
  
Abstract—Due to the advancement of elec

desire for high torque density electric mo
applications is steadily increasing. It is advan
such a motor with little or no rare earth perma
material due to the associated environmen
economic challenges with its extraction and 
paper explores a novel synchronous reluctance
with fractional slot concentrated windings
alternative to PM, induction machine (IM
reluctance (SRM) traction motors. The im
fractional slot concentrated windings to RSMs
the outline of the design options for such a ma
Scaling of the fractional slot wound synchr
motor is also briefly discussed, in order to real
synchronous reluctance machine for future trac
A finite element analysis comparison be
conventional synchronous reluctance with the p
also presented.  
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I. INTRODUCTION 
YNCHRONOUS reluctance machin
synchronous motors that develop only a 

and were first introduced by Kostko [1] 
demand for pure (PEV) and hybrid HEV) 
increases, the challenge to design and manufa
density, wide speed range electric motors for 
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brushless-DC motors, such as the interior (I
(SPM) permanent magnet types of machine h
explored, such as those in [2-4]. Induction m
also been considered [5,6] and a recent resurg
reluctance (SRM) technology is being invest
traction applications. The RSM on the other
alternative and the permanent-magnet assist
RSM) has raised some interest in this area [7
reluctance RSMs have been neglected due to 
factor. The considered PMA-RSMs, and 
reluctance torque RSMs, have in the literature
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where, ݈ave ൌ ܮ2 ൅ ݈, L is the active cond
coil and l is the end winding length per coil. 

A. Short End Windings 
Switched reluctance machines inherently 

windings and therefore enjoy short end wind
and circumferentially. In a distributed win
used in synchronous reluctance machines, th
rotor pole pitch if the stator winding is fu
leads to long overhanging lengths, l, of end
comprises inactive material that does not con
production but does contribute to the machin
single tooth wound coil, however, spans on
pitch, which leads to greatly reduced end
circumferentially. The average winding 
calculated [16] (where, ݎ௪, is the average coil 
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Where the double layer FSCW is found to 

end windings. This effectively reduces copp
facilitates a weight reduction. Another feature

tooth windings is that non-overlapping coil
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The axial extent is important, as short
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increased active length. The end windings o
double layer fractional slot concentrated wind
illustrated in Fig. 2. Double layer fraction
provide the most fitting basis for a low los

 
Fig. 2.  Synchronous reluctance machines. Polyphase 
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As is evident in Fig. 4, for an increase in sl
30% to 60%, the slot thermal conductivity do
halving the winding temperature. The cRSM
thermal advantage over the conventional mach

D. Improved Fault Tolerance 
It is well known that the most common fa

electrical machines is the phase to phase sh
Usually caused by insulation degradation betw
phases in the end winding region. With
concentrated windings, this fault is eliminate
windings, and with a greater degree of electr
double layer windings. This increases the faul
machine when compared to RSMs with overla
distributed windings of either single or double

 

E. Stator Modularity 
As fractional slot concentrated windings

tooth pitch, it is possible to segment the ma
ease of winding and construction. Large dis
machines require a labour intensive and com
procedure. The segmentation of the stator rem
and time consuming manufacturing difficul
wound individually and assembled with eas
manufacturability and achievable fill factor
reluctance machines by application of FSCW

III. ADVANTAGES OVER INDUCTION M
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removing rotor bars and introducing salien
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torque per unit loss. Inherent advantages of 
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• Rotor synchronicity 
• No rotor conductors 

o Increased robustness  
o Lower maintenance / cos

• No rotor copper loss  
o Thermal improvements  

• Overall higher efficiency [19] 
• Higher torque density [20] 
• Lower rotor inertia 

o Faster torque dynamics 
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IV. DISADVANTAGES
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harmonic of order ݒ, is calculated [21]; 
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Where the applicable harmonics generated

are defined as; 
ݒ  ൌ ൜േ݊ିଵሺ6݃ ൅ 2ሻ , Grade Iേ݊ିଵሺ6݃ ൅ 1ሻ, Grade II  
 
The harmonic subordinate g, takes േ0, േ1, േ2, േ3 … etc. It is these harmonic

unwanted parasitic effects in the cRSM, a
utilizing fractional slot concentrated windings
MMF harmonics for an integer slot distribute
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7 respectively. 

