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Abstract—This paper reviews the performances of some
newly developed reluctance machines with different winding
configurations, excitation methods, stator and rotor structures,
and slot/pole number combinations. Both the double layer
conventional (DLC-), double layer mutually-coupled (DLMC),
single layer conventional (SLC-), and single layer mutually-
coupled (SLMC-), as well as fully-pitched (FP) winding
configurations have been considered for both rectangular wave
and sinewave excitations. Different conduction angles such as
unipolar 120° elec., unipolar/bipolar 180° elec., bipolar 240°
elec. and bipolar 360° elec. have been adopted and the most
appropriate conduction angles have been obtained for the
SRMswith different winding configurations. In addition, with
appropriate conduction angles, the 12-sot/14-pole SRM s with
modular stator structure is found to produce similar average
torque, but lower torquerippleand iron losswhen compared to
non-modular 12-dlot/8-pole SRMs. With sinewave excitation,
the doubly salient synchronous reluctance machines with the
DL M C winding can produce the highest averagetorque at high
currents and achieve the highest peak efficiency as well. In
order to comparewith the conventional synchronousreluctance
machines (SynRMs) having flux barriers inside the rotor, the
appropriate rotor topologies to obtain the maximum average
torque have been investigated for different winding
configurations and  dlot/pole  number  combinations.
Furthermore, some prototypes have been built with different
winding configurations, stator structures, and dot/pole
combinationsto validate the predictions.

Keywords—Double/single layer  windings, excitation
methods, fully/short-pitched, mutually coupled, modular
machines, switched/synchronous reluctance machines.

Nomenclature
SRM Switched Reluctance Machine

DSRM Doubly-salient Synchronous Reluctance Machine
SynRM Synchronous Reluctance Machine

DLC Double Layer Conventional

DLMC Double Layer Mutually Coupled

SLC Single Layer Conventional

SLMC Single Layer Mutually Coupled

FP Fully-Pitched

AFB Angled flux barrier

RFB Round flux barrier

FG Flux gap

I.  INTRODUCTION

automotive, renewable energy, aerospace and domestic
appliances sectors [3] - [4AHowever, with doubly salient
structure, the SRMs can have abrupt changadial force
acting on the statotn addition, the unipolar phase current
waveforms of the SRMs (usually 120 degrees conduction for
3-phase SRMs) can have the abrupt changdase current

as well As a result, the SRMs tend to exhibit héglevels of
vibrations and acoustic noise when compared to permanent
magnet machines and induction machines [5] [6] [7] [8].
Moreover, the nonconventional power-converter used for
conventional SRMs drive systeisito some extent limit its
foothold in the market. Similar to the SRMs, the synchronous
reluctance machines (SynRMs) have magnet-free features
but are supplied with sinewave currents. Hence, th¢he-

shelf 3-phase standard inverters like that used in other
synchronous machines can be used to drive the SynRMs [6]
[9] [10]. Different from the SRMs, most SynRMs have flux
barriers inside the rotors such as round flux barrier (RFB) or
angled flux barrier (AFB) inside the rotor iron core [9] [11]
[12]. However, the complicated rotor structure could not be
manufactured as easy as that of SRMs, leading to lower
manufacturability and potentlglhigher manufacturing cast

In order to employa standard 3-phase inverter for reducing
the system cost and the doubly-salient machine structure for
simpler manufacturing, the SRMs have been supplied with
sinewave currents in [10] and [13] which are in effect
doubly-salient synchronous reluctance machines (DSRMs)
but with short-pitced and concentrated windings.

Similar to the induction machines, the distributed stator
windings are often employed in conventional SynRMs.[14]
However, the fractional-slot concentrated windings are
adopted to many permanent magnet machines and SRMs due
to their inherent advantages such as higher slot packing factor,
shorter end-winding, smaller machine overall size, etc. [15]
[16] [17]. For the DSRMs, both the short-pitched
concentrated windings and the fully-pitched distributed
windings can be employed and this has been investigated in
literature [18] [19] [20]. It has been found that the DSRM
equipped with short-pitched, double layer mutually coupled

