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Abstract: Today, switched reluctance motors (SRMs) represent a promising technology for the long-term
sustainability of electrified transportation, mainly due to their simpler structure, lower production
cost, and robust configuration compared to other motor technologies. Notwithstanding, high acous-
tic noise and torque ripple are two performance imperfections that have prevented the widespread
implementation of SRMs. This paper presents different structural design techniques to reduce the
acoustic noise of an 8/6 SRM, while maintaining the electromagnetic performance of the machine.
For each technique, a corresponding multiphysics FEA analysis of the motor’s performance is presented.
The accuracy of the multiphysics model is confirmed experimentally using acoustic noise measurements
obtained from a four-phase 8/6 SRM. Then, several structural techniques have been investigated on
the 8/6 SRM represented in two main categories: stator-housing modifications and rotor modifications.
The best design strategies are then combined to improve the acoustic noise level of the 8/6 SRM while
maintaining its performance.

Keywords: acoustic noise reduction; finite element analysis; modal analysis; structural design;
switched reluctance motor

1. Introduction

As the impact of climate change has grown in recent years, the world has experienced
a shift towards greener technologies mainly guided by the urgent need to reduce daily
energy consumption levels. In the particular case of the automotive industry, several
efforts have been made to move from traditional fossil-fuel-powered internal combustion
engines to the electrification of vehicles, aiming to find new long-term solutions to decrease
greenhouse gas emissions.

In today’s market, the most popular option for traction motors in electric vehicles (EVs)
are interior permanent magnet synchronous motors (IPMSMs), due to their high efficiency
at low- to medium-speed range and their ability to achieve high torque density [1,2].
Although IPMSMs provide good performance and have many benefits, they suffer from
major disadvantages due to the use of rare-earth permanent magnets. The performance
of these magnets is strongly dependent on temperature, and they have a highly volatile
and unreliable price and supply chain [1,3–6]. A second option for traction motors in
EVs is the use of induction motors (IMs), also known as asynchronous machines [2].
An induction motor does not require permanent magnets, but it has conductors on the
rotor. Hence, IMs can suffer from high copper losses that might require rotor cooling in
propulsion applications [7].

A potential technology to sustain the demand for electrified transportation in the
long-term is switched reluctance motor (SRM). SRMs do not require rare-earth magnets or
conductors on the rotor. Due to their simple and robust construction, they can operate at
high speeds and high temperature conditions. SRMs also have a fault tolerance capability
as the phases are electrically isolated from each other [8]. The simple geometry of SRMs
also reduces manufacturing complexity and allows for relatively lower production costs.
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Recent research within the field of SRMs has demonstrated that this motor technology
has the capability to replace current commercial motors, while achieving comparable
torque/speed and efficiency features [9–12].

Historically, high torque ripple and radial forces that result in vibration and
acoustic noise have been the major deterrent for SRMs [6,13,14]. Acoustic noise and
vibration are present in all motor technologies, but they are more pronounced in SRMs
due to their construction and excitation principles [15–17]. However, acoustic noise
can be reduced significantly by applying techniques related to current control and
structural design.

Most of the current control techniques applied to PMSMs and IMs for acoustic noise
reduction rely on the modification of the PWM strategies that allow for selective acoustic
harmonic reduction [18–20]. Control strategies for low-noise SRMs can be categorized
depending on the type of the electromagnetic force to improve: radial or tangential [21].
To improve radial forces, it is possible to use independent control of pole currents,
sinusoidal excitation, hybrid excitation, or a two-stage commutation [22]. On the other
hand, to improve tangential forces, the control stage of an SRM drive can make use
of current and angle modulation, average torque control, direct torque control, torque
sharing functions (TSFs), feedback linearization control, iterative learning control, and
intelligent control. Model predictive control for SRMs has also been reported in the
literature [23–25].

Structural design techniques for PMSMs and IMs have also been studied for vibration
and acoustic noise reduction. In [26], rotor skewing, slot bridges, and dummy slots were
investigated for a PMSM, showing that adding slot bridges had the best acoustic noise
performance. Slot/pole combination and winding configurations have also been analysed
in [27], showing that configurations with higher vibration modes have better performance
in terms of acoustic noise. In [28], mechanical modifications on the stator teeth and stator
yoke thickness to improve the overall stiffness and stability of the stator core can reduce
vibration and acoustic noise in an IPMSM. Rotor notching and rotor skewing techniques
have also been studied for IMs in [29,30].

