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ABSTRACT

Flux switching machine (FSM) offer advantages such as
high torque density, high speed capability, ease of control,
low vibration and low acoustic noise compared to competing
machine. However, this machine produce high cogging
torque, high leakage current and complexity in flux
weakening capability design. Many researches focus on
tackling these limitations but there is limited review dedicate
on the design variation. This paper attempts to review the
latest design variation in Permanent Magnet Flux Switching
Machine (PMFSM). The review includes slot-rotor pole
study, stator structure, rotor structure and special structure
with different approach to reduce drawback in PMFSM. This
literature review’s motivation was to identify areas where the
PMFSM need more focus and apply method employ in one
structure to another structure to increase the performance of
PMFSM. Based on the literature review, 65% of PMFSM
design was focus on inner rotor structure while partitioned
stator were the least at 11%.

Keywords: Flux switching machine, machine design, torque
density, torque constant, finite element, electromagnetics

1.INTRODUCTION

Flux switching machine (FSM) offer advantages such as
high torque density, high speed capability, ease of control,
low vibration and low acoustic noise compared to competing
machine.FSM is not only capable of delivering mechanical
rotation but also can be used as auxiliary power unit or wind
generator [1]-[3].Motor that excites on the stator could be
the next candidate for electrical vehicle propulsion because it
has no active part on the rotor. A comparison between three-
phase Double Salient Permanent Magnet Motor (DPSM) and
Flux Switching Motor (FSM) yield an advantage towards
FSM notably in the phase flux-linkage [4]. FSM is a
combination of the switched reluctance motor and the
inductor alternator. The first PMFSM motor was introduced
in[5] in 1999. The motivation of this invention is to
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introduce simplicity in motor design and power electronics
controller. Besides that, it has the ability to achieve high
torque density, flux weakening capability and simple thermal
management[6]. In later study [7], due to rapid design
evolution in automotive industry, mechanically driven
auxiliaries were being substituted by electrically driven
equipment for example water pumps, steering system,
heating, ventilation and air- conditioning. Brushless dc
motor, induction motor and switched reluctance motor were
chosen but it comes with a relatively costly power electronic
motor drive. Numerous new FSM machine topologies have
been developed over the last decade [8], [9]. This machine
provides essentially sinusoidal back-EMF and high torque at
low speed. Furthermore, it can be used successfully in harsh
operating environments, such as aerospace, automotive,
marine and wind energy applications[10], [11] parallel to the
advancement in energy storage[12], [13]. Many study has
categorized this machine into three main classes[14]-[18]
based on its excitation source. Permanent magnet flux
switching machine (PMFSM), Field Excitation Machine
(FEFSM) or Wound Field and Hybrid excitation
machine(HEFSM). As the name suggest, the constant field
for PMSM is coming from permanent magnet for PMSM,
direct current for FEFSM and the combination of both source
to create the constant field for HEFSM. This paper attempts
to review the latest design variation in Permanent Magnet
Flux Switching Machine (PMFSM). The review includes
slot-rotor pole study, stator structure, rotor structure and
special structure with different approach to reduce drawback
in PMFSM. This literature review motivation was to identify
areas where the PMFSM need more focus and apply method
employ in one structure to another structure to increase the
performance of PMFSM.

2. PERMANENT MAGNET FLUX SWITCHING MACHINE

2.1 Significance of PMFSM

PMFSM is the most studied machine in FSM family mainly
because the inclusion of magnet as the field source increases
the motor overall efficiency. In general, the performance of



