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Abstract. Permanent magnet synchronous motors
(PMSMs) have been widely applied in the fields of elec-
tric cars/strucks and industries due to their high torque
and efficiency, reliable performance, simple structure
and various shapes and sizes. Recently, multi-phase
PMSMs with inner and outer configurations have been
applied to the above applications. However, the inves-
tigation, evaluation and comparison performences of
multi-phase PMSM with inner and outer rotor types
in previous studies have not been fully presented in
both the analytical model and finite element technique.
The previous researches mainly have focussed on do-
ing experiments without presenting the detail of de-
sign of these machines. In this context, electromag-
netic parameters (such as electromagnetic torque, cog-
ging torque, torque ripple, back electromagnetic force,
linkage flux) of a siz-phase surface mounted PMSM
(SPMSM) with inner and outer rotor configurations is
proposed via an association of analytic model and fi-
nite element method (FEM). The development of the
proposed methods is focussed on a 145kW siz-phase
SPMSM with two distinct rotor structures (inner and
outer rotors)
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tive force (EMF), cogging torque, torque ripple,
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1. Introduction

Recently, many researchers, designers, and manufac-
turers, both locally and abroad, have been no longer
unfamiliar with permanent magnet synchronous mo-
tors (PMSMs). These motors are reliable, durable,
safe, and offer a wide speed range, high torque, power
density, and high efficiency [IH10]. Due to the posi-
tion of rotor, the PMSM can be classified into inner
rotor (IR) and outer rotor (OR) types. With the same
volume, the OR technology can provides more physi-
cal space when compared to the IR topology [21], [22].
As a result, their wide range of applications are highly
valued in the aerospace, medical, industrial, and mili-
tary sectors. They are specifically utilized in applica-
tions such as electrical drive systems for drones, elec-
tric traction devices, collaborative robotics, and elec-
tric cars. Thus, numerous studies focusing on three-
phase PMSMs have been published so far. In ap-
plications that require high dependability, six-phase
PMSMs have been proposed as a way to improve the
fault tolerance and reliability of three-phase PMSMs.
Thus so far, certain researchers have also examined
these kinds of motors. In reference [1], a novel electric
vehicle application utilizing a stator-shifted six-phase
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fractional-slot concentrated winding ferrite spoke-type
PMSM was presented. This machine design consists
of a rotor with ferrite permanent magnets (PMs) orga-
nized in a spoke pattern and a stator with two three-
phase windings set 75 degrees apart. In reference [2], an
innovative toroidal winding (NTW) design in a novel
six-phase double-delta (PMSM) was provided to study
the losses, back-EMF, cogging torque, total torque, and
distribution of the magnetic field. Every NTW coil in
this study is wound consistently and in the same direc-
tion onto the stator yoke. The obtained results showed
that the suggested six-phase DDPMSM with NTWs of-
fers highly desirable features for direct-drive systems,
such as improved low-speed performance and increased
torque output, in contrast to the conventional six-phase
PMSM. A five-phase external rotor permanent magnet
assisted synchronous reluctance motor (PMaSynRM)
with two different winding configurations was tested for
performance in reference [3|. Compared to traditional
three-phase winding, the use of a five-phase winding ar-
chitecture offered improvements in power density, fault
tolerance, and torque pulsation mitigation in the con-
text of vehicle applications. Furthermore, using an ex-
ternal rotor architecture helps to achieve even higher
power densities. In reference [4], the study presented
a design methodology specifically designed for pulse-
width modulation voltage source inverter (PWM VSI)-
powered multi-phase PMSMs. First, the possibility of
improving torque density by means of harmonic us-
age is introduced. Next, the unique difficulties arising
from the multi-phase machines’ PWM power supply
throughout the design phase are discussed. In refer-
ence [5], a new winding configuration with eight poles
and eight slots for six-phase PM machines was de-
veloped with the aim of reducing or eliminating un-
wanted space harmonics in the stator magnetomotive
force (MMF). This study suggested designing a six-
phase PM machine as two independent three-phase
windings in order to increase drive train availability for
use in electric vehicles (EVs). A novel configuration for
a six-phase direct-drive PMSM with the 60° phase-belt
toroidal winding configuration (60°-TW) was presented
in reference [6]. In this study, the finite element method
(FEM) was used to compute the torque output, losses,
back-electromotive force (EMF), and distribution of
the magnetic field. In contrast to traditional winding
techniques that involve coils that overlap, the 60°-TW'’s
coils were all wound on the stator yoke in the same
direction. The modeling and analysis of a six-phase
SPMSM with an inner rotor (IR) based on an analo-
gous magnetic network was reported in reference [7].
This research required an understanding of the electri-
cal and magnetic characteristics of the machine as well
as their interactions. In reference [8], using the dg-axis
theory, a mathematical model for the six-phase inte-
rior permanent magnet synchronous motor (IPMSM)
was created. This model was then applied to determine
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the exact correlations between various per-unitized ma-
chine parameters in order to attain the best possible
performance in both traction and inverter control (IC)
scenarios. In reference 9], an equivalent magnetic net-
work (EMN) model was presented for assessing the
machine performance under demagnetization, using a
six-phase surface-mounted PMSM as an example. The
variable coercivity of PM was introduced to realize the
rapidly building EMN models under various types of
demagnetization. Comparisons were made between the
air-gap flux density and the no-load back EMF deter-
mined by the FEM, the suggested EMN model, and the
experimental testing. The findings shown that the six-
phase surface-mounted PMSM under various demagne-
tization types may be accurately and quickly modelled
using the suggested EMN model. In reference [10],
the design, development, and testing of an advanced
IPMSM that was created to satisfy the requirements
of the FreedomCar 2020 specifications. The segmented
stator construction of the 12 slot/10 pole machine is
outfitted with FSCWs. The spoke construction of the
rotor is unique. A number of prototypes featuring var-
ious heat control strategies have been constructed and
evaluated. The test results for each of these prototypes
will be discussed, along with the tradeoffs between the
different approaches. In other words [21], [22], the
papers demonstrated outer rotor (OR) PMSMs have
larger torque density, or torque per rotor volume, when
compared to inner rotor PMSMs. However, the copper
loss occurs in armature winding, which generates the
heat. Thus in terms of heat dissipation, the IR type
with outside stator can be refrigerated easier than the
OR configuration.

