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Abstract

The choice of SRM design depends on the specific application and perfor
characteristics, and efficiency will all influence the choice of SRM desig

determine the effect of each parameter such as rotor pole angle, stator

the variation of rotor inclination, air gap length, stator and
phase 12/8 SRM, three-phase 6/4 SRM and four-phase 8/6 SR

dimensions (stator outer diameter, rotor outer diameter and
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1 Introduction

cs, [7, 8], and flywheel
M has several advantages,

ility, low manufacturing cost, high
to high temperatures, and fault toler-

d vibration, [15]. The majority of these draw-
backs can be reduced by design approach, better geome-
try, and control methods. SRMs differ structurally and in
terms of performance from traditional electric machines.
SRM is a doubly salient electrical machine that cannot
operate without power electronic switches.

e requirements. Factors S\ as power output, torque

o find an opti eometry, it is therefore necessary to

nal diameter, rotor diameter, air gap

three machine topologies such as the three-

g oarison, these machines must have the same basic

The SRM performance is heavily dependent on its
design and control, which allows for minimized torque
ripple and improved torque characteristics [16]. Over the
years, few authors have discussed the problem of SRM per-
formance sensitivity in relation to its dimensions. Thus, the
SRM project is a challenge for a designer to choosing the
values of particular dimensions of the proper design meth-
odology. Authors in, [17] compares mechanical vibration
between a double-Stator SRM and a conventional SRM.
An electromagnetic finite-element (FEA) method is used
to compute acceleration, deformation, and velocity of the
vibrating surface at selected point on the outer surface of the
machine. In [18], the authors studied the influence of geo-
metric parameters using the FEA for two motor topologies
such as, a three-phase 6/4 SRM and a four-phase 8/6 SRM.
In [19] the authors investigated how to mitigate the torque
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ripple through the variation of SRM geometrics parameters
based on finite element simulation results. In [20] a para-
metric electromagnetic model is developed for the switched
reluctance generator (SRG) with FEA which can be consid-
ered appropriately for accurate analysis and optimal design
of the SRG. Innovations on design of 6 x 4 and 6 x 6 SRG
is presented to increase the efficiency in [21].

The sensitivity analysis is an important study for any
motor designer, [19, 22]. Several design and geometrical
parameters affect the electrical drives performance differ-
ently. In a design of a SRM, to find an optimum geometry,
it is important to analyze how each parameter impacts the
machine’s performance. Consequently, the designer has
to look for solutions that are feasible for all performance
parameters. However, we are concentrated on paramet-
ric sensitivity analysis to determine the influence of the
main parameters in the average torque and torque ripple.
The main objective of this article is to analyze the influ-
ence of geometric parameters on the performance of three
different SRM topologies: the three-phase 12/8 SRM,
three-phase 6/4 SRM, and four-phase 8/6 SRM. Tk
cific objectives are as follows:

* Determine the effect of rotor pole angle, statoX

angle, stator external diameter, rotordiameter, ai
length, rotor yoke, stator yoke, 3 a1
the performance of SRMs.

Wanalyze the
ormance of the SRM

ing of the SRM is presented. Section 3 presents the finite
ents analysis (FEA) of the three motors. The influ-
analysis of the geometrical parameters variation
results are presented in Section 4.

2 Pre-sizing of the switched reluctance machine

Over the years, research has been based mainly on the
design of an electric machine. The SRM design is appar-
ently similar to traditional machine design but differs in
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several points due to SRM's unique features. Some char-
acteristics simplify the design, such as the absence of coils

and magnet in the rotor, ability to operate over a wide

ust be determined for the
g is the length of the air
iameter, D is the inner diameter, D,
B is the rotor pole arc, §_ is the sta-
stator pole height, //_is the rotor pole

thickness.
gid the appearance of parasitic currents caused by
the maghetic flux dispersion effect. It is must meet the fol-
lowing constructive relations:

B, = By, @

2
By + B, < N 2)

Iz

To reduce the torque ripple, a third constructive relation
must be followed. The angular distance between adjacent
phase inductance (¢) is defined by Eq (3):

2

E=—".
3
ﬂxN ()
2

r

Ds

Fig. 1 Switched reluctance machine (SRM) dimensions



180 | Mahmoud and Khedher
Period. Polytech. Elec. Eng. Comp. Sci., 68(2), pp. 178-192, 2024

The minimum value for stator polar arcs is determined
from the machine poles number by Eq. (4).