This paper proposes different structural design techniques to decrease the acoustic
noise level generated by an 8/6 SRM, while maintaining the electromagnetic (EM) per-
formance of the motor. Firstly, a detailed study of the active research in SRM acoustic
noise reduction from the structural design aspect is presented in Section 2. Section 3
introduces a comprehensive multiphysics model developed to analyse the vibration
and acoustic noise behaviour of an SRM for various structural changes under dynamic
excitation. To validate the multiphysics model, numerical and experimental results
for an actual four-phase 8/6 SRM are presented and compared. In Section 4, mechan-
ical dimensions, and static and dynamic characteristics of the baseline 8/6 SRM are
presented. Then, in Sections 5 and 6, different mechanical design techniques for sta-
tor and rotor, respectively, are analysed, compared, and implemented. The perfor-
mance of the SRM is investigated both for acoustic noise and electromagnetic perfor-
mance. Section 7 extends upon the most effective structural design methods and applies
them to the baseline 8/6 SRM with further modifications to reduce the noise level.
Finally, conclusions are presented in Section 8.

2. Mechanical Design Techniques for SRM Acoustic Noise Reduction

The mechanical modifications in the design of an SRM represent a multi-faceted
problem, where many factors need to be considered. When targeting acoustic noise and vi-
bration reduction with modifications in the motor’s mechanical structure, the performance
of the machine cannot be ignored. Mechanical design techniques can be organized into
three general categories as depicted in Figure 1: stator and rotor design, machine topology,
and damping techniques.
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Figure 1. Overview of mechanical design techniques for vibration and acoustic noise reduction.

2.1. Stator and Rotor Design

According to Figure 1, various design changes can be applied to the stator and rotor
of an SRM. Some of these modifications apply strictly to the stator (S), while most of them
can be applied to both the stator and the rotor (S&R). For classification of these methods,
Figure 2 outlines the typical dimensions of an SRM. The shape and size of the stator yoke
can be modified to improve the structural stiffness [31–35]. Additionally, in [31,34], various
shapes and designs of the stator slots were compared to investigate their impact on stator
deformation. Slot wedges, which can be used in an SRM for coil retention, can be enhanced
using stiff dielectric materials (structural spacers) such as alumina and polyvinyl chloride to
improve the stator stiffness [35,36]. The stator and rotor poles can be designed to minimize
the radial electromagnetic forces [31,32,34,37]. Notably, these structural modifications can
significantly decrease the motor performance if they are applied only for acoustic noise
reduction as the main objective. Stator pole modifications can be categorized as optimizing
the stator taper angle and adjusting the profile of stator tooth shape.

Ds

Dsh

Dr

ys

yr

ga

βr

τr

τs

βs

hs hr

Figure 2. Terminology for typical SRM dimensions.

Rotor modifications can be categorized as introducing a curvature to the conventional
extrusions of the rotor poles as outlined in Figure 3 [34,37]. These rotor modifications
reduced the radial forces of the SRM and, hence, acoustic noise while preserving efficiency
with less than 0.5% reduction. This type of design modification aims to change the char-
acteristics of the radial and tangential magnetic flux density near the airgap to reduce the
magnitude of the radial forces.
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(a) (b) (c)

Figure 3. Comparison of rotor pole topologies: (a) conventional, (b) design from [37] to reduce radial
forces, and (c) improved design from [34].

Skewing can also be applied to either the stator or rotor. Skewing techniques aim
to distribute the radial force density along the stator teeth circumferentially and axially,
to reduce vibration. Several studies have reported that introducing a skew angle can
effectively reduce acoustic noise [38,39]. For instance, in [13], adding a higher value of
rotor skewing can further minimize the acoustic noise in an SRM compared to that of a
stator-skewing; however, skewing the stator and rotor together by an equal amount is
the most effective design method to achieve acoustic noise reduction while maintaining
the electromagnetic performance of the motor. In general, the effectiveness of skewing
depends on the motor design, and operational and current control requirements. Notches
can also be introduced to the rotor and/or stator to reduce acoustic noise. In [31,37,40–43],
different types of notches were considered either on the rotor or stator of a corresponding
SRM, taking into account various shapes and locations. When applying these techniques,
the performance of the motor must be observed closely as the notches can change the
flux linkage characteristics of the machine. Figure 4 shows some of the designs that were
investigated for the rotor of an SRM.

