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Abstract: In this paper, a study on an Axial Switcled Reluctance Motor (ASRM) is
provided and comparisons with an equivalent RadiaBwitched Reluctance Motor
(RSRM) are established. A 3D Finite Element (FE) mitel is used for the ASRM and
only 2D FE model for the radial one in order to redice the computation time. First, a
bibliographic review and descriptions of the two meors are given. Secondly,
comparisons between both structures are proposeddtuding flux linkages, developed
torques, masses, torque-speed curves and cartograpbf minimum torque ripples. In
order to make the comparisons more reliable, optinzed control parameters and full

operating range for electric vehicle (EV) power tran are taken into account.

Index Terms— Switched reluctance motor, axial flux, finite elenent, torque-speed

curve, torque ripples, EV powertrain.

1. INTRODUCTION

The switched reluctance motor is well known fomitany advantages, such as simple

! Corresponding authomhbelhadi@yahoo fr
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manufacturing, robustness, easy maintenance, gbo@rcy, operating in extreme
conditions, no need to use magnets and low cokthé$e advantages make this structure a
serious and an attractive challenger for the eteethicles traction. However, this motor
presents two major drawbacks: a high torque ripphesan undesirable acoustic noise due
to the stator vibrations caused by magnetic foorestator teeth.

Depending on the magnetic flux path in the airgap, structures of SRM can be
considered: the radial SRM and the axial SRM (E)gThe second one could be a solution
to limit the last mentioned drawback. Indeed, fer ASRM, the radial efforts, which are
perpendicular to the rotation axis, are insignificand vibrations that originate from these
efforts, should be more easily mitigable. Previsuslies on ASRM highlighted some
advantages such as: adjustable airgap, suitab&gpfaications where the ratio
length/diameter is low, simple cooling and simplegess of lamination [1].

In order to choose the appropriate structure fectek traction, comparisons between
axial and radial SRM are essentially presentedefixsome works like [2]—[4], the
majority of studies on switched reluctance motardo electric traction has been made by
considering a radial structure [5]-[13]. Therefdhes work focuses on the axial structure
for an automobile application. Two conversion magdé&lom one structure to another one,
have been developed and the comparisons are thiemrped by considering specifications
of electric vehicle motorization. Furthermore, tiv® structures are always independently
studied because of their geometrical differencéss i& not the case of this work, where

both are studied at the same time.
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2. AXIAL SRM
The ASRM is a switched reluctance motor where tagmetic field lines in the airgap

are parallel to the rotation axis of the maching.(E.b). In the RSRM airgap, these lines

are perpendicular to the machine axis (Fig. 1.@xdlare three main ASRM categories.

R Rotation axis P——
() (b)

Fig. 1 SRM structures, (a) radial SRM, (b) axial SRM

2.1.  ASRM with Sngle-Sator and Sngle-Rotor

The first category has a single stator and a sirggte (cf. Fig. 2 a); therefore, it has a
single airgap. In this category, the axial magnfetice is unbalanced and important. For
this reason, a robust guiding of the rotor is neass In [14], a 6/4 and 2.7 kW motor is

presented. Due to the unbalanced axial force, thtemwvas not tested in its rated speed

because "the rotor teeth hit to the stator teeth".
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Fig. 2 ASRM categories, (a) ASRM with single-stator and single-rotor , (b) ASRM with
double-stator and single-rotor, (¢) ASRM with single-stator and double-rotor

2.2.  ASRM with Double-Sator and Sngle-Rotor

In this configuration, the motor comprises a sinmgl@r between two stators (Fig. 2 b), so
the motor has two airgaps. The main advantagetsltle axial forces are balanced. Indeed,
the axial force of each stator on the rotor is cengated with the force of the other stator.
The torque ripples can be reduced by an anguléiraftstators [15]. However, this shift
may cause unbalanced axial forces. In patenth&]jrtventor presents this structure and
uses the rolling method for the motor laminatiohisTlamination requires a variable pitch
between the teeth in order to use a rolling prac&$sough, the study is poorly detailed in
this patent, the inventor announces several adgastaamely the reduction of torque
ripples, noise, vibrations and iron losses... Addily, the inventor does not propose the
solution to hold rotor teeth if the rotor yoke émoved. In [16], authors highlight some

acoustic advantages of this structure.
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23.  ASRM with Sngle-Sator and Double-Rotor
This configuration has a single stator and two meterotors (cf. Fig. 2 ¢). The position

