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This paper presents the comprehensive design enhancement and comparative analysis of a low
torque ripple double-stator switched reluctance motor for industrial applications. The Double-
stator switched reluctance motor (DSSRMs) are gaining popularity due to their high torque
density than the conventional tooth switched reluctance motor (TSRM). The main limiting
performance parameter for such motors to be adapted for industrial application is their high
torque ripple. The design methodology of an improved 12/10 pole DSSRM has already been
reported which has the characteristics of very low torque tipples in a wide speed range.
However, its detailed comparative analysis with other motors has mot been described in the
previous literature. This paper further investigates the comparative analysis of this improved
motor with the baseline DSSRM and conventional TSRM with the help of 2D finite-element
analysis. Comparison is done in the context of average torque, torque ripple, iron and copper
weight requirement, harmonic analysis of torque ripple frequency, losses and efficiency.
Simulation results confer the effectiveness of improved DSSRM over other two machines.

Keywords: Double-stator switched reluctance motor (DSSRM), finite-element analysis (FEA), torque
ripple.

1. Introduction

The Switched reluctance motors (SRMs) are preferred in industrial applications where
simple and rugged structure, absence of permanent magnet, fault-tolerance ability, wider-
speed range and lower cost are required [1]-[3]. With the advancement in digital signal
processors, the control flexibility of SRMs has further improved [4]. The unipolar current
excitation permits the use of low-cost converters for SRMs with only single controllable
switch per phase [5], [6]. The literature review discusses the ability of SRMs for various
applications such as electromotive applications [7], agricultural uses [8], aerospace
applications [9] and household instrumentations [10], [ 11]. Conventional SRMs have the
issues of lower efficiency, high torque pulsation; and low torque and power densities. In the
literature, several research articles have been reported to enhance these performance
indices. In [12], it is reported that a rotor with a segmented structure improves the output
torque for the same outer diameter. In [13], it is reported that segmental rotor structure with
single-tooth winding topology has improved flux-linkage than full-pitched winding
topology, which significantly improves its torque density. Using high-quality iron steel and
a higher slot filling can improve efficiency by up to 6% [14]. A control strategy for the
switching of the asymmetric half-bridge converter switches is presented in [15] which
reduces the switching losses and improves output torque. Researchers have reported several
techniques in the literature to mitigate the torque ripple for different topology SRMs. A
passive method of torque ripple reduction technique refers to the structural optimization of
a machine to mitigate the torque ripple. To reduce the torque ripple in a TSRM, the
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modification in the structure of leading-edge rotor poles is introduced in [16]. In the active
method of torque ripple reduction technique, the phase currents are given a particular wave
shape to reduce the torque ripple. An active method of torque ripple minimization
technique through current profiling is reported in [17]. Increasing the phase numbers can
also reduce the ripples in torque. To reduce the torque ripple in a six-phase SRM, a torque
control methodology with a new six-switch converter is proposed in [18]. A simple control
technique to reduce the torque ripple and radial displacement in a single-winding
bearingless SRM is introduced in [19]. An ant colony optimization-based speed control
methodology to minimize the torque ripple and steady-state speed error is presented in [20]
for SRM drives. DSSRM which houses a segmented rotor between two stators further
increases torque and power density. In [21], it is reported that DSSRMs can achieve nearly
same torque density as interior PM motors but has a lower efficiency and a higher torque
ripple. Many torque ripple mitigation techniques which are used for tooth and segmented
rotor SRMs can also be applied to DSSRMs. A novel rotor shape optimization is proposed
in [22] by drilling four holes in the rotor of a DSSRM for the reduction of torque ripples.
Optimization of the stator pole and rotor segment arc angles is introduced via static
parametric analysis to obtain a high output torque and low torque ripple in a 12/8 pole
DSSRM [23]. The angular displacement of the adjacent rotor segments in opposite
directions in a segmented dual-rotor axial-flux SRM can reduce its torque ripple [24].
Similarly, in a double-sided axial-flux tooth SRM, the displacement of adjacent rotor poles
in opposite directions reduces the torque ripple, however, a small unbalance axial force is
created in the machine [25]. The torque ripple mitigation method with the angular
displacement of alternate rotor segments in a 12/10 pole and 24/20 pole radial-flux
DSSRMs is discussed in [26]. The torque ripple reduction techniques through the stator and
rotor surface shifts; and their affects on motor performance are discussed for DSSRM in
[27].