As previously mentioned, a great deal of research has
been done on six-phase PMSMs. Nonetheless, there
are still a lot of gaps in the amount of studies on this
kind of motor. In particular, while studying this kind
of motor, writers have mostly given the specifications
of six-phase PMSMs and then carried out experiments
on these devices without offering comprehensive formu-
las for calculating and analyzing the electromagnetic
properties of these PMSMs. In particular, the evalua-
tion and comparison performences of six-phase PMSM
with IR and OR types have not been fully designed in
both the analytical model and FEM.

In this context, electromagnetic parameters (such
as electromagnetic torque, cogging torque, torque rip-
ple, back electromagnetic force, linkage flux) of a six-
phase surface mounted PMSM (SPMSM) with inner
and outer rotor configurations is proposed via an as-
sociation of analytic model and finite element method
(FEM). The development of the proposed methods is
focussed on a 145kW six-phase SPMSM with two dis-
tinct rotor structures (IR and OR configurations).
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Fig. 1: Modeling of PMSM with IR and OR types )

Tab. 1: Main parameters of the SPMSM with OR.

Parameters Value Unit
Rated power 145 kW
DC Bus Voltage 600 A%
Number of phases 6 phase
Number of slots 24 Slot
Number of pole pairs 4 pole pair
Rated torque 1055 Nm

2.  Analytical design of PMSM
with IR and OR types

The modelling of PMSM with IR and OR configura-
tions is presented in Fig. [I] [L3]. There are two differ-
ent rotor structure (IR and OR) types are proposed for
this investigation. In the design process, the PM cre-
ates the magnetic field in the air gap, determining the
parameters for the PM is a crucial step in the design
process. The width, thickness, length, and coverage an-
gle (sometimes referred to as the pole embrace) of the
PM in the PMSM are all determined by the strength
of this field.