 
The fractional slot concentrated winding 

can contain both odd and even harmonics due
waveforms, it is also possible that sub-ha
certain slot-pole combinations which rotate
angular velocity than the fundamental, contri
the iron losses in the machine. 

 
Fig. 6.  MMF harmonics of a 36 slot, 4 pole integer slot 
[30] 

 
Fig. 7.  MMF harmonics of a 6 slot, 4 pole fractiona
winding. [30] 
 

Grade I
Grade II     ሺ6ሻ 

d by the winding 

   ሺ7ሻ 

on the values, 
cs that cause the 
and any machine 
s. As an example, 
ed winding and a 
ted in Figs. 6 and 

MMF waveform 
e to asymmetrical 

armonics exist in 
e with a greater 
ibuting greatly to 

A. Torque Ripple 
In electrical machines, an electro

by tangential Maxwell stresses in t
acting upon a rotor. The tangential s
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B. Increased Iron Loss 
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Both hysteresis and eddy current
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material hysteresis constant. ܤఏ௡ଶ  a
components of the tangential an
densities in the iron. To minimise b
consideration of the lamination m
required, but the stacking factor 
account as to not reduce the flux 
core, decreasing performance. 

distributed winding.

al slot concentrated

omagnetic torque is caused 
the airgap of the machine 
tress is calculated as; 

ሺ8ሻ 

fields contain harmonics, 
and permeance functions. 
ic perturbations in the 
torque ripple in the cRSM 

nt in a distributed winding 
significantly lower, leading 
rque ripple also leads to 
tion, which is undesirable. 
ressed in order to further 
a synchronous reluctance 

nvariant d-q frame by; ݅ௗ݅௤    ሺ9ሻ 

curate when fractional slot 
sidered, as one of the 
q theory, is sinusoidal 

very low) space harmonic 
ional RSM. 

harmonic content in the 
c circuit, the iron losses, 
quation (accounting for all 
mpared to the iron loss of a 
e machine.  

ఏ௡ଶ ൅ ௥௡ଶܤ ൯ᇭᇭᇭᇭᇭᇭᇫ
෍ ఏ௡ଶܤଶሺݒ ൅ ௥௡ଶܤ ሻஶ

ୀଵ  ᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥeresis Loss
   ሺ10ሻ 

t losses would be expected e, ߩFe, ݉Fe, ݀ and ܿ are the 
nsity, mass, thickness and 
and ܤ௥௡ଶ , are the harmonic 
nd radial magnetic flux 
oth of these losses, careful 
material and thickness is 
must also be taken into 
carrying capability of the 



C. Decreased Power Factor 
In synchronous reluctance machines the sa

the machine effectively determines the maxim
of the machine. This saliency ratio is derive
theory and is defined as; ߦ ൌ ௤ܮௗܮ     ሺ11ሻ 

 
Where Ld and Lq are the direct and 

inductances respectively. For modern synchr
machines with a transversely laminated roto
of greater than 5 are common [22] and som
have been recorded. Generally for a dist
synchronous reluctance machine, the power 
0.7 to 0.8. The maximum power factor can
approximated as; 

 cosሺ߶ሻmax ൌ ߦ െ ߦ1 ൅ 1    ሺ12ሻ 

 
The higher the saliency ratio, the higher t

However, the d- and q-axis inductances c
leakage inductance term Lsσ and the pur
components, Lmd and Lmq respectively. 

ௗܮ  ൌ ௠ௗܮ ൅ ௤ܮ௦ఙܮ ൌ ௠௤ܮ ൅ ௦ఙܮ     ሺ13ሻ 

 
In the cRSM, the extra leakage flux cause

field harmonics increases the stator leak
effectively reducing the saliency ratio, ha
impact of the power factor of the machine. A
value of ܮ௤ is in fact ܮ௦ఙ , so the sm
magnetizing component (which is the aim) th
has a more pronounced effect. 