(a) (b) (c)

Figure 4. Rotor notch designs for acoustic noise reduction: (a) square notches [42], (b) circular
notches [43], and (c) arrow notches [31].

2.2. Machine Topology

The number of poles per phase can be increased in order to reduce acoustic noise
in an SRM. This might also require increasing the number of rotor poles and, hence, the
number of torque pulsations and electrical frequency. A higher number of magnetic
poles increases the first non-zero dominant mode shape and helps reduce mechanical
resonance [40,44–48]. Furthermore, a higher number of rotor poles than stator poles can
help reduce the acoustic noise [41]. It was also reported that a double stator SRM design can
decrease radial forces and help obtain a higher power density compared to conventional
SRMs [49–53].

2.3. Damping Techniques

Damping techniques have also been applied to SRM designs by inserting damping
materials in between stator laminations [54]. In another approach presented in [55], the
contact areas and housing assembly that surrounds a motor were modified to reduce the
propagation of vibrations from the stator. Finally, a detailed study of different radiating
rib structures in the housing of an SRM for acoustic noise reduction was presented in [56].
It was concluded that adding a large quantity of ribs with trapezoidal cross-section with a
broad top and a narrow bottom is the best choice to reduce acoustic noise and help heat
dissipation considering that the amount of rib material is the same for all rib structures.
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3. Multiphysics Vibroacoustic Model and Experimental Validation

To accurately model the acoustic noise behaviour of an SRM, a multiphysics model was
developed in Ansys Workbench as outlined in Figure 5. The multiphysics model involves
electromagnetic analysis in Ansys Maxwell, structural analysis in Ansys Modal, and vibration
and acoustic noise analysis in Ansys Harmonic Response and Harmonic Acoustics.

Figure 5. Block diagram of the multiphysics FEA toolchain for SRM acoustic noise analysis.

Firstly, the electromagnetic forces in the SRM are generated by applying dynamic
current waveforms. Simultaneously, the structural model uses the components of the
SRM assembly and material properties to calculate the dominant mode shapes and natural
frequencies. Once these two analysis are completed, the electromagnetic nodal forces are
mapped to the stator teeth in the structural model. A superposition of natural frequency
calculations with electromagnetic nodal force harmonics in circumferential and temporal
orders generates a forced vibration response of the SRM assembly. The generated velocities
of the structural components serve as the input to the acoustic model. These velocities are
then mapped to the components in the acoustic FEA environment, where acoustic fields
and radiation boundaries are set up. Once these FEA models are coupled, the acoustic
noise behaviour of the motor is calculated.

Figure 5 shows that, after completing the electromagnetic (EM) simulations, the
force density waveform is exported to MATLAB for post-processing. Using the 2D FFT,
the magnitudes of the circumferential and temporal radial force density harmonics are
calculated. The results from the vibroacoustic FEA simulations are cross verified to see
if they match with the excited natural frequencies at the dominant circumferential and
temporal orders that have the same shape and forcing frequencies.

The four-phase 8/6 SRM on which the structural modifications are applied for acoustic
noise reduction was modelled in the developed multiphysics vibroacoustic model and the
results were validated experimentally. The 8/6 SRM is rated at 5 kW with a base speed of
6000 rpm at 300 V DC link voltage.

Figure 6a shows the experimental setup with the 8/6 SRM, an induction machine
dynamometer, a four-phase asymmetric bridge converter, a microphone placed 1 m di-
rectly above the motor in the radial direction for acoustic noise measurement, and an
accelerometer mounted on the outer surface of the stator for vibration measurement.
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Similarly, Figure 6b shows a detailed view of the vibroacoustic measurement equipment.
The sound was recorded using an audio interface, which then used a MATLAB algorithm
to calculate the noise level. In order to obtain the frequency domain information, the fast
Fourier transform (FFT) was applied to the measured sound pressure. The amplitude of
different harmonics were then converted into decibels (dB) using:

SPL = 20 log10

(
FFT(P)

Pre f

)
, (1)

where Pre f is the reference pressure equal to 20 µPa and P is the measured sound pressure.
The stator-housing assembly was modelled to replicate the experimental setup for proper
calculation of the natural frequencies. A view of the motor assembly in exploded form is
shown in Figure 7.

(b)(a)

Figure 6. Experimental setup: (a) four-phase 8/6 SRM and (b) vibroacoustic measurement equipment.

Figure 7. Stator-housing assembly CAD model for the 8/6 SRM.

