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Abstract: A novel modular-stator outer-rotor flux-switching permanent-magnet (MSOR-FSPM) motor
is proposed and studied in this paper. Structure, operation and design principles of the MSOR-FSPM
motor are introduced and analyzed. Considering that the combination of different pole number
and slot number has a great influence on the motor performance, the optimum rotor pole number
for the 12-stator-slot MSOR-FSPM motor is researched to obtain good performance and make full
use of the space in the MSOR-FSPM motor. The influences of rotor pole number on cogging torque,
torque ripple and electromagnetic torque are analyzed and a 12-slot/10-pole MSOR-FSPM motor was
chosen for further study. Then, several main parameters of the 12-slot/10-pole MSOR-FSPM motor
were optimized to reduce the torque ripple. Finally, the utilization of permanent magnet (PM) in the
MSOR-FSPM motor and a conventional outer-rotor flux-switching permanent-magnet (COR-FSPM)
motor are compared and analyzed from the point of view of magnetic flux path, and verified by the
finite element method (FEM). The FEM results show that the PM volume of MSOR-FSPM motor is
only 54.04% of that in a COR-FSPM motor, but its average electromagnetic torque can reach more
than 75% of the torque of COR-FSPM motor.

Keywords: outer-rotor; flux-switching permanent-magnet (FSPM) motor; modular-stator; rotor pole
number; torque ripple; utilization; permanent magnet volume

1. Introduction

Due to the serious air pollution and energy shortages all over the world, governments have
put forward plans for energy conservation and emission reduction requirements for vehicles.
Electric vehicles (EVs) with clean and low energy consumption are widely proposed to effectively
alleviate this problem [1]. As the key component, the drive motor is expected to have high torque
density, high power density, strong overload capacity, great fault tolerance capability, wide constant
power speed range and low cost [2].

Different drive motors have been tried in EVs’ electromechanical energy conversion systems, such
as permanent magnet synchronous motors (PMSMs), induction motors, DC motors, and brushless DC
permanent magnet motors [3,4]. PMSMs are more favorable candidates in the EVs field due to their
high power density, high efficiency and compact structure. Moreover, their structure can be changed
conveniently according to different applications [5]. PMSMs can be divided into rotor PM motors and
stator PM motors according to whether the PMs are placed on the rotor or the stator. In rotor PM
motors, the maximum load is limited by the temperature rise of the PMs and the PMs have the risk
of irreversible demagnetization. Stator PM motors, such as flux-reverse permanent-magnet (FRPM)
motors, doubly-salient permanent-magnet (DSPM) motors and flux-switching permanent-magnet
(FSPM) motors, have been widely investigated in recent years due to their simple and robust rotor
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structure [6-8]. Compared with rotor PM motors, the armature windings and PMs of stator PM motors
are both placed on the stator, which could improve the cooling condition of PMs and prevent the PMs
from sliding off due to the centrifugal force.

Compared with DSPM motors and FRPM motors, FSPM motors have more sinusoidal back
electromotive force (EMF) which is appropriate for brushless AC drive systems [9]. They have better
torque and power density performance under starting and climbing conditions [10]. In addition,
like for FSPM motors, the magnetic field excited by PMs is in parallel with that excited by armature
currents, which is suitable for a wide speed range [11]. Therefore, a large number of researchers
have paid more attention to FSPM motors. In [12], the concept and working principles of a FSPM
motor were first proposed, and its design principles were established based on the design theory of
conventional PMSMs. In [13], a multi-tooth FSPM motor was proposed, whose stator tooth extends
a number of virtual teeth; it is verified that this topology has lower torque ripple, and higher torque
density at low load. In [14], a topology with step skewing rotor was researched and the finite element
method (FEM) results showed that a rotor with reasonable skewing angle has a significant weakening
effect on the cogging torque and torque ripple. In order to reduce the rotor core volume and motor
losses, a novel FSPM motor with segmental rotor was researched in [15]; its rotor consists of a plurality
of separate sector-shaped salient poles and the total motor losses can be reduced by 13% under the
same output power. In order to make FSPM motor have larger torque at low speed and a wider
constant power speed range, various hybrid excitation FSPM motors were proposed [16]. Moreover,
the fault tolerance capability of FSPM motors is also a hot topic, as FSPM motors with fault tolerance
capability can continue to work under fault conditions to improve the reliability of the EVs [17-19].
In general, because FSPM motors have simple structure, good controllability, high power density
and fault-tolerant performance, they are a good selection for EV drive systems [20], but most of the
researched FSPM motors have inner-rotor structures.

Nowadays, outer-rotor motors, which can be used as in-wheel motors in the EV industry, have
become a key technology, because they can omit the clutch, the reduction gear and the differential
gear to provide extra passenger space and independent direct control to make EVs more secure [21].
In addition, tire maintenance is convenient and low cost due to the simple rotor structure of FSPM
motors. Therefore, outer-rotor FSPM motors, which combine the advantages of FSPM motors and
outer-rotor motors, are generating more and more interest. In [22], an outer-rotor FSPM motor was
first proposed and designed using FEM. The loss and efficiency of this motor were researched, and the
flux-weakening capability analyzed and further improved by segmental PMs with iron bridges in [23].
Furthermore, its torque ripple was reduced by a systematic multi-level design and control scheme
in [24]. In [25], an outer-rotor FSPM motor with specific wedge-shaped magnets that exhibits better
torque capability than its counterparts was researched. Based on the principles of an inner-rotor FSPM
motor with hybrid excitation, preliminary studies on the design parameters of outer-rotor FSPM motor
with hybrid excitation were discussed and presented in [26]. In [27], a new outer-rotor V-shaped FSPM
(V-FSPM) motor was proposed to improve the PM utilization and the output torque. In the V-FSPM
motor, the stator pole number is reduced by half and two rectangular PM pieces are purposely placed
in one stator pole in a V shape, which can realize flux focusing effects to increase the flux density in
the air gap. Experimental tests of the above studies verify that outer-rotor FSPM motors are suitable
for in-wheel traction.