In Ref. [28], the design methodology of an improved 12/10 pole DSSRM is introduced
which has very low torque ripple characteristics by angularly shifting the outer stator with
half of the stroke angle compared to the inner stator. The respective phase windings of the
inner and outer stator are excited parallelly with the same phase shift. The rotor segments
are constructed with a pair of half-rotor segments and are isolated from each other with the
placement of a wider non-magnetic region between them. The finite-element analysis
reveals that the torque ripple is significantly reduced over a wide speed range in the
improved machine. However, its detailed comparative analysis with the other motors is
missing in that paper. This paper further investigates the effectiveness of that improved
motor with the baseline DSSRM and conventional TSRM. A detailed comparative analysis
of these motors is carried out with the help of 2D finite-element analysis in this paper. The
comparative analysis is done in the context of torque ripple, average torque, torque to
weight ratio, efficiency, losses and the harmonic analysis of torque ripple frequencies.

The paper is organised in the following manner: Section 2 deals with the constructional
details of the baseline DSSRM and the improved DSSRM. Section 3 deals with the finite-
element analysis and the simulation results of the improved DSSRM. Section 4 deals with
the comparative analysis of these motors. Finally, Section 5 reveals the conclusions.

2. DSSRM Topology
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This section deals with the structural details of a 3-phase 12/10 pole baseline DSSRM as
well as of the improved DSSRM which has been proposed in [28]. Fig. 1 represents the
diagram of the baseline DSSRM. As the name suggests, the rotor is consist of 10 similar
and equally spaced segments which are isolated from each other and sandwiched between
two stators. Each stator has a total of 12 poles with alternate thick and thin poles which are
pronounced as the exciting and auxiliary poles, respectively. The phase windings
considered are in a single-tooth winding configuration, which inherits the advantages of
flux cancelling characteristics of inner and outer stator phase coils [21]. The exploded and
the cross-sectional views of the baseline DSSRM are represented in Figs. 1(a) and 1(b),
respectively. Table 1 includes the design specifications of the baseline DSSRM considered
in [28] for FEM analysis. Fig. 2 represents the design parameters graphically. The steady-
state response of this motor is simulated at 1000 rpm rated speed for the given
specifications. The average torque and torque ripples are 33.6 N-m and 123.8%
respectively, which shows the existence of a high torque ripple in this motor.

Rotor segments

Outer stator
Single-tooth winding Inner

stator

Outer stator

Non-magne
material

(b)
Figure 1: 3-phase 12/10 pole baseline DSSRM. (a) Exploded view. (b) Cross-sectional
view.
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Table 1: Design specifications of the baseline DSSRM [28].

Number of the stator pole/rotor segment 12/10
Inner and outer diameters of outer stator 154 and 200 mm
Inner and outer diameters (shaft diameter) of inner stator 50 and 120 mm
Rotor segments height 16 mm
Inner and outer stator yoke height 8.5 mm
Axial length (I) 90 mm
Outer and Inner arc angle of rotor segments (3, and §',) 30°
Auxiliary and exciting pole arc angle ( Bz Baus) Of inner stator 15° and 27°
Auxiliary and exciting pole arc angle (8’ 4,.c, 8 qux) Of outer stator 15° and 27°
Stator pole and rotor segment pitch angle (8., §,,) 30° and 36°
Air gaps length () 0.5 mm
The Numbers of conductors/slot (Ng,r) 54

The rated power of the motor 3.5kW
The rated speed of the motor 1000 rpm
The phase current (peak) 30A

The phase resistance (R) 0.493 Q
Number of strokes per revolution and stroke angle 30 and 12°

To reduce the torque ripple in DSSRM, first, a hypothetical DSSRM is discussed in [28]
which has very low torque ripple characteristics. Fig. 3 shows the FEM model of the
hypothetical DSSRM. All the dimensions of the hypothetical DSSRM are the same as in
the baseline DSSRM, however, the outer stator has an angular shift of 6° as compared to
the inner one. The rotor segments are divided into two parts, namely half-rotor segments,
and a hypothetical boundary is inserted between them to completely isolate the inner and
outer stator magnetic fluxes. The coils of the inner and outer stator poles of the same phase
are excited parallelly with the same phase shift of 6°. The steady-state response of the
hypothetical DSSRM is simulated at the rated speed of 1000 rpm and presented in [28]. The
average torque and torque ripple are 33.5 N-m and 30.4% respectively. This shows the
significantly reduced torque ripple as compared to the baseline DSSRM.
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Figure 3: FEM model of the hypothetical DSSRM.

