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Abstract—This paper artfully integrates an external DC-fied
winding and double-rotor (DR) topology into the mutitoothed
switched reluctance (MSR) machine to form the new O-excited
MSR (DC-MSR) and DR-DC-MSR machines. With the DC-feld
excitation, all the torque producing zones can betilized and
hence the torque density can be improved. In addiin, the
independent DC-field winding can effectively contrb the flux
density to achieve the efficiency optimization. Meawhile, the
proposed machines can naturally offer two differentoperation
modes. By using the time-stepping finite-element-riteod (TS-
FEM), the characteristics and performances of the mposed
machine at both modes of operation are analyzed angkrified.

Index Terms— Reluctance machine, magnetless, multitoothed,

DC-field winding, double-rotor, dual-mode operation

I. INTRODUCTION

Permanent magnet (PM) machines can offer bettguéor
performances and thus these types of machine haea b

actively developed [1], [2]. However, the prices thE PM
materials have risen rapidly; and therefore theaaded
magnetless machines which contain the cost bernsfiteme
more and more attractive [3].

The purpose of this paper is to integrate the qoiscef
external DC-field and double-rotor (DR) topologytan
multitoothed switched reluctance (MSR) machinedof the
flux controllable, high torque density, magnetld3€-MSR
and DR-DC-MSR machines. In addition,

namely doubly salient DC (DSDC) mode and MSR mdsie.
applying the time-stepping finite element metho&-HEM)
[4], [5]; the machine designs will be verified acmimpared.

Il. MACHINE DESIGN

the proposeg,. 0
machines can operate at two different operation espd

* With different conduction schemes, both machinea ca
naturally achieve two operation modes, namely ti8DD
mode and MSR mode.

 When there is any open circuit fault at the DCcfiel
excitation, the machines can immediately switcth®MSR
mode to maintain the torque performances.

» The inner spacing of the DR-DC-MSR machine is zgiti to
serve as the inner rotor to further boost up itgue density.
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Fig. 1. Proposed machines: (a) DC-MSR machineD@DC-MSR machine.

. ANALYSIS APPROACH
To describe the machine modeling, TS-FEM is appdied

three sets of equations are established. First, the
electromagnetic field equation is governed by [4],

: v"’A)H’ VA g %y 0B |, ,0A (1)
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where Q is the field solution regionA the magnetic vector
potential,J the current densityy the electrical conductivity,
and theB,, B, remnant flux density. Second, the armature
circuit equation of the machine during motoringjilgen by:

(@)

Fig. 1 shows the topologies of the DC-MSR and DR—DCu L ”ﬂ
MSR machines. The machines consist of the statbr o whereu is the applled voltag® the winding resistancé, the
salient poles, each fitted with 4 teeth, and remlt24 end winding inductancé the axial lengths the conductor area
equivalent stator teeth. Meanwhile, the rotors ha®esalient of each turn of per phase winding, afid the total cross-

poles. The proposed machines adopt two kinds oflings,

sectional area of conductors of each phase windihigd, the

namely the armature and DC-field windings. The majomotion equation of the machine is given by:

distinction of both machines comes from the DR toggp.
The key design data of the machines is shown iHeThb

and the key features are summarized as:

» Without installation of any PM materials, both mines
take the definite merit of cost benefit.

» With the multitoothed structure, they can offer thex-
modulation effect to boost up the torque density.

By utilizing the independent DC-field excitatior| torques
producing zones are utilized. The airgap flux dgnsan
also be controlled effectively for efficiency optation.
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whereJ,, is the moment of inertiay the mechanical speed,

the load torque, andthe damping coefficient.

IV. RESULT

By performing the TS-FEM, the no-load electromotive
forces (EMFs) of the proposed machines at rateddspersus
the DC-field excitations are shown in Fig. 2. Hirstt can be
observed both machines perform similarly and timeidoad



EMFs increase with the DC-field excitation. Thesdidate
that the proposed machines can strengthen or wehkeifux
densities by regulating the DC-field currents inder to
achieve the efficiency optimization. Meanwhile, dige the
double windings structure, the no-load EMFs of DB-MISR
machine is larger than its counterpart.

Secondly, the torque performances at steady sthgeeo
DC-MSR and DR-DC-MSR machines are as shown in Fig.
and 4, respectively. It can be observed that tlegame steady
torques of DC-MSR machine at DSDC and MSR modes are
15.3 Nm and 15.8 Nm, respectively; meanwhile, of-D&
MSR machine of both rotors are 20.3 Nm and 20.1 Nm,
respectively. These confirm that both machines reach the
same torque levels at two different modes. Howether MSR
modes require the larger armature currents andrefsdt with
larger torque ripples. Therefore, MSR modes shauatdas the
fault-tolerant operations. Furthermore, with the BiRucture,
DR-DC-MSR machine outperforms its counterpart.

Thirdly, the core losses of the machines are asvistia
Fig. 5. The average core losses of DC-MSR machims&C

and MSR modes are 17.2 W and 20.4 W, respectivelﬁg(-)o“-

meanwhile, of DR-DC-MSR machine are 26.4 W and 38,2
respectively. The core losses at different modasstihte
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Torque waveforms of DR-DC-MSR: (a) DSDC rao¢b) MSR mode.
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under different principles. Meanwhile, DSDC modéshoth §4O_ LR &£ H
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= 50 ',..--" TABLE |. KEY DATA OF PROPOSED MACHINES
&) 1 - g Item DC-MSR DR-DC-MSR
'5 100 o Outer rotor outside diameter 280.0 mm 280.0 mm
T 50 ] L DC-MSR Outer rotor inside diameter 211.2 mm 211.2 mm
Z j DR-DC-MSR------- Stator outside diameter 2100 mm  210.0 mm
0 . . r . Stator inside diameter 40.0 mm 91.2 mm
150 300 450 600 750 Inner rotor outside diameter N/A 90.0 mm
] DC-field Excitation (A-turn) Inner rotor inside diameter N/A 40.0 mm
Fig. 2. No-load EMFs versus DC-field excitations. Air-gap length 0.6 mm 0.6 mm
30 —T —T —T ' T Stack length 80.0 mm 80.0 mm
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Fig. 3. Torque waveforms of DC-MSR: (a) DSDC mo@e.MSR mode.
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