With no permanent magnets or field windings on the(DLMC) winding is less sensitive to magnetic saturation than
rotors the switched reluctance machines (SRMs) havdhe ones with the double layer conventional (DLC) windings
very simple and robust structures [1] - [&s a result, they and hence, can have better overload capability [2].[13]
can be used in a variety of applications such as thblevertheless, the torque ripple of the DSRM equipped with
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the DLMC windings is relatively higher due to its nature ofonly one coil is located in each stator slot. However, with
self- and mutual-inductances. While with fully-pitched YFP distributed winding, the significant longer end-windings of
winding, the DSRM can generate lower torque ripple but itthe FPSRM can result in higher copper loss thanDhe
long end-winding will lead to higher copper loss for a givenSRMs at the same phase current. In order to avoid long end-
phase current. In order to take advantage of bothDthe windings, the SLC-SRM and SLMC-SRM as shoig.
concentrated windings (shorter end-winding) and the FE(C) and (d) have been proposed with short-pitched windings
distributed windings (higher torque capabilitthe DSRM  which are derived from the DLC-SRM and DLMC-SRM but
with single layer conventional (SLC) and single layerwith SL winding structure. As a result, each phase o$the
mutually-coupled (SLMC) windings have been proposed irBRMs has two coils and each coil is wound around one stator
[20]. tooth, leading to concentrated winding structure. Similar to
In this paper, all of these winding configurations (DLC, the FP-SRM, the SL-SRMs have only one coil located in one
DLMC, FP, SLC and SLMC) will be employed for both the stator slot, hence, the number of the turns per coil is twice as
SRMs (with rectangular wave excitation) and DSRM (withthat of the DL-SRMs. Moreover, with single layer structure,
sinewave excitation). For SRMs, the appropriate conductioboth the FP-SRM and SL-SRMs have the potential to
angles will be obtained and the electromagnetic performangaoduce higher average torque than that of the DL-SRMs
will be compared to modular SRMs with different slot/polewithout magnetic saturation, as will detailed in this paper. In
number combinations. For the DSRM=it electromagnetic  contrast the less MMF concentration in the DL-SRMs
performance will be compared between different windingndicates less flux density, and hence less sensitivity to
configurations. In addition, when conmpd to the SynRMs magnetic saturation, in particular the DLMC-SREhhave
with RFB (SynRM-RFB) and AFB (SynRM-AFB), the better overload torque capability.
appropriate rotor structures will be obtained for different
winding configurations and slot/pole number combinations. /]I =

II.  WINDING CONFIGURATIONSAND THEIR INFLUENCEON £ ' 8-
INDUCTANCES AND PHASE RESISTANCES /

A. Winding Configurations (== —r |
B+ |

As mentioned previously, both the DLC/SLC windings ¢ W\ ; ’ " :
and the DIMC/SLMC windings, as well as theP winding =t Vil | e
have been employed with both rectangular wave and AJiMﬁ < \ﬂl@m
sinewave excitations for more comprehensive investigation () (b)
in this paper. For consistency and clarity, all the machines
have the same leading dimensions and design featisres 3 X
listed in[TABLE I} The dimensions such as split ratio, A\ (5
stator/rotor tooth width, and stator/rotor back iron, shaft outer | [ ¢ 7 A+ [, g7 \B
radius, etc., have been optimized separately for differen ! L ; '
machine structures. o / -

B+ B- B- B+

TABLE | MACHINE LEADING DIMENSIONS AND DESIGN B+ |B-. °7 B+ | B-
FEATURES - =
Stator slot number 12 Active length (mm) 60 o E),
Rotor pole number  4/8/10/14/16 Turn number per phase 132 - 2
Stator outer radius ) ) 4 SIS
(mm) 45 Coil packing factor 0.37 [ B+ ~/B-

Air gap length (mm) 0.5 Rated RMS current (A) 10

DL-SRMs
In order to observe the influence of winding | A+ y c/ Bt i
configurations on the flux distributions, the 3-phaksa . el \ v >
slot/8-pole SRMs have been selected for illustration. As can Bcal A WY 4 I
be seen frofn Fig.]1, the rotors are at aligned position and th = = =
phase A is supplied with a 10A dc currfnt. Fig. 1 (a) and (b © (

. - ig. 1. Flux distributions of 3-phase 12-slot/8-polRNM& with different
are the DLC-SRM and DLMC-SRM, in which each stator ;o configurations. (a) DLC-SRM, (b) DLMC-SRIE) SLC-SRM, (d)
tooth is wound with one coil and each phase has foug mc-srM and (eFP-SRM. The rotor is at aligned position and only the

concentrated coils connected in series. Thus, two coils of twghase A is supplied with a 10A dc current. (f) exampfesd-winding of
different phases are locatedéachstator slot, leading to a different SRMs.

