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Currently, an interest in electric vehicles (EVs) exhibited by automakers, government agencies and customers
make it as more attractive research. This is due to carbon dioxide emitted by conventional combustion engine
that worsens the greenhouse effect nowadays. Since electric motors are the core of EVs, it is a pressing need for
researchers to develop advanced electric motors. As one of the candidates, switched flux machine (SFM) is
initiated in order to cope with the requirement. This paper proposes a new alternate circumferential and radial
flux (AICiRaF) of permanent magnet switched flux machines (PMSFM) for light weight electric vehicles.
Firstly, AICiRaF PMSFM is compared with the conventional PMSFM based on some design restrictions and
specifications. Then the design refinements techniques are conducted by using deterministic optimization
method in order to improve preliminary performance of machine. Finally the optimized machine design has
achieved maximum torque and power of 47.43 Nm and 12.85 kW, respectively, slightly better than that of

conventional PMSFM.
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1. Introduction

In recent decades, global warming becomes major
concern in society. As a result, many extensive studies
have been carried out by different parties to come out
with series of factor findings, promising proposals and
feasible solutions [1-5]. As reported in [1, 2], one of the
major factors in worsening the global warming is the
emission of man-made greenhouse gases [GHGs], especi-
ally carbon dioxide (CO,), is classified as one of the
major GHGs released into the atmosphere by combustion
of fossil fuel [3]. Apparently for more than 100 years,
conventional internal combustion engine (ICE) has been
utilized in vehicles for personal transportation which
undisputedly, contribute to increased emissions of CO,.
Currently, demands for private vehicles are increasing due
to the rapid rising rate of world population [4, 5].
Consequently, the government and related agencies have
introduced more stiff standards to restrain the setback of
emissions and fuel efficiency. On the other hand, in order
to obtain a wide-range of full-performance and high
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efficiency vehicle while eliminating pollutant emissions,
the most feasible solution at present is electric vehicle
(EV) which are driven by battery-based electric motor [6-
8]. Since electric motor is the key of an EV, SFM has
recently become a well known and attractive design of
machine type due to their numerous advantages such as
low level of vibration and acoustic noise, high torque
density and efficiency [7-11].

In 1955, PMSFM was preliminary introduced as a single-
phase alternator by Rauch and Johnson [12] and has been
receiving significant attention afterwards especially in
electric propulsion system application. Meanwhile, the
first three-phase system was developed in 1997 by E.
Hoang et al. [13]. The conventional design as shown in
Fig. 1(a) is however, inherit the disadvantage of high PM
volume. Hence, variety of PMSFM designs has been
reported since then. In order to reduce the consumption of
PM, the stator poles are replaced alternately by a simple
stator tooth and therefore the new E-core is developed
[14]. The stator core is then merged together to form E-
Core PMSFM stator and half of the PM volume in [13] is
removed. The E-Core configuration is also recorded in
[15] with combination arrangement between horizontal
and vertical of low-coercive force (LCF) magnets. The
horizontal magnets are alternately attached to the stator
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teeth tips and the vertical magnets remain identical as the
conventional design. Moreover, the middle E-stator teeth
can be removed to enlarge the slot area and consequently
the new C-core PMSFM is introduced [16]. Another class
of PMSFM applying segmental rotor has been published
in [17] but its rotor structure has cause doubtful and non-
robust operation while rotating at high speed. On top of
these topologies, the main constraints are magnetic flux
leakage at the utmost tips of PM which limits the di-
stribution of flux and also their separated stator from one
segment to another that is hardly to manufacture and
assemble.

This paper presents an extensive study on a new 6Slot-
10Pole PMSFM employing alternate circumferential and
radial flux PM. Initially, the feasibility study of proposed
machine has been discussed and investigated in [18, 19].
The suggested machine design consists of significant single
piece stator with iron-bridge to prevent any flux leakage
flow out of the laminated stator core. However, based on
initial analysis using finite element analysis (FEA), the
proposed machines have several drawbacks that prevent
the machine to achieve maximum performances especially
at maximum current densities compared to the conven-
tional PMSFM. Therefore, to improve the design draw-
backs, some design refinements and optimization are con-
ducted using deterministic optimization approach [20, 21].