4r

=—. 4
Ny xN, ®

min ( B, )

The conditions presented in Egs. (1)—(4) can be repre-
sented graphically in a triangle of possibilities. It is nec-
essary that the values of the polar arcs of the machine are
in this triangle. Fig. 2 shows the possibility triangle for
a 12/8 SRM, an 8/6 SRM and a 6/4 SRM, [24].

The conditions for the choice of stator and rotor pole
angles can be represented graphically in a possibility tri-
angle. The values of the polar arcs of the machine need to
be within this triangle [25].

The SRM power output equation is presented by [26].
From this equation, we determined the inner diameter of
SRM.

P
D =; ®)
BxnxK xK,xa xKxK,xK,

With B is the flux density, a_ the specific electric
ing, K the relationship with the core length, K| const
K, the ratio between the inductance values inghe

(€)

With C,, is internal diameter:
04<C, <0.7. (10)
The air gap length has an effective influence on magneto

motive force produced by the magnetic circuit. For SRM,
the air gap must be as small as possible to achieve a high
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Fig. 2 Limits of the pole arcs; (a) 12/8 SRM three-phase, (b) 8/6 SRM
four-phase and (c) 6/4 SRM three-phase

average torque. For this reason, its value should be chosen
according to the machine size. For the machine with power
less than 1 kW, the air gap should range between 0.18 and
0.25 mm, [26]. Moreover, for the machines with power
above 1 kW may have air gaps from 0.3 to 0.5 mm [26].

The stator width L _and rotor width L_poles are given by
Egs. (11) and (12) [27]:

L :Drxsin(ﬂ%), (1)



L, =(D, ~2xg)xsin(P] ). (12)

However, to improve robustness and minimize vibra-
tion and noise, an additional factor should be considered.
Consequently, the value of the stator and rotor yokes thick-
ness should be in the range:

L >Y >05L, (13)
05L <Y <0.75 L. (14)

To calculate the stator and rotor poles height value, you
need the outer and inner diameter values as well as the sta-
tor yoke thickness. There expressions are shown respec-
tively in Eq. (15) and (16):

D -D =27
H =—— =, (15)
2
% :DS—D0—2 g-2 Yr. (16)
" 2

The turn's number per phase can be obtaing
Eq. (17) for a given maximum current on the conduc

n=2ng.

[ peak

3 Finite elements analysis
In order to characterize t vior ovi

computer pro-

ents. In order to characterize the magnetic behavior over
entire field of the machine under study, a computer
m was developed with the help of finite element
methods. This program has allowed us to obtain databases
illustrated in Figs. 3—5. These databases are presented in
the form of three-dimensional graphs, showing the rela-
tionships between torques, inductances and currents, also
the magnetic field distribution respectively for the three
topologies such as 12/8 SRM, 8/6 SRM and 6/4 SRM.
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Table 1 Motors mechanical parameters

Parameters Unit 8/6 SRM  12/8 SRM  6/4 SRM
Rotor pole angle B, 24.5° 17° 32°
Stator pole angle B, 22.5°

Stator external diameter D, 160 mm

Rotor diameter D,

Air gap length g

Stator pole height H

Rotor pole height H

Rotor yoke Y,

Stator yoke

Shaft diameter

rque, the SRM geometry
. In order to investigate the influence
metries on electromagnetic torque,
ters will be modified: air gap length
h, rotor and stator pole arc.

nce of air gap variation

If we aSsume that the leaks are negligible, the iron reluc-
tance on a pole pitch is assumed to be zero. Consequently,
taking into account this simplifying assumption, the reluc-
tance will be reduced to that of the air gap described by
this expression:

R="5 (18)
us

In order to make a more precise influence analysis of
this parameter on the behavior of SRM, we considered
a series of numerical simulations by the FEA correspond-
ing to a variable air gap. Fig. 6 gathers the results obtained
and compares them for the three topologies of SRM

Fig. 6 shows the sensitivity of the maximum torque
generated by the machine as a function of the air gap.
The latter is therefore a significant factor to be taken into
consideration. It therefore seems necessary to assign this
machine a too small magnetic air gap of the order of 0.3
mm. Also, the flux linkage value increases due to the
lower of magnetic flux resistance flowing from stator to
rotor. Hence, the torque value in the aligned position to the
unaligned position also increases.