any motor with permanent magnet are better because of the
reduced volume of winding and its losses. Furthermore, 3mm
thick piece of Neodymium Iron Boron (NdFeB) magnets
produce magnetic field multiple times higher than similar
coil size carrying 10A/mm density [19]. The PMFSM is very
similar to the flux reversal machine (FRM or doubly salient
permanent magnet (DSPM)[20]-[24]. Based on the
comparison between PMFSM and Interior Permanent
Magnet machine (IPM) [25], PMFSM has slightly higher
torque capability and better flux-weakening capability, when
different ratios between stator inner and outer radius are
considered. In another study [26], it was shown, that due to
the reduced permanent magnet volume, the torque capability
and the power capability of the HEFSM decrease, compared
to the PMFSM. If the HEFSM is equipped with rare earth
magnets, flux strengthening is difficult because of the
saturated flux in the iron. To weaken the flux by means of
the excitation winding shows less advantages compared to
the conventional method, especially because the complexity
of the motor increases due to the additional excitation
winding, while the power capability decreases compared to
the PMFSM Figure 1 illustrate the rectilinear view of flux
path in stator -rotor of PMFSM [27].
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Figure 1:Flux path in stator -rotor of PMFSM.

2.2 Stator slot —rotor pole ratio

Analysis of the number combinations of stator slot and rotor
poles of machine designs should be made in enhancing a
machine’s performance. The impact of rotor pole number on
the characteristics of single-phase has been presented
recently [27]. The result of this study shows that 4S-8P
PMFSM structure has registered the highest initial output
torque, which produced 2.47Nm, compared with the other
three designs namely 2S-8P at 1.45Nm, 8S-12P, and 10S-
15P at 1.65Nm and 1.71Nm respectively. Likewise, in
similar study [28], 6S-10P PMFSM straight rotor was
compared with 6S-8P PMFSM with spanned rotor structure.
The result of the study reveals that straight rotor structure
yield a higher magnetizing flux concentration compared to
the spanned rotor structure. Other stator-rotor combination
topologies were also presented in numerous papers [29]-
[32]. Odd number of rotor is interesting because could
achieve higher back-emf and torque capability versus 12S-
10P combination but it has drawback on unbalance magnetic
force [33]. Figure 2 illustrate the example of 4S-8P and 2S-
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8P PMFSM cross-sectional view in stator slot-rotor pole
ratio study.

Stator

Figure 2: PMFSM cross-sectional view in stator slot-rotor pole
ratio study (a) 4S-8P (b) 2S-8P.

2.3 Rotor structure

In previous year, there was a trend to use in-wheel motors
for electric vehicles (EVs) because it offers more passenger
space and the possibility of direct wheel control. Outer-rotor
structure for PMFSM was first designed in 2010 [34]. More
outer-rotor structure was studied and its working principle
were validated with finite element software and laboratory
experiment applying different stator slot rotor pole ratio and
sizes [35]-[43]Figure 3 shows the cross sectional view of
outer-rotor structure of PMFSM. Even though this machine
offers interesting features, outer rotor structure may be
difficult to assemble because it requires overhaul of the
wheel system and its control. Furthermore, outer-rotor
bearing circumference is larger than inner-rotor which leads
to larger friction area besides the difficulty of cooling the
inner part of the machine. Meanwhile several topologies
were reported in dual-rotor structure of FSM[44]-[47]. To
date, research is limited to both rotor rotates in the same
direction. A basic dual-rotor structure is similar to inner
PMFSM with additional outer-rotor. In general, dual-rotor
structure improves the PM utilization hence increases its
efficiency. More advance dual-rotor structure employ axial
field where the stator were located between two rotors [48].
Axial field PMFSM contributes to shorter axial length, better
heat dissipation, and higher torque density [49]. A separate
stator may be required to achieve opposite rotation.
However, the drawback of dual-rotor is similar to outer-
rotor. Furthermore, cogging torque of dual-rotor structure is
double as number of rotor interacts with stator field
increases. Some advance researchsuggest the use of double
rotor structure in co-axial magnetic gear application [50]-
[52]. Figure4 illustrates the cross-sectional view of dual-
rotor structure of PMFSM.
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Figure 3: Outer-rotor structure of PMFSM
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Figure 4:Dual-rotor structure of PMFSM