DL W|nd|ng. In.addmon, the (?0|I pltch |s.smaller than the  The difference between the DLC/SLC and the
pole pitch, leading to a short-pitched winding. In contrast, foiy, pmc/sLMc windings results in different flux paths (as

the FP-SRM i Fig.]1 (), each phase winding consists of twgno\yn | ) and also different coil magnetic polarities
TABLE

coils and each coil spans three slot pitches, leading to a F(gs shown i il). With conventional windings, there
winding. In addition, it can be regarded as a SL winding SinC& 4imost no mutual-flux between phases, as shoig. 1



(a) and (c). However, with mutually-coupled windings and

. . 1 zﬂ--.‘_ P s SRS o S —1
also the FP winding, the flux of phase A also links to phases Snamnd o LeSRM Ran s e
. . L —— -
B and C. As a result, mutual flux exists and this could 105 e - % - DLMC.SRM o
. . . . . o, e
potentially contribute to higher on-load torque if appropriate _ st _f_gtcs';"R"M .
excitation is selected. E o - o - SLMC-SRM r
TABLE Il INFLUENC OF WINDING CONFIGURATIONS ON COIL - al
MAGNETIC POLARITIESOF THE PHASE A
2l
Winding configurations Coil magnetic polarities
0
DllD_IRACC SS’\SISS,; 0 60 120 180 240 300 360
sLC NS Rotor Position (elec.deg.)
SLMC NN @)
FP NS 0.1 | ——DLC-SRM
=% -DLMC-SRM
B. Influence of Winding Configurations on Inductances -#-- FP-SRM
. 0.05 | —*—SLC-SRM
and Phase Resistances o - SLMO.SRM
=) P
1) Derivatives of Self- and Mutual- Inductances T N
| = L)
© g =
Different winding configurations result in different flux
paths, and hence influence the self-inductance L and mutual %%
inductance Mwhich have been calculated using 2-D finite
. - - . 0.1
element analysis (FEA) as shown in Fig. 2(a){and Rig. 3(a). 0 60 120 180 240 300 360
The derivatives of self- and mutual-inductances with respect Rotor Position (elec.deg.)

i ch di (o)
to rotor positions {L/d® and dM/d), which directly . oo ookcon of ).and (b)dL. /6. Phase As supplied with a 10A

contribute to the electromagnetic torque as can be seen fro§fi . rent.
have been calculated as shown in Fg. 3(b) and Fig. 3(b)
where the rotor position of 0 elec. deg. represents the rotor

aligned position. 2
Tself .
1, ,dL, 1, ,dL, 1 _,dL. . i 3 ——
Tzfi“zﬁ-'—flbzd_gb-'—flcz pr - O 0 e =a==p=:L“:=g=ﬁ
‘mutua P ik * Se. =R
tigiy Dan g, Doc g Wae i \"q Torma®
T cde Y de "g 4 | ——DLCSRM
s -4r - % =DLMC-SRM Y
As can be found ifi_Fig.|B) that the amplitudes of ,—"p ~v--FP-SRM \\
dL,/d6 of the SLC-SRM and the SLMC-SRM are higher 57 e amesRu x,
thanthose of their DL counterparts, respectively. Therefore, ‘."'“'v"” o
it can be predicted that the SRMs with SL winditrgctures 2 .
could produce higher torque by self-inductance (self-torque) Rotor Position (elec.deg.)
than their DL counterpartMoreover, with higher amplitude GY
of dL,/d#@, the self-torque of the CSRMs could be predicted 01
to be slightly higher than that of the MCSRMSs, regardless of '*"*\-,,\ "‘Etﬁﬁi“,i.w
DL or SL winding structureHowever, it can be seen from 0.05 ™. ::g':?_';g‘M >
[Fig. 3{b) thatdM,,/d6 of the CSRMs are almost null, while 3 o n'\n - © - SLMC-SRM ,,,-‘:'A 0,
itis apparent in thMMICSRMs due tdts nature of mutual flux. Eﬁ 0 2= = por -
As a result, the torque produced by mutual-inductance = . Sant S
(mutual-torque) of theMCSRMs have the potential to -0.05 \“\ v
contribute to the resultant torque since thd,,/d6 is "“~..,_.,u"
proportional to the mutual-torque without magnetic 0.1
saturation. However, the mutual-torque in the CSRMs is 0 60 R1zo 180 240 300 360
i otor Position (elec.deg.)
close to zero. Therefore, tMCSRMs have the potential to (b)

produce higher resultant torque than the CSRMs since boffig. 3. Comparison of (Y., and (b)dM,;/d6. Phase A is supplied with
dL,/d6 anddM,,/d6 could contribute to the torque. For 10Adccurrent

the FP-SRMs dL,/d6 has different frequency from other  2) Pphase Resistances

machines so that it is negligible for torque production.