of stator in the middle leads to a complicated icaplin the patent [17], inventors explain,
without calculations, how to adapt radial concd@BM into axial concept with double
rotor. However, the use of global coils complicatesinsertion of winding, and
consequently increases the cost of the machireddition, this patent does not provide a
detailed study to verify the announced benefikg:Ifhigh efficiency with lower copper

loss; improved thermal performance; lower torqpelg; higher torque density and lower
costs for mass production”. Authors of [18] havedithis motor for automotive traction.
ASRM with segmental rotor for traction wheel is d$e [19] and [20]. In [19], authors
propose an original shift which reduces the tongpigles without unbalancing the axial
forces. In [20], the machine has more teeth irrdier than in the stator in order to increase

the torque density.

3. PRESENTATION OF THE STUDIED AXIAL MACHINE

In this part, the work about the ASRM are presefbedn electric vehicle application.

3.1. Choice of Axial Typology and Configuration

Double saliency axial switched reluctance motohwingle rotor placed between two
stators is chosen for our works (Fig. 2.b; Fig).3Tais structure is essentially selected
because of the possibility to use local or transvenagnetic field loops depending on the
coil winding direction (Fig. 3.b.c), compensatidnaaial forces on the rotor, possibility to
reduce torque ripples by stators shifting [6] aadyecooling. Moreover, the two stators are

mechanically joined, giving better mechanical betar In other words, the axial forces



94  are compensated. In addition, a concentrated wgnidihere used in order to reduce copper
95 losses. Each phase comprises eight coils whichameected as in "Fig 3-d" (serial -

96 parallel).

Statorl/eT® L 84‘_@ ®T® | | ®4«_@

Rotor — —_—

\‘i.?tatorz\@;t@ 1] 94‘(9 ®$@ [] @%@

Stator 7

Stator2

(b) (© (@
97 - - - - -
98 Fig. 3 (a) chosen SRM, (b) cross sectional viewarisverse loops, (c) cross sectional view
99 of local loops, (d) phase coils connection
100
101 For confidentiality reasons, the values of theadt#ht variables, including rotor position,

102 are normalized with respect to the RSRM one, thmougall this work. Furthermore, the

103 dimensions and characteristics of motors are n@ngior the same reasons.
104 3.2. ASRM Moddling

105 A half of the chosen axial motor is firstly drawn3D and meshed with Plateform

106 Salomesoftware[21]. The computed mesh (dfig. 4 comprises 388920 tetrahedrons,

107 15136 prisms and 84578 nodes. This mesh is thdoitegin an electromagnetic

108 calculation codecode Carmel _3D” of L2EP laboratory (Laboratoire d'électrotechreget
109 d‘électronique de puissance de Li[22]. This code is used for the establishment of ASRM

110 features: torque, flux linkage and axial force wsction of rotor position and current.

111
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(b)

Fig. 4 ASRM mesh, (a) 1/4 stator mesh, (b) 1/4 rotor mesh

"Code_Carmel_3D" is used here for 3D finite element magnetostaticutations with
help of theoverlapping finite element methof23], which allows to take into account the
rotor displacement. The formulation is based omesgtential2? and magnetic source
field Hs (equation (1)). Therefore, conjugate gradient metls used to solve the problem.

The torque is then calculated with virtual workngiple.

H =H,-grad (Q) (1)

In order to compute the magnetic ASRM charactesgtiorque, flux ...), only one phase
is supplied by constant current and the rotor mdsees an unaligned position to an
aligned one.

To understand and highlight the advantages, disadgas and characteristics of the
axial machine, a comparative study is carried ath @ radial machine. Therefore, a
prototype of RSRM is used as a reference to debiggASRM. In this work, some passage

rules from radial SRM to axial one are establisimetthe next parts.
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4, PassAGE FROMRSRMTO ASRM AT SAME VOLUME

Passage ruleare developed to transform a reference RSRM intecaivalent ASRM.
The radial one is a prototype designed for an eéeethicle. Thus, this prototype has been
designed in order to meet the requirements of poaiarspecifications.

In this part, the ASRMs designed to take up the same volume as thel i@tkai.e. the
ASRM has the same diameter and the same lenglie @®3RM. So, some motors features
are considered identical, such as typology (nurbgples and phases), material (in the
stator and in the rotor), airgap length, axial tangxtern radius, current density, specific
electric loading, maximum current, DC voltage arc@oles (see Fig. 5, examfle=fy).