The examination on initial design machine based on
2D-FEA of 6S-10P AICiRaf PMSFM is discussed in
Section II. The approach of obtaining maximum perfor-
mances based on FEA is explained in Section III. The
optimized topology and optimal performances of the
machine are analyzed in Section IV. Finally, Section V
draws some comprehensive conclusions of the thorough
investigation.

2. FEA-Based Analysis On 6S-10P
AlICiRaF PMSFM

2.1. Design Restrictions and Specifications

6S-10P AICiRaF PMSFM with wound salient rotor
structure is illustrated in Fig. 1(b). Initial design is
developed using commercial FEA package, JMAG-
Designer V. 14 software whereas 2D finite element solver
is applied for the rest of studies. Fig. 1(b) illustrates 12
stator teeth, 6 armature coil slots or slots for phase wind-
ings, 10 salient rotor poles and 12 pieces of permanent
magnets which consist of alternate radial and circum-
ference flux direction. The stator is having slots/grooves
bearing the phase windings which are 6 armature coils
wounded in between 12 grooves/slots fabricated in the
stator. The PMs are arranged in radial and circumference
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Fig. 1. (Color online) PMSFM machine design (a) Conven-
tional (b) Initial AlCiRaF.

flux direction, respectively. The total volume of PM is set
to maximum 0.5 kg for optimum performances. The material
type used is Neomax 35AH which having coercive force
at 20°C and residual flux density of 932 kA/m and 1.2T,
while for the rotor and stator parts are made up of
electrical steel 35H210. The fundamental rotor structure
is mechanically robust to spin at high speed because it
consists of only laminated electromagnetic sheets.
Furthermore, active components such as phase wind-
ings and PM are located on the stator core in order to
provide a simple cooling system to dissipate heat from the
body. The three-phase armature coils are accommodated
on each of the stator body periodically while the direc-
tions of the windings are in counter-clockwise along with
clockwise polarity. With single piece of 10 pole iron rotor,
the machine is extremely robust and suitable for high
speed application especially for electric vehicle. In addi-
tion, the PM in stator generates the excitation flux that
reacts with armature flux. The AICiRaF PMSFM is suit-
able for high speed electric vehicle applications due to
robust rotor structure and has high efficiency and less
copper loss due to all active parts located on the stator

Table 1. Parameters specifications of initial 6S-10P AlCiRaF

PMSFM.

Parameter Conventional AlCiRaF
No. of phase 3 3
Max. DC-bus voltage inverter (V) 415 415
Max. inverter current (Ams) 45 45
Max. current density in armature winding, J, 30 30
No. of'slot 12 6
No. of rotor pole 10 10
Outside diameter of stator (mm) 150 150
Motor stack length (mm) 70 70
Length of air gap (mm) 0.3 0.3
Armature slot area (mm?) 150.4 300.8
No. of turns per armature coil slot 22 44
PM volume (kg) 0.5 0.5
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with concentrated type of winding configuration.
In this study, the possible number of rotor pole and
stator slot combination is defined by (1).

k
N, = Ns(l + Z) @)
where N, is the number of rotor poles, N, is the number of
stator slots, & is the natural entity having value 1, 2, 3,...
and ¢ is the number of phases. Supposing that only a
water-jacket system is applied as the cooling system of
the machine where value of 30 A,,¢/mm? is set to be the
limit of the armature current density and the relationship
can be determined by (2)

J, =2l @

aasa
where J, N, a, S and [ are current density, number of
turns, filling factor, slot area and input current, respec-
tively while subscript a represents armature coil. Beside
this, the electrical frequency, f, of the proposed motors
can be expressed by (3)

ﬁa:Nr'fm (3)

where £, is the electrical frequency, f,, is the mechanical
rotation frequency and A, is the number of rotor poles. On
the other hand, Table 1 shows design specifications of the
proposed machine.