However, its significantly higher amplitude ofM,,/d6 Phase resistance depends on the mean length per turn,
would still allow it to achieve better torque performance. which consists of two active conductors in stator slots and

two end-winding$. Fig.[1(f) shows examples of end-wigdi
of different winding configurations. For a given sized



machine, the end-winding is influenced by the windingconduction angles. It is well-established that the unipolar
configurations and largely determines the copper loss. 120° elec. conduction is usually adopted for the 3-phase
Accordingly] TABLE Ill]summarizes the average value CSRMs, in which only the contribution of the self-
of one end-winding length of both the DL and SL, as well asnductances to the electromagnetic torque is considered.
the FP-SRMs, whereW, is average stator slot width However, as mentioned previously, the electromagnetic
(trapezoidal slot shape) aiid is stator tooth width. For the torque can be determined by both the derivatives of self- and
FPSRM, the end winding consists @ftW, plus an arc Mutual-inductances. Thus, conduction angles such as
z unipolar 180° elec., bipolarl80° elec., bipolarz40° elec.
and bipola360°, as shown ip Fig.]4, have been selected for
the SRMs with different winding configurations in order to
achieve higher resultant torque (self-torque + mutual-torque).

length of the span range of a coil whéyés the stator inner
radius,h; is the slot heightly, is the slot number, andis
the slot opening in mechanical degréecan be found that
the end-windings of the SL-SRMs are slighhigher than
that of the DL-SRMSs, but are significantly shorter than thaB. Influence of Winding Configurations on SRMs
of the FP-SRM. In additignthe FP-SRM has the longest Performance

mean length per turn which consists of two end winding According to the current waveforms showfi in Fip. 4, the
length plus two active lengtiis a result, the FP-SRM has gjectromagnetic torque can be calculated by 2-D FEA for the
the highest phase resistance. In addition, the DL winding hasgms with different winding§. TABLE IV summarizes the

the lowest phase resistance amongst all the windinghachine average torques with different conduction angles.
configurations, and hence could produce the lowest copper i can pe found that the FP-SRM with bipob#i0° elec.

loss at the same phase current. conduction can have the best torque performance, while the

unipolar 120° elec. is the worst due to negligible
TABLE Il INFLUENCE OF WINDING CONFIGURATIONS ON END- ibution of self-induct i EP.SRM. | trast. with
WINDINGS AND PHASE RESISTANCE WITH coiL contribution or seli-inductance in =r- - In-contrast, wi

TEMPERATURE @20°C nearly null mutual-inductance, the unipola20° elec.
conduction is the most appropriate one for the DLC-SRM.
Winding o Mean length ~ Phase While for the DLMC-SRM, the bipolar240° elec.
) - End-windings per turn Resistance . . . . .
configurations (m) @) conduction is the most appropriate one, in which the
DL Tow +w, 015 053 contributions of both the self- and mutual-inductanceg ha
oL 1 0.17 057 been considered. Similar to the DLC-SRM, the SLC-SRM
1 E”W”th ' ' produces the highest average torque with the unip@lat
—nW, + 21(S; + = hs i i
p 27;60"-;N:T>(< 3J:2y ) 024 0.82 elec. conduction at low current levels0d,.,,;), while the

unipolar 180° elec. becomes the most appropriate
conduction angles at high current leved®4, ), due to

I11. SRMs WITH RECTANGULAR WAVE EXCITATION magnetic saturatiomoreover, the SLMC-SRM with bipolar
180° conduction achieves its best performance at both low

. . . i . and high current levels.
With different winding configurations, the SRM can be

supplied with rectangular wave excitation with various

360°

A. Conduction Angles

20 20 20 20 20

b oo e—— . —— [ == -
0| v J 10 1wy 10
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i : A0f o -0r--

-
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Fig. 4. Rectangular wave excitation with differenhduction angles. (a) Unipola20°elec., (b) unipolai80°elec., (c) bipolad80°elec., (d) bipolar
240°elec., and (e) bipolad60°elec.

TABLE IV SUMMARY OF MACHINE AVERAGE TORQUE WITH DIFFERENT CONDUCTI® ANGLES

DLC-SRM DLMC-SRM FP-SRM SLC-SRM SLMC-SRM
Low High Low High Low High Low High Low High
current current current current current current current current current current
Unipolar120° 1 1 4 4 5 5 1 2 2 2
Unipolar180° 2 2 5 5 2 2 2 1 4 4
Bipolar 180° 3 3 2 2 4 4 3 3 1 1
Bipolar 240° 4 4 1 1 3 3 4 4 3 3
Bipolar 360° 5 5 3 3 1 1 5 5 5 5

Note: Number 1-5 represents relative average torque frerhighest to the lowest.



