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Article history: A breakthrough in this century has been the development of electric vehicle
. which is propelled by electric motor powered by electricity. Already, many

Received Dec 20, 2018 electric motors have been used for electric vehicle application but

Revised Jan 28, 2019 performances are low. In this paper, a permanent magnet motor technology

Accepted Feb 3,2019 using unconventional segmented rotor for high torque application is

presented. Unlike conventional motors, this design, flux switching motor

(FSM) is an advance form of synchronous machine with double rotating
Keywords: frequency. It accommodates both armature winding and flux source on the
stator while the rotor is a simple passive laminated sheet steel.

Flux switching motor Conventionally, rotor of the maiden FSM and many emerging designs have

High torque focused on the salient pole, this design employs segmented rotor. Segmented
Outer rotor rotor has advantages of short flux path more than salient rotor pole resulting
Permanent magnet in high flux linkage. Geometric topology of the proposed motor is
Segmented rotor introduced. It consists of 24Stator-14Pole using PM flux source with

alternate stator tooth armature winding. The 2D-FEA model utilized IMAG
Tool Solver to design and analyze motor’s performance in terms of torque
with average torque output of 470Nm. The suitability of segmented outer-
rotor FS motor as a high torque machine, using permanent magnet
technology is a reliable candidate for electric vehicle.
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1. INTRODUCTION

Electric motor receives input quantities of voltage and current and converts them into output
mechanical quantities of torque and speed [1] that are necessary for vehicle propulsion. High torque motors
have been constantly under research and development for clean vehicle propulsion suitable for long distance
travels. However, amount of torque provided by any electric motor depends primarily on the magnetic
loading especially when electric loading with all parameters are constant as in the case of the proposed
motor. Generally, electric machines utilize different flux sources for excitation such as; permanent magnet
(PM), field excitation (FE) and hybrid excitation which combines both PM and FE [2-3]. Flux switching
machine (FSM) is an advance form of synchronous machine locates both armature winding and flux source
in the stator and leaving the rotor without any added material, has become researchers’ choice because of
speed capability [4-6]. Invariably, transferring inner rotor to outer position generates higher torque and also
offers reliable control mechanism in the vehicle through eliminating complex combustion engine in
conventional vehicle [7-8]. Outer rotor is suitable for in-wheel motor application which is accommodated in
the rim and the normal mechanical brakes with suspension systems [9]. Consequently, PM flux has many
advantages such as loss-free excitation without external circuit connections, this thereby results in to high
torque density which makes it to be a dominant flux source [2]. However, only the inverter and high quality
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battery are needed in conjunction with electric motor for effective performance. In fact, application of
electric motors has successfully replaced the complicated combustion engine that had dominated in
conventional vehicles over a century ago [10-12].

Permanent magnet flux switching (PMFS) motor is regarded as a viable candidate in applications
where high torque, wide constant speed, easy cooling and adequate fault tolerance are desired [13, 14].
Already, many PMFS motors in outer rotor configuration have been proposed [2, 3]. The first PMFS was a
single-phase in salient pole rotor [16] and its three-phase counterpart structure, was also salient pole rotor
[17]. Also, various other motors have been designed for applications in domestic and aerospace in salient
pole [4]. While salient pole have been known with conventional machine design, high iron and copper have
continued to be associated with it in performance [19]. Material and winding losses lead to poor machine
performance, it is important for research and development to explore for motor parameters with minimum
iron and copper losses and high performance.

Segmented type of rotor has been applied in machine to enhance performance and the result was
unprecedented. It exhibited saliency ratio that meaningfully increased torque performance compared to
conventional salient pole rotor [13, 20]. The obvious advantage of segmented rotor includes operating with a
bipolar flux in the magnetic circuit. The bipolar flux linkage in the armature windings is achieved by
carefully designing the rotor segment to overlap with two armature slot openings.

