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Investigation on Synchronous Reluctance Machines with Different
Rotor Topologies and Winding Configurations

X.Y.Ma, G. J. Li, Z. Q. Zhu, G. W. Jewell, J. E. Green

Department of Electronic and Electrical Engineering, University of Sheffield, Sheffield, S10
2TN, U.K.
[g.li@sheffield.ac.uk.

Abstract: This paper investigates the influence of rotor topologies and winding configurations on the
electromagnetic performance of 3-phase synchronous reluctance machines with different slot/pole
number combinations, e.g. 12-slot/4-pole and 12-slot/8-pole. Transversally laminated synchronous
reluctance rotors with both round flux barrier and angled flux barrier have been considered, as well a:
the doubly-salient rotor as that used in switched reluctance machines. Both concentrated and distribute
winding configurations are accounted for, i.e., single layer and double layer conventional and mutually
coupled windings, as well as fully-pitched winding. The machine performance in terms of daxsisd g-
inductances, on-load torque, copper loss, and iron loss have been investigated using 2-D finite-elemel
analysis. With appropriate rotor topology, 12-8lgiole and 12-slé8-pole machines with fully-pitched

and double layer mutually coupled windings can achieve similar torque capacity, which are higher than
the machines with other winding configurations. In addition, the synchronous reluctance machine with
round flux barrier can have lower iron loss than doubly salient reluctance machine under different
working conditions. The prototypes of 12-é&pole single layer and double layer, doubly salient
synchronous reluctance machines have been built to validate the predictions in terms of inductances ar
torques.

Nomenclature

DSRM Doubly Salient Reluctance Machine
SynRM Synchronous Reluctance Machine
RFB Round Flux Barrier

AFB Angled Flux Barrier

DLC Double Layer Conventional

DLMC Double Layer Mutually Coupled
SLC Single Layer Conventional

SLMC Single Layer Mutually Coupled

FP Fully-Pitched

1. Introduction

COMPARED with permanent magnet machines and induction machines, both the synchronous
reluctance machines (SynRM) and the switched reluctance machines (SRMs) are becoming increasing|
attractive in various applications ranging from domestic appliances to electrical vehicles and hybrid
electrical vehicles (EVs and HEVs). This is mainly due to their magnet-free features and hence low cos
simple and robust rotor structures (without rotor conductors and hence no rotor copper losses), ani
hence very suitable for high speed and harsh environment applications [1]-[4]. In gene&SghRiMs

use standard 3-phase pulse width modulation (PWM) inverters while the SRMs require an
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unconventional power-converter due to the square wave unipolar current supply (usually 120 degree
conduction for 3-phase SRMs) [1], [5]. This to some exiants the wider industrial penetration of the
SRMs. In order to employ the standard and off-the-shelf 3-phase inverter as that used in SytlRMs so
reduce the system cost, in [5]-[7], the SRMs have been supplied with 3-phase sinewave adrients

are in effect short-pitched doubly salient reluctance machines (DSRMSs).

Similar to the induction machines, the classic SynRMs often employ the distributed stator
windings [8]. However, many permanent magnet machines and DSRMs adopt the fractional-slot
concentrated windings due to their inherent advantages such as higher slot fill factor, shorter end:
winding, smaller machine overall footprint, etc. [9]-[11]. When a fractional slot, double layer (DL)
concentrated winding is applied to a 6-slot/4-pole (6/4) SynRM, it has been found that its torque density
and efficiency as well as thermal characteristics can be effectively improved [1#eHDERMSs, both
the short-pitched (SP) concentrated windings andreheistributed windings can be employed and this
has been well investigated in literature [5], [13]. It has been found that the DSRM equipp&l with
mutually coupled (DLMC) winding, which is alsoS®winding, is less sensitive to magnetic saturation
than the ones equipped with the DL conventional (DLC) windings and hence, produce higher average
torque at high phase current [5]. However, the torque ripple coefficient of the DSRM equipped with the
DLMC windings is relativly higher due tats nature of self- and mutual-inductances [14]. The FP
distributed winding DSRM can generate lower torque rippleitsulong end-winding will result in
higher copper loss for a given phase current. In order to take advantage of both the FP distributec
windings (higher torque capability) and tB€ concentrated windings (shorter end-winding), single
layer (SL) concentrated windings (SLC and SLMC) DSRMs have been propo&dThey can have
higher torque capability than th#_ concentrated windings (DLC and DLMC) counterparts but lower
copper loss than that of the FP distributed windings.