C. Novel Modular SRMs for Performance Improvement For clarity, a diagram including FGs, slot/pole number

o ._combinations, winding configurations, and conduction
In order to maintain or even enhance the maching

performance while achieving high fault tolerant capabilityélnqll_isefotrr;l:;ze :)r;veeslggi)e:]ergj?’]deli:zr E:r%i:ﬁ;:ge‘@l ';'29

novel modular, single layer winding SRMs with different . . .
g Y g ot/10-pole and 12-slot/16-pole machines with different

pole numbers are proposed, which are also supplied ) i )
rectangular wave current with different conduction angles: Gs are not shown in this paper, since they are very

By way of example, the 3-phase 12-slot/14-pole SRM witrsimilar to those of the 12-slot/8-pole and 12-slot/14-pole
non-modular and E-core modular machine structures ar@achines, respectively. For consistency and fair
shown i (a) and (b), respectively. comparison between non-modular (FG=0mm) and

In order to maintain the similar level of magnetic modular (FG>0mm) machines, the most appropriate
saturation in stator teeth with flux gaps (FGs), the stator tootBonduction angle for high current has been employed.
bodyiron section widtH#, will be kept constant for different According to[ TABLE IV}, the unipolad80° elec. and
FG widths. In addition, it is worth mentioning that for a fixed bipolar180° elec. conductions have been selected fotthe
Ampere-Turn per slot, the current density will be increasedlot/8-pole conventional andnutually-coupled winding
with the increasing FG width due to the reduced slot aremachines, respectively. However, for th&-slot/14-pole
(increasedfrom 5.68A,,,/mm? to 7.33A,,/mm? with  machines, théipolar180° elec. conduction is adopted for
increasing FGs from Omm to 6mm). the CSRMs, while thenipolar180° elec. conduction is for

. : the MCSRMs.

(b)
Fig. 5. Cross-sections (half) of tHe-slot/14-pole SRMs with (a) non-
modular structures, (b) modular structures. All the rmeshhave th&LC

winding topologies.

\ | |
Flux Gap Widths [ Slot/ Pole Combination ] [ Winding Configuration ] [ Conduction Angle ]

| [ | Unipolar 120°

[ Non-modular (FG=0mm) ] [ Modular [;E G>0mm) ] m [ Cum'elntional ] [ Mutually-coupled ] and 180°

( ’ ‘ y Q i ' Al O a N A Bipolar 180°,
48 4 & A s . o - 240° and 360

Fig. 6. Investigation variables of the modular SRMs BRMs are equipped with rectangular excitation.

. . numbers. This is due to the fact that with increasing FG width
Lols)s Average Torque and Torque Ripple Against Conerthe slot area is slightly reduced, leading to reduced wire
diameter. However, the average torque is also influenced by
With the appropriate conduction angle, the averagéhe FGs. Hence, in order to provide a consistent basis for
torque and torque ripple can be obtained by 2-D FEA atomparison, the relationship between torque and copper loss
different current levels. It is found that ti€-slot/8-pole  has been investigated.
SRM with non-modular structure achieves better With the appropriate conduction angles and FG widths,
performance than its modular counterpart regardless of tibe variation in the average torques as a function of copper
enployed phase RMS current and the winding configurationloss for a non-modular 8-pole SRM and a modular 14-pole
However, for a full range of currents, the 12-slot/14-poleSRM with both conventional and mutually-coupled windings
conventional SRM with FG=3 mm has the best torqueare shown ip Fig.[at is apparent that both non-modular and
performances considering both the average torque and torqu@dular machines can produce similar average torque values
ripple while for theMCSRM, it is FG=5mm. Hence, the for the same copper loss, regardless of winding
modular machine with FG=3 mm and FG=5 mm have beenonfigurations. However, with conventional winding, the
selected for both the CSRMs aMiCSRMs respectively, for torque ripple in modular 12-slot/14-pole machine can be
overload torque capacity and copper loss calculation. much lower than that in non-modular 12-slot/8-pole machine
It is evident that the copper losses for all modularwhen the copper loss (phase current) is higher than around
machines are higher than those of their non-modulat70W (10A). While, the torque ripple in modular 12-slot/14-
counterparts at the same current, regardless of the pgd®le machine can be much lower than that in non-modular



12-slot/8-pole machine at any copper loss (phase currentjinding. The 3-phases are supplied with rectangularewaurrent with

with mutually-coupled winding configurations.
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Fig. 7. Comparison of (a) average torque and (ljueripple (calculated

byT"‘“’frﬂ X 100% where Tax Tmn and T, are the maximum, minimum

av

and average torque over an electrical period) ametibn of SRM copper
loss.