This papers takes a comprehensive look at flux switching machine (FSM) using segmented outer
rotor (SegOR-PMFSM). It is capable of high torque performance for clean electric vehicle drive by
eliminating both combustion engine and use of fuel energy. While combustion engine must require fuel oil to
burn in a closed chamber before creating torque, electric motor has two simple stator and rotor parts with flux
source and winding copper conductor. The interaction of field produced by the flux source and field
produced by the induced current flowing through the armature conductors provide torque [18]. The motor
consists of three-phase, 24Stator-14Pole, with alternate armature tooth winding and permanent magnet in
radial direction. The design of the motor and performances at open circuit (or no-load condition) and closed
circuit condition are investigated and outlined. Finally, the performance of PMFS motor employing
segmented rotor is compared with FEFS motor and HEFS motor of similar diameter and restrictions having
salient pole rotor. Figure 1 depicts conventional in-wheel flux switching motors in salient pole rotor for
electric vehicle application.

Stator Rotor

Armature
coil

(@) (b)

Figure 1. Conventional SFMs in outer rotor structure,
(a) three- phase 12S/22P PMSFM (b) three-phase 12S/14P HESFM

2. RESEARCH METHOD

Design of free intial motor parameters and optimization them by deterministic method are outlined
in Figure 2 and Figure 3. The characteristics performances of the improved three-phase 24Stator-14Pole
segmented outer rotor (SegOR) PMFSM are investigated in terms of average torque and power obtained
which were 348.6 Nm and 45kW at the maximum base speed of 1,397.8 rev/min. Meanwhile, parameter
specifications and restrictions are outlined in Table 1. Figure 4 shows the cross sections of the improved
design. While the performance is favorable, design optimization of motor will further optimum output torque
for effective performance [18].
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Figure 4. Cross-sections of improved three-phase Tn+1, Pa+l
SegOR-PMFSM

Table 1. Design specifications, parameter restrictions and electrical supply

Descriptions Improved design  Optimized design
Motor radius (mm) 139.7 139.7
Outer rotor radius (mm) 139.7 139.7
Inner rotor radius (mm) 119.2 127.2
Rotor pole length (mm) 20.5 12.5
Rotor width (mm) 17.2 26.2
Segment span (degree) 20 20
Stator outer radius (mm) 118.7 126.7
Stator tooth width (mm) 10 10
Air-gap length (mm) 0.5 0.5
Magnet weight (kg) 1.0 1.0
Magnet length (mm) 6.13 6.13
Magnet width (mm) 18 18
Stack length (mm) 100 100
Stator shaft (mm) 30 30
DC- input voltage (V) 415 415
Inverter current (Asms) 360 360
Number of turn 18 18
Slot surface area (mm?) 432 432
Average torque (Nm) 348.6 >348.6
Output Power(kW) 50 >50
Rated speed (rev/mim) 1,397.8 <1,397.8
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2.1. Modeling of Motor and Park’s Transformation
The proposed three-phase segmented rotor PMFSM in terms of flux linkage, changes with rotor

position, O , therefore, three-phase PM flux linkages,ww , Wmy, Wmy and ymy have been proved and
given in [21]:

Vou =¥m COS(pgr) (1)

2
Viw = [ ¥Ymv =V COS(DG, _?)

2
Vi =Vn €0S(D0, + )

where /|, is the magnitude of the fundamental component, Pis the number of rotor pole while , is rotor

position.
The armature inductances for 24S-14P PMFSM, based on 2D-FEA: Self-inductance results for the
three-phase are given as

L, =L,-L,cos(p0,) 2

Lo =L, = Lcosp 0, + 20

Luw =L, Lycosp 0, - 25)

where L is the component of self- inductance and Lm is the magnitude of fundamental piece while

mutual-inductances are expressed as:

M, =M, =M, ~M, o5, ~1) 3)
M,, =M,, =M, ~M,,cos(ph,)

My, =My, =M, ~M,cos(p0, + =)

where M is the component of mutual inductance and M, is the magnitude of fundamental component part

