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Abstract

Permanent magnet flux switching machines (PMFSMs) in which their torque performance produced by interaction between armature
coils and permanent magnet (PM) have been widely designed for various applications. In this regard, single-phase 8Slots-12Poles
PMFSM with single tooth stator is considered the most suitable candidate for light weight applications because of their advantages of
lower copper loss, high efficiency and robust rotor. However, issues of low torque performance due to weak flux linkage, high of PM
volume, and high distortion in back-emf that need to be improved. In this paper, a new design of single-phase PMFSM using multi-tooth
stator is proposed. Both PMFSMs have been designed using JMAG Designer version 15 and analysed through 2D-FEA. Parameters of
stator outer radius, rotor outer radius, air gap, and stack length are set to 37.5mm, 22mm, 0.25mm, and 20.3mm, respectively. Based on
the 2D-FEA, PM flux linkage and torque performances of the PMFSM using multi-tooth are 5 times and 38% higher than PMFSM using
single-tooth. As a conclusion, single-phase 4Slot-12Poles PMFSM using multi-tooth stator considered as the best candidate for light
weight applications due to the less PM volume, and good performances of toque, power and based speed of 1.44Nm, 219W, 1,062rpm,
respectively.
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1. Introduction Other examples of electric motors used for electric bicycles are
Multi-Flux Permanent Magnet (MFPM), and Switch Reluctance
Motor (SRM) [8]-[9]. Nevertheless, problems such as low torque,
low power, constraint of rare earth permanent magnet, and high
noise have led many studies to find a new technology in improv-
ing the performance of electric motors.

Hybrid electric vehicles (HEV), using combination of an internal
combustion engine (ICE) and one or more electric traction motors,
are widely considered as the most promising green vehicles. As
viable candidates of electric machines for HEV drives, there are
several types of electric machines that synonym with HEV such as
DC machines, and permanent magnet synchronous machines
(PMSMs). DC machines should be widely accepted for electric
vehicles (EV) and HEV drives because they can use a battery as a
DC-supply as it is and have an advantage of simple control princi- ;‘
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On the other hand, PMSMs, in particular Interior Permanent Mag-
net Synchronous Motors (IPMSMs) have had no commutator and
brush and therefore, they have been most capable of competing

with other motors for the electric propulsion of HEVs. IPMSMs \ /
have had many advantages in terms of lighter weight, smaller size, Rotor
high torque and power densities, high efficiency and high reliabil-
ity. One of examples of successfully developed IPMSM has been
installed on LEXUS RX400h in 2005 [3]. This has been able to be
proved by the historical progress in the power density of main
traction motor installed on Toyota HEVs [4].

Besides, PMSMs and DC machines have also been used as a
prime mover for light weight applications that require low torque
and high speed performances such as electric bicycles [5]-[6]. The
use of electric bicycles has been increasing in recent years due to
their lower energy consumption and environmental friendly [7].
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Fig. 1: Working principle of PMFSM
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Therefore, as one of the effective approaches to increase the motor
torque and power densities, permanent magnet flux switching
machines (PMFSMs) is introduced. The working principle of the
PMFSM s illustrated in Fig. 1. From the figure, the red arrows
indicate the flux line of PM. The rotor pole aligns with one of two
stator teeth over which a coil is wound. Then the permanent mag-
net (PM) flux linked in the coil stream from the stator and into the
rotor pole. When the rotor moves forward to align with another
stator tooth belonging to the same coil winding, the flux stream of
the rotor pole and into the stator tooth. Thus, as the rotor moves,
the flux linkage in the windings will change periodically [10]-[11].
In the previous design, a single-phase 8 Slots — 12 Poles (8S-12P)
has been designed based on conventional inner rotor PMFSM
using single tooth stator and salient rotor structure (PMFSM sin-
gle-tooth) as shown in Fig. 2. Parameters of stator outer diameter,
rotor outer diameter, stack length, and air gap are set to 75 mm
and 22 mm, 20.3 mm and 0.25 mm, respectively. The 8S-12P
PMFSM consists 8 pieces of Neomax-35AH PM. These PM have
been placed between in each armature coil windings and the
weight of all PM is approximately 80g. In terms of performance, it
can be concluded that the single phase 8S-12P PMFSM has been
achieved the torque and power capabilities of 1.04 Nm and 674 W,
respectively [12]. However, the single-phase 8S-12P PMFSM
with single tooth stator structure can be improved due to low
torque performance, high PM usage, and high back-emf distortion.
In this research, a new single-phase PMFSM using multi-tooth
stator structure is proposed. The proposed motor consists of 4 slots
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Fig. 2: The conventional PMFSM design using single tooth rotor.
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for copper windings, 4 multi-tooth stator, 12 rotor poles and, 4
pieces of PM. 2D finite element analysis (2D-FEA) through
JMAG Designer version 15 is used to analyse the flux linkage,
flux distribution, flux line, back-emf, torque capability, and
torque-power versus speed characteristics of the proposed motor.

