque
profile of the machine. The conventional skewing techniques for both radial
and axial sections are adopted and skew angle investigations are very much
useful in smoothing the output torque of the machine. The torque ripple
minimization has been achieved significantly. The proposed model is more
compact and cost-effective. The quiet operation of the machine endows with
the peculiarity of application prerequisite, particularly in electric vehicles.

Keywords: AFPM torque, Aspect ratio, CRAFPMSM, Finite element method,
Pole arc ratio, RFPM torque.
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1. Introduction

Based on flux linkage, two types of machines reported in the literature are radial
flux permanent magnet synchronous motor (RFPMSM) and axial flux permanent
magnet synchronous motor (AFPMSM) [1]. The axial flux permanent magnet
motor (AFPM) is a better choice in some applications such as in-wheel motors of
electric vehicles due to high torque to weight ratio and efficiency [2]. On the other
hand, two designs of the line start permanent magnet motor has been recorded in
the literature are surface mounted permanent magnet machine (SPM) and interior
permanent magnet machine (IPM). The IPM has the better synchronizing
capability, less cogging torque but suffers from the serious drawback of higher
leakage flux and less air gap flux density thereby small synchronous loading
capability [3]. Zhou and Shen [4] mentioned that cogging torque reduction in IPM
is carried by using a V-shaped configuration with flux barriers. Super-premium
efficient line start-up permanent magnet synchronous motor design [5] shows
increased efficiency level with reduced size and weight. Three rotor configurations
namely parallel magnet path, series magnetic path and combined magnetic path
have been principally investigated in the literature with the help of FEA [5-7].

The torque profile of all the configurations of RFPMSM and AFPMSM
reported in the literature is uneven due to the presence of large components of
cogging torque with regard to vibration and noise [4, 8]. According to
Pajchrowski [9], smooth electromagnetic torque profile of PMSM is the main
focus of today’s researchers. There is a large gap in the practical testing solutions
[10] and analytical solutions [11] to optimal design for torque ripple
minimization in PMSM. Total flux representation modelling [12], especially in
PMSM, proved a fruitful tool for torque profile analysis.

Various design parameters such as outer diameter, inner diameter, inner to outer
diameter ratio, number of slots, magnet pitch and skewing influence the execution
of the machine and the careful choice of the values of this parameter is the primary
legitimization of the reasonableness of PMSM motors [13]. There is another factor
Ap, the proportion of inner to the outer radius of the machine, on which, the machine
dynamic characteristic depends [14]. The choice of the value of Ap is used to
maximize torque, torque to weight ratio and efficiency. For realizing the wide range
of speeds of the PMSM, hybrid magnetic poles with NdFeB and AINiCo have been
developed [15].

This paper presents the design combining the geometrical features of both axial
and radial machines. Investigations showed the observable effect of hybridization
on the performance of the PMSM capability and the torque profile improvement
using conventional techniques in both sections separately.

2. Prototype Configuration and Design

This section provides the design equations used for evaluating the design and
performance parameters of the proposed model.

2.1. Design equations

The maximum value of the fundamental air gap flux density and linear current
density are given by Egs. (1) and (2) [16].
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The electromagnetic torque of the radial section can be calculated by integral of
the tangential component of elementary Maxwell stresses extended over the air gap
circumference and is given by Eq. (3) [16].

T, =V2IIR?L,B K, 3)

In the axial section, the fundamental component of linear current density is the
function of the radius of the force component and hence the electromagnetic torque
contribution of the axial section is evaluated by the integral over the circumference
and radius, which is given by Eq. (4) [16].
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The net electromagnetic torque T, of the CRAFPMSM can be evaluated by the
vector sum of Tre and Tae.

The specific torque Tsp of the machine can be determined by Eqg. (5) [16].
T

e
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The ratio of inner stator diameter to outer stator diameter ( 4,,) is given by Eq. (6) [17].
A, =—- (6)

The aspect ratio (1), i.e., the ratio of motor axial length to outer diameter is given
by Eq. (7) [16].

l=— (7
The axial length of the CRAFPMSM is given by Eq. (8) [18].
L =L +2L +29 (8)

Stator core axial length Ls and the effective length of axial rotor L, are given by
Egs. (9) and (10) [18].

| _B.1D,(1+7)
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L =2(L, +L,,) (10)
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In addition, the axial rotor disc thickness L¢ and the magnet pole length LPM
are given by Eqgs. (11) and (12) [18].
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Cogging torque in axial section is given by Eq. (13) [18].
1, R
2% do,

Ty (0,) == 13)

The cogging torque due to a single slot in the radial section is an odd function
of rotor position and is given by Eq. (14) [19].