To sum up, outer-rotor FSPM motors are viable for further research and have great potential to
be used in EVs traction drives. However, the amount of PMs is excessive and the coupling between
three phases is obvious in the outer-rotor FSPM topologies mentioned above. Therefore, this paper
proposes a novel modular-stator outer-rotor flux-switching permanent-magnet (MSOR-FSPM) motor
whose modular stator can be easily replaced. Compared with conventional outer-rotor flux-switching
permanent-magnet (COR-FSPM) motors, the amount PM of the MSOR-FSPM motor is reduced and PM
utilization is improved. In this paper, the structure, operation and design principles of the MSOR-FSPM
motor are introduced and analyzed. Secondly, the rotor pole number for the 12-stator-slot MSOR-FSPM
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motor is researched, its influences on cogging torque, torque ripple and electromagnetic torque are
analyzed and a suitable topology is chosen for further study. Thirdly, several main dimensions of the
chosen MSOR-FSPM motor are optimized to reduce the torque ripple. Finally, the utilization of PMs in
a MSOR-FSPM motor and a COR-FSPM motor is compared from the point of view of the magnetic
flux path and verified by the FEM.

2. Structure and Operation Principle of the MSOR-FSPM Motor

2.1. Structure of the MSOR-FSPM Motor

A 3D structure and a cross-sectional view of the MSOR-FSPM motor are shown in Figure 1.
The rotor consists of a simple laminated iron core with salient poles. The stator consists of three modules
My, Mg, and Mc. The structure, size and material of three modules are all the same. Each module
represents one phase and consists of one “W”-shaped laminated segment, two “V”-shaped laminated
segments and two PMs. “W”-shaped laminated segment is placed in the middle of the module, two
“V”-shaped laminated segments are placed at the both ends of the module, and the two PMs are
respectively sandwiched between the “V”-shaped laminated segment and “W”-shaped laminated
segment. The magnetization direction of each PM is along circumference and it is opposite between
the adjacent PMs. Furthermore, non-overlapping concentrated armature windings are placed in each
stator slot and each phase windings are connected in series. In order to obtain balanced three-phase
back-EMF and reduce the coupling between three phases, non-magnetic blocks are placed between the
adjacent modules. After the windings are placed in the stator slot, the whole stator will be strengthened
by epoxy resin to ensure the mechanical strength of modular stator.

Phase A

"V"-shaped
laminated segments

Figure 1. Structure of the MSOR-FSPM motor: (a) 3D structure of the MSOR-FSPM motor;
(b) Cross-sectional view of the MSOR-FSPM motor.

2.2. Operation Principle of the MSOR-FSPM Motor

For simplicity, the module My is taken as an example to explain how the electromagnetic torque
is produced. When the rotor rotates to the different positions 81, 63, 03 and 04, the distributions of the
main magnetic flux lines in module My are shown in Figure 2. The rotor poles align with the stator
teeth when the rotor is at position 61, and all magnetic flux lines go through winding A from stator to
rotor and the PM flux linkage of winding A reaches its negative extreme value. Then, the rotor pole
aligns with one PM and the rotor slot aligns with the other PM when the rotor rotates to the position
6, no magnetic flux lines go through winding A if flux leakage is neglected. Next, the rotor poles
again align with the stator teeth when the rotor rotates to position 03. However, the magnetic flux
lines go through winding A from rotor to stator and its direction is opposite to that of position 61,
the PM flux linkage of winding A reaches the positive extreme value. Finally, the rotor pole aligns
with one PM and rotor slot aligns with the other PM when the rotor rotates to the position 6,4, and
no magnetic flux lines go through winding A once again. If the rotor continues rotating, the same
processes will be repeated periodically. It can be found from the ¥py; — 6, curve in Figure 3 that
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the flux linkage of winding A is bipolar and it realizes “switching” flux at the position of 8, and 6.
Analyzed from the “generator-oriented” perspective, back-EMF can be induced based on the Faraday’s
law of electromagnetic induction. If appropriate current is fed into the windings, electromagnetic
torque will be produced to drive the rotor rotating.

Position 6, Position 6,

Figure 2. Distributions of the main magnetic flux lines in module M.

Yeir 4, 6, W 6,
«Ty@ LN
i

6 0, W G-

Figure 3. Waveforms of PM flux linkage, no-load back-EMF, and phase current.

2.3. Basic Design Principles of the MSOR-FSPM Motor

Based on the traditional power equation of FSPM motors, the design equation of the MSOR-FSPM
motor can be deduced as [28]:

Pout

Dgolef = \/27_[3 N, 2
120 W:kdksksio

)

Angmax”Csﬂ

where Dq, is stator outer diameter, lef is the effective length of the motor, Py is the output power, N, is
the number of rotor poles, N is the number of stator poles, k; is magnetic flux leakage coefficient,
ks is chute coefficient, k;, is the ratio of inside diameter and outside diameter of the stator, A; is the
line load, Bgmax is the peak air gap flux density at no-load,  is the rotation speed, c; is the pole arc
coefficient of stator tooth, and # is the motor efficiency.