2.2. Initial Performances of the Proposed Machines

Figure 2 demonstrates simulated results of the initial
and conventional machine as they have been examined
under the load condition along with the variation of
armature current density, J,. The resulting simulation
interprets that as J, is increased from 0 to 30 A/mm?, the
initial output torque of the machine is consistently
increasing as well and peaks at maximum value of 25.54
Nm. However, rising profile of output power only take
place for the first 50 % of maximum J, before it shows
early saturated peak measured approximately at 5 kW. On
the other hand, conventional machine design displays
better result with maximum average torque of 44.11 Nm
[18] while power profile demonstrates its decaying pattern
as J, rises from 10 A,/mm? up to 30 A,n¢/mm?. This is
affected by the slowing down speed of machine as it
suffers iron and copper losses. Apparently, conventional
design comprises 12 coils of armature winding compared
to only 6 of them employed in AICiRaF which result in
higher copper losses as well as longer coil length.
Significantly, the initial proposed machine is required to
go through design refinement in order to obtain better
performance compare to that of conventional machine.
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Fig. 2. (Color online) Initial torque and power versus various
Ja

3. Machine Optimization Approach

In realizing the weak performances of proposed machine
that has been compared with conventional design and its
potential ability to achieve even better performances,
therefore optimization is carried out, so the optimal torque
and power can be obtained accordingly. As a result, Fig. 3
illustrates certain design parameters commenced on both
stator and rotor part. Commonly, the design parameters
are segregated into three groups namely rotor core, PM
shape and armature coil slot. Subsequently, PM is then
broken down into another two sub-groups which are PM1
as well as PM2 wherein PM1 is particularly assigned for
magnetic flux in radial order whereas PM?2 is for circum-
ferential magnetic flux profile. Pertaining to the figure, all
rotor parameters are labelled as L1, L2 and L3, while L4
and L5 are assigned to PM1, L6 and L7 are meant for
PM2. Finally, armature coil slots are defined by parameter
of L8 and L9.

The optimization procedure begins by updating rotor
parameters L1, L2 and L3 individually while L4 up to L9
are kept constant. Significantly, rotor radius, L1 is treated
at the first place in a sense to compute the optimal combi-
nation between torque and power capability. The finest
L1 result is then carried forward and constantly un-
changed while treating rotor pole width, L.2. Similarly, the
finest L2 result will be kept as the rotor pole depth, L3 is
undergoing optimization process. On top of that, the air
gap size of 0.3 mm is kept unchanged till end of progre-
ssion. Consequently, the identical methodology is imple-
mented in the following stage which engages PM width
and depth. The most decisive part is to keep PM volume
of 0.5 kg unchanged while treating L4, L5, L6 and L7
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respectively by ensuring the rest of design parameters are
constant. Additionally, the pole shoe shape of stator tooth
remains unvaried while varying PM1, regardless the di-
mension of L4 and L5. With the optimal output achieved
in second stage, armature coil slot parameters, L.8 and L9
are then updated in final stage to figure out further fined
combination result in form of torque and power perfor-
mances.

At the beginning steps in which L1 up to L9 are up-
dated, the armature slot area of 300.8 mm? has been kept
constant prior to have the same number of armature
winding. However, after all the parameters optimization
have been done, the slot area and number of turn are also
varies as well, in order to obtain better optimal torque
further achievement. Apparently, the pole shoe shape of
stator tooth is eventually eliminated and leaves the
armature slot to form a solid trapezoidal shape. This is to
guarantee that magnetic flux flow smoothly and simultane-
ously which would avoid from the occurrence of flux
saturation at both side of pole shoe edge tips.

4. Optimized Design and
Performance Analysis

4.1. Configuration of Optimized Design

The topologies of conventional, initial and optimized
design machines are portrayed in Fig. 4(a), Fig. 4(b) and
Fig. 4(c) respectively while the comparison between
initial and optimized design parameters are listed in Table
2. Obviously, by comparing between Fig. 4(b) and Fig.
4(c), the pole shoe structure of stator teeth has been
abolished, leaving them in straight formation as spotted in
red circles. On top of that, Fig. 5(b) shall signify better
flux distribution and linkage in between stator and rotor
part as it may reduce the flux saturation at both sides of
shoe pole edges for initial design as marked in black
circles. Moreover, the flux distribution in particular stator
is much better and a thorough circulation can be observed

Stator

L3

e——"
| 7
S Rotor L2 \ i L6 |PM2
L1 —>i—
Air gap (0.3mm)

Fig. 3. Design parameters of initial 6S-10P AlCiRaF PMSFM.
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Table 2. Initial and optimization design parameters.