T.(0)=) T.Sin(nps) (14)
Equation (14), Tesn is a peak value corresponding to n" harmonics and @ is rotor
angular position with respect to the middle of the slot.
The cogging torque due to all the slots is calculated using Eq. (15) [19].
» s-1 2knpI1 .
T,(0.)=> >, Cos( Zp JT_Sin(npé.) (15)

S

The net cogging torque in the proposed model is evaluated by the vector sum of
Egs. (13) and (15).

2.2. CRAFPMSM geometry

The base model is designed with an outer double rotor and inner single stator
serving for both axial and radial sections. The axial rotor has two discs with 8 poles
each and radial rotor with 8 poles single outer structure. Based on studies by
Mahmoudi et al. [17], slotted Torous Stator (STS) is used in the proposed model
due to a large number of turns per coil, otherwise, Slotless Torous (NST)
configuration would be preferred because of negligible cogging torque.

In NST geometry for a large number of turns, the air gap increases beyond the
permissible limits in both sections that reduce airgap flux density and affects
performance adversely. The investigations have been carried out by modifying the
base model. In the new model, pole arc ratio and aspect ratio have been mainly
focused on the enhancement of the electromagnetic torque.

Rotor pole skewing techniques in both radial and axial sections have been
explored to minimize the cogging torque component. The electromagnetic field
analysis of the design is carried out by using 3D modelling in Ansoft Maxwell
Version 15. The design parameters are given in Table 1.
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2D and 3D view of the complete assembly of the proposed model with 8 pole
radial section and 8 poles axial section along with Torous stator designed in
Maxwell Ver. 15 is shown in Figs. 1 and 2.

The structural modifications of axial and radial sections in the proposed model
have been investigated separately and the results then analytically combined to
evaluate the cumulative effect on torque profile in the CRAFPMSM. Figure 3
shows a one-half section of the proposed model, in which, meshing is done to locate
flux tresses and high cogging torque zones in both the sections. The highest flux
density is recorded in stator teeth.

Table 1. Test model specifications and test conditions.

Parameter Specification
Rated speed 1000 rpm
Rated frequency of supply 100 Hz
Peak Emf (750 rpm) 123V
No. of PM poles 8
Peak air gap flux density 06T

Diameter of inner core axial rotor 140 mm
Diameter of outer core axial rotor 220 mm

Core axial length of stator 30 mm
No. of stator coil sets 48

Turns per coil 8x4
Electrical loading <45 KA/m
Ratio of inner to outer radius 0.6-0.7
Demagnetising field 900 KA/m
Peak current (rated torque) <20A
PM dimensions for axial 40 x 4
PM material NdFeB
Magnet thickness for radial 4.1 mm
Winding phases 3

Inner diameter of radial rotor 226 mm
Outer diameter of radial rotor 240 mm

0 100 200 (mm)
Fig. 1. 2D view of CRAFPMSM.
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Fig. 3. FEM based flux density distribution.

3. Electromagnetic Torque Assessment

In the CRAFPMSM, the electromagnetic torque is generated by two sections, Radial
Flux section (RFPM section) and Axial Flux section (AFPM section). The simulations
carried out based on aspect ratio A and Ap and with other fixed coefficients.

3.1. Torque developed by RFPM section

The electromagnetic torque developed by RFPM section of CRFAPMSM is
evaluated with fixed overall volume and by varying structural constraints. Figure 4
shows the results obtained at different values of A, which indicates that the torque
developed increases from 105 N.m at 4 = 0.3 to 155 N.m at A = 0.8. The low value
of aspect ratio leads either to smaller stator axial length or larger motor diameter.
Both the constraints to lower the value of A adversely affected the torque and
specific torque. Simulation results revealed that the RFPM section is more
effectively realized when 1 is in a range of 0.5 - 0.8. A higher value of 1 is not
recommendable as it results into smaller motor outer diameter or longer axial length
as the practical achievability of thin rotor core for supporting the pole magnets
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against vigorously high centrifugal forces is not easy. The stator diameter ratio Ap
gives better simulation results from 0.30 to 0.50. For a high value of Ap, it is
impossible to cut the stator core and it reduces the torque generated by AFPM.
However, the low value of 1p, the stator slot depth, stator teeth thickness and slot
opening leads to unfavourable design solution from thermal as well as flux linkage
point of view.