Fig. [2] illustrates the polarization (J) and magnetic
flux density (B) as a function of demagnetizing field
(H) for the NdFeB N38SH magnet utilized in this in-
vestigation. At 20°C, the magnet’s remanence is 1.26T,
and its normal working point is 0.9T.

Fig. 2: Demagnetization curves for N38SH .

This section will presents a 145kW SPMSM with OR
type, the obtained results on electromagnetic prame-
ters are then compared with that of SPMSM with IR
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Fig. 3: Main dimensions of the magnetic core (top) and slot
(bottom).

structure. Main parameters of the SPMSM with OR
type are already given in Table [[] The main dimen-
sions of the magnetic core and slot are modeled in Fig.

The following formula can be used to get the funda-
mental flux density in the air gap :

4
By = —sin(a) By, (1)
T
where a and B,,, denote the PM typical operating flux
density and the half coverage angle, both of which were

expressed in electrical degrees. The thickness of the
PM can be calculated as [23]:

Hm8ef s
By.4sin(a) 1’
By

A = (2)

where (i, geys and B, stand for the PM’s permeabil-
ity, effective airgap length, and remanence, in that or-
der. Note that the physical airgap length (g), which is
determined by the Carter’s factor, is not employed in
this calculation [23|; instead, the g is:

3)

Geff = ke.g,

where Carter’s factor k. can be expressed as:

Ts

Ts =g’

kc = (4)
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where 7, is the slot pitch

(5)
where D;, and Z stand for the rotor’s inner diameter

and slot count, respectively. The formula for determin-
ing the PM motor’s factor () can be found in |23]:

= 2—b [arctan (bso>
7= g 2(L+g)

L+g b \’
" 1“\/”(2<L+g>> - ©)

where L is the PM’s length, which in this case is equal
to the length of the rotor and stator, and b, is the slot
opening width. The width of PM (w,,) is then defined:

OéDiT
W = )
p

(7)

where p is the number of pole pair.

As a crucial factor in figuring out the D;,. and the ma-
chine’s length L, the armature part’s volume can be
computed as follows [23]:

Mnksafe
20,

7r
where M, is the motor’s rated torque, o, is the max-
imum shear stress that PM material can withstand
(0m = 20 — 50kPa), and ksqf. is the safe factor
(ksafe = 2 —3). It should be noted that the shaping
coefficient, which is the ratio of the two parameters as
indicated below, presents the relationship between the

rotor’s inner diameter and length, i.e.,

L

D 9)

kshape =

From the equation @D and @D, the value of D;, and
L can be computed.
The height of stator and rotor yokes (hs,) can be re-
spectively determined as:

B, wm,
= 1
oy = (10a)
B, W,
By = , 10b
Yy QBTy ( 0 )

where the terms B, and B, are respectively the val-
ues of magnetic loading at the stator and rotor yokes.
The width of tooth is:

_ 2p B Wi,

we = (Bt (11)

where Z and B; are respectively the number of slot and
values of magnetic loading at the tooth. These values
can be found in [24].
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The number of conductors per coil can be then defined
as:
Uyhase

N, = 7 12
27T\/§qung cosdD;, L (12)

where ky,, 0, ¢, Uphase and f stand for the winding fac-
tor, torque angle, number of slots per pole per phase,
phase voltage, and frequency, respectively. Typically,
the PMSM torque angle is seclected as 20 degrees [25].
The slot area can be calculated as:

AN Acy)

Aglot =
° krin

(13)
where Acwy, krii are the copper area of the conductor

and the slot filling factor. The slot top width by, slot
bottom width bys, slot height hy can be calculated as:

T(Dos — 2hso — 2hy)  2pBrwy,
by — _ S (4
! 7 7B, (14)

b2, —4m. Ag,
bey = | /%”’ (15)
2 A0t

hs = $7 16
bsl + bs2 ( )

where hg,, h,, are the height of the slot opening and
the wedge respectively.