2.4 Stator structure

Partition Stator (PS)-PMFSM or dual-stator machine has
better torque density due to space utilization of two stators
[53]. PM is usually placed at the inner-stator while armature
winding is placed at the outer-stator[54]-[56]. Due to larger
space at the inner-stator, an equivalent flux performance
ferrite magnet can be used to replace rare earth magnet.
However, larger motor size limits its application in small
space not to mention increase in manufacturing cost as well.
Furthermore, stator core losses also will increase in
PSPMFSM. Figure 5 illustrates the cross sectional view of
structure of PSPMFSM.
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Figure 5: Cross-sectional view of dual-stator structure of PMFSM

The advantages of segmental stator specifically as fault
tolerance in stator winding such as line-to-line, line-to-
ground and three phase faults is presented in [57], [58]. The
natural concept of the segmental stator PMFSM are it is
made of discontinued section of stator. The gap with an
angle a is replaced with non-magnetic material. If an electric
fault happened in one of the stator segment, the motor is
expected to continue its operation with lower torque.

2.5 Design extension and customization

In this section, design extension and customization are
reviewed based on its motivation. Segmental rotor proves to
be useful in shorten the flux path [59]. Segmental rotor is
employed to create bipolar flux linkages in the armature
windings and also bipolar flux in the armature tooth for a
single cycle of operation[60]. This rotor design is also
popular in other type of machine [61]-[64]. The angle on the
segment span are set by the minimum separation required to
prevent any appreciable flux crossing to adjacent segments
and the segment pitch, which is based on the number of
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segments employed. Figure 6 illustrates the cross sectional
view of segmental rotor shape (a) 6 pole rotor (b) 8 pole
rotor.

Typically, most electrical machine we have today are
designed and constructed in order to use the circumferential
anisotropic flux distribution including FSM where PM
placement is tangential to the shaft. If PM placement is along
the stator circumference, then the flux pattern will also
change. The combination of both radial and circumferential
flux was explored in[65]-[67]. The study discovers that
permanent magnet placed located around the back iron and
surrounded by a laminated ring frame, could reduce the flux
leakage out of the laminated stator core. As of late, there
have been many advancements in axial flux machine design
[68]-[70]. Axial flux is achieved with double stator or
double rotor arrangement where the flux direction is
perpendicular to the surface of the rotor and stator. All axial
flux studies require 3-D design and analysis which is more
time consuming. Furthermore, as the design become more
complex, the manufacturability may become more difficult.
Figure 7 (a) shows the cross sectional view of the
arrangement of the magnet in radial and circumferential
setup while Figure 7 (b) illustrate 3D image of axial flux of
double stator machine. Unlike the status quo, radial or
circumferential flux path, the flux path of axial flux is one-
dimensional, allowing the use of grain-oriented magnetic
steels for greater efficiency.

Up until this section, the arrangement of the magnet
presented is either placed directly from inner side of the
stator towards the outer side of the stator and placed along
the inner side of stator circumference. Recently, there were
attempt to modified the magnet shape resemble to the letter
“V”. V-shaped PM is introduced for maximizing output
torque and improving magnet utilization. The position of two
PM pieces at inner side of the stator remain the same as the
conventional PMFSM but the PM position at outer side of
the stator is moved closer to shrink low flux density part in
lamination and consequently increase the slot area [71]. For
outer-rotor structure, the V shaped PM is open towards
outside of the machine [72].Likewise, a new stator core
shape called multi-tooth machine was designed. It was
introduced to further improve the average torque of V-
shaped PM. Multi-tooth machine is superior to the V-shaped
counterpart, since it exhibits much higher torque to magnet
ratio, larger average torque, lower inductance, and much
lower UMF, with slight drawback in cogging torque and
unfavourable THD [73]. Radially segmented permanent
magnets PMFSM was presented in [74].