3.2. Torque developed by AFPM section

In the proposed model, the AFPM section has a double rotor and single stator disc.
The electromagnetic torque delivered by this section of CRAFPMSM with different
values of 1 and Ap has been evaluated and the simulation results are reflected in the
Fig. 4. The minimum inner diameter is kept compatible with shaft diameter because
the radial variation of flux becomes more problematic with this minimum value of
inner diameter. Because of radial variation of the magnet pole pitch, the stator
conductors are subjected to varying conditions of magnetic flux linkage along the
radial length [20]. The live conductor no longer remains under the same
electromagnetic conditions and this influences the justification of suitability of
AFPM machines. The simulation results of the new model have given a better
choice of 4 < 0.72. The design solution demonstrated that AFPM section delivers
high torque for shorter axial length.

Both the sections RFPM and AFPM have been combined in single rotor unit
with 8 radial poles and 8 poles each axial disc. Therefore, net torque developed by
CRAFPMSM is given by the vector sum of the torques delivered by AFPM and
RFPM section. In the overall design solution, end winding wastage is eliminated
completely and thereby it reduces the copper losses. In the combined rotor, the main
focus is on the choice of optimum values /4 and /p for maximum torque production.
With a low value of 2, AFPM has been an attractive choice as compared to RFPM.

At a high value of 1, RFPM has given better results. In between these two values
of 4, the optimum value is 0.7 for a fixed value of Ap, at which, net torque delivered
by the machine is maximum. The influence of A on the useful torque is shown in
Figs. 4 and 5. Similarly, for a fixed value of aspect ratio (1) at 0.70, the diameter
ratio (Ap) has given better results at 0.5. The comparison of torque developed by
CRAFPMSM and that of the conventional AFPM as well as RFPM is shown in the
Figs. 5 and 6.
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Fig. 4. Electromagnetic torque vs. 4 Fig. 5. Electromagnetic torque vs.
AFPM section and RFPM section. of 2 of AFPM and CRAFPMSM.
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Fig. 6. Comparison of RFPM torque and CRAFPMSM torque.

4. Cogging Torque Minimization

The torque profile is highly affected by the cogging torque. Reduction of steady-
state torque ripples with predictive torque control (PTC) and modified PTC used
extended control set reflected in literature [8]. Neural networks controller
techniques have also been adopted in the recent past [9]. In the present paper, more
attractive design techniques have been exercised for torque ripple minimization.

4.1. Influence of pole arc ratio on cogging torque

The cogging torque is the function of the ratio of pole arc to pole pitch and this ratio
is the function of the combination of the number of rotor poles and stator slot. For
minimum fundamental cogging torque component without fringing effect, this ratio
is given by Eq. (16) [21].

, _N-kep)
N

C

_,_kep)
N

C

(16)

where N is the least common multiplying index for given stator slot number and
rotor pole pair’s 2p combination, and k is constant. Its value varies from 1 to an
integer less than N¢/2p.

When the fringing effect is considered the optimum value of o will be increased
slightly. Typical increase range varies from 0.01 to 0.3 [21]. For a different slot, to
rotor pole combination the optimum value of o is given in Table 2.

Table 2. Pole arc ratio for different slot/pole.

No. of stator No. of rotor Smallest common
S. No. . a
slots pole multiple (Nc)
1 12 8 12 0.667
2 24 8 24 0.833
3 48 8 48 0.916
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A usually higher value of « is preferred to maximize the air gap flux and
eventually higher average electromagnetic torque. It can be achieved by opting a
large ratio of stator slots to rotor pole pairs. The variation of peak cogging torque
for 12/8 slot to pole combination model in both radial and an axial section with o
has been obtained from 3D FEA simulation performed with unskewed rotor poles
and the plot is shown in Fig .7.

The peak cogging torque in the radial section was recorded 2.1 N.m, whereas in
axial is 16.5 N.m. The minima in both cases occurred at o = 0.68. The peak cogging
torque in the axial section is reduced to about 62.5% and in the case of a radial
section to 25%. The actual value of a derived from 2D analytical model is slightly
higher because of the fringing effect. Subject to the provisions of slot
accommodation large value of N¢ for the same number of rotor poles is the best
choice for achieving large electromagnetic torque and thereby reducing the ripple
factor, though the pole arc ratio sometimes also depends upon machine topology.

== radial section

== axial section

Peak cogging torque(Nm)

TN T

0.6 0.7 0.8 0.8 10
Pole arc to pole pitch rario

Fig. 7. Variation of peak cogging torque with pole arc ratio.