Although the rotor of the DSRM is simpler and easier for manufacturing than that of the SynRM,
the doubly salientl§S) rotor structure will result in high levels of acoustic noise and vibration [15]-[16].

In contrast, most SynRMs have non-salient rotors with various topologies in order to increase the
saliency ratio and also the difference between d- and g-axis inductances, and hence tothecrease
torque capability [1], [2]. It is well established in literature that the SynRMs are gerdaaigned with
transversally laminated rotor [17], [12]. Although the axially laminated rotor has advantages such as
increased saliency ratio, hence improved power density and power factor [18]-[19],rit On®glex

for industrial manufacturing. Therefore, the transversally laminated rotor has been selected for
investigation in this paper. By way of example, rotors with 4 poles are illustrated and tleegllgen

have two shapes, e.g. round flux barrier (RFB) and angled flux barrier (AFB) [17], [20]F[&L]atter

is also used for some permanent magnet assisted SynRMs as shown in [22]-[23]. It has been found i

[18] that with the distributed windings, the three flux barrier layers SynRM can produce similar average
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torque but lower torque ripple than other numbers of flux barrier layer. In addition, the influence of slot
numbers on the average torque is very minor but lower torque ripple can be produced with higher slo
numbers. Hence, the three-layer flux-barrier in the rotor will be adopted for the 12/4 and 12/8 machines
in this paper.

For clarity, a diagram including rotor topologies, slot/pole number combinations and winding
configurations for all the investigated reluctance machines in this paper is 3@1 Fig. 1. The three
rotor topologies: SynRM-RFBs, SynRM-AFBs and DSRM will be investigated for both the 12/4 and
12/8 slot/pole number combinations. In addition, the DL and SL conventional windings (DLC and SLC),

the DL and SL mutually-coupled windings (DLMC and SLMC), as well as the FP winding will be

employed and are illustrated|in Fig. 1. By way of example, the d- and g-axis inéisctamt power

factors will be investigated on 12/8 machines with different windings and rotor topologies. For the
performance investigations throughout this paper, appropriate rotor structures will be identified based
on torque comparison at both low and high current levels for both the 12/4 and 12/8 machines. Then
comparison in terms of average torque, torque ripple, copper loss and iron loss will be carried out by 2:
D finite element analysis (FEA) between different slot/pole number combinations and winding

configurations for the machines with appropriate rotor topologies.

[ Synchronous Reluctance Machines ]

[ Rotor Structure ] [ slot/ Pole Combination ] [ Winding Cenfiguration ]

= )

Single Layer e i Double Layer
-sali i Distributed Windin
[ Non-salient } [ Salient ] [ Concentrated Winding E Ccncentrated Wlndlng
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C+ A~ 2
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Fig. 1. Investigated reluctance machines in this paper with different winding configusatial rotor topologies.

2. Features of Reluctance Machines

2.1. Different Rotor Topologies and Winding Configurations
For fairer comparison throughout this paper, machines with different windings and rotor

topologies have been optimized separately, and the optimization objective is to achieve tbie highe
torque for constant copper loss (Only dc losses have been considered, the end-winding has also be
included in copper loss calculations). It is worth mentioning that for the concentrated windings, only the
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SL windings have been selected for optimization mainly because they can generally produce highel
average torque than thétl counterparts. Hence, the dimensions of stator core are kept the same for all

the winding configurations. However, the stator core has been optimized separately for machines witr
different rotor structure. The main dimensions of all investigated machines are kept the same as show

in|Table 1. The rib width is 0.3mm for all SynRMs. However, the stator inner radii for 12/8 SynRM-
RFB, SynRM-AFB, and DSRM are optimized as 27mm, 27mm and 28.4mm, and the shaft outer radii
are 13mm, 9mm and 11.6mm, respectively.