 

D. Applicable Slot-Pole Combinations 
As the d-q inductances are of great im

synchronous reluctance machine, it is imp
maximised and Lq is minimised. There is 
consideration required, most synchronous relu
in the literature are of ݌ ൑ 2 type. This is due
expressions for the d-q magnetizing inductanc

௠ܮ  ൌ 6߬௣ߤ଴݈ߨଶߜ݌eff ሺ݇௪ଵܰሻଶ    ሺ14
eff is the effective airgap length and N iߜ 

series turns per phase. Equation (14) 
magnetizing inductance is proportional to the
pole pairs for constant rotor pole pitch ߬௣
maximum torque production and high power 
number is required to be selected. In order 
windings to be applicable, q ≤ 0.5 and thus 
pole combinations are presented in Table 1.  

liency ratio ‘ζ’ of 
mum power factor 
ed from d-q axis 

quadrature axis 
ronous reluctance 
or, saliency ratios 
me as high as 10 
tributed winding 
factor is around 

n be shown to be 

the power factor. 
ontain the stator 
rely magnetizing 

ed by the air gap 
kage inductance, 
aving a negative 
Also, the limiting 

maller the q-axis 
he higher leakage 

mportance in the 
ortant that Ld is 
however another 
uctance machines 
e to a detail in the 
ces [23]; 

4ሻ 

is the number of 
shows that the 

e reciprocal of the ௣. Therefore, for 
factor a low pole 
for concentrated 

the available slot 

 
For low pole numbers, the number
fractional slot concentrated wi
fundamental winding factors which
the minimum requirement for consid
lower end winding factor will limit t
to a machine with a higher fundam
evident in Table. 1 that there are m
for 8 and 10 pole machines. Ho
magnetizing inductances is to si
factor and the torque capability. 

V. DRIVE AND CONTROL 

In the two main types of reluctan
synchronous, the drive topologies 
The difference is due to the mann
operate, switched reluctance machi
machines, whilst synchronous reluc

TABLE I 
APPLICABLE SLOT-POLE COMBINATI

 Number O
Number of 
Slots (Qs) 

2 4 6 

3 0.866 0.866  
6  0.866  
9  0.617 0.866 

12  

15    
18    
21    

 
Fig. 9.  Switched reluctance motor, three
converter. 

 
Fig. 8.  Synchronous reluctance and induc
source inverter. 

r of stator teeth that allow 
indings are low, with 
 are usually considered on 
deration of a winding. The 
the torque, when compared 

mental winding factor. It is 
ore pole-slot combinations 

owever, the effect on the 
gnificantly reduce power 

CONSIDERATIONS 
nce machine, switched and 
are significantly different. 

ner in which the machines 
ines are not rotating field 
ctance machines are. This 

ONS (WINDING FACTORS) 
Of Poles (2p) 

8 10 12 

0.866 0.866  
0.866 0.500  
0.945 0.945 0.866 
0.866 0.966 
0.711 0.866  
0.617 0.735 0.866 
0.538 0.650  

 

e-phase asymmetric half bridge 

ction motor, three-phase voltage 



allows the synchronous reluctance motor, both the 
conventional RSM and the cRSM, to be supplied by an off-
the-shelf voltage source inverter (VSI) (Fig. 8), as used with 
induction machines. The switched reluctance machine 
however, usually requires an asymmetric half bridge converter 
[24] (Fig. 9), which is not readily available off-the-shelf. 
Therefore there is immediate advantage of the cRSM over the 
SRM in terms of the electric drive. (The authors have, 
however, recently published work that allows six-phase SRMs 
to be fed by a three phase VSI [25], and explore different 
winding configurations in order to obtain maximum 
performance [26].) 