The implementation of the hypothetical DSSRM discussed above is not possible because
of the non-existence of such hypothetical boundary in reality. Therefore, the design
methodology of an improved DSSRM has been proposed in [28], which has a nearby
response as in hypothetical DSSRM. Fig. 4 shows the FEM model of the improved
DSSRM. In this model, to achieve a nearby property of the hypothetical boundary, a wider
non-magnetic region of the width wy,. is inserted between the half-rotor segments, which
provides considerable magnetic isolation between inner and outer magnetic circuits.
However, the insertion of w;, alters the dimensions and the magnetic property of the outer
SRM. This deviates the performance of DSSRM considerably as compared to hypothetical
DSSRM. Therefore, the calculation of the optimal values of the design parameters is
essential to achieve the nearby characteristics as in hypothetical DSSRM. The required
calculations are as listed below:

i. Calculation of the optimal width of the non-magnetic region (Wy;s).

ii. Calculation of the optimal height of the outer stator poles.

iii. Calculation of the optimal arc angles of the outer half-rotor segments/outer stator
poles.

The methodology to calculate the optimal values of these parameters is discussed in
[28]. The optimal values of these parameters are listed in Table 2. The performance of the
improved DSSRM and its comparative analysis with other machines are discussed in this
paper using these optimized values in further sections.

Table 2: Optimal values of the design parameters of improved DSSRM.

Optimal width : Non-magnetic region (Wy; ;) 12.5 mm
Optimal height : Outer stator poles 11.5 mm
Optimal arc angles : Outer rotor segments / stator 27.84°,26.48°, 14.12°

poles (ﬁ’r rﬁpexc !ﬁ’aux)

Outer diameter of motor 219 mm
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Figure 4: FEM model of the improved DSSRM.
3. Finite-element analysis and simulation results

Table 2 enlists the values of some optimized design parameters of the improved DSSRM
after modifications. Rest of the specifications are as listed in Table 1. Concerning its very
high accuracy for radial-flux machines, the 2-D FEM analysis has proceeded to obtain the
static and dynamic electromagnetic characteristics of the machine in ANSYS/MAXWELL
environment. To achieve the dynamic response asymmetric half-bridge converter is used
which requires two switches per phase. Asymmetric half-bridge converters are very popular
because of their control flexibility [29]. The phase currents are limited around the reference
value using the hysteresis control technique with a band of £0.5 A. To calculate the core
losses 0.4 mm thickness is considered for the laminations. The phase conduction period
considered is 143° (elec.) for the rated speed of 1000 rpm with the turn-on angle of 0°. The
governing equations to calculate the % torque ripple (T;y,,;) and % efficiency (1) are
given in Eq. (1) and Eq. (2) respectively, where T, is peak-to-peak torque ripple, T4
is average output torque, P is the mechanical output power, P; is the iron or core loss and
P, is the copper loss.

Tr:'pp!e = (Tpk—pkaavg) x 100 0
n=P/(P+P; +P,)x 100 °

Fig. 5 shows the static torque profiles of the inner and outer stator windings of the
improved DSSRM. The torque profiles are calculated through the parametric analysis of
stator winding currents between 5A to 30A with a step size of SA. It can be seen that the
torque waveforms of the outer stator are somehow more peaky than the inner one for the
same current. This will add some peaky response in the dynamic torque output. Fig. 6
shows the dissemination of the flux density in the different parts of the improved DSSRM
model at 90° and 150° (elec.) rotor positions for rated condition. The steady-state response
of the improved machine is simulated at the rated speed and its phase currents and torque
waveform are presented in Fig. 7. In the figure; i, iy, i, and i, iy, i+ are the respective
phase currents of the inner and outer stator windings. The values of the average torque and
torque ripple are 33.7 N-m and 31.1%, respectively. The core and copper losses are 109 W
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and 370 W respectively, therefore the rated efficiency is 88.0%. The total active weight of
the machine is 15.6 kg resulting in the torque to active weight ratio of 2.16 N-m/kg. Thus it
can be revealed that the improved machine has a high value of torque density and efficiency
with a significantly low value of torque ripple at the rated operating condition.
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Figure 5: Static torques of inner and outer stator windings. (a) Inner stator winding. (b)
Outer stator winding.
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Figure 6: Dissemination of flux density in the improved DSSRM at rated condition. (a)
Flux density at 90° (elec.) rotor position. (b) Flux density at 150° (elec.) rotor position.
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Figure 7: Steady-state response of improved DSSRM at 1000 rpm. (a) Phase current
waveforms. (b) Torque waveform.