4.2. Influence of PM pole skewing

The skewing techniques reduce higher-order harmonics in back emf waveform and
resulting in more sinusoidal flux form. It is fruitful in minimizing the TRF and
cogging torque amplitude. This is the most common, simplest technique and is
accomplished by either stator slot skewing or rotor pole skewing. The stator slot
skewing is generally avoided due to increased stator design complexity in both axial
and radial machines. Further, it leads to increased leakage inductance as well as
copper loss and therefore adversely affects the efficiency [22].

In this paper, the influence of rotor pole skewing of both the sections radial and
axial has been investigated. The skewing technigues adopted in the proposed model
are conventional skewing, triangular skewing, parallel-sided skewing, trapezoidal
skewing and circular skewing [7] as shown in Fig. 8.

Rotor pole skewing in the AFPM section is easier to RFPM section due to
simple pole shape in axial section. In the radial portion, parallel-sided skewing and
dual skewing techniques are opted because other techniques deviate flux waveform
due to pole curvature.
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Fig. 8. Rotor magnet skewing (a) Base model, (b) Conventional
skewing, (c) Triangle shape skewing, (d) Parallel skewing,
(e) Trapezoid type skewing, (f) Round shape skewing.

3D Finite Element simulation has been performed with different skew angles
by keeping the pole arc ratio same for both the sections in the model. Observations
revealed that with the increase in the skew angle the cogging torque reduces as
shown in Fig. 9.

In the axial section, the skew angle is not allowed to increase beyond one slot
pitch because if it is increased more than one slot pitch, leakage of flux at the inner
and outer radii of PM increases that unfavourably affect the other output
parameters. In CRAFPMSM model, the skew angle is changed by an equal amount
in both radial section and axial section. The cogging torque reduction up to 80%
has been achieved. Skew angle was varied from 0 to 1 slot pitch.

In the base model, the magnets are unskewed and are of fan-shaped. The peak
to peak cogging torque is recorded 17 N.m. at pole arc ratio 0.83 as shown in Fig.
7. The conventional skewing technique is the simplest form of skewing techniques
and can be implemented in both axial section and the radial section.

The inner pole arc will describe small angle with its initial unskewed form and
the skewing is increased from quarter slot pitch to 1.5 slot pitch, the reduction in
cogging torque is recorded. The minima are obtained at a skew angle equal to 1.25
slot pitch. Another type of skewing implemented in both sections of the proposed
machine is triangular skewing.

The pole arc ratio at the inner edge of the magnet in the axial section is reduced
and the poles are made triangular. However, the magnet active surface area is kept
the same for comparison purpose. The peak cogging torque is reduced to 5.5 N.m
at a skew angle 24 mech. degree.

Parallel sided skewing technique is investigated in the AFPM section of the
proposed model. The sides of the magnets are paralleled by keeping the magnet
useful area the same. The peak cogging torque is reduced to 4.5 N.m. The waveform
of cogging torque is presented in Fig. 10.
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Fig. 9. Variation of peak cogging torque vs. skewing angle.
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Fig. 10. Cogging torque waveform for various types
of skewing techniques for 48 slot CRAFPMSM.

In the proposed model, cogging torque minimization by opting trapezoidal
skewing is investigated, in which, the pole arc ratio at the inner edge of the
permanent magnets in the AFPM section is increased. This is done by shaping the
magnets with an inner edge closer to each other. This technique can be employed
in RFPM separately.

However, the pole arc ratio difference in the AFPM section on both side causes
higher harmonic order in the back emf waveform. On the other hand, trapezoidal
skewing does not affect flux distribution in radial section. By increasing the skew
angle, the diminution in peak cogging torque to 8 N.m in comparison to 17 N.m in
the base model has been achieved. Minimum cogging torque recorded as 3 N.m at
pole arc ratio 0.63, whereas, the minima in the reference model occurred at 0.68.

Effective means of opting round magnet skewing in the AFPM section
presented better results. The axial magnets are made circular by keeping the pole
arc ratio same ranging from 0.44 to 0.9 as in the base model. The peak cogging
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torque is trimmed down to 6 N.m as compared to 8 N.m recorded in the trapezoidal
method. However, this minima occur at pole arc ratio 0.55, which is problematic
from low airgap flux linkage that decreases the average torque too.