 
The converter VA requirement of a VSI for synchronous 

reluctance machines is obviously greater than that for an 
equivalent size induction machine, due to their lower power 
factor. It is expected that the converter for a cRSM is greater 
again, due to their low power factor. This is an issue that is 
required to be investigated, however, with the fall in cost of 
power electronic devices, this issue is becoming incrementally 
diminished. 

 
Control of synchronous reluctance machines is achieved in 

the same manner as that of induction motors, where closed 
loop vector [27] and direct torque [28] control can be used. A 
simple shaft encoder can provide position feedback, or 
sensorless control can be also achieved [29].  

VI. MACHINE DESIGN AND SCALING 
From the advantages and disadvantages outlined, it is 

possible to view the cRSM as a machine with high potential, 
but with associated challenges. Those discussed have been 
mainly of an electrical nature, whereas for electrical machine 
design, a multidisciplinary approach must be taken.  

 
In any synchronous reluctance machine, mechanical design 

is important, both from a manufacturing and a structural 
perspective. The number of rotor poles directly determines the 
minimum stator and rotor yoke depths ty, with higher pole 
numbers minimising the volume of iron in the machine, 
allowing increased space for windings or, by increasing ty 
above minimum to increase the machines magnetic overload 
capability. 

௬ݐ  ൌ ቆܤairgapܤyoke ቇ ൬݌4ܦߨ ൰    ሺ15ሻ 

 
Increasing the number of poles would also increase the 

available slot-pole combinations such that it enables choice of 
a higher stator tooth number, and by (2), the end winding 
length reduced further. However, the shape or aspect ratio 
must be considered in order to maximise the potential 
advantages of fractional slot concentrated windings, in 
particular their short end windings. A machines aspect ratio 
can be defined; A.R. ൌ ܦܮ     ሺ16ሻ 

 
A large aspect ratio suggests the machine is a long 

cylindrical machine and a small ratio suggests a pancake type 
machine. It is immediately evident that machines with small 
aspect ratios have greater benefit of short end windings. This 
type of machine may also be applicable for higher pole 
numbers as the rotor pole pitch ߬௣, is calculated; 

 ߬௣ ൌ ݌2ܦߨ     ሺ17ሻ 

 
Plugging into (12), the magnetizing inductance becomes; 
௠ܮ  ൌ effߜଶ݌ߨܦ଴݈ߤ3 ሺ݇௪ଵܰሻଶ    ሺ18ሻ 

 
Where, as we increase the outer diameter in order to 

decrease the aspect ratio, the magnetizing inductance 
increases. Thus migration to higher pole numbers may be 
possible, maximising the potential of the cRSM.  

VII. EXAMPLE CRSM PERFORMANCE 
Finite element analysis of an induction machine, a 

conventional synchronous reluctance machine and a novel 
synchronous reluctance machine with non-overlapping 
fractional slot concentrated windings is now presented. End 
winding losses are taken into account and all machines are 
operated at the same base speed with three phase balanced 
currents for the same machine total loss of 340W.  All 
machines have identical stator and rotor outer diameters and 
stack lengths. The modelled machine are illustrated in Fig. 1 
(Reluctance machines) and Fig. 10. (Induction machine). 

TABLE 2 
MACHINE COMPARISON I 

 Machine 
Parameter IM RSM cRSM 
Rotor core mass (kg) 4.98 4.03 4.03 
Rotor bar mass (kg) 0.52 0 0 
Rotor end ring mass (kg) 0.12 0 0 
Stator core mass (kg) 8.88 8.88 8.39 
Stator winding mass (kg) 3.33 3.33 3.15 
TOTAL MASS (kg) 17.83 16.24 15.57 
Loss - Stator Winding (W) 176.5 310.0 296.0 
Loss - Rotor cage (W) 140.0 0 0 
Loss - Iron (W) 24.6 33.2 47.9 
TOTAL LOSS (W) 341.1 343.2 343.9 
Speed (rpm) 1425 1500 1500 
Slip (%) 5 0 0 
Current (RMS) 13.00 17.25 90 
Stator Coil Turns 12 12 12 
Number of Stator Coils 24 24 6 
Torque (Nm) 17.8 21.00 23.56 
Power (kW) 2.65 2.27 3.29 
Power Factor 0.73 0.55 0.46 
Efficiency 88.64% 90.52% 91.47% 
Fill Factor 0.4 0.4 0.4 
Stator Current Density (A/mm^2) 5.83 7.75 8.02 