Based on the analytical theory developed above, a
145kW six-phase PMSM with IR and OR configura-
tions is considered. The results on main dimensions of
the proposed model are given in Table

Tab. 2: Main dimensions of a six-phas PMSM of 145kW

Parameters Inner Outer Unit

Rotor Rotor
Stator outer diam-  430,4 308,8 mm
eter
Stator inner diam-  323,7 165,3 mm
eter
Rotor outer diam- 308,8 379,1 mm
eter
Rotor inner diam- 250,2 323,7 mm
eter
Iron core active 323,7 323,7 mm
length
Stator yoke height 29,33 27,5 mm
Rotor yoke height 29,33 27,5 mm
Tooth width 15,2 15,32 mm
Slot depth 24 44,2 mm
Magnet thickness 5,5 5,5 mm
Magnet pole arc 130 130 degrees
(EDeg)
Air gap length 2 2 mm
Number of turns 6 7 turns
per coil
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3. Analysis of cogging torque

As we have known, the cogging torque that can cause
noise and vibration in SPMSM with IR and OR types
[15L[16]. When the SPMSM is used in variable speed
drive applications, it can intensify the noise and vibra-
tion caused by the cogging torque if the frequency of
torque fluctuations matches the stator or rotor’s me-
chanical resonance frequency. Therefore, it is crucial
to address and resolve this issue in order to design and
produce high-performance PMSMs.

Fig. 4: 2D Geometry of the SPMSM with IR (top) and OR
(bottom).
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The following equations give the formula for com-
puting the cogging torque (Tcoq) [17H20]:

2L,B2N,
Teon0) = =2 S E2 (R, = RE,)Th (17)
> Ksk . bO
T, = Z . sin kNLg
k=1
X sin (kNLg—;) sin (kNL <0 - ‘;—p» , (18)
2sin(K Npa,/2)
Ky = o TL0s/2) 19
o kNpas (19)

where L, is the motor’s effective axial length; B, is
the maximum air-gap flux density brought about by
the permanent magnets; Ny is the number of slots; Ny,
is the lowest common multiple of Ny and 2p; pg is the
air permeability; R;, and Rout are the inner and outer
radii of the air gap; by is the slot opening; o, is the
ratio of pole-arc to pole-pitch; a; is the skewing angle;
and K, is the skew factor.

4. Finite element background

The theory and mathematical foundation for the en-
tire PMSM analysis are already presented in Section
III. In this part, Maxwell’s Equation must be solved in
order to analyze electromagnetic parameters to com-
pare performeces of the proposed SPMSM with IR and
OR configurations. The equations for each of these

terms, from () to (4), are written below [25,[26]:

VxH=1J,, (20)
V xE = —jwB, (21)
V-B=0, (22)

where H is the magnetic field (A/m), E is the electric
field (V/m), B is the magnetic flux density (T), and
J, is the current density (A/m2).

The above equations from to are solved
with constitutive laws and boundary conditions (BCs),

ie., :

B =uH, (23a)

J =0E, (23b)

n x H|,, =0, (24a)
n-B|, =0, (24b)

where 1 and o stand for relative permeability and elec-
tric conductivity (S/m), respectively, and J is the eddy
current density (A/m2). The term B in is ob-
tained from a vector potential A such that

B=VxA. (25)
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In general, the electromagnetic torque (7) is com-
puted as follows:

3 .
T=-p¥pmiq+ (Lq—

2 LQ)idiq] )

(26)
where Wp,s is the linkage flux; Ly and L, are respec-
tively direct and quadrature axis inductances; i4 and 4,
are respectively direct and quadrature axis currents. It
should be noted that the torque in can be defined
via the Maxwell’s stress force equation given in |26],

ie.,
T:%TXCT%iS

frx [1(B~n)B—1BQ-n ,

27
Ho Ho 27)

where n is the unit normal, r is the coordinate system
and o is the stress tensor.