The main design parameters of MSOR-FSPM motor are shown in Figure 1b. The air gap length
l¢ is chosen as 0.5 mm. It is the same with inner-rotor FSPM motor that stator tooth width ws, stator
yoke height /s, and permanent magnet width wy,, are equal to each other, but the stator slot width w;
is three times the stator tooth width ws; to obtain a larger stator slot area. When the stator diameter Dy,
is obtained, wst, hsy, wpm and ws are calculated according the following relationship [22]:
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Wst = hsy = Wpm = Ws/3 = 7Dso/6N; ()

In order to prevent the magnetic saturation of the rotor pole and rotor yoke, the rotor pole height
hyt and rotor yoke height h,, are preselected as 1.4 wg;. Moreover, the rotor pole arc coefficient is
pre-selected as 0.5. After the main parameters, such as the dimensions of the stator and the rotor pole,
are calculated by using the relationships above, the rotor outer radius R,, can be obtained as:

Do 1.47tDs,
Rip= 2 +lg+ —— 2
ro g 3N,

: ®)

This MSOR-FSPM motor is used for a four-wheel drive vehicle. Its output power P, is pre-chosen
as 1.5 kW, which is appropriately reduced to obtain a small prototype motor to verify the theoretical
analysis. The effective length I of the motor is chosen as 100 mm, which is close to the length
of in-wheel motor that used in EVs. When the theoretical sizes are obtained based on the above
relationships, they are adjusted slightly considering the processing technology. For example, the main
parameters of the initial designed 12-slot/10-pole MSOR-FSPM motor are shown in Table 1.

Table 1. Main parameters of the initial designed 12-slot/10-pole MSOR-FSPM motor.

Symbol Machine Parameter MSOR-FSPM Unit
m Phase number 3
N Number of stator poles 12
N; Number of rotor poles 10
o Rotor pole arc coefficient 0.5
Neoir Number of turns per coil 70
PM Magnet material NTP40UH
n Base speed 800 r/min
Poyt Based output power 15 kW
Dy, Rotor outer diameter 155 mm
Dq; Stator inner diameter 70 mm
Dso Stator outer diameter 125 mm
Wst Stator tooth width 5.5 mm
Lef Motor active length 100 mm
hyp Rotor pole height 75 mm
hyy Rotor yoke height 7 mm
Wrp Rotor pole width 19.8 mm
le Air gap length 0.5 mm
By Magnet remanence (20 °C) 1.26 T
Ismax Rated current amplitude 15.4 A

Based on the operation principle of MSOR-FSPM motor, the period of back-EMF and magnetic
field is one rotor pole pitch. Hence, one rotor pole pitch of the MSOR-FSPM motor is equal to 360°
(electrical angle), which is expressed as mechanical angle meeting the following Equation (4), and the
electrical period of the back-EMF can be determined by the following Equation (5) [29]:

360°

_ 4

TF’ Nr ( )
Tp

temr = n 5)

where T is the mechanical angle between two adjacent rotor poles and its unit is degree (°); Ny is the
number of rotor poles; # is rotation speed of rotor and its unit is revolutions per minute (r/min); tgpr
is electrical period and its unit is second (s). In order to obtain balanced three-phase back-EMF, some
key parameters of the stator modules should be carefully designed using the following equations:
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T = hT1p (6)

Ty = (H— zlk)rp @)

1
T = (] + i) Tp (8)

where the value of k and I is 0 or 1, the three stator modules respectively represent phase A, phase B
and phase C in the counter-clockwise direction when / is equal to 0, and respectively represent phase
A, phase B and phase C in the clockwise direction when [ is equal to 1; i, j, and / are all non-negative
integer, T, is the mechanical angle between two adjacent slot conductors that belong to the same coil,
Ty is the mechanical angle between two adjacent PMs in each module, 7 is the mechanical angle
between two adjacent modules.

The single-coil back-EMF is the vector sum of two adjacent slot conductors. Equation (6) can make
the phase angle of back-EMF in two adjacent slot conductors that belong to the same coil approximately
antiphase, which lets the coil pitch factor be approximately equal to 1. Equation (7) can make the
phase angle of back-EMF in different coils that belong to the same phase winding be cophase or
antiphase, which lets the distribution factor of the winding be close to 1. Equation (8) can make the
phase difference of no-load back-EMF between different windings be 120° (electrical angle).

It is worth noting that the value of k has a significant effect on the no-load back-EMF waveforms.
For example, a 12-slot/20-pole MSOR-FSPM motor is shown in Figure 4, in which the value of k
is 1. The winding connection is shown as Figure 4a. It can be found from Figure 4b that the no-load
back-EMF waveforms of coil Al and coil A2 are almost the same, but the positive and negative back-EMF
waveforms induced in coils are asymmetrical, which makes the no-load back-EMF waveforms of
windings seriously asymmetrical. A 12-solt/10-pole MSOR-FSPM motor is shown in Figure 5, in which
the value of k is 0. The winding connection is shown as Figure 5a. It can be found from Figure 5b that the
no-load back-EMF waveforms of coil Al and coil A2 are different. But the positive back-EMF waveform
of coil Al is symmetrical with the negative back-EMF waveform of coil A2, and the negative back-EMF
waveform of coil Al is symmetrical with the positive back-EMF waveform of coil A2, which makes the
no-load back-EMF waveforms of windings symmetrical. In order to prevent the asymmetrical winding
back-EMF causing poor motor performances, the value of k is chosen as 1.

150

Coil Al

Coil A2

Winding A

—

(=3

=}
T

n
=
T

=

No-load back EMF (V)
0
S

- o=
T
S 3

40 80 120 160 200 240 280 320 360
Rotor position (elec.deg)

(b)

=}

Figure 4. 12-slot/20-pole MSOR-FSPM motor: (a) Cross-sectional view of the 12-slot/20-pole
MSOR-FSPM motor; (b) No-load back-EMF waveforms of coil A1, coil A2, and winding A.



Energies 2017, 10, 937 7 of 19

Coil Al

Coil A2

100 F Winding A
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Figure 5. 12-slot/10-pole MSOR-FSPM motor: (a) Cross-sectional view of the 12-slot/10-pole
MSOR-FSPM motor; (b) No-load back-EMF waveforms of coil A1, coil A2, and winding A.