Table 1 General dimensions and design parameters of reluctance machines

Stator slot number 12 Active length (mm) 60

Rotor pole number 4/8 Number of turns per phase 132
Stator outer radius (mm) 45 Slot areafim?) 116
Air gap length (mm) 0.5 Current density4,,,s/mm?) 5.68

As mentioned previously, the SynRMs with three-layer flux-barrier in the rotor have been selected
for investigation in this paper. By way of example, the flux line distribution of the optimized 12/8

SynRMs with both round and angled flux-barrier rotors and different winding configurations, as well as

the 12/8 DSRM are shown (in Figl Rhase A is supplied with 10A dc current and the rotor pole is

aligned with the phase A. It can be found that there is no flux through the phase B and the phase C fc

the conventional concentrated windings as showvn in Fig. 2a. However, the mutespfiesent in both
the MC winding|(Fig. £b) and tHeP windings|(Fig. 2).

Fig. 2. Flux line distributions of 12/8 reluctance machines with different rotor tggsandwinding configuratios. The
rotor pole is at the aligned position with the phase A wisislipplied with a 10A current.

aSynRM with RFBs and SLC winding

b SynRM with AFBs and DLMC winding

¢ DSRM with FP winding

The material M330-35A is used for the prototype machines, which has a yield stress of 300MPa
and a material density o7650kg/m3. By using 2D FEA, the maximum speed of 19000 rpm and
mechanical stress of 295MPa for the 8-pole SynRM rotor with AFBs have been obtained. However, 8-

pole SynRM rotor with RFBs and DSRM rotor can achieve much higher speed, i.e. 26000 rpm and
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47000 rpm, respectively. Fig| 3 shows the comparison of mechanicalstitadsradial displacement u

between different rotors at 19000 rpmislfound that at this speed, the displacements of the rotor into
air-gap are lower than 1.84% of the air gap length (0.5mm). This means that the rotor will not rub the

stator inner surface at this operating speed.
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Fig. 3. Mechanical stress and radial displacement u comparison between different 8-pole edtb®900 rpm.
a SynRM with RFBs
b SynRM with AFBs
c DSRM

Accordingly, coil magnetic polarities for different winding configurations are iIIustratEd in Table

It can be found that the coil magnetic polarities of the SLC and SLMC machines are similar to those
of the DLC and DLMC machines, respectively. However, compared with the DL machines, the SL
machines have half number of coils per phase under the condition that the number of turns per phas
(132)is the same for both the DL and SL machines. Similar to the SL windings, the FP wihdmgs

only two coils per phase but each coil spans three stator slot pitches due to the distributed winding

configuration as shown jn Fig| 1. This will lead to longer end-winding, hence potentially higher copper

loss than other winding configurations for the same phase RMS current.

Table 2 Coil magnetic polarities of reluctance machines with different winding cosatliguns

Winding configurations Coil magnetic polarities
SL windin SLC NSNNS
c irated windi g SLMC NNNNNN
oncentrated winding - DLC SNSNSNSNSNSN
DL winding
DLMC SSSSSSSSSSS
Distributed winding FP winding FP NSNSNS

2.2. Influence of Rotor Topologies and Winding Configurations on d- and q-Axis Inductances and
Power Factors

Since the DSRMs are supplied with 3-phase sinewave currents and in effect become SynRMs bu
with salient rotors, the phasor diagram of the SynRMs can be applitaliee DSRMs as well

Accordingly, accounting for the cross-couplings, the d- and g-axis inductapeesiL, are described

by



Ld(id' lq) = w—d(lfd, lq)

lg

1)
oy Yeliasi
Laltaty) = Yolie) @
wherey,; andy, are the d- and g-axis stator flux linkaggsandi, are the d- and g-axis stator
currents, respectively. By way of example, the 12/8 machines have been selected to investigate th
Table 3

comparesl,; andL, of the 12/8 machine topologies with different rotor topologies and winding

influence of rotor topologies and winding configurations on the d- and g-axis inductances.