2. Design Restrictions and Specifications of
The Proposed PMFSM

The machine configurations of single-phase 4S-12P PMFSM us-
ing multi-tooth stator (PMFSM multi-tooth) is demonstrated in
Fig. 3. From the figure, the armature coil windings are placed in
between of PM, and alternate configuration. Each stator tooth has
divided into 4 teeth. Table 1 shows the design specifications and
parameters for the proposed machines. The split ratio of rotor
outer diameter and stator outer diameter is set to 59% as standard
motor design requirement. While, parameters of stator inner radius,
air gap, stack length, and shaft radius are set to 22.25 mm, 0.25
mm, 20.3 mm, and 7.5 mm, respectively. Four pieces of PM with
weight of 10.2 g is 8 times lighter than conventional PMFSM with
single tooth stator. In short, equal stator back inner and stator pole

Table 1: Design restrictions, specifications and dimensions of the
proposed 4S-12P PMFSM using multi-tooth stator

Items Dimensions
Number of phase 1
No. of slots 4
No. of poles 12
Stator inner radius (mm) 22.25
Stator outer radius (mm) 37.5
Rotor outer radius (mm) 22
Rotor inner radius (mm) 75
Rotor tooth width (mm) 4
Stator pole height (mm) 15.25
Air gap (mm) 0.25
Stack length (mm) 20.3
Shaft radius (mm) 25
Magnet material Neomax-35AH
Magnet mass (g) 10.2
Speed (rpm) 500
Armature current density, Ja(Arms/mm?) 10
Maximum current (A) 3.54
Number of turns armature coil 240
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Fig. 3: Structure of the proposed PMFSM using multi-tooth

widths are is predictable to allow flux stream from stator to rotor
and vice versa smoothly with equal magnetic flux distribution.
Design methodology of the proposed PMFSM using multi-tooth
stator have three main sections in the implementation of this study:
Geometry editor, IMAG designer and 2D-FEA testing. The Geo-
metric editor and JIMAG designer sections are the process of de-
signing each motor structure and the internal setup of the proposed
motors, respectively. Finally, the result performances of flux link-
age, flux distribution, flux line, back-emf, various torque capabil-
ity, and torque-power versus speed characteristics that have been
investigated are analysed are presented.

3. 2D-FEA Performances of PMFSM using
multi-tooth stator

3.1 Flux linkages
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Fig. 4: Flux linkages of PMFSM using multi-tooth stator
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Fig. 4 shows flux linkages of the proposed PMFSM using multi-
tooth stator. Flux profile has been plotted in two conditions, ini-
tially when PM only and secondly, when Ja is set to a maximum
of 10 Ams/mm? without PM. Clearly, Ja flux linkage of 0.285 Wh
is approximately 3 times higher than PM flux linkage. This clarify
that the flux linkage generated from PM is moved around the sta-
tor and rotor before arriving at armature coil winding.

Besides, PM flux linkage lead 90° of Ja flux linkage, ensure the
proposed motor is working based on standard operating principle
of single-phase motor. However, the flux linkage of Ja only show
unbalance between positive and negative cycles due to the flux

leakage occurs between rotor and stator as illustrated in Fig. 5. Fig.
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Fig. 5: Flux distributions of PMFSM multi-tooth
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Fig. 6: Comparison of PM Flux linkage between PMFSM multi-tooth
and PMFSM single-tooth.

5(a) shows the rotor at a 90° electric cycle, and flux leakage that
has been occurred as marked in red cycle is due to the limited flux
path between the rotor and the stator. Compared to flux linkage
when rotor reach at 270° electric cycle as illustrated in Fig. 5(b),
the flux path is wider, and it has facilitated flux flows, hence re-
ducing the probability of flux leakage. In addition, PM flux link-
age of 0.086 Wb has produced from the PMFSM multi-tooth is 5
times higher than PMFSM single-tooth design as illustrated in Fig
6. This proves that the multi-tooth structure has facilitated flux
stream from stator to rotor and vice versa, thus strengthening the
flux linkage to form a complete cycle.

3.2 Flux Line

Fig. 7 shows the magnetic flux line generated by PM 90° and 180°
electric cycles. Fig. 7 (a) illustrates the flux line when the rotor at
90° electric cycle. Obviously, the flux has flowed between a set of
stator tooth and two rotor teeth, and flux attraction between rotor
and stator at this point is zero. While, the highest flux attraction
was recorded when the rotor at 180° electric cycles as demonstrat-
ed in Fig. 7 (b). From the figure, a complete cycle of flux has been
generated through 2 sets of stator teeth and 2 rotor teeth and pro-
duces a high flux attraction.

