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ABSTRACT This paper presents a comprehensive study on the fractional slot concentrated winding
(FSCW) interior permanent magnet synchronous motors (IPMSMs) with different pole slot combination for
the application of electric vehicle (EV) and hybrid electric vehicle (HEV). Three motors with the same
dimension constraint and rated parameters are designed and optimized. With the optimized motors, winding
factors and magnetomotive force (MMF), inductances, torque capacity, constant power speed range (CPSR),
the losses, the efficiency, demagnetization capability and vibration are investigated and compared. The
comparison results show that 12/8 motor and 12/10 motor have their respective unique advantages while

12/14 motor is not as good as the others.

INDEX TERMS Pole slot combination, comparison results, motor performances.

I. INTRODUCTION

Electrical vehicles (EVs) and hybrid electric vehicles
(HEVs) have developed rapidly in recent years owing to the
increasing focus on the renewable energy. For EVs,
permanent magnet synchronous motors (PMSMs) are
widely used for its high-power density and high efficiency,
compared to other motor candidates, such as induction
motor and switching reluctance motor [1]-[3].

In general, PMSMs are equipped with integer slot
distributed winding (ISDW), integer slot concentrated
winding (ISCW), fractional slot distributed winding (FSDW)
or fractional slot concentrated winding (FSCW). Most
commercial motors for EVs application are ISDW PMSM,
such as 48-slot-8-pole motor or 72-slot-12-pole motor.
Nevertheless, PMSMs with FSCW is also a comparative
candidate for its short end winding and good flux weakening
capability [4][5]-

The comparison of ISDW motors and FSCW motors
received intensive attention in the past decade. Yang et al.
compared the 48-slot-8-pole and 12-slot-8-pole interior
PMSMs for EV application in terms of torque, efficiency and
vibration [1]. The 12-slot-8-pole motor has higher efficiency
at low speed but lower efficiency with speed rising for the
significant increase of the PM eddy current loss. Besides, the
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12-slot-8-pole IPMSM has better performances in cogging
effect and pulsating torque, compared to 48-slot-8-pole
IPMSM [6]. The constant power speed range (CPSR) of
FSCW PMSM is wider [7]. The merit of the lower copper
loss for FSCW motors are addressed in [8]. It can be
concluded that there is a necessity and feasibility to focus on
the study of FSCW motors applied in EV and HEV.

There are a family of pole slot combination for PMSMs to
be investigated. Reddy et al. highlighted the tradeoffs
between 12-slot-10-pole interior and surface PM motors for
HEV [9]. The interior PMSM (IPMSM) is chosen in
advantage of the reluctance torque and the manufacture
simplicity of the motor. In [10], 12-slot-8-pole motor and 12-
slot-10-pole IPMSMs are compared for ship application in
terms of torque characteristics and radial forces. Inductances
from the perspective of the influence by physical dimensions
and slot pole combinations are theoretically analyzed and
validated with finite-element analysis and experiments [11].
Six machines with different pole slot combinations are
chosen and compared in terms of the voltage distortion at
various current advancing angle [12]. Terminal voltage
distortion largely deteriorated the torque speed characteristics.
Prototypes of 12-slot-8-pole and 12-slot-10-pole motors are
built and tested to validate the analysis. Similar works are
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carried out in [13] [14]. The comparative study of the flux
weakening capability for a large number of slots per pole per
phase (Spp) family is presented in [15]. In [16] and [17], the
torque density of the motors is presented. Fornasiero et al.
introduced a thorough method to select the fractional slot
nonoverlapping windings considering torque density, torque
ripple, induced rotor losses, and fault-tolerance features [18].
Carraro et al. researched on the spoke type motor with
different slot pole combination and found that the 18-slot-14-
pole motor shows both high torque density and small
vibration [19].

In the EV and HEV applications, the FSCW IPMSM has
the merit in term of reluctance torque as in the ISDW
IPMSM. Despite the reluctance torque might be mitigated
due to the FSCW structure, the comprehensive comparison
of the FSCW IPMSM performances with different pole slot
combinations need to be thoroughly investigated to evaluate
the feasibility of FSCW IPMSM for EV and HEV
applications.

