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Abstract. Flux switching machines (FSMs), new type of electric machines with unique operating
principles have been introduced and published recently. FSMs contain armature and excitation
sources on the stator with robust rotor structure. According to rotor structure FSMs can be classified
into two types namely salient pole rotor and segmental pole rotor. Various topologies have been
studied and published using both rotor structures, however salient pole rotor has a demerit of less
torque generation due to longer flux path resulting flux leakage surrounding the rotor. In this paper
a new structure of hybrid excitation FSM (HEFSM) with segmental rotor is proposed and a
comparative analysis with the invented field excitation FSM (FEFSM) and permanent magnet FSM
(PMFSM) is presented. Initially, coil arrangement tests are examined to confirm the operating
principle of HEFSM with segmental rotor. Moreover, the cogging torque, induced voltage,
magnetic flux, torque at various armature current densities and power characteristics are observed
based on 2D- finite element analysis (FEA).

Introduction

Flux switching machines (FSMs) that consist of all flux sources in the stator have been
developed in recent years due to their definite advantage of single piece robust rotor structure
suitable for high speed applications. They can be categorized into three groups that are PMFSM,
FEFSM, and HEFSM. Both PMFSM and FEFSM has only permanent magnet (PM) and field
excitation coil (FEC), respectively as their main flux sources, while HEFSM combines both PM and
FECs [1-2]

Initially, a PMFSM that is permanent magnet single-phase angle actuator or well known as laws
relay has been developed [3]. It was further improved to single phase generator with 4 stator slots
and 4 or 6 rotor poles. During last years many FSMs designs have been manufactured for different
applications, ranging from low cost domestic appliances, automotive and aerospace, etc [4]. In
addition, to manufacture the FEFSM, the PM is replaced by DC FE coil on the stator of
conventional PMFSMs. In other words, FEFSM with salient rotor structure is a novel topology,
merging the principles of the inductor generator and the SRMs [5-6].

In more recent work, the use of segmental rotor structure has been adopted for SRMs and single
phase FSM which provides more considerable gains over other topologies [7-8]. The basic function
of segments in the design is to provide the defined magnetic path for communication of the field
flux to the adjacent stator armature coils with the rotation of rotor, to produce bipolar flux linkage in
the stator. Using segmental rotor design, arrangement of each coil is around single tooth that
provides clear advantage of short end winding. Fig. 1(a), and 1(b), illustrates the basic designs of
FEFSM and PMFSM with segmental rotor respectively. By means of this arrangement several
advantages are achieved such as less conductor material, low cost and hence improve the
performance efficiency of the motor [9].

In this paper a new structure of HEFSM with segmental rotor is presented as shown in Fig. 1(c)
obviously the rotor structure is similar with the designs FEFSM and PMFSM in figure 1(a) and 1(b)
while the additional 6 PMs are placed between FECs of FEFSM to develop a hybrid excitation
structure. Then performance of the proposed HEFSM with segmental rotor is compared with
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FEFSM and PMFSM employing segmental rotor under no-load and load characteristics on the basis
of 2D- finite element analysis (FEA).

Design restrictions, specifications, and Design Methodology

The design restrictions, specification and the parameters of the proposed HEFSM with segmental
rotor are used similar with FEFSM and PMFSM with segmental rotor structure as listed in table 1.
The maximum limit of current density of armature coil and FEC is set up to 30Arms/mm? and
30A/mm* respectively. When employing segmental rotor structure, the use of 12 stator slots is the
minimum balanced requirement of three phase configuration, while using 8 rotor segments is
influenced by best performance requirements [10]. Using FEA simulation, designs of HEFSM,
PMFSM and FEFSM are examined via JMAG-designer ver. 13.0 released by Japan Research
Institute (JRI), some discussions on the attributes of each design based on the flux linkages, emf
production, flux distribution and cogging torque are addressed.

