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ABSTRACT

Electric motor powered by electricity for electric vehicle
propulsion is a reliable component now that manufacturing
of combustion engine remains complicated and fossil oil, it
uses is expensive and getting depleted. This paper presents
and analyses a three-phase permanent magnet segmented
outer rotor switched flux brushless A.C motor in terms of
electromagnetic performances which includes phase flux
linkage, cogging torque, induced EMF waveforms, torque-
current characteristics and electromagnetic torque for high
torque applications. The proposed outer rotor motor consists
of 24/10 stator-rotor segments and embracing four set of
armature windings with alternate magnet in radial direction.
The performance is predicted by 2-D FEA using JMAG
Software version 14. Compared with conventional
synchronous permanent magnet synchronous motor and
hybrid excitation switched flux motor, the proposed motor
exhibited high peak magnetic flux linkage, low cogging
torque and higher average torque capable of sustaining
acceleration for long distance travels. However, it is likely to
saturate as the current is increased due to higher armature
current, thus will require high magnetic loading for torque
capability higher than the conventional machines.

Keywords: Electric vehicle; switched flux motor; segmented
rotor; outer rotor; PM excitation.

1. INTRODUCTION

Currently, automobile industries are embracing a world-
wide competitive market due to demand of vehicles
independent of combustion engine for propulsion as
economic imperative is becoming full of challenges (Ahmad
et al. 2012, Byeong-Mun et al. 2010). However, suitable
electric motors demand the following performance
characteristics; low costs, high reliability, long life cycle,
low acoustic noise, high average torque, constant power
during entire speed operation, integrated protection
functions and high efficiency (Chen et al. 2010, Enwelum et
al. 2018, Fei et al. 2009). As a result of these qualities,
automotive motors are undergoing a transition from
permanent magnet brushless dc motors and possibly other
types of advanced alternating current motors (Galea et al.
2012, Hoang et al. 1997, Hwang et al. 2006). Obviously,
permanent magnet machines have been used in electric

vehicle technology and performance has greatly improved in
less heat loss, less use of energy, increased precision and
torque effectiveness for various applications (Jin et al. 2009,
Kun et al. 2018).

Switched Flux Machine (SFM) is a stator permanent
machine whose rotor is passive as all active materials are
contained in the stator only. Based on the flux switching,
the stator tooth flux switches its polarity by following the
motion of rotor, it operates with double frequency. SFM has
three internal excitation kinds such as; current carrying coil
excitation (WFSFM), permanent magnet (PMSFM) and
combination of the two, called hybrid (HESFM). The
maiden SFM was developed by combining the structures of
Switched Reluctance Machine (SRM) and Permanent
Magnet Synchronous Machine (SPMSM) was designed and
developed in the mid-1950s as a single-phase flux switched
flux switched alternator (Rauch et al. 1955, Shen et al. 2013,
Faisal et al. 2016, Mahyuzie et al. 2016).

SFM is a doubly salient pole machine for various
applications. Both WFSFM and HESFM require external
circuit connections and have inherit high winding loss but
PMSFM eliminates external circuit connections (Wang et al.
2010, Wei et al. 2009, Raminosoa et al. 2011). As a result,
PMSFM has attracted so much interest due to its advantages
of loss-free excitation and elimination of external circuit
connection, because it records less copper loss. PMSFM has
various factors including advances in magnetic material, and
computer aided design tools (Fei et al. 2009, Enwelum and
Erwan, 2017).

With PM being the natural source of flux, various topologies
have been designed for numerous allied purposes namely;
automotive and aerospace. Meanwhile, all these designs
have inner rotor structure for out-wheel applications
(Ahmad et al. 2012). Already, outer rotor PMSFM motor
had been proposed for in-wheel application (Fei et al. 2009).

Meanwhile, all the designs mentioned above have been in
salient rotor pole (Zulu et al. 2010). Figure 1 illustrates
conventional SFMs is outer salient rotor. In Figure 1 (a), the
conventional PMSFM consists of partitioned stator
segments with PM sandwiched between stator teeth. It has



complex structure and embracing all stator teeth winding,
utilized high copper conductor. However, HESFM, has
complex stator structure and embracing overlapping
winding which leads to high material usage and resulting in
high copper loss. Furthermore, it also requires a secondary
excitation source [Ahmad et al. 2010).