In this paper, three IPMSMs, including 12-slot-8-pole
(12/8) motor, 12-slot-10-pole (12/10) motor and 12-slot-14-
pole (12/14) motor are designed and compared. They are
designed and optimized in Section Il. High torque density,
high efficiency, CPSR and demagnetization capability are
main consideration for EV and HEV motors, which are
simulated and compared in Section Ill. Noise vibration and
harshness (NVH) for the motors are also simulated and
analyzed in Section IV. Conclusions are given in Section V.

Il. MOTOR DESIGN AND OPTIMIZATION

For EV and HEV applications, the maximum rotation speed
of the motor usually exceeds 12000 rpm meanwhile the
switching frequency of the commercial inverter is limited
within 10 kHz due to the limited install space and high
reliability requirement. This leads to the limited selection of
the pole pair number for motor, that is, no more than 7.
Besides, high pole pair number of motors are preferred in
EV for short end winding, which mean the pole pair
number is usually no less than 4. As a result, only a small
family of pole slot combination can be chosen: 12-slot
motor family, (including12 slot-8-pole, 12-slot-10-pole, and
12-slot-14-pole) and 18-slot motor family, including (18-
slot-12-pole and 18-slot-14-pole). Odd-slot motor is not
considered for the unilateral magnetic force.

For FSCW motors, the harmonic components, the torque
performances, the losses and the efficiency have its regularity
for a certain slot family. 12-slot motor family are chosen to
be analyzed and compared. They are equipped with double
layer windings and V-type interior permanent magnet. The
control strategy applied for the motors is the maximum
torque per ampere (MTPA).

To get a fair comparison, 12/8 motor, 12/10 motor and
12/14 motor are designed and optimized with the same stator
outer diameter, the same stack length, the same slot fill factor
and the same permanent magnet usage. The optimization
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range for other parameters of the motors are demonstrated in
TABLE I. The motors are operated at the same load and
optimized with genetic algorithm (GA) to achieve the highest
efficiency at the rated point. As shown in Figure 1, the
efficiency of 12/10 motor is the highest and 12/14 motor is

the lowest at the rated load after optimization.
TABLE |
PARAMETERS OPTIMIZATION RANGE OF THREE MOTORS

Parameter 12/8 12/10 12/14 Unit
Stator inner diameter [140,150] [144,154] [147,160] mm
Tooth height [25,30] [25,30] [25,30] mm
Tooth body width [20,25] [20,25] [20,25] mm
gllértnber of conductors per [14,17] [14,17] [14.17] /
angle between V-type PMs  [90,125] [90,120] [90,110] deg
length between two
adjacent V-type PMs [4.10] [2:8] [1.6] mm
97.55
97.5 N - * 12/8 motor
o7.45 HET S $3';‘ 3t . » 12/10 motor
X € e . * 12/14 motor
57.4 . P . e}
= -t
¥ 9735
& .
g 973 . ave s
Pt - - . .t
£ 9725 r .nﬁ_ﬂ\!t .‘;.:’.
T el O
97.15 [ g4,
97.1 - *
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Current (A)

FIGURE 1. The optimization results of the three motors (efficiency vs
current).

The final design and the main parameters are listed in
Table II.

TABLE Il
MAIN PARAMETERS OF THREE MOTORS
Parameter 12/8 12/10 12/14 Unit
Design parameters
Rated speed 2700 rpm
Rated power 34 kw
Peak power 80 kw
Maximum speed 12000 rpm
Design specifications
Stator outer diameter 230 mm
Stator inner diameter 144.9 146.5 151.3 mm
Air-gap length 0.6 mm
Magnet mass 1.29 kg
Shaft radius 64 mm
Active length 88 mm
Slot opening 2 mm
Slot fill factor 50 %
Tooth height 28.4 27.8 26.2 mm
Tooth body width 23.7 235 23.0 mm

Magnet material N48UH

IIl. ELECTROMAGNETIC PERFORMANCES

A. Winding Factor

For FSCW motors, the typical characteristic is the rich
harmonic component, which has great impact on various
electromagnetic performances of the motor. Besides, the
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torque capacity of the motor is directly related to the
fundamental winding factor. The winding factor of the
motor with different pole slot combinations and double
layer winding is expressed as:
v*P sin(v* P * o)
Ky =sin( 2 gy S0P ec) ()
N*sm(v P )

where P is the pole pair number of the motor, v=k/P, keN*
is the harmonic order, Z is the slot number, N= Z/r and r is
the maximum common divisor of the slot number and the
multiple of the pole number and phase number, « is the
electric angle between the adjacent slots.