3. Influences of Rotor Pole Number

The electromagnetic torque can be derived by differentiating the co-energy with respect to the
mechanical angle, the co-energy W, and electromagnetic torque T,;; with constant current can be given
as the following Equations [30]:

1, 1 .
W, = ELzz — E(R + Rpy) D2, + NeoitiPy, )

T _ IW,
em — 00
_12dL 1 dR AP
= 3% — 3P  Neoni " (10)
= Tym + Tcog + Trm

where i is the coil current; L is the coil inductance; R and R, are the reluctances seen by the
magnetomotive force source and the magnetic field, respectively; N is the number of turns per coil;
d,, is the magnetic flux of the PM; 8 is the rotor position; Ty, is the reluctance torque generated by
winding inductance variations with rotor position; Ty is the cogging torque produced by the PM
field energy variations with rotor position; Tpy, is the PM torque produced by the interaction of the
magnetic field generated by PMs and the coil current.

However, the cogging torque T, will not produce an effective average torque but only cause
torque ripple T};,. The torque ripple T}, can be defined by the maximum torque Ty, the minimum
torque T,;, and average torque T,y given by the following Equation (11):

Tmax = Tmin 100, (11)
avg

Trip =

Therefore, cogging torque T,y has great influences on electromagnetic torque Ty, and torque
ripple T};,. If the energy variation in the iron core is ignored, the co-energy W. can be replaced by air
gap energy, the cogging torque expression in FSPM motor can be obtained by [30]:

7N, L - .
Teog(0) = ﬁ (r% — r%) Y nGuBun, sin(nN,6) (12)
n=1

where Ly is the axial stack length; r; is the outer radius of the stator; r; is the inner radius of the rotor;
Gy, and B,,n, are the corresponding Fourier coefficients of the relative air gap permeance function and

flux density function; Ny = N, /(LCM(Ns, Ny)), and LCM(N;, N;) is the least common multiple of the
number of stator poles and number of rotor poles.
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Equation (12) shows that cogging torque can be weakened by choosing an appropriate number of
rotor poles, which will further enhance the torque stability. Therefore, the number of rotor poles in
MSOR-FSPM motor should be carefully designed and meet the following principles:

e  The number of rotor poles cannot be too large to ensure appropriate mechanical strength of
rotor poles.

e  The number of rotor poles cannot be a multiple of 3 to obtain three-phase back-EMF.

e  The outside diameter, air gap length, stack length, PM width, and stator tooth width of different
topologies keep constant.

e  Equations (6)—(8) must be satisfied.

e  The stator tooth cannot be supersaturated.

e  The stator slot area is utilized as fully as possible.

The appropriate numbers of rotor poles based on the above principles are 10, 11, 22, and 23.
For these four motors, the mainly different parameters are shown in Table 2, and the no-load back-EMF
waveforms of winding A and cogging torque waveforms are shown in Figure 6. It can be found from
Figure 6a that the no-load back-EMF waveforms are almost coincident because different numbers of
turns per coil are adopted to make the amplitude roughly equal to each other. It should be noted that
the back-EMF waveforms of these four motors are seriously distorted. It can be found from Figure 2
that the positive magnetic flux path and the negative magnetic flux path of coils are not completely
symmetrical, which results in distortion of coil back-EMF. Moreover, the magnetic flux paths of coil
A1l and coil A2 are the same, the inherent harmonics of the coil back-EMF cannot be counteracted by
each other when phase back-EMF is obtained. Therefore, the distortion of phase no-load back-EMF is
serious. It can be seen from Figure 6b that cogging torque is the minimum and has the best periodicity
when the rotor pole number is 10. Therefore, the 12-slot/10-pole MSOR-FSPM motor is chosen to be
researched further in the next section.

Table 2. Different parameters of MSOR-FSPM motors.

Main Parameter 10P 11P 22pP 23P
T (°) 36 32.73 32.72 31.30
Tm (°) 54 49.09 57.27 54.78
74 (°) 120 120 120 120
Tp (%) 36 32.73 16.36 15.65
n 1 1 2 2
i 1 1 3 3
j 3 3 7 7
1 0 1 0 1
10-pol 22-nol ——10-pole 22-pole
100 poe poe 4 —— 11-pole 23-pole
3 g
B 50 z
Z 0 E
= o
= A=
2 50 z.ﬂ
2 O
-100
0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360
Rotor position (elec.deg) Rotor position (elec.deg)
(a) (b)

Figure 6. No-load performances of different MSOR-FSPM motors: (a) No-load back-EMF waveforms
of winding A; (b) Cogging torque waveforms.
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4. Optimization of the Main Parameters in the 12-Slot/10-Pole MSOR-FSPM Motor

The average electromagnetic torque and torque ripple of the 12-slot/10-pole MSOR-FSPM motor
are 19.97 N-m and 47.08%, respectively. It is obvious that the torque ripple is too large. The aim of this
section is to reduce the torque ripple by optimizing the parameters that mainly influence the torque
performance, and these parameters are shown in Figure 7. Considering the motor manufacture, it is
not practical to place windings if the stator slot is fully open. In order to prevent windings slipping
off the stator slot, it is appropriate to add a pole shoe to the stator slots to conveniently install the
slot wedge. However, the pole shoe can change the magnetic field distributions, and the width of
stator slot opening is an important factor to influence torque ripple and average torque. Therefore the
shape and size of pole shoe (hy, hy, hi) should be strictly designed. On the other hand, rotor pole arc
coefficient (wyy / Tp) has a significant effect on the performances of the salient motor, rotor pole width
(wyp) is changed to get an appropriate pole arc coefficient. In addition, it can be seen from Figure 6a
that the distortion of no-load back-EMF is serious, which leads to torque harmonics when a sinusoidal
current is fed into the windings. It is necessary to make the positive magnetic flux path symmetrical
with the negative magnetic flux path to obtain low no-load back-EMF distortion. Therefore, the tooth
width of the “V”-shaped laminated segments that adjoin with non-magnetic blocks should be reduced,
and the reduced width (Vi) is also optimized.