4. Comparative analysis of the improved DSSRM with other motors
In this section, the comparative analysis of the improved DSSRM is performed with the
baseline DSSRM and a 12/8 pole conventional TSRM to inspect its suitability over the

other two motors. For this, the FEM models of the baseline DSSRM and TSRM have also
been modelled and their performances are simulated. During modelling, the slot fill factor
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(SFF) is considered same in each case which is 43%. The average current density is also
considered nearly same in each case which is nearly 5.5 A/sq. mm. The outer diameter
considered is 200 mm for baseline DSSRM and TSRM, however, it is somehow higher for
improved DSSRM due to the insertion of W;,. between half-rotor segments, which is 219
mm. The axial lengths are varied to obtain the rated torque at the rated speed. The axial
length is 90 mm for baseline and improved DSSRM, whereas for TSRM this length
requirement increases to 134 mm. The dynamic responses of these motors are simulated
considering same phase conduction period (elec. deg.) with same turn-on and turn-off
angles for each motor. The steady-state torque waveforms of these motors are drawn in
Fig. 8 (a) for the rated speed of 1000 rpm. The average torque is comparable in each case.
The torque ripples for improved DSSRM, baseline DSSRM and TSRM are 31.1%, 123.8%
and 97.0%, respectively. Thus it can be divulged that torque ripple is significantly reduced
in the improved DSSRM as compared to the other two machines. Some design and
performance data are tabulated in Table 3. It can be seen that the core loss is high in the
improved DSSRM as compared to the baseline DSSRM due to the increase in leakage flux
between half-rotor segments near unaligned rotor position. Moreover, the copper loss has a
lower value in the improved DSSRM as compared to baseline DSSRM because of the
lower rms current requirement in it for the same torque generation. In the case of TSRM,
the core loss is high due to its higher axial length. The rated efficiency and torque to active
weight ratio are comparable for improved and baseline DSSRMs, however, these values
reduce in the case of TSRM due to the increase in core loss and higher axial length
requirement.

Table 3: Comparative data for improved/baseline DSSRMs and 12/8 pole TSRM at rated
speed.

Improved Baseline TSRM

DSSRM DSSRM
Outer diameter in mm 219 200 200
Axial length in mm 90 90 134
Rotor speed in rpm 1000 1000 1000
Turn-on angle (elec. deg.) 0 0 0
Turn-off angle (elec. deg.) 143 143 143
Taygin N-m 33.7 33.6 33.8
Typ—pr in N-m 10.5 41.6 32.8
Trippie 0 % 31.1 123.8 97.0
Constant loss (P;) in W 109 93 124
Variable loss (P.,) in W 370 385 384
Rated % efficiency 88.0 88.0 87.4
Total active weight in kg 15.6 (102.6%) 15.2 (100%) 21.9 (144.1%)
Active weight ratio torque in | 2.16 (97.7%) 2.21 (100%) 1.54 (69.7%)
N-m/kg
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Figure 8: Comparison of the steady-state torques of different machines at the rated speed of
1000 rpm. (a) Steady-state torques. (b) Magnitude of torque ripple harmonics.

Fig. 8 (b) inculcates the harmonic analysis of torque ripple frequencies of the motors for
rated speed. 12/10 pole motors which are improved and baseline DSSRMs have 30 strokes
per revolution, therefore for 1000 rpm speed their fundamental torque ripple frequency is
500 Hz. However, 12/8 pole TSRM has 24 strokes per revolution, therefore it has a
fundamental torque ripple frequency of 400 Hz for the same speed. The figure represents
the magnitude of the torque ripples up to the 10th harmonic order for the rated speed. The
average or DC values are 33.7 N-m and 33.6 N-m for improved and baseline DSSRM,
respectively, as well as 33.8 N-m for TSRM. These values are 2.0 N-m, 19.8 N-m and 10.7
N-m for the fundamental frequency which is the most dominant harmonic. Thus it can be
revealed that the lower-order torque ripples are significantly reduced in improved DSSRM.
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Figure 9: Resultant force on the outer stator body of the motors.

Fig. 9 represents the instantaneous force resulting on the outer stator body for all three
motors at rated speed. The average values of these forces are 1.6 N, 1.3 N and 3.6 N,
respectively for improved DSSRM, baseline DSSRM and TSRM, which are ignorable.
Thus it can be concluded that the modifications in the improved DSSRM do not create any
unbalance force on it.