From (1), it can be found out that the winding factor of
FSCW motor has periodicity and symmetry, which is the
main cause of the low order harmonics for FSCW motors and
its irreducibility. The three-phase magnetomotive force
(MMF) of the motor can be derived from the winding factor,
as shown in (2) and the calculation results for the three
motors are displayed in Figure 2.

K, "
K=iv VEEVP oy (2)
0 v = (3%j)/P
| Three-phase MMF
I 12/8
0.5
I I | || 1L n
0
1 3 9 11
1
1210
05 N
H HH 1Nl n o
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12/14
1
H a HH I 1 il 1n in
0
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harmonic order

FIGURE 2. Three-phase MMF factor for the three motors.

From Figure 2, all motors have rich harmonic
components in low order harmonics. The sub-harmonics of
12/10 motor and 12/14 motor is quite large, which is the
main cause of the losses and motor vibration. There is no
sub-harmonics for 12/8 motor. The super harmonics
amplitude of 12/10 motor is lower than 12/14 motor, except
the amplitude at 7/5" order. For 12/8 motor, the super
harmonic amplitudes are much lower than the other two.
Nevertheless, 12/10 motor and 12/14 motor have high
fundamental winding factor, equal 0.933, much higher than
that of 12/8 motor, 0.866, which contributes to higher
output torque.

B. Inductances and Saliency
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The inductances of the motor are key issues, which are
closely related to the power factor and the flux weakening
capability for motors. Besides, the ratio of the g-axis
inductance over the d-axis inductance, named saliency,
contributes to the torque capacity under MTPA control. The
d-axis and g-axis inductance of the motor and the saliency
are expressed as [11]:

Lad‘aq equLesz dq ﬂ'dan( (3)
Ld q Lad .aq + Lod .59 (4)
saliency = % (5)

where m is the phase number, Deq is the equivalent
diameter of analytical calculation, Le is the effective stack
length, N is the number of turns per phase in serials, Kqq
are armature reaction factors in d- and g-axis, Ksqsq are the
saturation factors of the d- and g- axis magnetic circuits, A
adaq are the specific permeances of the d- and g- axis
magnetic circuits, Lagaq IS the armature inductances and
Ly 1S the leakage inductances .

From (3), it can be found out that the armature
inductances of the motor are related to the winding factors
of the motors and the pole number. The sum of the
harmonic coefficients of the three motors are close.
Moreover, the inductances are also influenced by the
armature reaction in d- and g-axis, making the saliency of
the motor with different pole slot combinations
distinguished. Another factor for the inductances is the
saturation condition of the motors. As consequence, the
inductances and the saliency change with the different
operating current.

The d-axis armature inductances of 12/14 motor is the
highest for its largest equivalent diameter. Besides, the
leakage inductances of 12/14 motor is the largest and that
of 12/8 motor is the smallest, as can be judged from [11].
Therefore, 12/8 motor has the smallest d-axis inductance
while 12/14 motor has the largest d-axis inductance, as can

be seen from Figure 3.
12
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FIGURE 3. d-axis inductances of the three motors at no-load.

The g-axis inductance is greatly influenced by the
permeance of the g-axis magnetic circuits, which is closely
related to the g-axis flux path of the motors and
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differentiates with the motors with different pole slot
combinations.

The g-axis flux distribution of the three IPMSMs are
demonstrated in Figure 4. Compared to 12/8 motor, the g-
axis flux of 12/10 motor and 12/14 motor crosses the
magnetic bridge between the V-type permanent magnet,
which is highly saturated and the permeance of the g-axis
magnetic circuits declines greatly as consequence. Even
more g-axis flux of 12/14 motor crosses the saturated
magnetic bridge than 12/10 motor, comparing Fig. 3. (b)
and (c). Therefore, the saliency of 12/8 motor is the highest
and 12/14 motor has the lowest saliency, as shown in
Figure 5.

(©)
FIGURE 4. Q-axis flux distribution for motors at 100 Arms. (a). 12/8
motor. (b). 12/10 motor. (c). 12/14 motor.

The saturation effect dominated with high current, which
indicated the permeance of the g-axis magnetic circuits is
declined for all motors. However, the descending trend of
the saliency for 12/10 motor and 12/14 motor is not obvious
as the saturation factors of the d- and g- axis magnetic
circuits are close. To be mentioned, the saliency of 12/14
motor is close to one. The advantage of the FSCW IPMSM
for 12/14 motor is lost.
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FIGURE 5. Saliency versus current.