In order to overcome high iron and copper losses associated
with the conventional SFMs, this paper, has presented
PMSFM using unconventional rotor segment (Enwelum and
Erwan, 2017). A research that had been carried out showed
using segmented rotor generated high torque (Mecrow and
Zulu et al. 2010). The use of segmented rotor in flux
switching mechanism has the benefit of operating with a
bipolar flux in the magnetic circuit as bipolar flux linkage is
achieved by the rotor from the armature winding (Zulu et al.
2010).
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Figure 1 Conventional SFMs in outer rotor
(a)PMSFM (b) HESFM

2. METHODOLOGY AND ANALYSIS

The design specifications, parameter restrictions and
electrical supply are summarized in (Enwelum and Erwan,
2017). Accordingly, specifications of the proposed motor in
outer rotor structure have been chosen based on the surface
permanent magnet synchronous motor (SPMSM) installed
in eclimo electric scooter Model ES 11, with torque and
power performances of 1Z10Nm and 6000W. The dimensions
are kept fixed as conventional, except that PM weight is
reduced from 1.2kg to 1.0kg. Furthermore, external rotor
shaft was utilized to retain the segments in order to be used
for speed operation. Therefore, target torque and power are
352Nm and 36kW, far higher than conventional motor.
Figure 2 illustrates the PMSFM under consideration in
which the magnet flux and coil are in parallel and the
variation of flux density in the magnets is rather very small.
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Figure 2 Cross-sections of proposed 24/10 stator-rotor
segmented outer rotor PMSFM

Meanwhile, due to variation of flux density in the magnets,
stator permanent magnets could be expressed as the
equivalent magnetomotive force, MMF such that

B
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where hpm and |pm are the permanent magnet dimensions,

and B, is the remanence, this is the magnetization left

behind in the stator core after external magnetic field has
been removed.

In the same pattern, each stator slot experienced the net
MMF F; and is given by:
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where |, and |, are phase currents, N, is the number of
turns per coil.

2.1 Cogging Torque Analysis

Cogging torque which is not desirable for machine operation
arises from the interaction between the magnet in the stator
and winding with the rotor. In the segmented rotor motor
understudy, its cogging torque can be calculated based on
energy method:
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where 0 is rotor’s angular position, W is the motor magnetic
energy as in (Wei et al.2012).
Thus,
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where B is magnetic flux density in all parts of motor
including iron, pLis the permeability.

Meanwhile, the air-gap field distribution can be predicted
from the product of air-gap flux density and air-gap relative
permeance as in (Zhu et al. 2009),

B =G(c,2)B(c,0) (6)
where G(o,z) is air-gap relative permeance and B(c,0)
is air-gap flux density. Therefore, (5) can be expressed as in
(Sang-Moon et al. 2001):
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where L, is permeability of air, R, R, are outer radius

rp?
of rotor and inner radius stator, G is angle along the

circumference and | is the effective stack length of
motor.

2.2 Modelling of Motor

The proposed three-phase segmented rotor PMSFM shown
under d-g axes consideration in figure 3 is modelled in terms
of flux linkage which changes with rotor position, three-

phase PM flux linkages uvw, ymy,» wmy andymy are
given as in (Hongyun et al. 2008)

Vo =W COS(PO,)
Vv =W COS( per _1200)
Vo = W, COS(PO, +120°)

"V uvw = (8)

where  _is the magnitude of the fundamental component,

p is the number of rotor pole while 6, is rotor position.
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The armature inductances for 24/10 stator- rotor PMSFM,
based on 2D-FEA: Self-inductance results for the 3® are
given as:

L,=L,-L,cos(ps,)
L., =L, —L,cos(po, +120°)
L., =L, —L,cos(pb, —120°)
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where L is the component of self- inductance and L is

the magnitude of fundamental part
inductances are expressed as:

while mutual-

M, =M, =M, — M, cos(pd, —120°)
M., =M,, =M, — M cos(pb,)
M,., =M, =M, =M cos(pb, +120°)

(10)

where M, is the component of mutual inductance and

M, is the magnitude of fundamental part.

The components of transformation from stator to
synchronous reference frame, the d- axis and g-axis of
PMSFM understudy are classified in figure 3.