configurations. It can be found that the machines withRRevinding has the highest; andL, at
104,,,s than others, regardless of rotor topologigss will become an important factor tHahits the

constant power speed range. Additionally, 8iewinding machines he higherL, andL, than their

DL counterparts. The saliey ratio ({ = i—d) in|Table 4 shows that the machines with the DLMC
q

winding have the highest, regardless of the rotor structures. Therefore, it can be predicted that the 12/8

machines with the DLMC winding could have better performance than others duertdidjinest

saliercy ratio. Furthermore, the power factors (see Talple 4) can be obtained according to the phaso

diagram of synchronous reluctance machines. It can be found that the SynRM-RFB can have the highe:
saliercy ratio and power factors, regardless of winding configurations. Moreover, the power factors of
the machines with DL windings are higher than that of the machines with SL windings. The machines

with FP windings hae the lowest power factors.

Table 3 Comparison of d- and g-axis inductances between different 12/8 rea@d0A4,.,,s (I; = 1)

Lq (mH) Lq(mH)
SynRM-RFB | SynRM-AFB DSRM SynRM-RFB | SynRM-AFB DSRM
SLC 6.9 7.3 7.7 3.9 4.5 4.7
SLMC 7.1 7.7 9.0 39 4.5 4.9
FP 11.9 9.9 141 7.8 8.7 8.4
DLC 3.5 3.2 4.8 2.4 2.8 2.7
DLMC 4.4 5.4 5.0 21 2.6 2.6
Table 4 Comparison of saliery ratioi—: and power factors for different 12/8 machine@d,.,,; (I, = 1,)
SynRM-RFB SynRM-AFB DSRM
Lq/Lq Power Factor Lq/Lq Power Factor Lq/Lq Power Factor
SLC 1.787 0.676 1.639 0.638 1.635 0.621
SLMC 1.847 0.679 1.713 0.637 1.834 0.620
FP 1.523 0.576 1.135 0.508 1.680 0.567
DLC 1.459 0.778 1.122 0.741 1.787 0.745
DLMC 2.106 0.796 2.096 0.752 1.895 0.750

It is established that the electromagnetic torque performance can be determined by the differenc

betweenL, andL,. Hence, [4 — L,) has been calculated with different winding configurations as
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shown in Fig. 4. Also, thei—d— 1) of DSRMs has been shown|in Fig. 4d. It is apparent that at low
q

current, the highesL| — L) of the SynRM-RFB and the DSRM are achieved by using the FP winding.
However, for the SynRM-AFB, this can be obtained by using the SLMC winding. Therefore, at low
current, the 12/8 FP-SynRM RFB and FP-DSRM can be predicted to produce higher torque than othe
12/8 SynRM-RFBs and DSRMs, respectively. However, at high current, the DLMC winding produces
the highestk, — L,), regardless of rotor topologies. Hence, it could be predicted that all the three 12/8
machine topologies can achieve their best torque performances at high current levels when the DLMC
winding configuration is employed. Moreover, the 12/8 DLMC-DSRM could potentially generate
higher torque than the 12/8 DLMC-SynRMs due to slightly highgr(L,).