Finally, the magnetic vector potential formulation is
presented via the expression as follows:
dA
V2A + op— = 1oV x M, (28)

where M is the magnetization vector and V? is the
Laplacian.

5. Numerical Test

Based on the main dimensions of the proposed motors
given in Table [2] obtained from the process of anlytical
model, in this part, the electromagnetic parameters of
these motors are verified by the FEM to compare per-
formences of six-phase SPMSMs with IR and OR types.
The 2D geometry and mesh of the proposed SPMSMs
are presented in Fig. [4 and Fig. [B] respectively.

The distribution waveforms of back electromotive
force (EMF) and torque without using skwed PMs of
the six-phase PMSM with IR and OR types are shown
in Fig. [0] and Fig. [7] respectively. It can be seen
that the waveforms for both cases of the back EMF
and torque are still ripple and not sinusoidal. In order
to overcome these drawbacks, the skewing technique is
used to make sure that the back EMF waveform is si-
nusoidal as much as possible, which leads to the small
value of torque ripple. One often used technique for re-
ducing torque ripple and mitigating the cogging torque
in PMSMs is rotor step skewing. As reference in [14],
it not only modifies the stator’s electromagnetic force
distribution but also significantly affects the noise level
that the motor emits.

Fig. |8 shows the PMs with skewing approach. The
PMs must be segmented in order to use the skewing ap-
proach. The permanent magnet is initially split into 5

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

Tab. 3: Skew angles of the permanent magnet

Slice Proportional length Angle
Slice 1 1 -6
Slice 2 1 -3
Slice 3 1 0
Slice 4 1 3
Slice 5 1 6

portions for this investigation. Next, the skew angle is
selected; for a symmetric instance, as indicated in Ta-
ble[3] the permanent magnet skew angle is zero. These
angles were selected at random to demonstrate the po-
tential benefits of the skewing technique. Nonetheless,
an optimization procedure can make use of these an-
gles to get the greatest outcome with the least amount
of torque ripple.

Fig. [0 has shown the results on a quarter view of
distribution of magnetic flux density due to the sym-
metry of the motor. It can be seen that The maximum
values of flux density are 2,08T and 2,11T for IR mo-
tor and OR motor respectively, which concentrate on
tooth tips, where have small area when the magnetic
flux passes through. These values are not too high so
that the normal working operation of the motors will
not suffer any problems. The simulation results are
given in Table [4]

As we could see in Table [ the output power and
torque of the two motors satisfied the design require-
ments of 145kW and 1055Nm. The line-line back-EMF
waveforms are given in Fig. with the RMS values
are 326,8V for IR motor and 366,7V for OR motor, re-
spectively. All these values are still smaller than the
terminal line voltage of 398,9V.

The output torque waveforms are shown in Fig.
The value of torque ripple of IR motor is 7,3% which
is smaller than this value of OR motor of 8,4%. This
is because the OR rotor has larger width of magnet
and smaller width of tooth when compared to the IR
motor, which will lead to more significant interaction
force between magnet and stator tooth when each pole
pass through stator teeth. This interaction will create
larger cogging torque, which will result in more ripple
on the waveform of output torque in OR motor in com-
parison with IR motor. The torque ripple waveforms
of the two motors are presented in Fig.