C. Power Factor and Torque Capacity

Based upon the inductances and saliency from the FEA
analysis, the power factor is further analyzed and compared.
It is complicated to figure out the relationship between the
saliency and the power factor since the MTPA control
method applied. Therefore, the relationship between the
power factor and the inductances are further investigated as
shown in Figure 6.

From Figure 6, it should be noted that there exists an
optimal saliency for motors to get the highest power factor.
However, it is obvious that the power factor is mainly
influenced with the d-axis inductance while almost staying
unchanged with the saliency. With the higher d-axis
inductance, the power factor declines. Therefore, it can be
concluded that the power factor of 12/8 motor is higher
than the other two owing to the smallest d-axis inductance,
which means 12/8 motor can achieve the highest power
capacity using the same inverter.

Power factor

05
Ld [mH] saliency

FIGURE 6. Power factor vs inductances with the same current supply.
The torque capacity of the motor is also influenced by the
inductances and the saliency of the motor. 12/8 motor has
the highest saliency but the lowest fundamental winding
factor, which imply the largest reluctance torque and the
smallest PM torque. It is beneficial for 12/8 motor to gain
higher torque with higher saliency under low torque
condition. However, there is no superiority when the
current is high and the saliency goes down greatly for 12/8
motor. As shown in Figure 7, with the current rising, 12/8
motor gain less torque with the same current. 12/10 motor

9
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has a slight advantage over 12/14 motor for the higher

saliency.
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FIGURE 7. Torque characteristic.

D. Constant Power Speed Range

The DC link voltage is limited, which largely restricts the
power capacity of the motors. For 12/14 motor, the d-axis
inductance is too high that the power factor at the peak
current is very low, as shown in Table. I1l. With the same
limited DC link voltage, 12/14 motor is not capable of
generating the same power as 12/10 motor and 12/8 motor.
As depicted in Figure 8, 12/14 motor can merely reach the
peak power of 70 kW when the DC bus voltage is 470 V.
The knee point can reach 2700 rpm by increasing the DC
bus voltage to 520 Vpc for 12/14 motor.

Moreover, the voltage distortion performance and the
inductance of the motors influence the CPSR. The voltage
distortion of FSCW IPM is large either Spp is too close to
1/3 or too far away [12]. The lower the voltage distortion is,
the wider the CPSR will be. A wide CPSR can be obtained
when the d-axis inductance is at an optimal value, making
the characteristic current equal to the operating current [20].
The CPSR related parameters are listed in Table II. The
characteristic current and the voltage distortion are
expressed as:

Vo
I = Ld (6)
_ Y 7
Vo= \/Eurms ( )

where I¢, is the characteristic current and WYPM is the PM
flux linkage, Umax is the maximum value of the line-line

voltage and Unns is the valid values of the line-line voltage.
TABLE llI
THE CPSR RELATED PARAMETERS

Parameter 12/8 12/10 12/14  Unit
PM flux linkage 0.1133 0.0957 0.0638 Wb
Characteristic current 228 146 91 A
Operating current 360 310 320 A
;:)?Yl]tage distortion @ 80 kW, 2700 1.46 1.09 111

Power factor @ 80 kW, 2700 rpm 0.58 0.60 0.45

The CPSR of the three motors are quite different, as
shown in Figure 8. Comparing the three motors, 12/10
motor has wide CPSR owing to small voltage distortion and
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small gap between the characteristic current and the
operating current. For 12/8 motor and 12/14 motor, the
huge voltage distortion or the large gap between the
characteristic current and the operating current narrows the
CPSR. Therefore, 12/14 motor is the worst choice owing to

both the smallest power capacity and the narrow CPSR.
300

g 12/8 motor (470VDC)

= =0= = 12/10 motor (470VDC)
= 3= 12/14 motor (470VDC)
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0 . . .
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@
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80 r PO 0= = @ = D= ===
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= et 12/8 motor (470VDC)
20 = == = ]12/10 motor (470VDC)
= = 12/14 motor (470VDC)
e 12/14 motor (520VDC)
0 1 L L
0 3000 6000 9000 12000

rotationspeed [rpm]

(b)
FIGURE 8. Traction curve. (a). Torque vs speed. (b). Power vs speed.