10 10 ; :
——12/8 SLC-SynRM RFB ——12/8 SLC-SynRM AFB
. - ©-12/8 SLMC-SynRM RFB -l - ©-12/8 SLMC-SynRM AFB | |
--e--12/8 FP-SynRM RFB --a.-12/8 FP-SynRM AFB
T —=—12/8 DLC-SynRM RFB T —=—12/8 DLC-SynRM AFB
£ 6f ¢ ~12/8 DLMC-SynRM RFB| - E &6 » -12/8 DLMC-SynRM AFB
S o
_JU _.I
I S y
2 o i il i 1
P s il e o Y
0 . 0 . . » + “H?
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
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Fig. 4. Comparison ofL, — Lg) and(i—d — 1) against phase RMS current between 12/8 reluctance machines. Theamachin
q

are supplied with 3-phase sinewave currents Iyt I, .
a(Lq — Lg) of SynRM with RFBs

b (Lg — Lg) of SynRM with AFBs

C(Lg — Lg) of DSRM

d (i—z — 1) of DSRM

3. Torque Performances for Different Windings, Rotor Topologies and Pole Numbers

3.1. Influence of Rotor Topologies on Torque Performances for both the 12/4 and 12/8 Machines
According to the d- and g-axis inductances, the electromagnetic torque of a 3-phase reluctance

machine can be calculateg

3 3 .
T =2 p(La = Lo)lalq = 3 X P(La = L)l sina 3)



wherep is the pole pair number is the current phase angle, ahdis the phase peak current
respectively. It is apparent that the maximum average torque will be obtained 45° (I, = I;)

without considering magnetic saturation [1], [20]. For completeness, average torques at diffeneint curre

levels of all the 12/4 and 12/8 machines have been obtained by 2D-FEA, as shown fin Fig. 5. The torqu

ripple coefficient is calculated k. = <—=i% x 100%, WhereTnqx, Trin andT,, are the maximum,

minimum and average torques over one electrical cycle. It is worth noting that with different pole
numbers and winding configurations, the reluctance will be different due to different winding factors
and airgap permeances. Henceirtidluence on torque performances will be investigated separately in

the following sections.

I 12/4 SynRM-RFB [__|12/4 SynRM-AFB [ ]12/4 DSRM I 12/4 SynRM-RFB [__]12/4 4 SymRULAFE [ 112/4 DSRM
4 : : 600
5 2t & 300
s mll H | mENS ., ﬁ i_ﬁ m
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s o F o
o 14 " T 600 \
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<7 r rﬂ mh m 1
,ml] 1| n 0 S REN B
SLMC DLMC SLMC DLMC
(||) (")
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[-12.'8 SynRM-RFB I:Iwe SynRM-AFB [ ]12/8 DSRM| I 12/8 SynRM-RFB [ |12/8 SynRM -AFB I:hzm DSRM
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Fig. 5. Torque performance of the 12/4 and 12/8 SynRMs and DSRMdiffithent winding configurations at (i) 10 Arms
and (ii) 40 Arms.

a Average torque of 12/4 machines

b Torque ripple coefficient 12/4 machines

¢ Average torque of 12/8 machines

d Torque ripple coefficient of 12/8 machines

It can be found that for the SynRIMhe RFB rotor can produce higher average torque than the

AFB rotor due to 20% higher average ratio of flux barrier thickness to the combined thickness of
lamination and flux barrier, hence higtiél{l] . This is true for almost all winding configurations and
q

for both low and high current levels (except the 12/4 SLC winding at high current and the 12/8 DLMC

winding). However, the 12/4 and 12/8 DSRMs can produce similar or even higher average torque thar
8



the SynRMs at both low and high current levels, regardless of winding configurations. The SynRMs
with AFB rotor produce higher torque ripple than the DSRMs and the SynRMs with RFB rotor for most
winding configurations. However, with similar average torque, the AFB rotor can produce lower torque
ripple at 12% for the 12/8 SLC winding at low current. Accordingly, the appropriate rotor topologies to

obtain the maximum average torque for both the 12/4 and 12/8 machines with different winding

configurations have been summarized in Table 5. For clarity, only the most appropriate rotor topologies

have been selected for further investigations.

Table 5 Appropriate rotor topologies to obtain the maximum average torque

Slot/pole Winding configurations
combinations SLC SLMC FP DLC DLMC
SynRM-RFB
12/4 DSRM DSRM DSRM &DSRM DSRM
SynRM-RFB SynRM-AFB
12/8 &DSRM DSRM DSRM DSRM &DSRM

3.2. Influence of Slot/Pole Number Combinations on Torque Performance with Appropriate Rotor
Topologies

With the appropriate rotor topologies such as the ones shgwn in Table 5, the influence of slot/pole

numbercombinations on torque-speed characteristics uhglgr= 14.14A andV,. = 100V is shown

in|Fig. §.