The efficiency of the two motors are almost the same
with 95,12% of IR motor and 95,11% of OR motor.
The output torque of OR motor is 1074,4 Nm, which
is larger than the torque of 1068,5 Nm of IR motor
due to slightly higher output power of OR motor in
comparison with IR motor. The power factor of the
two motors are also almost the same with the value of
0,92 and 0,91 of IR motor and OR motor respectively.
Note that both IR and OR SPMSM are radial flux mo-
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Tab. 4: Skew angles of the permanent magnet

Parameter Inner Outer Unit
Rotor Rotor

Output power 145,5 146,3 kW

Total loss 7461,2 7524,2 W

Efficiency 95,12 95,11 %

Output torque 1068,5 1074,4 Nm

Torque ripple 7.3 8,4 %

Torque per rotor 41,85 89 kNm,/m3

volume

Power factor 0,92 0,91

THD Back- 2,4 1,4 %

EMF

tors, so the radial flux density component in the air gap
has significant amplitude when compared to the axial
component and plays an essential role for electromag-
netic transformation processes inside the mtors. As we
could see in Fig. the radial air gap flux density of
both IR and OR motor have significant harmonic am-
plitude as seen in Fig. Normally, this result will
lead to unexpected waveform of back EMF with large
ripple as mentioned above in Fig. [f] However, thanks
to the step rotor skewing technique, despite the bad
waveform of flux density in the air gap, the back EMF
waveforms of both motors are nearly sinusoidal with
little harmonic amplitude as presented in Fig. It
can be seen that the better waveform of back EMF, the
better output torque quality. As we could see in Fig.
the torque waveforms are much smoother with rip-
ple value of IR motor of 7,3% when compared to that
of 24,7% in Fig.

The THD of back EMF of the two motors are low,
which are 2,4% of IR motor and 1,4% of OR motor
with the harmonic amplitude shown in Fig. The
flux linkage in no load and full load operation and their
harmonic orders are also presented in Fig. [[6] and Fig.

vl

The torque density, which is expressed as the ratio
of torque to rotor volume or torque per rotor volume,
is an important parameter of a motor as it defines the
capability to carry torque of a motor in a given weight
and space. From Table[d] we could see that the torque
density of 89 kNm/m3 of the OR motor is more than
doubled that value of the IR motor, which is only 41,85
kNm/m3. This means that the OR motor is more suit-
able for low-speed applications as it provides better
torque-carrying capability when compared to the IR
motor.
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6. Conclusion

In this paper, the analytical and numerical methods
have been sucessfully proposed to calculate and simu-
late a 145kW six- phase SPMSM with IR and OR con-
figurations. The step rotor skewing technique has been
also employed in order to reduce torque ripples. The
simulation results show that the two SPMSMs archive
the requirements of the design parameters. The results
on the efficiency, output torque, cogging torque, torque
ripple, torque density, harmonic components of back
EMEF, air gap flux density, flux linkage under no load
and full load operations of the two these machines are
then compared to each other. It can be observed that
the SPMSM with IR structure has less torque ripple
on the output torque waveform in comparison with the
SPMSM with OR type, which means that the SPMSM
with IR pototype has better torque quality than that
of the SPMSM with OR configuration. However, the
much larger torque density value of the OR type makes
it more suitable for high-torque applications when com-
pared to the that of IR type. The design optimization
for these motors to archive the optimal results in ef-
ficiency, torque ripple and material cost will be devel-
oped in next studies.
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Fig. 6: Back EMF waveform without using the skewing tech-
nique with IR and OR.
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Fig. 7: Back EMF waveform without using the skewing tech-
nique with IR and OR.

Fig. 5: D-Mesh of the SPMSM: Inner rotor (top) and outer ro-
tor (bottom).

Fig. 8: PMs with skewing technique with IR and OR.
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Fig. 10: Back EMF waveforms of SPMSM with IR and OR.
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Fig. 11: Output torque waveforms of SPMSM with inner rotor
(IR) and outer rotor (OR).
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Fig. 12: Torque ripple waveforms of SPMSM with IR and OR.
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Fig. 13: Flux density waveforms of SPMSM with IR and OR.
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Fig. 17: Harmonic components of flux linkage with IR and OR
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and OR.

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 183



	Introduction
	Analytical design of PMSM with IR and OR types
	Analysis of cogging torque
	Finite element background
	Numerical Test
	Conclusion