It clearly shows the strong influence on the maximum
torque as well as the flat torque range on the characteris-
tics for different topologies. Hence, the machine with the
smallest air gap length will produce the highest average
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4.2 Influence of rotor polar arc variation

In the design step, the rotor polar arcs defined in the min-
imum, average and maximum values. Fig. 8 shows the
defined values. The choice range of the rotor polar arcs
based on the feasible triangle, Fig. 2 is:

Shaded Plot
|B| smoothed
7

227278
1.81822
1.36367
0.90912
0.454567
1.50969e-005

Fig. 4 8/6 SRM topology; (a) inductance profile, (b) torque profile and
(c) magnetic field distribution for i =10 A

15°< B, <30°
12/8

30°< B, <60° . (19)
6/4

225°< B, <37.5°
8/6

The effect of 8, variation isillustrated by Fig. 9. We can
notice this effect as well on the average torque and B val-
ues, Table 3, respectively for different topologies such as
12/8, 8/6 and 6/4 SRM.

From Fig. 9, it can be observed that the rotor pole arc has
a significant influence on the shape of torque profile and on
the maximum value of the flux linkage. The flux increase in
the unaligned position with the increase of 4 . Furthermore,
it is observed that there is no torque production when the



difference between S and f is very large. It causes
tion in the average torque value. For 12/8

s apparent from Fig. 10 that the value of f_ has
an effectively influence on the flux linkage and torque
in the machines studied. The increase of the stator polar
arc induces an increase on the flux value in the unaligned
position, due to the larger overlap area with the rotor pole.
Furthermore, the larger §_ value gives a longer duration of
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field distribution for i =10 A

orque production. Consequently, there is a sig-
nificant’change in the shape of the torque profile for three
motors. Through from Table 4, it is observed that the
increase of 8 gives growth of average torque and B val-
ues. Thus, the choice of the stator polar arc value must
take into account the space between poles, to accommo-
date the coils.

4.4 Influence of skewed teeth shapes

The effect of skewing the stator, rotor, or both structures
in order to reduce vibration and acoustic noise in SRMs
is evaluated in this section. Fig. 11 illustrate the defini-
tion of the skewing angle for the stator and the rotor teeth.
The skewing angle is the difference in angular position
between the upper and the bottom corners of the pole mea-
sured from the stator center. The same definition applies to
the rotor's skewing angle.

Three motors with different skewing techniques
(skewed-stator, skewed-rotor, and both skewed) are
designed for the three topologies such as 8/6 SRM, 6/4
SRM and 12/8 SRM, as shown in the Fig. 12. The three
motors keep the same basic dimension in Table 1 but with
different skewing angels. The range for choosing the skew-
ing angels is present in Eq. (21) [29]. We choose the same
skewing angels for the three topologies.
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ey

The RS-SRM is composed by assembling the nor-
mal stator and rotor skewed, the SS-SRM is obtained by
assembling the stator skewed and normal rotor, and the
RSS-SRM is composed by assembling the rotor and the
stator skewed.

Influence of air gap (g) variation on torque and flux linkage; (a) SRM 12/8; (b) SRM 8/6 and (c) SRM 6/4

Figs. 13 and 14 shows comparisons of the static flux
linkage and torque between the conventional SRM,
RS-SRM, SS-SRM, and RSS-SRM, in the case of 20°
skewing angle. In Fig. 13, compared to the conventional
SRM, the torques increases slightly, as shown in Table 5.
However, the rises of torque will result an increase in
performance. As shown in the figure, the torque phases
of the SS-SRM and RS-SRM are lagged for 18° and



Mahmoud and Khedher | 1 85
Period. Polytech. Elec. Eng. Comp. Sci., 68(2), pp. 178-192, 2024