The critical natural frequencies of the 8/6 SRM correspond to the shapes of the stator’s
vibration modes. The four-phase 8/6 SRM has two magnetic poles; hence, the natural
frequency of mode shape 2 is of particular importance. Temporal orders that can excite
this mode to a certain level are given by ±Nr + kmNr, with k ∈ Z; where Nr is the number
of rotor poles and m is the number of phases. Figure 8 shows the natural frequencies
experimentally measured with an impact hammer test and the vibration modes calculated
from the modal analysis in the developed multiphysics toolchain. From the finite element
analysis, circumferential mode 2 and axial mode 1, e.g., (2,1) has a natural frequency
of 1845.8 Hz and vibration mode (2,2) has a natural frequency of 2451 Hz. From the
experimental results, the natural frequency of mode (2,1) is measured as 1884 Hz and mode
(2,2) as 2435 Hz. The numerical FEA and experimental results match well.

The natural frequencies calculated using Ansys Modal are then coupled with the nodal
forces simulated in Ansys Maxwell 2D. The dynamic current used for this analysis was for
the operating point at 2048 rpm and 5 Nm. The multiphysics FEA simulations generate the
forced vibration response and calculate the SPL produced by the motor.

The simulated SPL is then compared to the experimental SPL for a similar microphone
position as in the simulation model. Table 1 shows the comparison of the simulated and
experimentally measured SPL values.
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Figure 8. Impact hammer test frequency domain and FEA calculated results for vibration modes (2,1)
and (2,2) [57–60].

Table 1. Comparison of SPL measured experimentally and calculated from the multiphysics toolchain.

Experimental (54th,2) (66th,2) (78th,2)
Validation 1843 Hz 2253 Hz 2662 Hz

Experimental results [57] 57.98 dB 46.91 dB 45.00 dB
Experimental results [59] 58.00 dB 49.00 dB 48.00 dB

FEA numerical results 63.24 dB 43.37 dB 43.42 dB

The peak SPL frequencies are due to the excitation of the dominant vibration modes
(2,1) and (2,2). The forcing frequency of the radial force harmonic at 1843 Hz corresponds
to the 54th temporal order and it excites the vibration mode (2,1), which has a natural
frequency of 1884 Hz. Similarly, forcing frequencies 2253 Hz and 2662 Hz correspond to
the 66th and 78th temporal order of the radial force harmonics and they excite the stator
vibration mode (2,2).

4. Baseline Parameters of the 8/6 Switched Reluctance Motor

In this section, the baseline parameters and performance details of the experimentally
characterized 8/6 SRM are presented. The static and dynamic electromagnetic charac-
teristics, radial force, vibration, and acoustic noise performance of the baseline SRM are
established. The structural modifications are applied and analysed using the developed
multiphysics toolchain to improve the acoustic noise and maintain the performance with
respect to the baseline parameters.

Table 2 shows the stator and rotor geometry parameters of the baseline 8/6 SRM
under study, while Figure 9 shows its exploded view. In order to simplify the analysis, the
motor housing is modelled as a cylindrical shell along with an endcap and a mounting
plate with a similar thickness of the experimental 8/6 SRM. The fitting between the stator
and the housing is modelled using interference press-fit contact, and housing and endcaps
are interfaced through four bolt connections. Additionally, there are four flange mounts
intended to mount the SRM on a mounting bracket or a face plate. The materials used
for the motor assembly and their structural properties are listed in Table 3. Properties of
the copper windings are adjusted taking into account the slot fill factor and insulation to
accurately model the mass and stiffness [61].

Table 2. Baseline parameters of the four-phase 8/6 SRM.

Parameter Symbol Value Unit

Number of stator poles Ns 8 −
Number of rotor poles Nr 6 −

Number of phases m 4 −
Stator outer diameter Ds 170 mm
Rotor outer diameter Dr 89.3 mm

Shaft diameter Dsh 30 mm
Stator pole height hs 22.3 mm
Rotor pole height hr 10.15 mm

Stator pole arc angle βs 21 deg
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Table 2. Cont.

Parameter Symbol Value Unit

Rotor pole arc angle βr 23 deg
Stator taper angle τs 2 deg
Rotor taper angle τr 8.5 deg

Stator yoke thickness ys 17 mm
Rotor yoke thickness yr 19.5 mm

Airgap length ga 0.35 mm
Fillet radius tip stator ζs 0.001 mm

Fillet radius bottom stator γs 2 mm
Fillet radius tip rotor ζr 0.001 mm

Fillet radius bottom rotor γr 4 mm
Stack length lstack 90 mm

Figure 9. Exploded view of the baseline 8/6 motor assembly.