The components of transformation from stator to synchronous reference frame, the direct axis and
quadrature axis of the proposed PMFSM are classified in Figure 4. The rotor position, quadrature axis is
chosen at the position A1 where the PM flux linkage is at peak level, and the g-axis is anti-clockwise. The
24S-14P PMFSM, displacement between the axes, is 6.4° (mechanical degrees). Furthermore, stator-to flux
alignment based on synchronous rotor frame of reference, the three-phase stator to segmented rotor Park’s
transformation by matrix is given as:

2n 2n
cos 6, cos (8, —7) cos (0, +?) (4)
Pz% —sin@, —sin (6’6—2?”) —sin (6’c+27ﬂ)

! 1 1

2 2 2

where 0. is the rotor position between the coil Al and the direct axis p0, in Figure 4.

More so, combining (1) and (4), PM flux linkages in the rotor reference frame is as transformed:

y/md = l//m
(%)
L”mq =0 }
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the (4) shows the transformed d-axis PM flux linkage is identical and also the linkage in g-axis is zero (0).
Obviously, the transformed three-phase inductance component in rotor frame is given as stated in (1.5):

L,=L,-M, -1.5L,
L,=L,—-M,+1.5L,
_Lo = qu = qu =Ly :0_
[L,-M,=05(L,+L,)]

L,-L,
m :f

(6)

(M

L

where Ly, L, L, L, L qare inductance components transformed in rotor reference frame.

therefore, the sum of d-axis and g-axis flux linkages expression confirm the equation stated:

vy =Ly =y, +(@L, -M,-L5L )i, ®)
v, =L, =(L,-M_ ~1.5L )i,

v, :%7@% +R i, =—poLi, +Ri, O]

TUaq

V,= a;ltq O, =p,0V, +p,0 L4, + R,

where Re is the reactance of the coil and Pr is the rotor pole number
more so, frequency of inverter is linked to the speed of rotor, is expressed as

0, =po, (10)
. T.. .
the electromagnetic torque, ~°™ is given as
T = 1.5p Wi, + (L =L, | (11)

therefore, (11) shows that electromagnetic torque of magnetic field of rotor permanent magnet and stator
permanent magnet is the same.

2.2. Motor design parameters and specifications

Design of the proposed and optimized PMFSM_model, was conducted using JIMAG Geometry
Editor. The motor parts and materials which are rotor, stator, armature coil and PM were designed and setting
of the materials, conditions, circuit mesh setting are developed in the Designer. The material for the rotor and
stator is electrical steel 35H210 and the PM is Neomax-35AH. The electrical restrictions related with the
input voltage and DC inverter are restricted. Radius of motor, stack length, and shaft radius respectively are
139.7mm, 100mm and 30mm. The motor design employed the commercial 2D-FEA package. The PM
consideration of locating on the tip of the stator teeth provides the following advantages which include
permission of extending the span of PM at the tip and further protects it from the heat source proximity.
Meanwhile, material of PM has the residual flux density and coercive force at 20°C are 1.2T and 932kA/m.
More so, the external rotor shaft is aluminum employed as an external envelop to secure the segmented rotor.
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Figure 4: Cross-sections of optimized 24S-14P SegOR- PMFSM and considerations of d-axis and g-axis

2.3. Rotor pole length, segment span and rotor width

Among the sensitive design parameters on the part of rotor include, rotor length, segment span and
rotor width respectively for torque enhancement. In the improved design Figure 4, rotor segment length has
been optimised from intial value of 20.5 cm to 12.5 mm, segment span is 20 degrees and rotor width is
26.5mm. Meanwhile, optimizing rotor parameters provided much gains in the generation of high torque as in
Figure 5 (a), Figure 5 (b) and Figure 5 (c) respectively. Similarly, Stator pole arc width of the motor is also a
sensitive part that influences magnet appropriate dimension and lamination size hence, the high performance
of the motor. The impact of the stator pole arc on the performance is estimated by the finite element analysis
and the stator width not placed with PM is now optimized resulting to maximum torque of 470 Nm. Figure 5
(d) shows the plot of torque against stator pole width yielding the highest output torque of the motor.
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Figure 5. Effects of parameter optimization on torque on the optimized motor
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3. RESULTS AND ANALYSIS