Segmental rotor Segmental rotor

L\

b

Figure 6: Cross-sectional view of segmental rotor shape (a) 6 pole
rotor (b) 8 pole rotor



Mohd Firdaus Mohd Ab Halim et al.,International Journal of Advanced Trends in Computer Science and Engineering, 9(2), March - April 2020, 2422 - 2430

Circumferential
flux PM

Armature
coil

Armature coil

Radial
fhux PM g Stator 1

PM

Rotor pole
Stator 2

(b)

@
Figure 7:(a) Arrangement of the magnet in radial and
circumferential setup (b) Axial flux of double stator machine

The rectangular magnet that is divided into five segment was
found to generate slightly higher torque and higher torque to
magnet volume ratio. In this design, the higher flux density
area near air-gap is placed with smaller PM segment. As the
PM location gets further towards the outer surface, the
bigger PM segment size is proposed. Figure8 illustrates the
V-shape magnet at (a) inner rotor and (b) outer rotor [75].
Figure. 8 (c) shows the cross-sectional view of segmented
magnet. Additionally, FigureQillustrate the multi-toothed
machine.
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Figure8:Cross-sectional view of VV-shaped PM (a) inner-rotor, (b)
outer-rotor, (c) segmented PM
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Figure 9:Cross-sectional view of multi-toothed machine
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Flux Bridges (FB) is a method to minimize the flux leakage
out of the stator especially for C-type stator. Flux bridge on
the stator teeth can be arrange in 6 ways as depicted in [76],
[77]. The results show that C2, C3 and C5 arrangement that
is position further away from the stator teeth yield better
maximum torque than other arrangement. Besides that, FB
is able to mitigate cogging torque and slightly reduce PM
length. However, the average torque of the machine is also
reduce minimally [78]. A mechanically movable flux
adjuster (FA) located on the outside surface of the stator for
all or alternative stator poles can improve the flux weakening
capability but will increase the motor volume[79], [80]. This
method consists of using ferromagnetic pieces located
outside the stator to adjust the PM flux level by partially
short circuiting the PM flux, and FA can be easily moved by
a mechanical system. However, this addition can only apply
for inner-rotor FSM. Unlike inserting the mechanical FA
onto the outer-stator, the PMFSM partitioned stator machine
artfully places the FA within its inner-stator to share the
space with the PM. By doing so, the machine size can be
kept minimized to improve the power and torque densities.
Another design improvement could also be made at the rotor
by inserting flux barrier (F-B) in rotor yoke and rotor teeth.
This flux barrier could reduce the eddy-current loss by
minimizing eddy-current harmonics [81]. Since PMFSM
structure is similar to SRM, the new design idea for PMFSM
can be inspired by SRM. Cylindrical rotor structure, by
implementing ribs connecting each rotor pole is adopted
from SRM to reduces windage loss in high-speed operation
[82], [83]. The windage loss resulted in the decrease of
efficiency in high speed and for low power region in SRM
[84]. There were limited design in PMFSM regarding
cylindrical rotor structure referred as tubular structure [85],
[86]. However, an extensive study was performed for
HEFSM that employs two types of cylindrical rotor
structure. The windage loss for both design was compared
with conventional rotor structure at high speed region about
13,900 rpm. The study found that 35.4% windage loss was
reduced in cylindrical rotor structure compares to salient
rotor type and slight drawback in maximum torque [87].
Table 1 summarize the design variation, extension and
customization of PMFSM. Based on 25 PMFSM design in
Table 1, many publications focused on inner rotor while very
few in outer rotor, dual rotor and partitioned stator.
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Table 1: Summary of design variation, extension and customization of PMFSM

Design variation Motivation
Design extension and Inner- Outer- Dual- Partitioned-
customization rotor rotor rotor stator
Segmental rotor X X X X Define flux path
Modular rotor X Define flux path
Circumferential flux X X X X Better slot area
Radial flux X Reduce flux leakage
. Shorter axial length, better heat
Axial flux X X LS
dissipation
Segmental stator X Fault tolerant
Stator E, U, C Shape X Magnetic circuit arrangement
Magnet V inner X Improve flux density, magnet
Magnet V outer X utilization
Multi-tooth X Upgrade of V-shape
Minimize flux leakage at higher flux
Segment magnet X densi
ensity area
Flux bridge X Flux weakening
Mechanical flux adjuster X Flux weakening
Flux adjuster X Flux weakening
Flux barrier X Flux weakening
Cylindrical rotor X Reduce windage loss at high speed
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