Table 1 Design specification of 12S-8P HE-FSM, FE-FSM and PM-FSM with segmental rotor

Items HEFSM, FEFSM and PMFSM
Number of slots 12
Number of rotor segments 8
Stator outer radius [mm] 75
Stator back inner width [mm] 11
Stator tooth width [mm)] 12.5
Armature coil slot area [mm2] 250
FEC slot area [mm°] 250
Rotor outer radius [mm)] 45
Rotor inner radius [mm] 30
Air gap length [mm] 0.3
Span of the Segment 40°
FE coil

Segments of
(a) the rotor (b) (©)  coil

Fig. 1, (a) FEFSM (b) PMFSM (c) Proposed HEFSM with segmental rotor

Performance comparison of HEFSM, FEFSM and PMFSM

Induced voltage at no load condition. The induced voltage produced from PM and FEC at
maximum Je of 30A/mm’ under speed of 500rev/min for HEFSM, PMFSM and FEFSM with
segmental rotor at open circuit condition is illustrated in Fig. 2. From the figure, it is clear that
HEFSM has the highest induced voltage of approximately 40.16V, while for FEFSM and PMFSM
induced voltage amplitudes reach 39.15V and 35.41V respectively. However there exists some
distortion in the waveform of all cases due to the odd harmonics. From this result it is obvions that



all induced voltages are less than applied voltage that confirms the motor will be worked on safe
region.

Magnetic flux characteristics. The magnetic flux characteristics of HEFSM, FEFSM and PMFSM
with segmental rotor are compared as shown in Fig. 3. It is clear that similar magnetic flux strength
of approximately 0.052Wb is obtained for HEFSM and FEFSM with segmental rotor, while flux
strength of PMFSM reaches to 0.043Wb. At this stage the flux value of HEFSM and FEFSM with
segmental rotor is same due to unbalanced magnetic fluxes combinations and cancellation effects of
FEC and PMs. Thus further optimization by adjusting proper position of PMs and FEC so that both
fluxes of FEC and PMs can easily be combined and transferred from stator to rotor segments to
generate more magnetic flux strength.
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Fig. 2, Induced voltage for HE-FSM, FE-FSM  Fig. 3, Magnetic flux characteristics of HE-FSM,
and PM-FSM with segmental rotor FE-FSM and PM-FSM with segmental rotor

Cogging torque. The comparison of cogging torque analysis of three phase HEFSM, FEFSM and
PMFSM with segmental rotor is shown in Fig. 4. It is obvious that FEFSM and PMFSM have
lowest and highest values of 2.88Nm and 8.71Nm respectively. On the other hand fundamentally
the HEFSM with segmental rotor has moderate peak to peak value of cogging torque approximately
4.021Nm, even though it will be further improved in optimization.

Torque vs. Armature current densities Ja, at field current densities Je of 30 A/mm’*

Torque vs. armature current densities Ja, at field current densities Je of 30A/mm? of FEFSM,
PMFSM and HEFSM with segmental rotor are compared as shown in Fig. 5. It is noticeable that
FEFSM has torque of approximately 32.8Nm at Je 30A/mm”. Moreover in case of PMESM the
torque increases with the increase of armature current densities and reaches up to a maximum value
of 29.5Nm. The torque characteristic of HEFSM with segmental rotor increases linearly as the
armature current density Ja is increased and reaches to the maximum value of approximately 18Nm
at field current density of 30A/mm>. Although the torque at this stage is less as compare to FEFSM
and PMFSM with segmental rotor, due to the reasons of demagnetization and flux leakage. But it is
feasible to improve the torque value up to required target by several optimization methods.
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Fig. 4, Cogging torque of HE-FSM, FE-FSM and Fig. 5, Torque vs. Ja at Je of 30 A/mm’

PM-FSM with segmental rotor

Power vs. Ja at various field current densities Je

Fig. 6 illustrates the comparison of output power vs. armature current densities Ja at maximum
field current density Je of HEFSM, FEFSM and PMFSM with segmental rotor it is clear that
FEFSM and PMFSM with segmental rotor have the highest values of 13.7KW and 12.4KW
respectively at maximum armature current density Ja. In case of HEFSM with segmental rotor the
value of power is approximately 7.3KW at speed of 500rpm, which is less as compared to FEFSM
and PMFSM. But it will be easily increased up to a maximum value by further design optimization.
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Fig. 8, Power vs. Ja, at maximum field current densities Je

Conclusion

In this paper the design study and comparative performance of HEFSM, FEFSM and PMFSM
with segmental rotor have been introduced and analyzed. The magnetic flux characteristics, cogging
torque, induced emf, torque and power characteristics vs. Ja at various field current densities Je,
have been investigated based on 2-D FEA. Due to some drawbacks of HEFSM the performance of
HEFSM with segmental rotor is not adequate as compared to FEFSM and PMFSM with segmental
rotor. However it is obvious from these results that by further design improvement and
optimization, the target performances of HEFSM with segmental rotor will be easily attained.
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