Description Initial Optimized

L1 Rotor radius (mm) 45 55
L2  Rotor pole width (mm) 6.25 5
L3  Rotor pole depth (mm) 20 25
L4 PMI depth (mm) 3.15 2.15
L5 PMI width (mm) 11.83 6.25
L6 PM2 width (mm) 3.155 3.49
L7 PM2 depth (mm) 12.5 18.74
L8  Armature coil slot depth (mm) 18.7 14.8
L9  Armature coil slot width (mm) 20.9 242
N.  No. of turn armature coil 44 42
S.  Armature slot area (mm?) 300.8 287

— Stator

(©)

Fig. 4. (Color online) Topology comparison of (a) Conven-
tional machine (b) Initial AICiRaF machine (c) Optimized
AlCiRaF machine.

(c
Fig. 5. (Color online) Magnetic flux distribution of (a) Con-
ventional machine (b) Initial AICiRaF machine (c) Optimized
AlCiRaF machine.

rather than empty fluxed stator detected in the conven-
tional design and this phenomenon is highlighted in dark
dotted circle of Fig. 5(a).

In addition, less flux distribution is also highlighted at
rotor core due to the circumferential configuration of PMs
in the conventional design which limits the distribution of
magnetic fluxes throughout the machine. In contrast, the
alternate radial configuration of PMs in AlCiRaF design
has result in the magnetic fluxes to flow to the entire
stator core and generate a direct path to rotor core and the
other way around. Besides, higher flux concentration
accumulated in rotor poles after design optimization has
cause better ability for machine to rotate at high speed.
Additionally, the larger rotor diameter will generate higher
power capability. After all, iron bridge structure proposed
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Fig. 6. (Color online) Instantaneous torque characteristics.

in AICiRaF design has a better capability to avoid any
flux leakages unlike the conventional design. Comparisons
of these structures are shown in red dotted circles.

4.2. Instantaneous Torque

Figure 6 depicts the instantaneous torque profiles over
the rotor’s mechanical rotation in degree of the machines
under study. Notably, optimized design contributes the
highest torque of approximately 70.11 Nm even though
having a larger peak to peak range compared with the
conventional machine. As for comparison, the peak to
peak value of the conventional machine is five times
better than that of optimized machine.

4.3. Torque and Power versus Armature Current Den-
sity, J,
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Fig. 7. (Color online) Torque versus armature current density, J,
characteristics.
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Fig. 8. (Color online) Power versus armature current density,
J, characteristics.

The torque and power generation of the machines at
various armature current densities are also investigated.
Under this study, the armature current density is varied
from 0 A/mm? up to 30 A/mm? while the resulting data of
torque and power characteristics are plotted in Fig. 7 and
Fig. 8, respectively. It is comprehensible that an increase
in armature current density will relatively enhance the
torque and power performances except for the conven-
tional design which the maximum power is produced at J,
of 10 A/mm”. Thus, a maximum torque of 47.43 Nm and
power of 12.85 kW are achieved at maximum armature
current density, 30 A/mm?. Apparently, the torque perfor-
mance is 7.5 % and 85.71 % better than that of conven-
tional and initial design machine, respectively. Meanwhile,
for power progression, the optimized design computes the
highest result of 12.85 kW.
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Fig. 9. (Color online) Torque versus speed characteristics.
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Fig. 10. (Color online) Power versus speed characteristics.