E. Efficiency and Losses
The losses include the iron loss, the PM eddy current loss,
the copper loss and the mechanical loss. The efficiency can

be expressed as:

T(i,n)*% ®
n=
T 2 By (.0) + By (1.0) P (1) +Pr)

where | is the current, n is the rotation speed, T is the torque,
Piron IS the iron loss, pem is the PM eddy current loss, peu is
the copper loss, including alternating current (AC) copper
loss and direct current (DC) copper loss, and p,.. is the
mechanical loss.

For the three motors, the winding DC resistance of the
three motors are close. Hence, only current is considered in
terms of DC copper loss. Besides, the mechanical loss is
defined as the same due to the same motor dimension. As
can be referred from (8), the efficiency is influenced by the
current and the rotation speed simultaneously. Therefore,
Iron loss, PM eddy current loss, and AC copper loss of the
three motors are simulated and analyzed to investigate the
efficiency map.

1) the efficiency evaluation at constant torque area
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In the constant-torque area, the motor is under MTPA
control, meaning the same torque with the identical current.
Iron loss, PM eddy current loss, and AC copper loss grow
monotonously with the rotation speed. To simplify the
analysis, iron loss, AC copper loss, and PM eddy current
loss are simulated and compared with the various current at
the specific speed.

The relationship between the iron loss and the current at
the rated speed is shown in Figure 9. 12/14 motor is likely
to have the highest iron loss for the largest pole number,
namely, the highest frequency and 12/8 motor the lowest.

700
600 | -X
500 f
E 400 |
%300 f
2200}
e ] 2/8 Motor
100 f = D= = 17/10 motor
0 A A - =  17/14 motor
0 100 200 300 400

current [A]
FIGURE 9. Iron loss versus current at the rated speed.

The iron loss is very close for the three motors under low
torque condition. For motors with larger pole number,
smaller flux linkage per pole contributes to the smaller flux
magnetic density in stator yoke, and the smaller stator iron
loss as a result. With the current increasing, the motor gets
more saturated that the advantage for larger-pole-number
motor in stator part wear off. In addition, the increase of the
iron loss in the rotor part due to the rich harmonic
components caused by the armature reaction for all motors
highlight gradually.

The iron loss calculation in the frequency domain is
expressed as:

Pion = K, B? f +k B? 2 +k BLSf1° 9
where kn, ke, ke are the coefficients of hysteresis, eddy
current, and excess losses, B is the magnetic density and f is
the frequency.

With formula (9) and the iron loss calculated and
simulated in Table IV, it can be found out that 12/10 motor
and 12/14 motor have lower normalized iron losses
compared to the normalized coefficients of frequency,
owing to the lower overall magnetic density distribution
than 12/8 motor. Comparing the performances at 360 A and
120 A, higher current leads to the more serious saturation
phenomenon and the gap of iron losses between the three

motors becomes larger.
TABLE IV
IRON LOSS RESULTS

Parameter 12/8 12/10 12/14  Unit

Material parameters
Frequency @2700 rpm 180 225 315 Hz
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K f+k f? 30288 38675 56428
Normalized (Kpf+k.f?) 1 1.277  1.863
Iron losses @ 360 A, 2700 rpm

Iron loss 37455 416.09 61987 W
Normalized iron loss 1 1.11 1.65

Iron losses @ 120 A, 2700 rpm
Iron loss 246.61 27214 35138 W
Normalized iron loss 1 1.10 142

The PM eddy current loss is related to the PM resistance
and the change rate of the flux magnetic density in PM. For
motors with higher pole number, the PM resistance will be
smaller. However, the harmonic components have bigger
influence on the PM eddy current losses, especially when
the current is high and the armature reaction is severe.
12/10 motor and 12/14 motor both have the rich harmonic
components and thus, the highest PM eddy current losses,
especially at the high torque condition. 12/8 motor has only
1/3 PM eddy current loss of 12/10 motor at the peak current,

as shown in Figure 10.
140

—120 f Ig

ElOO - X

S8

g 2

580 ,&/

%60 I ﬁ”

B 40 |

= 12/8 motor

20t = === 12/10 motor

= M= 12/14 motor
300 400

0

0 100 200
current [A]
FIGURE 10. PM eddy current loss versus current at the rated speed.
The cause of the AC copper loss is similar to the PM
eddy current loss. However, the copper size of the motors is
identical. Therefore, AC copper loss of 12/14 motor is the
highest owing to the richest harmonic components, as

shown in Figure 11.
250

e 12/8 motor

= 0= 12/10 motor

200 p X
= % = 12/14 motor 7

150

100

AC copper loss [W]

50

0

0 100 200 300 400
current [A]

FIGURE 11. AC copper loss versus current at the rated speed.