The flux line formed by maximum Ja of 10 Amms/mm? of the pro-
posed PMFSM multi-tooth is illustrated in Fig. 8. Fig. 8 (a) shows
the flux line when the rotor at 90° electric cycle. From the diagram,
a complete cycle of flux has been linked between 2 sets of stator
teeth and 2 rotor teeth. Additionally, there is an auxiliary flux
cycle with shorter flux path in the center of the main flux cycle,
thus increasing the strength of flux linkage. Fig. 8(b) shows flux
line when rotor at 180° electric cycle. From the figure, the flux
linkage is zero because of flux does not legitimately flow from
stator to rotor and vice versa to form a complete cycle of flux. In
short, the flux line analyses have been proved the highest flux
linkages of PM and Ja are achieved at 180° and 90°, respectively
as discussed in sub-topic 3.1.

(a) 90 degrees
Fig. 7: Flux line of PM
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Fig. 8: Flux line of armature current density, J,

3.4 Back-emf Profile
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Fig. 9 shows comparison of back-emf profile between the pro-
posed PMFSM multi-tooth and PMFSM single-tooth. From the
figure, the highest back-emf of 57.8 V and 11.8 V have been rec-
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Fig. 9: Back-emf of PMFSM multi-tooth and PMFSM single-tooth.
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Fig. 11: Torque at various armature current densities, J, of PMFSM
multi-tooth and PMFSM single-tooth.
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Fig. 12: Torque and power versus speed characteristics of PMFSM
multi-tooth.

orded from PMFSM multi-tooth and PMFSM single-tooth, respec-
tively. The back-emf of PMFSM single-tooth has been produced 5
times lower compared to the PMFSM multi-tooth due to the less
PM flux linkage. Though back-emf of PMFSM multi-tooth is
higher than PMFSM single-tooth, total harmonic distortion (THD)
of PMFSM multi-tooth has a much lower than PMFSM single-
tooth as shown in Fig. 10. Obviously, all THDs of PMFSM multi-
tooth harmonic is below than 3%, only 7" harmonic indicates
THD exceeds of 2%, and other harmonics have been recorded
THD below 1.53%.

3.5 Torque at VVarious Ja

Torque capabilities of PMFSM multi-tooth and PMFSM single-
tooth at various Ja are plotted in Fig. 11. Obviously, the torque
increases parallelly with increase of Ja. At maximum Ja of 10
Arms/mm?, the PMFSM multi-tooth design has produced torque of
1.44 Nm, 38% higher than PMFSM single-tooth design. It has
proven that torque performance of PMFSM multi-tooth has been
improved and suitable for light weight applications such as elec-
tric bicycles. From this analysis, it can be summarized that the
higher flux linkage produced by multi-tooth stator structure has
increased the flux strength, hence producing high torque.

3.6 Torque-Power Versus Speed Characteristics

The torque-power versus speed characteristics of the proposed
PMFSM multi-tooth is demonstrated in Fig. 12. The investigation
has been performed by diversifying Ja from 0 to 10 Arms/mm? and
varying armature current phase angle from 0° to 80°. Clearly, the
highest torque of 1.44 Nm is obtained under based speed and
power of 1,062 rpm and 160 W, respectively. While, the highest
power of 219 W is achieved at speed of 8,000 rpm, and the corre-
sponding torque is 0.26 Nm. Moreover, at the medium speed con-
ditions of 4,000 rpm to 7,000 rpm, the corresponding torque is
approximately 0.3 to 0.5 Nm, and the power capability is in the
range of 210 W to 218 W.

4. Conclusions

A new design of single-phase PMFSM using multi-tooth stator
structure has been presented. The procedure to design the pro-
posed PMFSM multi-tooth has been clearly explained. The per-
formance analyses of flux linkage, flux distribution, flux line,
back-emf, torque capability at various armature current density,
and torque-power versus speed characteristics have been investi-
gated. Based on 2D-FEA, the proposed PMFSM multi-tooth has
high PM flux linkage due to great characteristics of flux line and
flux distribution.

The total weight for four pieces of PM is 10g, 8 times lighter than
PMFSM single-tooth. In addition, harmonic interference to back-
emf is also lower, in which all THDs are below 3%. As a conclu-
sion, the proposed PMFSM using multi-tooth stator structure is
considered as the best candidate for light weight applications due
to the high initial performances of torque, power and based speed
of 1.44 Nm, 219 W and 1,062 rpm, respectively.
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