—_—

e T e
HS 1 noSl
\ rectangle / id /
AN s

—_

Non—-magnetic block

Figure 7. Main optimized parameters of 125/10P MSOR-FSPM motor.

4.1. Stator Pole Shoe

There are two available pole shoe shapes—rectangle pole shoe and trapezoid pole shoe—which
are shown in Figure 7. hy and hy, are the height and width of the pole shoe, respectively. ;, and Iy,
are no larger than 2 mm to ensure the appropriate slot area. /; is the thickness of trapezoid pole shoe
and it is equal to 2 mm. The combinations of different parameters and shapes of the pole shoe are
expressed as “hy,_hy, rectangle” and “hy,_hy, trapezoid”. Cogging torque and electromagnetic torque of
the main combinations are shown in Figure 8.

Figure 8a shows that the cogging torque of the motor with pole shoe is smaller than that of
a motor without pole shoe. Figure 8b also shows that the torque ripple of a motor with pole shoe is
smaller than that of a motor without pole shoe. When the pole shoe combination is “2 mm_1 mm
rectangle”, the cogging torque of the motor is the minimum. When the pole shoe combination is
“2 mm_2 mm rectangle”, the torque ripple 25.47% of motor is the minimum. Moreover, when the pole
shoe combination is “2 mm_1 mm trapezoid”, the torque ripple of motor is 26.98%, which is close to the
minimum value. Using Fast Fourier Transform (FFT) to analyze cogging torque and electromagnetic
torque, and transform period is based on the back-EMF period, the amplitude of each harmonic is
shown in Figure 9.
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Figure 8. Cogging torque and electromagnetic torque: (a) Cogging torque of 125/10P MSOR-FSPM
motor; (b) Electromagnetic torque of 125/10P MSOR-FSPM motor.
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Figure 9. FFT results of cogging torque and electromagnetic torque: (a) Amplitude of each harmonic in
cogging torque; (b) Amplitude of each harmonic in electromagnetic torque.

The FFT results of cogging torque and electromagnetic torque show that the main harmonics
of all combinations are the 3rd order, the 6th order and the 9th order. The 6th harmonic amplitude
of cogging torque and electromagnetic torque of all combinations is close. In the motor without
pole shoe, the 3rd harmonic amplitude is notably higher than that of the motor with pole shoe.
Except for the motors whose pole shoe combinations are “2 mm_2 mm rectangle” and “2 mm_1 mm
trapezoid”, the 3rd harmonic amplitude of electromagnetic torque in motors whose pole shoe is other
combinations is much larger than twice that of cogging torque. Therefore, it can be deduced that
the armature reaction of motors whose pole shoe combinations are “2 mm_2 mm rectangle” and
“2 mm_1 mm trapezoid” is slight. Furthermore, the average torque and slot area of motor whose
pole shoe combination is “2 mm_1 mm trapezoid” are larger than that of motor whose pole shoe
combination is “2 mm_2 mm rectangle”. Based on the above comparison results, “2 mm_1 mm
trapezoid” is chosen as the pole shoe scheme.

4.2. Rotor Pole Arc Coefficient

The rotor pole arc coefficient is equal to wy, /Ty, which varies from 0.35 to 0.7 when the rotor
pole pitch 7, is constant. Variation of average torque and torque ripple is shown in Figure 10a.
With increasing rotor pole arc coefficient, the torque ripple is first decreased and then increased.
The average torque is reduced because the flux leakage of the magnet outer radius becomes more
and more serious, as shown in Figure 10b. In order to obtain a torque ripple as low as possible and
average torque as large as possible, the rotor pole arc coefficient is chosen as 0.45, whose torque ripple
is reduced to 24.92% and average torque is 20.66 N-m.
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Figure 10. Average torque, torque ripple and flux leakage of magnet outer radius: (a) Average torque
and torque ripple with increasing rotor pole arc coefficient; (b) the flux leakage of magnet outer radius
in module M, .

4.3. “V”-Shaped Laminated Segment Tooth Width

The no-load back-EMF waveform of winding A after the above optimizations is shown in
Figure 11a. It can be seen that the distortion of no-load back-EMF is serious. Consequently, it leads
to torque harmonics when a sinusoidal current is fed into the windings, which is one of the main
reasons causing high torque ripple. The magnetic flux lines of module M4 are shown in Figure 11b,
where it can be found that the positive magnetic flux path and the negative magnetic flux path are
not completely symmetrical, which results in distortion of the coil no-load back-EMF. In order not to
reduce the stator slot area, the tooth width of the “V”-shaped laminated segments that adjoin with
non-magnetic blocks is reduced to improve the symmetry of the magnetic flux path, and the reduced
width Vi, is optimized. Total harmonic distortion (THD) variation of the no-load back-EMF with
increasing Vi, is shown in Figure 12a. It is first decreased and then increased, reaching the minimum
value when Vy, is 2.75 mm. Average torque and torque ripple with increasing V, are shown in
Figure 12b. Average torque is reduced, torque ripple is first decreased and then increased, reaching the
minimum value when Vi, is 2.0 mm. The THD is just slightly greater than the minimum value when
Viw is 2.0 mm, and its average torque is larger than that when Vy;, is 2.75 mm. Hence, the reduced
width Vi, is chosen as 2.0 mm, whose torque ripple is reduced to 15.61%, THD of no-load back-EMF is
reduced from 19.67 to 10.84% by 44.89%.