Finite element results for constant fill fa
presented in Table. 2. The rotor mass of 
reluctance motors is lower, due to lack of the
conductors and thus has a lower inertia, l
torque response. The stator winding mass i
cRSM, leading to an overall weight
approximately 5%, due to short end w
reluctance machine, the lack of rotor coppe
increase in the stator current for the same m
The iron losses in the RSM and cRSM are hi
the IM, with the cRSM exhibiting the high
expected. For the same loss condition the relu
have higher torque densities, with the cRSM h
torque density. However, the power facto
reluctance machines, the cRSM has a low 
0.46, lower than that of the conventional 
expected, but greater than a typical SRM. 

 
In terms of increasing the fill factor, compa

presented in Table. 3 for the constant loss of 
of both copper and iron loss. It is evide
significantly increase the torque density o
increasing the fill factor.  An increase in fill 
to 80% provides approximately a 40% in
density and over a 3% increase in efficiency.
conductivity increases almost four-fold, so t
higher fill factor will run significantly coole
factor machine. These performance benefits 
by an 8% reduction in power factor and a 
machine weight, which are undesirable. T
decreases due to the increase in stator MMF

TABLE 3 
MACHINE COMPARISON II – CONSTANT 340W

 Parameter 

Fill 
Factor 

Torque 
(Nm) 

Power 
Factor 

Efficiency 
(%) 

Winding
Mass 
(kg) 

0.4 23.56 0.46 91.47 3.15 

0.5 26.45 0.45 92.49 3.46 
0.6 28.95 0.44 93.31 3.78 

0.7 31.32 0.43 93.83 4.09 

0.8 32.90 0.42 94.33 4.41 

 

 
Fig. 11.  Modelled induction motor, 24 stator slots and
bars. 

actor of 40% are 
the synchronous 

e aluminium rotor 
leading to faster 
is reduced in the 
t reduction of 

windings. In the 
er loss allows an 

machine total loss. 
igher than that of 
hest iron loss, as 
uctance machines 
having the largest 
or suffers in the 

power factor of 
RSM, again, as 

arative results are 
340W, consisting 
ent that we can 
of the cRSM by 

factor from 40% 
ncrease in torque 

 The slot thermal 
the machine with 
er than a low fill 
are accompanied 
40% increase in 

The power factor 
F, creating higher 

magnitude harmonic fluxes, contr
stator leakage inductance. It is unlik
coils are used, a fill factor of 80% w
and a more reasonable value wou
increasing the fill factor in order to 
of the cRSM, it is important to note
current has an upper limit, even fo
loss. The increased stator MMF
magnetic operating point, leading 
saturation. This saturation affects th
and fundamentally limits the torq
geometry. The converter needs to b
with device selection and cooling be
current levels. From these results, it
of the cRSM idea is warranted, b
limitations must be taken into accou

VIII. CONCLU

This paper presents a first look
machine design of a synchronous 
fractional slot concentrated wind
developing a synchronous relucta
overlapping fractional slot concent
This winding type allows an incre
efficiency, whilst making the machin
increased robustness, increased fa
thermal improvements. The short 
modularity facilitate these performa
SRM, the cRSM can be driven by a
VSI, but still enjoys the benefits of s

However, the associated challeng
also been outlined. High MMF 
impairs performance due to parasi
low power factor and increased 
consideration when designing a 
machine with fractional slot concen
of slot-pole combinations available
low rotor pole number requiremen
topology. One route of investigatio
small aspect ratio to take greater a
windings and allow greater pole num

FE analysis has shown the high 
significant increase in torque densi
with efficiency and thermal impro
power factor is a major issue. Furth
is required in order to maximise its 
traction motor, or for other applica
robust machines are required. 
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