4.4. Torque and Power versus Speed Characteristics

Figure 9 addresses the profile of torque against speed
for conventional, initial and optimized machine design
while Fig. 10 demonstrates the plotted graph of power for
the same motor designs. According to Fig. 9, the undisputed
differences can be digested between all machines that
optimized design machine again emerges with maximum
average torque of 47.43 Nm, gauged at the base speed of
2586 r/min, improving the target torque of conventional
design machine which is 44.11 Nm at base speed of 973
r/min whilst the corresponding power in Fig. 10 reaches
approximately 12.85 kW, 156 % enormous gain compared
with initial performance. In general, power profiles depicted
in Fig. 10 suffers significant losses as the machine speed
is increased. This is caused by copper losses that dis-
sipated as heat in the armature windings, because these
windings have some internal resistance in them. More-

Table 3. Loss and efficiency.
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over, hysteresis loss and eddy current loss both depend
upon magnetic properties of the materials used to con-
struct the core of machine and its design. So these losses
in machine are alternatively known as iron loss. On the
other hand, speed progression for both initial and optimized
designs depict less significant different unless for lower
speed range of the conventional design.

4.5. Power Loss and Efficiency

Calculation based on finite element analysis is utilized
to find out the motor loss and efficiency considering
copper losses in armature coil and iron losses in all
laminated cores. Fig. 9 again exhibits the torque versus
speed characteristics of conventional, initial and optimized
design machines, respectively with specific operating
points at maximum torque and frequent operating point
under light load that labeled as No. 1 to No. 6. Mean-
while, the detail loss analysis and motor efficiency of the
designed machines are summarized in Table 3 accord-
ingly. In particular, point 1, point 2 and point 3 are the
maximum operating torque of each machine whereas
point 4 up to point 6 fall under the similar average
operating region of all machines.

At each machine’s base speed where maximum torque
is achieved, optimized machine appears to be the highest
efficiency with 96.96 % although it has the most copper
loss, followed by conventional and initial machine with
respective 93.24 % and 92.7 % performances. On the
other hand, while running at the average operating points,
the maximum efficiency is obtained for conventional
design at point 6 with result of 99.43 %. It is notable that
the conventional machine’s maximum speed is only about
2453 r/min that cause the efficiency does not degrade as
much as the optimized machine does. Nevertheless, the

Machine Operat. Speed Output Power Iron Loss Copper Loss Eff.
Designs Points (r/min) (kW) (kW) (kW) (%)
2 973 42.92 0.336 2.78 93.24

c tional 4 500 10.18 0.072 0.11 98.23
onventiona 5 1000 20.36 0.043 0.1 99.25
6 1500 30.54 0.064 0.11 99.43

3 1902 48.58 0.935 2.89 92.7
.. 4 500 10.72 0.166 1.56 86.17

Initial

5 1000 21.44 0.252 1.56 92.23

6 1500 32.16 0.529 1.56 93.91
1 2586 122.65 0.846 3.00 96.96
.. 4 500 10.61 0.064 0.33 96.39

Optimized

5 1000 21.22 0.078 0.33 98.10

6 1500 31.83 0.246 0.33 98.21
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Table 4. Overall performances comparison.

Items Conventional Initial Optimized
Max. speed (r/min) 2432 5200 5912
Power (kW) 5.79 5.02 12.85
Torque (Nm) 44.11 25.54 4743
Output power (kW) 104 1129 186.31
Iron losses (kW) 0.515 1.88 1.23
Copper losses (kW) 3.11 7.57 3.99
Efficiency (%) 96.63 92.28 97.27
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Fig. 11. (Color online) The 3D-exploded view of optimized
6S-10P AICiRaF PMSFM.

maximum average efficiency of the machine goes to the
optimized design with 97.27 %. The overall performances
of the proposed machines are summarized in Table 4
while Fig. 11 demonstrates the entire 3D-exploded view
of the optimized AlCiRaF machine.

5. Conclusion

This paper has presented the newly proposed design
and performance study of 6Slot-10pole AlCiRaf PMSFM
for light weight EV. The design refinement procedure to
achieve the target performance has been clearly described.
As a result, the proposed machine has better torque, power,
speed ranges and efficiency compared with conventional
12Slot-10Pole PMSFM. Finally, the optimized machine
design has improved approximately 85.71 % of maximum
torque and 156 % of maximum power than that of initial
machine design. With all the analytical study, the pro-
posed AICiRaF PMFSM will distinctly grant the best
outcome when tested with a prototype model as compared
with the previous work that has been done by many
researchers.
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