2)

900

0 300

Iron Loss

In addition, iron
investigated modular and non-modular mach(fég 8 and

show the iron loss against phase RMS current and
speed for conventional modular SRMs with different FGs

Due to similar trend in iron loss, the resultsNM6€CSRMs are

not shown in this paper to avoid duplication. It can be found
that thel2-slot/14-pole machine produces higher iron loss
than the 12-slot/8-pole machine due to the higher stator flux o s
both machines produce
significantly lower iron losses with increasing FGs. For

density frequency. However,

example, the iron loss of the modul&slot/14-pole CSRM

with FG=2mm is reduced by around 63% when compared to
the non-modular CSRM with FG=0mm. This is a very
attractive feature, particularly for SRMs used in high speed

applications, where iron loss coulbe a significant
proportion of the overall loss.
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Fig. 8. Variation of iron loss again§G width and phase RMS current
between the 12-slot/8-pole and 12-slot/14-pole SR¥th conventional

loss has been calculated for the

conduction angle of unipolar 120° elec., @ 400rpm.
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Fig. 9. Variation of iron loss against FG width apeed between the 12-
slot/8-pole and 12-slot/14-pole SRM with conventiowalding. 3-phases

are supplied by rectangular wave current with cotidn@ngle of unipolar

120° elec., @ 0A, ;-

TV. DSRMS WITH SINEWAVE EXCITATION
A. Influence of Winding Configurations on DSRMs

1) Average Torque and Torque Ripple againt Phase RMS
Current

In order to use the 3-phase standard inverter, the SRMs
have been supplied with sinewave currents and they are in
effect doubly salient synchronous reluctance machines

(DSRMs)} Figl0jshows the average torque and torque ripple
of the DSRMs with different winding configurations.
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Fig. 10. Comparison of (a) average torque and (b) torqueeripoefficient
against phase RMS current varying from OA to 40A.i(Slahes stand for
machines supplied by 3-phase sinewave currents. PerformanBeCe
DSRM andDLMC-DSRM also compare to that supplied by rectangular

wave excitation with unipolar20°elec. conductior).
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At low current, it is found that the FP-DSRM produces
higher average torque but lower torque ripple than others
addition, the SLC-DSRM and SLMC-DSRM generate higher
average torque but lower torque ripple than the DLC-DSRM
and DLMC-DSRM, respectively. However, at high current,
the average torque of tHeLMC-DSRM becomes higher



than that of the FP-DSRM, because the FP-DSRM is morghase current. While the sinewave excitation is

sensitive to magnetic saturation due to 86 winding ore appropriate for the DLMC winding.
structure. Similarly, both the SLC-DSRM and SLMC-DSRM

produce less torque than their DL counterparts at high current2) Efficiency Maps

levels. Therefore, it can be concluded that all the FP-DSRM, o . . .
SLC-DSRM and SLMC-DSRM  exhibit  superior Efficiency maps for the DSRMs with different winding

performances at low current. However, with significant configurations have been calculated from the torque speed

longer end-winding, the FP-DSRM has much higher coppefharacteristics and the losses, as shi (regions
loss than both the SLC-DSRM and the SLMC-DSRM. with efficiency below 50% are not shown). For this specific

) eries of designs, a maximum peak efficiency of 76% is
For completeness, the results for the DLC-SRMZ 1 byDLMC-DSRM between 6000 and 8000 rpm.

and DLMQ'SRM_ supplied by ref:tangular WaVerhe DLC-DSRM also achieves its maximum efficiency
current with their most appropriate conductionwithin the similar speed ranges ghe DLMC-DSRM. In
angles (fromp TABLE IV) have been selected asontrast, theSLC-DSRM andSLMC-DSRM achieve their

sinewave excitation. It is found that tHalC from 3000 to 4500 rpm. Furthermore, the FP-DSRM obtains

- ) L a more modest efficiency of 66% at lower rotor speed around
winding with rectangular wave excitation canso00rpm.

exhibit better performance, particularly at high
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E
Z
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g
o
=
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Rotor Speed (rpm)

Fig. 11. Efficiency maps of SRMs whdh,,, = 14.144, andV,, = 100V. (a) DLC-DSRM, (b)DLMC-DSRM, (c) SLC-DSRM, (d) SLMC-DSRM, and
(e) FP-DSRM.