No-load back EMF of winding A

100

n
> =

No-load back EMF (V)
n
<

—
=
S

0 40 80 120 160 200 240 280 320 360
Rotor position (elec.deg)

(@)

Figure 11. No-load back-EMF waveform and magnetic flux lines: (a) No-load back-EMF waveform of
winding A; (b) Magnetic flux lines of module M.
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Figure 12. THD, average torque and torque ripple: (a) THD of no-load back-EMF with increasing V;
(b) Average torque and torque ripple with increasing V.

4.4. Analysis and Discussion

The cogging torque, average electromagnetic torque, and torque ripple of the initial motor and
optimized motor are compared in Table 3. It can be seen that stator pole shoe, rotor pole arc coefficient,
and tooth width of “V”-shaped laminated segments all have significant influences on cogging torque,
electromagnetic torque, and torque ripple. Therefore, these parameters should be carefully chosen in
the original design. After optimizations, it reduces the cogging torque by 20.43% and torque ripple by
66.84% but the average torque loss is only 1.80%.

Table 3. Torque performances in the initial motor and the optimized motor.

Initial hyw, hy =“2 mm_1 mm _ _ Optimized
Performance Motor Trapezoid” w,,,/'r,, =0.45 Viw = 2.0 mm Motor
Cogging torque (N-m) 4.60 3.64 5.29 3.66 3.66
Average electromagnetic torque (N-m) 19.97 19.15 20.66 19.61 19.61
Torque ripple (%) 47.08 26.98 24.92 15.61 15.61

5. Comparison of the MSOR-FSPM Motor and COR-FSPM Motor

5.1. Parameters of the MSOR-FSPM Motor and COR-FSPM Motor

Although the operation principle of the MSOR-FSPM motor is the same as that of the COR-FSPM
motor, the magnetic flux path of each phase and some properties have been changed. In order to
evaluate the utilization of PM, the average electromagnetic torque of the two motors are compared.
Several rules must be observed to make the comparison results fair: (1) outside diameter, air gap
length, and stack length of both motors are the same; (2) material properties of each part are the same;
(3) current density of both motors is the same; (4) phase current value of both motors is the same.
The cross-sectional views of both motors are shown as Figure 13. Except the partial parameters shown
in Table 4, the other main design parameters of both motors are the same with Table 1.

Table 4. Partial parameters of MSOR-FSPM motor and COR-FSPM motor.

Symbol Machine Parameter MSOR-FSPM COR-FSPM Unit
o Rotor pole arc coefficient 0.45
Wrp Rotor pole width 17.8 mm
hy Pole shoe thickness 2 mm
hy Pole shoe width 2 mm
hy, Pole shoe height 1 mm
Neoit Number of turns per coil 70 35
Sslot Area per phase 955.44 785.28 mm?

Vim Volume of PMs 97,185 179,850 mm?
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Figure 13. Cross-sectional views: (a) Cross-sectional view of MSOR-FSPM motor; (b) Cross-sectional
view of COR-FSPM motor.

5.2. Analysis of Theory and Magnetic Circuit

Figures 14-17 show the no-load magnetic field distributions and the local magnetic circuits of
MSOR-FSPM motor and COR-FSPM motor at two typical rotor positions, where the PM flux linkage of
phase A reaches the positive extreme value and the negative extreme value, respectively. Considering
the periodicity of the magnetic flux along the circumference, only the magnetic flux circuits of phase A
with markings in these Figures are analyzed.

(b)

Figure 14. Positive extreme value of phase A flux linkage produced by PMs in MSOR-FSPM motor:
(a) No-load magnetic field distributions; (b) Local equivalent magnetic circuit.

@A?) . CzjA4)
>

(b)

Figure 15. Positive extreme value of phase A flux linkage produced by PMs in COR-FSPM motor:
(a) No-load magnetic field distributions; (b) Local equivalent magnetic circuit.
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(b)

Figure 16. Negative extreme value of phase-A flux linkage produced by PMs in MSOR-FSPM motor:
(a) No-load magnetic field distributions; (b) Local equivalent magnetic circuit.

Figure 17. Negative extreme value of phase A flux linkage produced by PMs in COR-FSPM motor:
(a) No-load magnetic field distributions; (b) Local equivalent magnetic circuit.

As is seen from Figure 14a, the magnetic flux produced by PMja; and PMa, in MSOR-FSPM
motor are added at the middle tooth of “W”-shaped laminated segment and the width of the magnetic
flux path for one PM is half of this tooth. The corresponding equivalent magnetic circuit is shown
in Figure 14b. As is seen from Figure 15a, the magnetic flux produced by PM4; and PMcy in the
COR-FSPM motor are added at the right end tooth of the stator pole, which is surrounded by winding
Al, and the width of the magnetic flux path for one PM is half of this tooth. The corresponding
equivalent magnetic circuit is shown in Figure 15b. Therefore, the magnetoresistance of MSOR-FSPM
motor and COR-FSPM motor in the equivalent magnetic circuits is almost equal to each other, i.e.,

RMP ~ RCP (13)

where Ry, is the magnetoresistance of the equivalent magnetic circuit in the MSOR-FSPM motor, and
Rcp is the magnetoresistance of the equivalent magnetic circuit in the COR-FSPM motor.

If the magnetomotive force per PM is defined as F;,, the positive extreme value of phase A
flux linkage produced by PMs in the MSOR-FSPM motor and COR-FSPM motor can be obtained by
Equations (14) and (15), respectively.