Table 3. Material properties for the baseline 8/6 SRM.

Component Density Young’s Poisson’s
(kg/m3) Modulus (GPa) Ratio (-)

Electric steel lamination 7267.5 176 0.285
Housing and endcaps 2700 68.9 0.33

Coil windings 4908 12 0.3

Figure 10 shows the static flux linkage and torque profiles of the baseline 8/6 SRM.
Figure 11 shows the dynamic phase currents and electromagnetic torque at 2000 rpm
for turn-on and turn-off angles of 0 and 135 electrical degrees, respectively. The phase
current reference is 21.21 A, at which the motor delivers around 7 Nm of torque with
a torque ripple of 57%. The 3D assembly of the 8/6 SRM with the simplified housing
(Figure 9) is modelled in the multiphysics FEA toolchain depicted in Figure 5 to cal-
culate the natural frequency of the dominant mode shapes and vibration and acoustic
noise characteristics.

(a) (b)

Figure 10. Static electromagnetic characteristics of the 8/6 SRM: (a) flux linkage and (b) torque.
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(a)

(b)

Figure 11. Dynamic results for the baseline 8/6 SRM at 2000 rpm: (a) phase currents and (b) electro-
magnetic torque.

As shown in Figure 12, vibration mode 2 dominates. Two frequencies were ob-
served for mode 2 at 3030 Hz and 3551 Hz with a slight difference where the oval
shape occurs. Figure 13 shows the results for harmonic response vibration analysis.
The deformation pattern and stress distribution are depicted for the maximum defor-
mation at 2600 Hz. The maximum deformation observed was 0.123 µm and the maximum
stress on the stator was 0.284 MPa.

3030 Hz 3551 Hz

Figure 12. Mode shapes for the dominant vibration mode 2 of the baseline 8/6 SRM stator.
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Figure 13. (a) Deformation and (b) stress contour from the forced vibration simulation at 2600 Hz.

As part of the multiphysics toolchain, the dynamic currents in Figure 11a are used in
the electromagnetic FEA model to calculate the nodal forces. Nodal forces are then used
to calculate the surface velocities of assembly components and acoustic noise produced
by the SRM. The acoustic noise was measured from a virtual microphone positioned 1 m
away from the motor assembly. Figure 14 shows the acoustic noise results for the baseline
8/6 SRM. The maximum SPL is 89.3 dB at 2600 Hz. The second SPL peak is 78.94 dB
at 3000 Hz. Both of these frequencies cause acoustic noise due to excitation of vibration
mode 2. The frequencies 2600 Hz and 3000 Hz correspond to the temporal orders 78th and
90th when the rotor rotates at 2000 rpm.
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Figure 14. Sound pressure level of the baseline 8/6 SRM at 2000 rpm.

5. Stator-Housing Modifications for Acoustic Noise Reduction

The stator-housing modifications for acoustic noise reduction include variations on
stator core geometry along with the housing and assembly fixtures. For the stator modifica-
tions, the main goal is to increase the stiffness of the SRM.

5.1. Stator-Housing Assembly Modifications

For the 8/6 SRM, assembly contact between the stator and the housing can be achieved
using bolts or an interference fit. Table 4 shows the natural frequencies of vibration mode
2 for a press-fit assembly and a bolted assembly. The natural frequencies for the bolted
assembly are 2242 Hz and 2298 Hz, while those for the press-fit assembly are 3030 Hz and
3551 Hz. Higher natural frequencies for the press-fit assembly show that it provides higher
stiffness. Compared to the bolted assembly, the press-fit assembly has a larger surface area
in contact between the stator and housing, which improves overall stiffness. Therefore, in
the further iterations of the structural analysis of the stator, interference press-fit assembly
is considered.

Table 4. Natural frequencies for the bolted and interference press-fit contacts for the 8/6 SRM.