[ Synchronous Reluctance Machines (SynRMs) ]

|
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\ SynRM-AFB J A SLMC o
Fig. 12. Investigation variables on synchronous reluctance machigeRK&). SynRMs are supplied with sinewave currents.

simple industrial manufacturing, the transversally laminated
_ rotor has been selected for investigation in this paper with
Different from the DSRMs the most commonly i round flux barrier (RFB) and angled flux barrier (AFB).
investigated SynRMs employ flux barriers inside the rotorg=q, clarity, shows a diagram including rotor
with various topologies in order to increase the saliency ratifbpologies, slot/pole number combinations and winding
and also the difference between d- and g-axis inductancegynfigurations for all the investigated SynRMs in this paper
and hence to increase the torque capability [21].[F8F  The three SynRMs with rotor topologies: SynRM-RFBs,

B. Investigation of SynRMs with Different Rotor Structures



SynRM-AFBs and DSRM for both tHe?-slot/4-pole and.2-
slot/8-pole have been investigated. In addition, the DLC/SLC

TABLE VI APPROPRIATE ROTOR TOPOLOGIES TO OBTAIN THE

MAXIMUM AVERAGE TORQUE

windings, DLMC/ SLMC windings, as well as the FP
winding have been employed

The saliency ratig{ = i—") in|TABLE V|shows that the
q

machines with the DLMC winding have the highést
regardless of the rotor topologida addition, it has been

Winding configurations
SIC | SIMC Fp DLC | DLMC
SynRM-
12'%?&"" DSRM | DSRM | DSRM | RFB | DSRM
P &DSRM
. _ | SynRM- SynRM-
12 Sc')‘l’f RFB | DSRM | DSRM | DSRM | AFB
P &DSRM &DSRM

found that(Lq — Lg) is the highest at high current levels
(40A,.5)- As a resultit can be predicted that tHe-slot/8-
pole machines with the DLMC winding could have better
machine performance than others. According to the phasol
diagram of the SynRM, the power factors are obtained as
well. Regardless of winding configurations, the SynRM-RFB
can have the highest saliency ratio and power factors due t
higher average ratio of flux barrier thickness to the combined
thickness of lamination and flux barrier [2RJoreover, the
power factors of the DL winding machines are higher than
those of the SL winding machines due to relatively lower
synchronous inductancesThis also explains why the
machines with FP windings have the lowest power factors.
Accordingly, [ TABLE VI| summaries the appropriate
rotor topologies to obtain the maximum average torque for
both the 12-slot/4-pole andl2-slot/8-pole machines with
different winding configurationdVoreover, the FP winding
is found to be the most appropriate winding configuration for
the 12-slot/4-pole machines, while the DLMC winding is the
best for the 12-slot/8-pole machin&saddition, it has been
found that the 12-slot/4-pole and 12-slot/8-pole machines
have similar torque capability (12Nm 4QA4,,,s) when the
appropriate winding configurations and rotor topologies are
employed. Furthermore, the torque performance in terms of

12
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both average torque and torque ripple of the 12-slot/4-poleig. 13. Comparison between (a) average torque and (b) toiple of the

12-slot/8-pole machines with the best SynRMs and DSRMg2-slot/4-pole and12-slot/8-pole machines with the best SynRMs and
DSRMs topologies.

topologies has been show It can be found that at
low current, the 12-slot/8-pole DSRMs can produce higher

average torque but lower torque ripple than SynRMs.

V. EXPERIMENTAL VALIDATION

However, the average torque of both machines are similar &'
the high current around04,.,., while the lower torque

Prototypes of Reluctance Machines
In order to validate the predictions, the reluctance

ripple can be achieved by the SynRMs. For 12_S|Ot/4_p0|g1achine prototypes with different structures (non-modular

TABLE V COMPARISON OF SALIENCY RATIOZ—d AND POWER

q
FACTORS FOR DIFFERENTL2-SLOT/8-POLE MACHINES
AT 104, (I = 1)

SynRM-RFB SynRM-AFB DSRM

/s | Eortor | Lo/%a | Factor | Lo/ | Foctor
SLC 1.787 | 0.676 | 1639 | 0.638 1.635 0.621
SLMC 1.847 | 0679 | 1713 | 0.637 1.834 0.620
FP 1523 | 0576 | 1135 | 0.508 1.680 0.567
DLC 1459 | 0.778 | 1122 | 0.741 1.787 0.745
DLMC | 2.106 | 0.796 | 2.096 | 0.752 1.895 0.750

machines, the DSRMs can have higher average torque thgﬂd modular), different winding configurations (DLC/SLC

the SynRMs when the current is higher tHad,.,,,;.