As mentioned, the external radius and the axiatleare the same in order to have the
same volumegquations (2) and (3)).

De=Ds 2

Laxi=Lrad (3)

whered. is the extern diameter of ASRND; is the extern diameter of RSRM,y is the
axial length of ASRM andl .4 is the radial length of ASRM.

The determination of external diameter gives sawaroices of the inner diameter of the
ASRM (di), which affects several ASRM dimensions. Thus toase the inner diameter
(di), a compromise has to be done. In one hand, d smal diameterd;) makes the
distance &' (cf. Fig. 5-b) between two stator poles very draall hence the slots are very
narrow to place the coils. Moreover, a small intieameter increases the stator pole section
"Sis' (cf. Fig. 5), and so, the yoke sectidfs" must be increased also. The reason is linked

to the fact that the two sections are crossed &géme flux. These last increases can lead



149 to alonger axial structure. On the other handeatgnner diameter reduces airgap surface
150 which decreases the developed torque. In ordeotmirthe coils on the teeth, a sufficient
151 space is necessary for the slots without increasing length, here the chosen value is
152 0.45Ds

153

154
155 Fig. 5 (a, b) ASRM dimensions, (¢) RSRM dimensions

156 To keep the same specific electric loading, the memof turns of the ASRMny" is
157 computed by using the RSRM turns numbgt."According to Krishnan [24], the specific
158 electric loading of radial SRM is defined as in dgpiation (4).

159 A= 2n,,,! @
ad Daﬂ

160 With the same approach, the electric loading ofeoual machineA.) can be computed
161 (the bore diameteiD,) is substituted by a quadratic diamet))

162 A = 2N (5)
d,r

163 with g, = \/(dZ+d?)/2



164

165

166
167

168

169

170

171
172

173

174

175

176

177

178

179

180

So
n, = Da/dq [n, (6)
4.1. Choiceof Transverse or Local Loops
Considering that the selected structure can usg todransverse loops, the developed
torques of each loop are compared (Fig. 6). To nildikecomparison, one phase is powered
by a constant current and the rotor rotates fraerutialigned to the aligned position. Two

currents are considered in order to see the inflel@h magnetic saturation.

Local loops

j [ SZEREIETTR PP SR PV \ e .......... . 1 ———-Transverse |00p5 "(/-’6_--\_.';':-

o
[

[m]
(5]
s

0.6

e
3}
”

o
~
roa

o
8]

Normalised static torque
-
Normalised axial force

L= :
: O.:':SImax

o

45 90 135 180 0 45 90 135 180
Rator pasition Rotar Eosition
()

Fig. 6 Torques and axial forces of one stator ASRM

o

The average torque is higher in the transverseguanation than in the local
configuration with an average increase of 2.25% @&a). At low current, the difference is
negligible, but significant difference appears vl increasing of supply current. This
difference is more important near the aligned parsi(between 100° and 180°).

The figure (Fig 6-b) presents the resultant axaatds applied by a single stator on the
rotor. Their behaviour seems similar to the behavaj the torque. Indeed, the difference
between the two configurations is also more nohtz=aear the aligned position and at high

current. These differences are due to the rotoe waituration near the aligned position.

10
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Indeed, this yoke is fully crossed by flux in tleedl configuration unlike in the transverse
one (Fig 3-b-c). This saturation limits the fluxthre local loop configuration reducing the
inductance value in this position and consequestiiyices the inductances ratio. For the
rest of this work, only transverse configuratiomassidered because of its average torque

values (+2.25% on average).

4.2.  Comparison of ASRM and RSRM at Same Volume
In this part, finite element studies are perforredssess the ASRM and to compare it

to the RSRM. The static torque and the flux arg ftompared (Fig. 7). Two currents are

considered.
L] E .
2 3 Radial SRM
- Q :
L vy :
,g 0.6 2 086 S
k= = | S e
N 04 o4l
[}
E 0.2 g 0.2
ZO . = . .
0 : : o) i
0 45 20 135 180 0] 45 90 135 180
Rotor position Rotor position

Fig. 7 Satic torque and flux per turn

In all cases of comparison, the radial machine ld@gemore torque than the axial one
when the same volume is considered. At the samigaéiga current, the difference can
reach 52%. Similar differences as in torque congparare found when comparing the flux.
For a given current, there is more flux in the RSRh in the ASRM, whatever the rotor

position is. These differences are mainly due to:

11
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- The use of double stators while keeping the sa@ehanical airgap length. This
automatically increases the magnetic airgap lerigtteed, a field line crosses the airgap
two times in the RSRM but four times in the axiaép

- In electrical machines, airgap is known as tlggore where the magnetic energy is
concentrated. The airgap area is greater in thalnahchine than in the axial one (+10 %),

- The flux cross-section (stator pole area) is éigh the RSRM by 55%; which has a
direct effect on the inductances.