4

- 'Y | e6usRM
£ 35 . % 8/6 SRM
% 3 S 12{8 SRM %
8 | =
génzﬁ .
B 2 :
o

1.5 ‘

025 03 035 04 045 05 055

Ar gap length g (mm)
@

20 : . : |
_ T —8— 6/4 SRM
S 15 e % 8/6SRM |1
2 Sk 12/8 SRM
y ._7__7_7_7__7 | —~
? 5 _7_"-7’ — - i
EE 9

0 1 1 1

0.25 0.3 0.35 04 045 0.5 0.55

Ar gap length g (mm)
(b)

Fig. 7 Effect of air gap length on; (a) average torque; (b) torqud

Table 2 Results of air gap (g) variation

Variable
g=03

Type of motor Average to,

SRM 12/8
SRM 8/6 0 10 . 20 30
6%
(b)
0.4 .
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Fig. 8 Different SRM geometry for minimum, average and maximum

rotor polar arcs values respectively

Fig. 9 Influence of rotor polar arc () variation on flux linkage and
torque; (a) SRM 12/8, (b) SRM 8/6 and (c) SRM 6/4
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Table 3 Results of rotor polar arc () variation

Average

Torque

Type of motor Variable torque (Nm)  ripple (%) B(T)
p.=15° 3.831 9.55 1.828
SRM 12/8 p,=22.5° 3.781 243 1.782
p.=30° 3.566 3.70 1.725
p,=22.5° 3.435 25.90 1.898
SRM 8/6 p.=30° 3.561 11.40 1.864
p.=37.5° 3.503 7.85 1.832
p.=30° 3.812 7.18 1.939
SRM 6/4 B.=45° 3.795 6.53 1.846
B.=60° 3.614 4.53 1.610

advanced for 18°, respectively for 6/4 SRM and 8/6 SRM.
In Fig. 13 (c), the torque of RSS-SRM compared with the
traditional one advanced for 2.

As appeared in Fig. 14, the flux linkage profile of the
RS-SRM and SS-SRM changes more significantly than the
conventional SRM. Moreover, the flux linkages for the dif-

ferent topologies have a perfect match of RSS-SRM with

the traditional one. The flux phases of the SS-SR
RS-SRM are a leading 20° and a lagging 20°, respect
for 6/4 SRM and 8/6 SRM, as shown in Fig. 14 (a) and

¢ (Wb)

For 12/8, SRM the flux phases of the RS-SRM is leadin!

for 12/8 SRM.
The electromagneti

(b)
......... Py
0.3} o
— - § =45 _ﬂ,—-’::‘_,‘.::"
o - et
EOZ ..’,/’.. .“.‘..
E=4 ,1’ o1
0.1 o g
——”’ -.."“‘
o BT . |
0 3 15 25 35 45
6 (°)
4 e e T
H : SRS
N
22 1
I
1L
I
is the unit normal vector, 4, is the permeability !
. . L. !
of free space and B is flux density. The derivation of the

mathematical model of the force is based on the Maxwell

stress tensor. According to the method of Maxwell stress,

the total force is given as follows [29, 30]: ©
Fig. 10 Influence of stator polar arc () variation on flux linkage and
torque; (a) SRM6/4; (b) SRM 8/6 and (c) SRM 12/8
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Average torque

Torque

Type of motor Variable (N m) ripple (%) B (T)
p.=15° 3.095 47.04 1.740

SRM 12/8 p,=15° 3.685 12.13 1.828
p,=22.5° 3.835 0.91 1.918

B, =15° 3.342 33.66 1.876

SRM 8/6 B =22.5° 3.553 18.40 1.898
B,=30° 3.565 14.33 1.974

B,=30° 3.782 8.19 1.890

SRM 6/4 p,=37.5° 3.762 6.93 1.895
B =45° 3.794 7.24 1.939

Rotor normal

Stator skewed

Rotor an stator
skewed

2 The SRM structures; (a) RS-SRM; (b) SS-SRM and (c) RSS-SRM

F=|r d. 23)

The electromagnetic force f can be divided into tan-
gential and radial components. The tangential force f,
and the radial force f, acting on an integral surface can be
described as follows:

8 (%)
©
Fig. 13 Torque profile for the SRM, RS-SRM, SS-SRM, and RSS-SRM;
(a) 6/4 SRM; (b) 8/6 SRM and (c) 12/8 SRM at 10 A

ﬂzi”&x&ﬁ, 4)

fi- 2170]] (B;-B:) ds, 05)

where B, and B, are the tangential and radial magnetic
component of the flux density from the tangential direc-
tion and vertical direction, respectively. The radial force is
the major cause of acoustic noise and vibration in SRMs.
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Fig. 15 RSS-SRM torque profile for different current; (a) 6/4 SRM;
(b) 8/6 SRM and (c) 12/8 SRM

The radial force at the stator structure can be determined
by an FEA method using Eq. (25), where the integration
surface is the end of the stator poles.