4 4
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I— = =12/4 SLMC-DSRM 1 — -12/8 SLMC-DSRM
30 \‘ ——=12/4 FP-DSRM ] 3 \ ===12/8 FP-DSRM
—E- U 12/4 DLC-DSRM 3 " ---- 12/8 DLC-DSRM
z ‘\ ~12/4 DLMC-DSRM Zz - 12/8 DLMC-DSRM
2 2 8
T g
B
o o
= ]
1
0 ===

0 2000 4000 4000 6000 8000

Rotor Speed (r/min) Rotor Speed (r/min)
a b

Fig. 6. Torque-speed curves between 12/4 and 12/8 machines with diffenedimgg.1,,,, = 14.144 andV,;, = 100V.
a 12/4 machines
b 12/8 machines

It can be found that both the 12/4 and 12/8 machines with the FP windings and the doubly salient
rotors can achieve their best initial torqued @,,,,. However, the 12/4 machines can have wider
constant torque range than the 12/8 machines. In addition, it is also found that the DL machines cal
have higher base speed than other machines. However, the FP machines have the highest initial torq
but the lowest base speed under the limit,Qf = 14.14A andV . = 100V. It is worth mentioning that
the 4-pole machines would produce less iron losses due to lower electrical frequency than the 8-pol

machines. This will be investigated in the following section.



4. Influence of Machine Topologies on Copper Loss and Iron Loss

It is well-established that the copper loss (proportional to current squared) could be the dominant
loss for high torque low speed applications, while the iron loss could be the dotossifior high
speed applications, where the iron losses are determined by the iron core flux density and also th
electrical frequency. Therefore, the aforementioned influence of winding and rotor topologies on torque

performance will also be reflected into the machine losses.

4.1. Copper Loss
Due to different end-windings, the winding configurations will have significant influence on the

copper loss characteristics. However, if phase current is unchanged then the different rotor pole
numbers and rotor topologies will have no influence on copper loss for the same sized machines. Due t
longer end-windings, the FP machines will generally produce higher copper loss than other machines
regardless of current levels. MA,,,s, the copper loss of theEP (246W) can be around 1.5 times
higher than that of th8L (173W) and DL (154W) winding machines.

Although the FP machines generate higher copper loss than the SL and DL winding machines, the
average torque against copper loss characteristics could be more important for investigation because tt
FP machines could generate higher average torque as well, as investigated previously. With appropria

rotor topologies, both average torque and torque ripple against copper loss for machines with differen

winding configurations have been obtained, as shoyn in Fig. 7. At lower torque level, e.g. 4Nm, both
the 12/4 and 12/8 FP-DSRM will produce lower copper loss. At high torque level, e.gtl@NI2/4

machine with the FP winding still have the best torque against copper loss performance than others
However, for the 12/8 machines, the copper loss of the DLMC winding is about one-half of the 12/8 FP
winding machine at 10Nm. Moreover, the 12/8 DLMC machine exhibits even higher average torque at
high currents. This is due to the fact that the machines with the DLMC windings have lower mmf

concentration in the stator yoke, hence are less sensitive to the magnetic saturation. Nevertheless, th
exhibit higher torque ripple than the FP winding machines due to their nature of self- and mutual-
inductances as mentioned previously. It is also found that with appropriate winding configurations, the
torque capability of the 12/4 machines is similar to that of the 12/8 machines. Overall, it can be
concluded that with the FP windings, both the 12/4 and 12/8 machines can have better torque again:
copper loss characteristics without heavy magnetic saturation. However, the 12/8 DLMC machines car

have better performance at high current levels (high copper loss).
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Fig. 7. Influence of slot/pole number combinations and winding configuratorsverage torque and torque ripple against
copper loss.
a Average torque against copper loss of 12/4 machines

b Torque ripple against copper loss of 12/4 machines
¢ Average torque against copper loss of 12/8 machines
d Torque ripple against copper loss of 12/8 machines