and DLMC/SLMC), and different slot/pole combinations
(12-slot/8-pole and 12-slot/14-pole) are constructed with the
design specifications shown previously in TABLIE 1. Fi

(a) and (b) show the wound 12-slot non-modular stators with
DLC/DLMC and SLC/SLMC windings, respectively. The
conventional and mutually-coupled windings can be realized
with the same stator core and coils through a simple
reconnection of the individual coils as detaileld in FIEid. |

(c) shows the wound 12-slot modular stator with
SLC/SLMC windings. Theommon rotors of all the single
and double layer variants are showffi. 15|with both 8-
pole and 14-pole.




and 14-poles, whilg Figl7]shows the results for th2-
slot/8-pole DSRMs with different winding configurations.
The measured results are generally slightly higher than the
predicted ones mainly due to the fact that the end-windings
have not been taken into account in the predictions.

ke
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*  SLC-DSRM (measured La)
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0 " © DLC-DSRM (measured La)
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Fig. 14. 12-slot prototype reluctance machines. (a) non-moahitarDLC T e Eﬁ:::;ﬁ'zt?, Lt e,
or DLMC windings, (b) non-modular with SLC or SLMC wilings, (c) SLMC-DSRM (predicted Mab) s * *
modular with SLC or SLMC windings.
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Fig. 17. Measurement of self- and mutual-inductances of th& DERMs
16 . . with different windings at 1A dc current. (a) Contienal winding DSRMs,
(b) Mutually-coupled winding DSRMs.

C. Measurement of Static Torque

The method in [23] has been adopted for undertaking the
static torque measurement in this eapAccording to the
! current waveforms with different conduction angles as
o shown i Fig. }, the on-load torques can be measured at
5 %0 93 a8 2@ 30 366 different rotor positions. By way of example, the results for
Rotor Postion feec.des.) SLC-SRM and SLMC-SRM are shown The
aligned rotor position of phase A can be tested when the
' phase A is excited. The phase RMS current of all the
rectangular wave excitations is 4A, and the dc current is

Inductances (mH)

- FG=0mm L _

T .. . . ..
E injected into each phase at different rotor positions
g corresponding to the current waveforms.
@
é 1 SLC-SRM unipolar 120° SLC-SRW
£ i -9 - 5 -g - & ,.p i~ unipolar 180° o
P ) FG=0mm M, g 08 & .
0 60 120 180 240 300 360 ® R
Rotor Position (elec. deg.) & 0.6 !
. . (b) . . 2 /
Fig. 16. Predicted and measured self- and mutual-inductagaeast rotor © 0.4 5 7
position at 1A AC current. (a) 12-slot/8-pole SRMMKRG=0mm and 2mm. s LA
(b) 12-slot/14-pole SRM with FG=0mm and 2mm (linesdjwied results, @ 0.2t SLMC-SRM SLMC-SRM
and marks: measured results). bipolar 180° unipolar 120°
0
B. Measurement of Self- and Mutual-Inductances o 0 120 180 240 300 360

. Rotor Position (elec. deg.)
The self- and mutual-inductances of the reluctance

machines are measured according to the method in [18] at 1FA9. 18. Predicted and measured static torques versus rotorquoaitidA

. h RMS t. (Lines: predicted Its, ks: measagelts).
AC current. The measured phase resistances of the SL- ahd>® current. (Lines: predicted results, marks: me )
DL-SRMs are 1.48 and 1.32), respectively. Figl 6|shows

the results for non-modular and modular CSRM with both 8



1.2

DLC-DSRM(predicted) |
* DLC-DSRM(measured)

1C

DSRM have been compared to the SynRMs with both AFB
and RFB. Accordingly, most appropriate rotor structures
have been obtained for the machines with different slot/pole
combinations and winding configurations

T. J. E. Miller, “Optimal design of switched reluctance motors,” IEEE
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Fig. 19. Predicted and measured static torque as a funcfiphase peak
current. 3]

In order to measure the static torque of the DSRM, three
phases are supplied with dc currents suchy asi, Iy = [4]
I = —1/21, wherel is variable and controllable by the
power supply.[ Fig.19 shows a comparison between
predicted and measured static torques for both the DL- and
SL-DSRMs, at phase peak currents between 1A and 10A. 1!
the torque measurements, the rotor is fixed at an angular
position which corresponds to the maximum average torque
(45 elec. deg. if magnetic saturation does not occur). It carg]
be found that the measured results are in good agreement
with the predicted results.
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