This section, reports the 2D-FEA simulation results of the optimised motor in terms of cogging
torque, torque against current density, average torque and, torque and power against speed in the following
subsections:

3.1. Motor’s performance under no-load condition

The optimized PMFS motor of 279.4mm in size and utilizing PM 1 kg has been investigated under
no-load condition to ascertain its level of performance. These include cogging torque, induced back-EMF,
space harmonics and average torque which is expected to sustain acceleration. Figure 6 (a) presents the motor
cogging torque between the improved and the optimized design in which optimised is lower than initial, with
gain sto operate in safe region. In FSM, cogging torque is due to the interaction between the permanent
magnets on the stator with stator slots winding and rotating rotor which causes vibration in motors.
Meanwhile, the normal quantity for safe motor operation is 10% of the output torque [5, 15]. Looking at the
plot, optimized design achieved cogging torque lower than the improved design making it more favourable to
operate safely. Furthermore, the stator pole width had reduced harmonics order when it was increased from
Smm to 18mm thus, reducing the cogging torque from 25 Nm peak to peak to 20 Nm peak to peak. The
motor’s simulated cogging torque is presented in
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Figure 6. Motor’s performance characteristics under no-load condition,
(a) cogging torque characteristics, (b) induced back-emf comparison, (¢) magnitude order of harmonics with
stator pole width

Figure 6 (a). Similarly, plot of the induced EMF is presented in Figure 6 (b) in which the optimized
structure is seen to achieve pure sinusoidal waveform though, possessing voltage of 480V. The improved
design achieved almost 400V but was laced with distortion which is not favorable for motor smooth
operation [22]. Figure 6 (c) illustrates the plot of harmonics order comparison of improved and optimized
design. The plot depicts favourable harmonic reduction outcome from design optimisation in the 5th and 7th
order respectively.
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3.2. Motor’s performance under load condition

The torque versus current density Ja A/mm? characteristics of the motor, was conducted at different
current values densities, Ja 5 A/mm? to Ja 30A/mm? respectively as shown in Figure 7 (a). In the plot, output
torque is seen to rise linearly at low current values but did not continue at high current density presenting that
torque generation is not proportional to armature current density due to flux leakage. Therefore, optimized
motor achieved torque of 470Nm which is obtained at J, 30A/mm?. Meanwhile, the torque versus speed
characteristics curve is presented in Figure 7 (b) in which at the base speed of 898.45 rev/min, the maximum
torque is 470 Nm at constant torque load and motor’s speed will begin to decrease if operated beyond the
base speed. Furthermore, the plot of output torque and power versus speed characteristics is presented in
Figure 7 (c). Power performance shows that at base speed and maximum torque, maximum output power is
45kW at constant torque load but it dropped low and remained constant throughout the entire speed region.
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Figure 7. Motor’s performance characteristics under load condition,
(a) torque versus armature current density, (b) torque versus speed of optimized design,
(c) plot of average torque and power versus speed of optimised design

4. CONCLUSION

Permanent magnet motor technology for high torque as viable solution for clean vehicle propulsion
drive has been presented with clear cut of its advantages. It consists of unconventional 14 segmented rotor
poles having an external rotor shaft to secure retainment for speed operation. The JMAG Tool Solver is
utilized for 2D finite element analysis to investigate motor’s performances in terms of cogging torque,
induced EMF and average output torque. The optimized design has a reduced cogging torque to operate in a
safe region, induced EMF has a smooth sinusoidal waveform, though with higher value which is common
with every permanent magnet motor. High torque is crucially significant as inertia overcomer and
acceleration sustainer. From simulation analysis, the optimised motor achieved average torque of 470Nm
with power of 45kW at the speed of 898 rev/min. Therefore, the proposed PMFSM in segmented rotor, has
proven to be reliable for in-wheel application providing excellent performance better than PMSM, which
achieved 110Nm and 6 kW.
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