4.2. Iron Loss
Different from copper loss, the iron loss can be influenced not only by the winding configurations,

but also by the slot/pole number combinations and rotor topologies. Considering the torque performanc
the FP and SLMC windings are selected for the 12/4 machines, whilst the FP and DLMC windings are
selected for the 12/8 machines. Moreover, both the DSRM and SynRM rotors are selected for iron los:
investigation. The iron loss density over one electrical cycle is comprised of hysteresis loss and eddy
current loss, which can be calculated as:[24]
Piron W/m®) = f(knyAB,, + kpyABy,?) + kof jo l/f((;—f)zdt (4)

Wheref is the stator or rotor flux density frequendy,, is the peake-peak flux density. For the
silicon iron cores considered in these machines, the hysteresis loss coefkigientd k,, are54/m
and40A4/m, and the eddy current loss coefficiéntis 0.022 Am/V.

The total iron loss is obtained by the summation of the iron losses calculated in every individual

FE mesh element in both the stator and the rotor. According [to (4), it is necessary to investigate the

radial and tangential flux densitieB,(andB;) frequencies and their variations for both the stator and

the rotor, as shown fin Tabl¢ 6. It is worth noting that the rotor topology does not have any influence on

the flux density frequencies.
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Table 6 Flux density frequencies of the stator and the rotor

Slot/pole combination Winding configuration StatorB, /B, frequency (Hz)| RotorB, /B, frequency (Hz)
12/4 FP 13.3 80
SLMC 13.3 40
FP 26.6 40
12/8
DLMC 26.6 80

It can be found that the stator flux density frequency is only influenced by the slot/pole number
combination and it is equal t@/60, where2 is the mechanical rotor speed, gnds the pole-pair
number. This means that the stator flux density has 1 period in every electrical cycle. Nevertheless, th
rotor flux density will present different frequencies due to different winding configurations and rotor

pole numbers.

By way of example, the 12/8 FP and 12/8 DLMC machines have been shpwn in [fable 7 for

investigation on the stator and rotor iron kesat10 A4,.,,5, 400 rpm. It can be found that, with the same
stator and rotor flux density frequencies, the SynRM-AFB generates higher stator and rotor iron loss
than the DSRM with 12/8 DLMC windings due to higher variations,irand B,. However, the
SynRM-RFB will generate lower stator and rotor iron loss than the DSRM with 12/8 FP windings due

to lower variations irB,. andB,.

Table 7 Iron loss of 12/8 machines #0A,,,,; and400rpm

Machines Iron loss (W)
Stator Rotor total
12/8 FP-SynRM RFB 1.79 1.86 3.65
12/8 FP-DSRM 2.24 2.45 4.69
12/8 DLMC-SynRM AFB 0.59 1.03 1.63
12/8 DLMC-DSRM 0.57 0.24 0.81

According to the torque capability, two rotor topologies have been selected for the 12/4 and 12/8

machines with appropriate winding configurations. For completeness, the influences of phase RMS

current and speed on total iron loss have been calculated, as shown |n Fig. 8. It can be ftamiti¢hat

12/4 machines, the SynRM-RFB with FP winding can producéothest iron losses for the full speed

and current ranges. However, for the 12/8 machines, the DSRM with DLMC winding produces the
lowest iron losses for the full speed and current ranges. Moreover, it is found that the 12/8 machine:s
have higher iron loss than the 12/4 machines with the same rotor topologies and windings at variable

current levels and speeds, as expected.
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Fig. 8. Iron loss of selected 12/4 and 12/8 machines under different ogecatiditions.
a12/4 machines &00rpm with increasing phase RMS current

b 12/4 machines at 10Arms with increasing speed

¢ 12/8 machines at 400 rpm with increasing phase RMS current

d 12/8 machines at 10Arms with increasing speed

5. Experimental Validation

In order to validate the predictions, both the 12/8 SL-DSRMs and the 12/8 DL-DSRMs that have
been built in [5] are employed in this paper, and the inductances and static torques have s@ea mea
as detailed in the following sections. The FP winding has not been built due to its significantly longer
end-winding than other winding configurations, leading to higher copper loss. In addition, it has
relatively lower power factor.