Fin

lFM_phuseA_p = 2I\]M_coilq)Mp = 140 x m (14)
p
F
1FC?]zzhaseAfp = 4chcoil'2(pCp = 280 x Ri (15)

Cp
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where ¥y pussea_p is the positive extreme value of phase A flux linkage produced by PMs in the
MSOR-FSPM motor, ¥ ¢ puasea_p is the positive extreme value of phase A flux linkage produced by
PMs in the COR-FSPM motor, Ny . is the number of turns per coil in the MSOR-FSPM motor, N¢ i1
is the number of turns per coil in the COR-FSPM motor, @)y, is the positive extreme value of PM flux
in the MSOR-FSPM motor, @y, is the positive extreme value of PM flux in the COR-FSPM motor.

It can be seen from Equations (14) and (15) that a1 puasea_p is about 50% of ¥'c_puasen_p- However,
this relationship is not suitable for the negative extreme value of flux linkage produced by PMs in
both motors. As is seen from Figure 16a, the magnetic flux produced by PMa; and PMy, in the
MSOR-FSPM motor are independent, and the width of the magnetic flux path for one PM is the
tooth width. The corresponding equivalent magnetic circuit is shown in Figure 16b. As is seen from
Figure 17a, the magnetic flux produced by PMa1 and PMp; in the COR-FSPM motor are added at the
left end tooth of the stator pole, which is surrounded by winding A1, and the width of the magnetic
flux path for one PM is half of this tooth. The corresponding equivalent magnetic circuit is shown in
Figure 17b. The saturation degree of the MSOR-FSPM motor is greatly changed. The magnetoresistance
of the MSOR-FSPM motor in the equivalent magnetic circuit is far less than that of the COR-FSPM
motor, and it is close to 50% that of the COR-FSPM motor, i.e.,

Rain =~ 0.5Rc, (16)

where Ry, is the magnetoresistance of the equivalent magnetic circuit in the MSOR-FSPM motor, and
Rcy, is the magnetoresistance of the equivalent magnetic circuit in the COR-FSPM motor.

The negative extreme value of phase A flux linkage produced by PMs in the MSOR-FSPM motor
and the COR-FSPM motor can be obtained by Equations (17) and (18), respectivelyL

F, F,
IFM_phaseA_n = 2NM_coit Pmn = 140 X = =280 x Rm (17)
Mn Cn
F
lPC?phllSL’A;rl = 4Nc_coil - 2Pcy = 280 % - (18)

RCn

where ¥ pnasea_n i the negative extreme value of phase A flux linkage produced by PMs in the
MSOR-FSPM motor, ¥ ¢ pusea_n is the negative extreme value of phase A flux linkage produced by
PMs in the COR-FSPM motor, @y, is the negative extreme value of PM flux in the MSOR-FSPM
motor, ®¢, is the negative extreme value of PM flux in the COR-FSPM motor. It can be seen from
Equations (17) and (18) that ¥ ppasea_n is close to 100% of ¥'c_ppasea_n- Based on the above analysis,
the average PM flux linkage produced by PMs in the MSOR-FSPM motor is close to 75% of that in the
COR-FSPM motor, even if the volume of PMs in the MSOR-FSPM motor is about half of that in the
COR-FSPM motor. When the same vector control is adopted, the average electromagnetic torque in
the MSOR-FSPM motor could be close to 75% of that in the COR-FSPM motor.

5.3. Validation by FEM

The results of theoretical analysis are verified by the FEM. No-load PM flux linkage waveforms of
phase A and their FFT results calculated by the Maxwell 2D FEM software are shown in Figure 18.
Since the reluctance torque Ty, in the FSPM motor can be eliminated by adopting vector control of
iz = 0, the average electromagnetic torque of the FSPM motor in d-4 coordinate system can be calculated

from Equation (19):
3

Tem_avemge == ENrWPM_dIm (19)

where ¥py; 4 is the amplitude of PM flux linkage, I, is the amplitude of phase current.
For these two motors, N, is equal to 10 and I;, is equal to 15.4 A. ¥py; 4 of the MSOR-FSPM motor,
and the COR-FSPM motor are 0.09586 Wb and 0.12039 Wb, respectively. Even if the PM volume of the
MSOR-FSPM motor is only 54.04% of that in the COR-FSPM motor, the amplitude of the fundamental
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flux linkage in the MSOR-FSPM motor is about 79.62% of that in the COR-FSPM motor. Based on
the fundamental flux linkage, the corresponding average electromagnetic torque of the MSOR-FSPM
motor calculated indirectly by Equation (19) is 22.14 N-m and that of the COR-FSPM motor is 27.81 N-m.

0.20 0.14
——MSOR-FSPM =--=--MSOR-FSPM Fundamental Il MSOR-FSPM

0.15 F —— COR-FSPM -COR-FSPM Fundamental 0.12 Il COR-FSPM
g 0.10 (T NN 20.10
< 0.05F o, ) g
% 2 3 0.08
S 0.00 o i
£ oos N\ Z 0.06
w “UUS g £
Z a0f A 2 0.04

015k 0.02

~0.20 L L L L L L L L 0.

0 40 80 120 160 200 240 280 320 360 1st 2nd 3rd 4th

Rotor position (elec.deg) Harmonic order

(@) (b)

Figure 18. No-load flux linkage waveforms and FFT results of no-load flux linkage: (a) No-load flux
linkage waveforms of phase A; (b) FFT results of phase A no-load flux linkage.