The ASRM is less heavy than the radial one (20%&ddiction), in addition, it uses less
copper (43 %) and less iron (17 %). Furthermore tbinques densities, namely the
maximum torque per the total weight and the maxintoirgue per the copper mass, are

more important respectively by 37% and 15% in ASRM

5. PASSAGE FROMRSRMTO ASRM AT SAME TORQUES

This part concerns a design of the ASRM to fulfihigar torque specifications as the

radial one.

5.1. Pre-Design Equation of Radial SRM

The reference [24] gives a pre-design equatiorRWISimilar to those of conventional

machines. This equation gives the torque as aimof some machine parameters.

2

T :q(l—A)B.Aradn(DajZL (7

12



216 WhereT is the torquey is the efficiency, is the inductances ratiB,is the airgap
217 magnetic densityAq is the specific electric loading,is the axial length anldis the

218 current amplitude.

219 In this equation, several machine parameters apjpeparticular, the airgap volume.

220 Indeed, the torque depends on bore rafidy$ and the length of the machine called “active
221 length”. Furthermore, the torque depends on thenetagdensity in the airgap, the ratio of
222 inductances and the specific electric loading. FHaler can refer to the reference [24] for
223 more information. The last parameter is chosenraaog to the cooling and to the

224  maximum number of turns. It must be determinedafgiven current.

225 5.2. Pre-Design Equation of the Axial SRM

226
227 Similarly to Krishnan approach [24], a pre-desigoaion of the ASRM is here

228 proposed.

4 4

229 T :,7(1_/])BAaxin{H](de+di] ®)

230 The ASRM torque depends directly on mean radids-tf)/4", the area of a single
231 airgap, magnetic induction and inductances ratidikd the RSRM, the axial length of the
232 ASRM does not appear in this equation. So, theumisg directly independent of the axial
233 length (if we do not take into account the influerd this variable into the magnetic

234  saturation).

13
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5.3. Identification of the Pre-Design Equations

As mentioned, the purpose of this conversion igéipél design of ASRM. Thus, it is
considered that the specifications of the axialmrecare the same as the radial one. In
addition, some assumptions are adopted. The mibéwes the same features like:
efficiency, induction in the airgap, inductancesarand specific electric loading.
Furthermore, a constraint on axial length is cogr&d, i.e. the machines must have the
same axial length. Seen that the inner dianfeiers limited by the slot area, there is only a
choice for outer diametéd,). By identification of the two pre-design equatiowe obtain

the next passage equation:
a0 ©

Several values ofdj, de} give an equivalent ASRM to the reference RSRM. i6d; is
known, the equation (9) has three solutions, twagimary numbers (not acceptable) and

one that is real.

5.4. Comparison between ASRM and RSRM at the Same Torques

In order to limit the volume, the values afi{de} are chosen to give the minimum
volume. As mentioned above, the inner diametgrngas chosen to have a sufficient space
in the slot which allows housing coildi€0.45 Ds). Once the inner diameter is determined,
the extern diameter is computed by solving anaiifiche equation (9)de=1.2 Ds).In
others words, to have the same torque, the voldrttee@xial machine must be increased

and the number of turns must also be increased IrBm to 1.55n; (cf. equation 6).

14
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Fig. 8(a) Satic torques, (b) flux linkages, (c) average torques

The 3D computations show that the new axial mactamereach the torque of the radial

one, whatever the considered current (Fig. 8.aFand3.c). The linkage flux is almost the

same for both (Fig. 8.b), so they should have #mesenvelope curve. Indeed, the torque is

directly related to conversion surface of energycilis delimited by flux linkage and

magneto-motive force (MMHI).

The increase of extern diameter affects directyABRM mass; this is why the axial

SRM is here heavier than the radial one (about%23owever, ASRM develops the

1

same torque as its rival with less amount of cojy86). Concerning the torque densities,

the maximum torque per the total mass is bettdnlegrRSRM (+23%), but the maximum

torque per the copper mass is better in the ASR8/5(%0).