The rotor position, quadrature axis is chosen at the position
Al where the PM flux linkage is at peak level, and the g-
axis is counter-clockwise. The 24/10 stator-rotor PMSFM,
displacement between the axes, is 9° (mechanical degrees).
Furthermore, stator to flux orientation based on synchronous
rotor frame of reference, the three-phase stator to rotor
Park’s transformation by matrix is given in (11):
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where O is the rotor position between the coil Al and the
direct axis PO, .

More so, combining (8) and (10), PM flux linkages in the
rotor reference frame is transformed as:

Wmd = \Vm

Wing =0
Equation (12) depicts that the transformed d-axis PM flux
linkage are equal and also the linkage in g-axis is zero (0).

Obviously, transformed three-phase inductance component
in rotor frame is given as stated in (13):

(12)
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where L, L. L,Ly,Lyare inductance components

transformed in rotor reference frame.

Therefore, sum of d-axis and g-axis flux linkages expression
confirm the equation stated:
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Furthermore, the d-axis and g-axis voltage equations are
expressed, is obtained as:
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where R is the reactance of the winding coil and P, is the
rotor pole number.

More so, frequency of inverter is linked to rotor’s speed,
thus, given as
O, =Ppo, (17
where , is the frequency of inverter and @, is rotor’s

speed

The electromagnetic torque T, is derived expressly as
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Figure 3 Considerations of d and g axes of motor

3. RESULTS AND DISSCUSSION

3.1 Open-Circuit Field Distribution

The field distribution of proposed outer rotor motor under
no-load condition is shown in figure 4 in which flux linking
coil Al varies from medium to maximum in the first
quadrant as rotor rotates and to zero and this changes
polarity and magnitude at the fourth quadrant as in figure
4(a) to (b). Meanwhile, maximum flux linkage is determined
by the proportion in the magnetic circuit with respect to the
axis of coil in reference, as the segmented rotor is aligned
with stator tooth on the side of magnet as in Figure 4(a).
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Figure 4 Open circuit field distribution at minimum and
maximum flux linkage with coil phase Al
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3.2 Flux Linkage and Induced EMF

Figure 5 presents proposed PMSFM using unconventional
rotor segment for in-wheel application whose flux linkage
and induced EMF are depicted with coil phase Al.
Meanwhile, segmented rotor pole structure using permanent
magnet excitation permits the use of alternate tooth winding,
utilizing less copper material, enables short flux path, these



result in high flux linkage and yielding to higher torque [2].
Various other advantages include improvement of slot area
where electric loading is fixed. More importantly,
segmented rotor motors are capable of fault tolerant, a
property to remain working in case of system fault. The
presence of harmonics resulted from design disorder which
will be improved during optimisation.
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Figure 5 Flux linkage and induced EMF waveforms of
proposed PMSFM at phase coil Al

3.3 Torque and Current Characteristics of PMSFM

The torque generated by current fed into motor understudy
has been analysed using JMAG simulation tool version 14
and the result is presented in figure 6. The maximum current
density is Ja 30 A/mm2. As seen, it is clear that PMSFM
exhibited higher increase in torque output at low current
density compared to increased current value. However, it is
obvious that proposed motor increases torque generation
with increase in current density, though it is not linear from
Ja 15 A/mm2
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3.4 Torque and Power Characteristics of PMSFM

Figure 7 illustrates motor’s torque and power characteristics
performance under load condition. From the plot, it is seen
that power profile is constant throughout torque regions.
Meanwhile, maximum torque of the proposed PMSFM is
352Nm and power out of 36kW. This performance shows
that proposed motor is high torque, low speed and constant
power application.
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Figure 6 Torque and current density of Performance of
PMSFM
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4. CONCLUSION

This paper has designed and presented permanent magnet
switched flux motor employing segmented rotor suitable for
in-wheel and fuel independent wvehicle application.
Combustion engine in which fossil oil must be fired in its
chamber has been expensive in addition to manufacturing
complexities. Moreover, fossil oil is getting depleted, the
urgent need for transition. The motor consisted 24/10 stator-
rotor segmented and having an external rotor shaft for
retainment. The 2-D FEA was by JMAG Designer tool to
investigate performances in terms of cogging torque
analysis, induced EMF and output torque. Result of motor
performance achieved higher torque value for heavy weight
applications. High torque is crucially significance as inertia
overcomer and acceleration sustainer projected it as viable
candidate for electric vehicles powered by stored electricity.
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