Figs. 16, 17 and 18 shows the comparisons of the radial
force in RS-SRM, SS-SRM, and RSS-SRM, respectively
with different skewing angles for the three topologies.
The skew angles of the motors are chosen at 5°, 10°, 15°
and 20° respectively for this study. The motors are simu-
lated in the same operations, at the rotor alignment posi-
tion of phase A with a phase current of 10A.

The maximum radial force of the SR-SRM, SS-SRM
and RSS-SRM are all reduced when the skewed angle
increases from 5° to 20° for the three topologies 6/4 SRM,
8/6 SRM and 12/8 SRM.As shown in Fig. 16, when the



rotor is skewed with different angles, the radial force varies
with respect to different variation. Compared to RS-SRM
6/4 and RS-SRM 12/8, the peak of radial force distrib-
uted on the stator yoke are much smaller for RS-SRM 8§/6,
as shown in Fig. 16(b), which can reduce stator vibration
and deformation. Fig. 17 shows the skewing angle for the
SS-SRM. The radial force is also reduced at 20° and more
lower for the SS-SRM 8/6, which is similar to the force
distribution in the RSS-SRM, as shown in Fig. 18. Based
on the above analysis, the acoustic noise level and vibra-
tion are directly related to stator deformation and the poles
numbers of SRM.

6/4 SRM
0.06
........ |
- 10
0.04 7 1000 15= | ;':: I-|
. 0.02 -
&
u 0
5
)~ -0.02 t sl | ——
0 pin ey o
-0.04 :
-5
20 40
-0.06
0 10 20 30
6 (°)

(@

80
©
Fig. 16 Radial force variation for RS-SRM with different skewing
angles; (a) 6/4 SRM; (b) 8/6 SRM and (c) 12/8 SRM
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-0.2 =5 ‘
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10 20,

Fig. 17 Radial force variation for SS-SRM with different skewing
angles; (a) 6/4 SRM; (b) 8/6 SRM and (c) 12/8 SRM

5 Conclusion

This paper presented a quantitative comparison between
three doubly salient switched reluctance motors under
equal conditions. The SRM design procedures are pre-
sented. We highlighted the dimensions influence on the
SRM performance through finite element analysis (FEA)
of a 12/8 three-phase SRM, a 6/4 three-phase SRM,
and an 8/6 four-phase SRM. The SRM electromagnetic
behaviors such as torque and flux characteristics are illus-
trated to show the performance of the three motors topolo-
gies. The impact of four dimensions on the average torque
value and torque ripple was analyzed, the experiments were
conducted through FEA. From this work, it is found that:
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3. The larger of stator pole arc (8,) value gives a longer
duration of positive torque production and minimum
torque ripple, 12/8 SRM is defined by comparable
reduction of the torque ripple.

4. Skewing can maximize average torque gff
8/6 SRM and 6/4 SRM torque are al
the skewing angle.

6 Future work
Further investigations sho

llow for a direct comparison and
ed performance characteristics.
focuses on torque and magnetic

rics such as power density, cogging
cfficiency to provide a more complete evalua-

Considering the impact of practical constraints and
anufacturing limitations would be valuable. Factors
uch as material availability, cost, and manufacturability
should be taken into account to ensure the feasibility of the
proposed design modifications.

Exploring advanced optimization techniques, such as
genetic algorithms or machine learning algorithms, could
help identify the optimal geometry for enhanced SRM per-
formance. These techniques can consider a larger design
space and provide insights into multi-objective optimiza-
tion, considering conflicting performance metrics.

By addressing these limitations and pursuing future
work in these directions, researchers can further enhance
the understanding and design optimization of SRMs for
various applications.
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