The electromagnetic torque waveforms calculated directly by Maxwell 2D are shown in Figure 19.
Their average torques are 20.97 N-m for the MSOR-FSPM motor and 27.61 N-m for the COR-FSPM
motor. The average electromagnetic torque of the MSOR-FSPM motor is 75.95% of that in the
COR-FSPM motor, which is close to the theoretical value of 75%. Compared with the results of
Maxwell 2D, the errors of average electromagnetic torque in the MSOR-FSPM motor and COR-FSPM
motor calculated indirectly by Equation (19) are 5.58% and 0.72%, respectively. The reason for the errors
is that the influences of harmonic component on average torque are neglected when Equation (19) is
adopted. For the COR-FSPM motor, the ratio of fundamental wave and other harmonics is 99.27:0.73,
the influences of harmonic component on average electromagnetic torque are small and the average
electromagnetic torque based on Equation (19) is almost equal to the Maxwell 2D result. For the
MSOR-FSPM motor, the ratio of fundamental wave and other harmonics is 89.37:10.63. The harmonic
component is higher than that of the COR-FSPM motor, and the error of the average electromagnetic
torque calculated indirectly by Equation (19) is larger than that in the COR-FSPM motor. However,
both the calculation and Maxwell 2D results show that the average electromagnetic torque of the
MSOR-FSPM motor is far larger than half that of the COR-FSPM motor, even if the PM volume in the
MSOR-FSPM motor is about half of that in the COR-FSPM motor, which verifies the results of our
theoretical analysis.

——MSOR-FSPM —— COR-FSPM

§

NN
&~ o
T

-
@ N
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Electromagnetic torque (N.m)
>
T

o B
T

0 40 80 120 160 200 240 280 320 360
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Figure 19. Electromagnetic torque waveforms of the MSOR-FSPM motor and COR-FSPM motor.

However, the above comparison is based on the same number of turns per phase. Actually, the
slot area per phase of the MSOR-FSPM motor is enlarged because of the reduction of PMs, and its
stator slot fill factor is smaller than that of the COR-FSPM motor. The average electromagnetic torque
in the MSOR-FSPM motor is calculated when the stator slot fill factor of the MSOR-FSPM motor is the
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same as that of the COR-FSPM motor. The compared performances of the three motors are shown as
Table 5, in which MSOR-FSPM-1 motor has the same number of turns per phase as the COR-FSPM
motor and MSOR-FSPM-2 motor has the same stator slot fill factor as the COR-FSPM motor. It can be
seen that the average electromagnetic torque in the MSOR-FSPM motor is further enlarged to 86.53%
of that in the COR-FSPM motor when they have the same stator slot fill factor. The PM utilization in
the MSOR-FSPM motor is further improved.

Table 5. Compared performances of the MSOR-FSPM motor and COR-FSPM motor.

Performance MSOR-FSPM-1 MSOR-FSPM-2 COR-FSPM
Ratio of PM volume (%) 54.04 54.04 100
Ypu_a (Wb) 0.09586 0.11092 0.12039
Ratio of ¥pyr 4 (%) 79.62 92.13 100
Average torque calculated indirectly (N-m) 22.14 25.62 27.81
Ratio of average torque calculated indirectly (%) 79.61 92.12 100
Average torque calculated directly (N-m) 20.97 23.98 27.61
Ratio of average torque calculated directly (%) 75.95 86.53 100

5.4. Inductance of the MSOR-FSPM Motor and COR-FSPM Motor

The waveforms of self-inductance and mutual-inductance in the MSOR-FSPM motor and
COR-FSPM motor are shown in Figure 20. The inductance characteristics of the COR-FSPM motor are
the same as the conventional FSPM motor where the self-inductance and mutual-inductance change
twice in one electrical period, and the average self-inductance value is equal to two times that of
mutual-inductance. But for the MSOR-FSPM motor, self-inductance and mutual-inductance change
once in one electrical period, and the average self-inductance value is far more than two times that
of mutual-inductance.

It is worth noting that the self-inductance is increased and mutual-inductance is reduced
when a module stator is adopted. The self-inductance of the MSOR-FSPM motor is larger than
two times that of the COR-FSPM motor, and mutual-inductance is smaller than half that of the
COR-FSPM motor. When an open circuit occurs in one phase in the MSOR-FSPM motor, the remaining
two-phase windings have greater potential to continue to work due to the smaller mutual-inductance.
When a short circuit occurs in one phase, the short-circuit current of the MSOR-FSPM motor is smaller
than that of the COR-FSPM motor due to the larger self-inductance. Therefore, it is deduced that the
fault tolerance capability of the MSOR-FSPM motor is better than that of the COR-FSPM motor.
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Figure 20. Waveforms of self-inductance and mutual-inductance in the MSOR-FSPM motor and
COR-FSPM mot
6. Conclusions

A novel MSOR-FSPM motor with modular stator structure is researched in this paper. The motor
structure is illustrated in great detail, and its operation and design principles are explained.
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The influences of rotor pole number on motor torque characteristics are discussed. The MSOR-FSPM
motor topology with 12-slot/10-pole is chosen to be researched further due to the minimum and
period cogging torque. The magnetic performances of the MSOR-FSPM motor are optimized from the
aspects of stator pole shoe, rotor pole arc coefficient, and the tooth width of “V”-shaped laminated
segments. After optimizations, the torque ripple is reduced from 46.63 to 15.61% or 66.52%, and
average electromagnetic torque is only reduced from 19.97 N-m to 19.61 N-m or 1.80%. Finally,
utilization of PM in the MSOR-FSPM motor and COR-FSPM motor is analyzed from the point of view
of the magnetic flux path. It is verified by FEM results. Even if the PM volume in the MSOR-FSPM
motor is 54.04% of that in the COR-FSPM motor, when they have the same number of turns per
phase, the average electromagnetic torque of the MSOR-FSPM motor is more than 75% of that in
the COR-FSPM motor; when they have the same stator slot fill factor, the average electromagnetic
torque of the MSOR-FSPM motor can reach 86.53% of that in the COR-FSPM motor. It is thus indicated
that the utilization of PM in the MSOR-FSPM motor is much improved by adopting the proposed
modular stator. This paper is mainly concerned with the design principles and fundamental theoretical
research of a new outer-rotor FSPM motor topology, which provides good references for the prototype
manufacturing and further research.
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