The self- and mutual-inductances of the 12/8 DSRMs with different windings are measured

against rotor positions at 1A dc current as shown in Fig. 9. The measured phase resistan&s of the

and DL-DSRMs are 1.4Band 1.32), respectively. The method of static torque measurement in [25]
has been adopted for undertaking the torque measurements in this paper. In order to measure the ste
torque, three phases of the DSRMs are supplied with dc currents sijck aslz = I, = —1/21,

wherel is variable and controllable by the power supply. The static torques against rotor positions for

variable currents have been measured as shgwn in Kig. 10. It can be found that the measured results :

in good agreement with the predicted results.
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Furthermore, the machine efficiency has been obtained for both the 12/8 SL- and DL-DSRMs as

shown inp Table 8 where the dc link voltage is 18V and the maximum phase peak current is 6A, which is

limited by the load-torque capacity of the used dc machine. The low efficiency is mainly due td the fac
that for the prototype machines, smaller copper wires have been used to ease the winding proces
leading to smaller slot filling factor and higher copper loss. The difference between predicted and
measured resulis mainly because the end-winding effect has not been taken into account iDthe 2-

FEA. In addition, the torque-sensor accuracy and measuring error can be the other factors tha

contribute to this discrepancy.

Table 8 Machine efficiency (%) of 12/8 SL- and DL-DSRMsI4A ., and 400 rpm
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Speed(rpm) DLC—DSRM D_LMC-DSRM _SLC-DSRM S_LMC-DSRM
Predicted| Measured| Predicted| Measured| Predicted| Measured| Predicted| Measured

350 21.24 16.86 22.37 17.97 31.71 24.67 32 26.2
400 23.56 20.30 24.77 21.83 34.67 28.31 34.98 30.56
450 25.74 22.34 27.03 24.55 35.89 27.19 36.73 29.85
500 27.81 23.43 29.16 25.57 37.36 30.61 37.22 30.84
550 29.76 24.24 31.17 25.64 39.35 31.02 39.18 33.83
600 31.61 26.9 33.06 27.37 41.11 -- 41.36 --

6. Conclusion

Three rotor topologies (SynRM-RFB, SynRM-AFB, and DSRM), five winding configurations
(SLC, SLMC, FP, DLC, DLMC) and two slot/pole number combinations (12/4 and 12/8) are employed
for investigation on the synchronous reluctance machines. By way of examples, the 12/8 SynRM-RFB
can produce the highest power factors regardless of winding configurations. In addition, the power
factors of DL windings are higher than both the SL and FP windings. The appropriate rotor topologies
have been identified for each winding configuration and slot/pole number combination, according to the
torque performance at different current levels. With appropriate rotor topology, the influence of
slot/pole number combinations on average torque and torque ripple for different phase currents hav
been investigated. It has been found that the 12/4 and 12/8 machines have similar torque capabilit
(12Nm at 40Arms) when the appropriate winding configurations are employed. By way of example, the
FP winding is the most appropriate winding configuration for the 12/4 machines, while the DLMC
winding is the best for the 12/8 machines.

Regarding the copper loss, the FP winding presents the best average torque against copper lo
characteristics at low current for both the 12/4 and 12/8 machines. However, the 12/8 machines with the
DLMC winding achieve better average torque against copper loss at high current due to ttegir shor
end-windings. The investigation on iron loss shows that lower iron loss can be achieved by the SynRM-
RFBs rotor topology when compared to the DSRMs. Moreover, the FP and DLMC windings can

produce lower iron loss than other windings for the 12/4 and 12/8 machines, respectively.
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