The increase in ASRM mass presents a disadvamadieis SRM. To remedy this

problem, we propose to remove the rotor yoke whiahno electromagnetic interest

(transverse loops are here used). After this meatifin, the masses of magnetic structures

are almost the same (+2.6%). In addition, less eofgused in the axial machine (-

8.4%).Thus, ASRM can compete with the RSRM becatisaly -2.5% deficit in ratio of

15
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the torque per the total mass. For the ratio otdhgue per copper mass, the axial motor is
still better (+8.5%).The fact of removing the royake allows also reducing the axial
length of ASRM by 16%. However, this might compteshe rotor teeth fixation and then

the motor manufacturing.

5.5. Comparison at Operating Mode

In this comparison, speed-torque curves and carreBpg torque ripples of the two
machines are considered (cf. Fig. 9). In automadwelications, one of the specifications is
the compliance to a defined torque-speed-curvd. ikakefined as the maximum average
torque developed when the machine is supplied éyrtximum current and the maximum
voltage for given speed [25]. The optimizationlod tontrol angles is taken into account by
our software MRVSIM"[26]. MRVSIM is a calculation code under MATLARused for the
design of radial SRM. This tool uses analytical/andumerical model of SRM and its
control parameters optimization takes into accolm@tmachine and the associated
converter. First, finite element model is emploj@daccurate computation of
cartographies (flux and torque as function of aurseipply and position). By exploiting
these features and by optimizing the turn-on anaadf angles, the torque-speed curve of

SRM can be calculated.

16
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Fig. 9 (a) Maximum torque vs. speed curves, (luerfripple vs. speed curves

By increasing the motors speeds, the electromdonee (EMF) increases and limits the
supply current that reduces thus the average tdogumth machines. At low speed, the
two machines develop almost the same torque (-Efd¢ed, the equation passage was
established in static mode with constant curredttarse conditions are observed when the
motor is operating at low speed. Nevertheless, vih@easing the speed, the RSRM
develops more torque compared to ASRM, in partroudar the rated speed, where the
difference can reach -20%. Besides this, the RSRivdre suitable to this specific point
which is the rated speed than the axial one, beddesfirst one was directly designed and
sized for this point. At high speed, the EMF presgdn achieve the reference currents in
the two SRM. In this operating range, the diffeeebetween the torques is low, because
the two SRM have almost the same coils flux, wictirectly related to EMF.

According to the torque ripples (Fig. 9.b), no SRah be considered advantageous for
all speed range. So, the minimum torque rippleocgaphies are computed in the next part
(cf. Fig. 10). These cartographies consist to lfmokhe optimal control parameters that

allow minimum torque ripples across the entire apeg range [27].
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Fig. 10 Cartographies with minimum torque ripples, (a) RSRM (b) ASRM, (c) Differences

(ASRM minus RSRM [%])

Theresults of this comparison do not allow retaining one conclusion on the all entire
operating range because those results change from an operating point to other.
Nevertheless, it can be noticed that the axial machine has generally less ripples at low
speeds. This can be considered as an advantage, because at these speeds, it is more difficult

to mechanically filter ripples than at high speeds.

6. CONCLUSION

ASRM with double stator and single rotor has bdawsen for automotive application.
Equations to pass from the reference radial madbitiee axial one have been detailed.
Firstly, the passage was at same volume but it shbat ASRM cannot reach torque
performances of RSRM. Secondly, the passage wsesva torque, where the axial SRM
had to satisfy the same specification as the radial For this, the extern radius has been
increased. In this configuration, ASRM gives simtlarque compared to RSRM with
smaller copper volume. However, this axial SRM Wweavier than the radial one. In order

to have the same mass of magnetic structuressipnaposed to withdraw the rotor yoke.
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Concerning the speed-torque curves, there was athmsame curve except around the
rated speed. The study of the minimum torque rippléographies has shown that axial
machine had less torque ripples at low speed, ptiegehere an advantage of this structure

for EV application and comfort criterion.

This paper has proved that, despite some advanpagesnted by the axial SRM, the
radial SRM seems finally to be the most adequatetsire for the specifications in the
automotive application. Indeed, the designed astraicture is not able to reach all
operating points of the speed-torque curve, urilikeradial one. Furthermore, the mass and
volume of axial machine are more important thathecase of the radial ones. The
solution of axial SRM without rotor yoke limits the drawbacks, but also complicates the
manufacturing. For all these reasons, it has beerdédd to stop the works on this axial
structure without the prototype manufacture. Ongauorks will then focus on the design

of the radial structure for electric vehicle motation.
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