However, dual skew magnet technique cause more structural complexity and
increased magnet cost, but cogging torque is frozen to 5.5 N.m. The skew angles
on either side were kept identical and also the same at the inner and outer edge of
axial poles and the investigations have been carried out with the pole arc ratio
varying from 0.44 to 0.9. The variation of peak cogging torque with a pole arc ratio
using different skewing techniques is shown in Fig. 11.

The effect of pole skewing on the TRF and electromagnetic torque developed
was analysed by varying the skew angle up to one slot pitch. In dual skew magnet
technique, TRF less than 0.01 has been observed at 320 electrical skew angles on
both sides and at pole arc ratio of 0.8.

M Reference model
M Parallel sided

Magnets
18 Round magnets
15 l
14 i I

12 I

10

Peak to peak cogging torque

O M B O oD
1

I R <
o QP of T M M ¥ e

Pole arc ratio

Fig. 11. Comparison of peak cogging torque in base model,
round skewing and parallel skewing as a function of pole arc ratio.

5. Conclusions

In this paper, FEM based design and analysis of CRAFPMSM has been presented for
improving the torque profile of the machine. The electromagnetic torque in the
proposed model has been evaluated from the vector sum of two components of the
torque generated by the RFPM section and AFPM section. The assessment of the
components has been made separately using the respective equations.

The resultant torque obtained comprises of electromagnetic torque and cogging
torgue. Both are investigated separately and optimization is obtained as the function
of four structural parameters, which are aspect ratio, the ratio of inner to the outer
radius of machine, pole arc ratio and rotor pole skewing keeping motor overall
volume and loss component fixed. Improvement in torque profile is achieved by
minimization of cogging torque, mainly emphasizing on the optimization of pole
arc ratio and rotor pole skewing. Both the techniques have been simultaneously
employed and the examination of results obtained concluded that in comparison to
the base model, reduction in cogging torque is achieved by little bit compromising
the average electromagnetic torque. The results obtained presented maximum
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torque at A equal to 0.64 and Ap equal to 0.5. The enhancement in the overall torque
and torque density has been reflected in the results. The optimal pole arc ratio for
all the skew technique is 0.75 at which, the maximum reduction in cogging torque
is about 60%. The skew angle up to one slot pitch provided the fruitful results in a
reduction of cogging torque by 80%. Due to the use of single stator for both radial
and axial portions, the end winding encumbrances is absolutely eliminated. Further
improvement in torque quality by the implementation of more techniques at a time
causes structural complexity. The proposed geometry brings to the conclusion that
CRAFPMSM is an attractive solution for PMSM application in electric vehicles.
There is the scope of further enhancement in the performance of the proposed
model by considering winding design modification and use of hybrid magnets.

Nomenclatures

A Total electric loading, KA/m
Acu Total copper area in slots, mm?
Ber Flux density in rotor disc, Tesla
Bes Stator core flux density, Tesla
By Air gap flux density, Tesla
Bg1 Maximum value of the fundamental air gap flux density, Wb/m?
Br PM remanence, Tesla
D Outer diameter of motor, mm
Di Inner stator diameter, mm
Do Outer stator diameter, mm
Convertor frequency, Hz
g Air gap length, mm
g’ Corrected air gap including Carter’s factor
Ky Leakage flux factor
Ks Maximum corrected factor of radial flux density
Ks Fundamental component of linear current density, A/mm?
Kw1 Fundamental winding factor
Lpm Magnet pole length, mm
Ler Axial rotor disc thickness, mm
Le Axial length of motor, mm
Ly Axial thickness of axial rotor disc, mm
Ls Stator axial length, mm
N1 No. of turns per phase in series
p No. of pole pairs
R Radial distance, mm
Ry Air gap reluctance, AT/wb
Tae Electromagnetic torque of the axial section, N.m

Teg(6r) Cogging torque in radial section, N.m
Teog(6r) Cogging torque in axial section, N.m

Te Net electromagnetic torque, N.m

Tre Electromagnetic torque of the radial section, N.m
Tsp Specific torque, N.m/kg

W, Active weight of the machine, kg

Zs No. of stator slots
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Greek Symbols

(04
Om
O
A
Ap
Hr
o
2

Abbreviations

FEM Finite Element Method
NST Slotless Torous

STS Slotted Torous Stator
TRF Torque Ripple Factor

Ratio of pole arc to pole pitch

Pole pitch occupation of PM

Rotor angular position, rad

Aspect ratio

Ratio of inner stator diameter to outer stator diameter
Recoil relative permeability of the permanent magnet
Current density, A/m?

Air gap flux, Wb
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