The performance comparison of these motors is further extended below and above the
rated speed and the results are shown in Fig. 10. Below the rated speed, the constant torque
operation is achieved by controlling the phase current via the hysteresis current control
method. Furthermore, above the rated speed, the output power is maintained constant by
advancing the phase turn-on angle before the rated turn-on value [30]. Fig. 10 (a) represents
the torque-speed characteristics of these motors by employing the above control techniques.
It can be seen that the output torque has nearly constant value below the rated speed for
each motor. Similarly, the output power is also nearly constant above the rated speed for
each motor. Fig. 10 (b) represents the torque ripples of these motors with the variation of
rotor speed. It is seen that the torque ripples are sufficiently low in the improved DSSRM as
compared to the baseline DSSRM and TSRM in all speed range. There is a very small
variation in torque ripple over a wide speed range in the improved DSSRM, especially
between 800 rpm to 1400 rpm, where it is maintained between 27.1% to 34.1%. It is
observed that TSRM has comparatively low torque ripple in most of the speed range as
compared to the baseline DSSRM, however, it has still sufficiently high torque ripple
values as compared to the improved DSSRM. Fig. 10 (c) shows the variation of core loss in
all three machines with the variation of rotor speed. It can be seen that core loss increases in
each machine with the increase in rotor speed. This is because the frequency of flux
variation increases with the increase in rotor speed. Moreover, this figure also shows that
the core losses are comparatively high in TSRM because of the requirement of a higher
axial length for the same torque generation. The figure also depicts that the improved
DSSRM attains higher core loss as compared to baseline DSSRM. This is because of the
increase in leakage flux between the half-rotor segments near unaligned rotor position. The
improved DSSRM and TSRM have respectively 17.2% and 33.3% more core loss as
compared to baseline DSSRM at rated speed. Fig. 10 (d) represents the variation of copper
loss with the rotor speed. It can be observed that even though the TSRM has a higher value
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of axial length, it has a comparable copper loss as the other two machines, because of
nearly same copper weight requirement in all three machines. Fig. 10 (e) represents the
weights of the iron and copper materials as well as the total active weights of these
machines. Because of the higher axial length, the iron weight increases in TSRM which
increases its total active weight and reduces its torque to active weight ratio. The copper
weight is nearly same in all three machines, which endorses that the DSSRMs attain a
higher value of torque density by allowing higher copper volume as compared to
conventional TSRMs. Fig. 10 (f) represents the variation of efficiency with the rotor speed.
It can be seen that in lower speed region up to 800 rpm the efficiency of all three motors is
nearly equal. However, with the further increase in speed, the efficiency of DSSRMs
slightly increases as compared to TSRM. This shows the efficacy of DSSRM over TSRM
in high-speed operation.
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Figure 10: Comparison of the performance parameters at different rotor speed. (a) Average
torque. (b) Torque ripple. (c) Core loss. (d) Copper loss. () Required iron and copper
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weights. (f) Efficiency.
5. Conclusion

DSSRMs have high torque density compared to conventional TSRMs. However, they
have high torque ripple. In the literature, the design methodology of an improved 12/10
pole DSSRM has been proposed which has a very low torque ripple characteristics over a
wide speed region. However, its comparative analysis with other motors is missing in the
literature. This paper further investigates the comparative analysis of the improved DSSRM
with the baseline DSSRM and conventional TSRM with the help of 2D finite-element
analysis. Comparison is done in the context of average torque, torque ripple, iron and
copper weight requirement, harmonic analysis of torque ripple frequency, losses and
efficiency. During modelling, the same slot-fill factor and same average current density are
considered in all three machines, however, axial lengths are varied to obtain the rated
torque. Simulation results conclude that the improved DSSRM has significantly low torque
ripple in a wide speed region, especially between 800 rpm to 1400 rpm, where it is
maintained between 27.1% to 34.1%. These values for baseline DSSRM are between
109.3% to 142.9%, and for TSRM between 78.7% to 148.9%. Core loss is slightly high in
improved DSSRM compared to baseline DSSRM due to the increase in leakage flux, but
maximum in TSRM due to the increase in axial length requirement. Copper loss is slightly
low in improved DSSRM and TSRM due to a slightly lower rms phase current value. The
efficiency is comparable in all three machines in low-speed region but slightly increases in
DSSRMs in high-speed region. It is observed that even though the DSSRMs have lower
axial length, all three machines require same copper weight to generate the rated torque.
This concludes that the DSSRMs attain a higher torque density by allowing higher copper
volume compared to conventional TSRMs. The harmonic analysis of torque ripples
concludes that the magnitudes of the low-frequency torque ripples are significantly low in
improved DSSRM. The fundamental harmonic is 6.0% of DC value in improved DSSRM,
while this value in baseline DSSRM and TSRM are 59.0% and 31.7%, respectively.
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