The total losses at the rated torque and peak torque of the
three motor are pictured in Figure 12. At the rated torque,
12/14 motor has the highest iron loss and total losses,
indicting the lowest efficiency. 12/8 motor requires the
highest current to gain the same torque. Thus, the efficiency
of 12/8 motor is lower than 12/10 motor and 12/14 motor at
the peak torque.
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12/10 motor has highest efficiency than the other two
over the whole torque range at the rated speed as shown in
Figure 13.

4000

BMAC copper loss
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(@peak torque

FIGURE 12. Losses @ rated torque and peak torque.
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FIGURE 13. Efficiency versus current at the rated speed.

2) the efficiency evaluation at flux-weakening area

For FSCW IPMSM, the voltage distortion is much more
severe than the ISDW IPMSM, which might sacrifice the
advantages of the wide flux-weakening area.

To increase the speed, higher d-axis current is applied to
meet the voltage limitation of the inverter. The variable
satisfies the equations below:

aq

Uis + i) =VD* (¥  tal,i )"+ (ol,i)’ SV—J'JEC (10)

2+ <

where U is the induced line-line voltage, VD is the voltage

distortion of the induced voltage, w is the angular velocity,

w=27pn/60, ¢ is the main flux linkage, iq is the d-axis

current and iq is the g-axis current, Vpc is the DC bus

voltage of the inverter and liim is the maximum current of
the inverter.

D-axis current close to the characteristic current and
lower g-axis current are preferred to get lower induced
voltage, as can be induced from (10). Besides, the current
has direct impact on the voltage distortion, which further
influence the induced voltage. To figure out this, the
voltage distortion and the induced line-line voltage varied
with the current under different power angle of 12/8 motor
are demonstrated in Figure 14.

As shown in Figure 14. (a), there exists an optimal
combination of current to meet the lowest induced voltage.
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The larger the power angle is, the higher the optimal current
is. The voltage distortion reaches the lowest value with a
specific current value for 12/8 motor, around160 A,
especially when the power angle is large, as depicted in
Figure 14. (b).
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FIGURE 14. (a). induced line-line voltage varied with the current. (b).
voltage distortion varied with the current. (12/8 motor).

For FSCW IPMSMs, the peak operating current is higher
than the characteristic current. As shown in Figure 15, the
current of 12/8 motor declined continually without
considering the voltage distortion and the voltage constrain.
Comparatively, the current of 12/8 motor decreases sharply
and gradually becomes constant, close to the optimal
current, owing to the voltage distortion and the limited DC
bus voltage.
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FIGURE 15. Traction curve (current vs speed).

Much higher iron loss and PM eddy current loss can be
produced in the flux-weakening area due to the high speed.
The iron loss and the PM eddy current loss versus power
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angle at the maximum speed at 200Arms are pictured in
Figure 16-17.

With the larger power angle, the iron loss is reduced
owing to the weakened flux linkage. It is noted that 12/8
motor has lower iron loss than 12/10 motor when the power
angle is over 55°.

Iron loss [KW

e 12/8 motor
= =p= = 12/10 motor
= 3= 12/14 motor

0
40 50 60 70 80 90
power angle [deg]
FIGURE 16. Iron loss versus phase angle at the maximum speed at
200Arms.

Results are rather different with the PM eddy current loss.
The PM eddy current loss is magnificent at high speed. It
should be noted that, 12/10 motor and 12/14 motor have
lower PM eddy current loss with higher power angle. On
the opposite, 12/8 motor has higher PM eddy current loss
with the power angle increasing. The difference lies in the
different effect of the g-axis current on the PM eddy current
loss of 12/8 motor, 12/10 motor and 12/14 motor. As
demonstrated in Figure 5, less g-axis flux has chance to get
through the PM for 12/8 motor. Thus, the PM eddy current
loss increased by the g-axis current is also much smaller.
With the increase of the power angle, the g-axis current
reduced greatly and the PM eddy current loss of 12/10
motor and 12/14 motor decrease as a result. On the contrary,
the PM eddy current loss caused by the increase of d-axis
current for 12/8 motor is over the decrease of the g-axis
current.
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FIGURE 17. PM eddy current loss versus phase angle at the maximum
speed at 200Arms.

3) the efficiency map

The efficiency map of the three motors are further
calculated with Ansys Maxwell. As demonstrated in Figure
18, 12/10 motor has the largest high-efficiency area
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(efficiency higher than 95%). However, the efficiency of
the three motors in the high-speed region has little
difference. The mechanical loss increases sharply with the
speed and occupies a large proportion in the high-speed
range while the total losses, including the iron loss, PM
eddy current loss, and copper loss is close.
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FIGURE 18. The efficiency map. (a). 12/8 motor. (b). 12/10 motor. (c).
12/14 motor.

F. Demagnetization Capability
To compare the demagnetization capability of the motors,
the demagnetization ratio is calculated and expressed as:
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ratio :l—ﬁ (11)

where Eg.aq is the no-load back electromotive force (EMF)
after demagnetization and Eo.,q is the no-load back EMF
before demagnetization.

TABLEV
DEMAGNETIZATION RESISTANCE OF THE MOTORS

Parameter 12/8 12/10 12/14 Unit
No-load back EMF

(before demagnetization) 144 149 137 Vims
No-load back EMF

(after demagnetization) 36 24 18 Vims
demagnetization ratio 75.0 83.9 86.9 %

The demagnetization capability is influenced by the
harmonic components of the motors. With richer harmonic
components, motors are easier to get demagnetized. The
simulation is carried out at 160 <C with the maximum d-
axis current, 400 A, allowed by the inverter. As shown in
Table V, at worst case scenario,12/14 motor has the largest
demagnetization ratio due to the richest harmonic
components. From the perspective of the demagnetization
capability, 12/8 motor is the best choice. However, the
demagnetization capability is rather weak for all the three
motors.

IV. OTHER PERFORMANCES

The vibration of the motor is related with the space
harmonic components of the radial force density and the
time frequency compared to the natural frequency of the
motor. The radial force density spectrum at 120 Nm 2700
rpm of the three motors is displayed in Figure 19.

The spectrum of the radial force density is expressed as
(m, nf¢), in which m is the space harmonic order and n is the
time harmonic order. The main harmonic components
(except the space harmonic order equals zero) is (4, 2fe), (2,
2fe) and (22, 2f;) for 12/8 motor, 12/10 motor, and 12/14
motor, respectively. The vibration is inversely proportional
to the fourth power of the space harmonic order of the
radial force density. Therefore, the 12/14 motor has the
worst vibration performance, as shown in Table V.
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FIGURE 19. Radial force density spectrum at 120 Nm 2700 rpm. (a). 12/8
motor. (b). 12/10 motor. (c). 12/14 motor.

As shown in Table V, 12/14 motor has the maximum
velocity and the severest vibration performance. On the
contrary, 12/8 motor has the minimum deformation with
6.52e-7 m at the rated point. The vibration results are in
consistent with the radial force density spectrum of the
motors.

TABLE V
VIBRATION OF THE MOTORS
Parameter 12/8 12/10 12/14 Unit
Maximum deformation 0.652 6.281 477 pum
Maximum velocity 0.027 6.255 18.7 um/s

V. CONCLUSION

This paper designed three FSCW IPMSMs with 12 slots
and presented comprehensive comparison of the motor
performances.

The selection principle for FSCW IPMSMs with the
same slot is investigated in the paper based on the analysis
of the stator winding factor. Furthermore, the harmonic
components of the motors are the main cause of different
motor performances, including the inductances, the losses,
the demagnetization capability and the NVH performances.

For FSCW IPMSMs with the same slot, the pole number
slightly less than the slot number is preferred to obtain the
high torque owing to the high fundamental winding factor
and the relatively high saliency. The iron loss, the PM eddy
current loss, and the AC copper loss increase with the
frequency and the harmonic components. Therefore, the
high efficiency can be obtained in high-load and low-speed
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region for motors with the pole number slightly less than
the slot number due to low copper loss at the same load.
However, the demagnetization capability and the NVH
performances of motors with close slot and pole number are
poor, due to the rich harmonic components.

12/14 FSCW IPMSM is not suitable for EV motors. For
12/10 FSCW IPMSM, wide high-efficiency area and CPSR
can be achieved owing to the high fundamental winding
factor and relatively low pole number. 12/8 FSCW IPMSM
has great advantages in terms of NVH performances and
anti-demagnetization capability due to the small harmonic
components.
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