Contact Mode Frequencies (Hz) Vibration Mode 2 Shapes

Bolted contact
2242

2298

Interference
press-fit contact

3030

3551

5.2. Stator Yoke Modifications

The shape of the stator yoke influences the natural frequencies of the system along
with the assembly stiffness. Various stator yoke designs are investigated as shown in
Figure 15 to compare their impact, particularly to the natural frequency of the dominant
vibration mode 2. The baseline stator yoke is compared with Octagon stator yokes where
the vertices of the polygons are on the stator teeth as in Figure 15b and on the stator slots
as in Figure 15c. Square and Hybrid Octagon structures are also investigated as shown in
Figure 15d,e. A 20 mm thick housing that matches the shape of each stator yoke design is
used to normalize the comparison.

170 mm

170 mm

17
0 

m
m

183 mm

170 m
m

170 mm

183 m
m

190 m
m

170 m
m

(a) (b) (c) (d) (e)

Figure 15. Stator yokes designs: (a) Baseline, (b) Octagon I, (c) Octagon II, (d) Square, and
(e) Hybrid Octagon.
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Table 5 shows the stator mass, natural frequencies, and vibration mode 2 shapes for the
different yoke designs. Octagon II has higher natural frequencies compared to Octagon I for
the same stator mass. The Hybrid Octagon structure provides higher natural frequencies
as compared to Square yoke with a lower stator mass. Therefore, Octagon II and Hybrid
Octagon yokes were used to compare the acoustic noise performance with the baseline
design, as shown in Figure 16. Compared to the baseline design, Octagon II reduces the
peak SPL from 89.30 to 76.81 dB. Both peaks occur at 2600 Hz since both designs have
similar mode 2 natural frequencies. The Hybrid Octagon design reduces the maximum SPL
from 89.30 to 70.28 dB. The peak SPL occurs at 3000 Hz as the mode 2 natural frequencies of
Hybrid Octagon are higher than both the Octagon II and baseline designs. The two highest
SPLs of all three designs correspond to 78th and 90th temporal orders of the radial force
harmonic for circumferential mode 2.

Table 5. Stator yoke designs and corresponding mode 2 natural frequencies.

Design Stator Mass (kg) Frequencies (Hz) Vibration Mode 2 Shapes

Baseline 7.48 3030
3551

Octagon I 8.16 3014
3485

Octagon II 8.16 3064
3544

Square 11.54 3104
3450

Hybrid
Octagon 9.69 3171

3578

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
0

15
30
45
60
75
90

 Baseline
 Octagon II
 Hybrid Octagon

S
P

L
 [

d
B

]

Frequency [kHz]

Figure 16. Total SPL comparison for Octagon II and Hybrid Octagon designs vs. Baseline.

Table 6 outlines the performance metrics for the stator yoke designs. The Hybrid
Octagon design has the lowest SPL level, but it has a higher mass compared to Baseline
and Octagon II designs. For each design in Table 6, the mass of the rotor and the end plates
are the same. When applying the structural noise reduction methods, it is essential to
improve the stiffness with the minimum increase in mass. Therefore, the torque density
is considered when applying the combined structural modifications to the 8/6 SRM for
acoustic noise reduction in Section 7.
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Table 6. Performance comparison for the evaluated stator yoke designs.

Design Tave Fr(max) Peak SPL Total SPL
(Nm) (N) (dB) (dB)

Baseline 6.998 1633.514 89.30 @ 2.6 kHz 89.89
Octagon II 7.010 1635.809 76.81 @ 2.6 kHz 80.73

Hybrid Octagon 7.011 1635.778 70.28 @ 3.0 kHz 74.40

5.3. Impact of Fasteners

To analyse the impact of housing–endplate bolted contacts on the natural frequencies of
the motor assembly, the number of bolts for the baseline design was increased. Two designs
used the same size of bolts but the number was increased from 4 to 8 and 16. The resultant
stiffness of the system increased significantly. This can be quantified by the increase in natural
frequencies with the increase in the number of bolts as shown in Table 7. The motor geometry
is kept consistent to ensure that the impact on system natural frequencies are only due to
the number of bolts. The increased stiffness from the higher number of bolts dramatically
increases the mode 2 natural frequencies. Although the highest natural frequency would be
desired, the manufacturing complexity of these designs also needs to be considered. The
increase in number of bolts comes with an increase in the production and assembly cost.

Table 7. Mode 2 natural frequencies of increased bolt designs.

Design Mode 2 Natural Frequencies

Baseline (4 bolts) 3030 and 3551 Hz
8 bolts 3486 and 3618 Hz

16 bolts 3769 and 3974 Hz

The stiffness of the system was also investigated by analysing the impact of the number
of flange mount bolts on the natural frequencies. As shown in Table 8, the inclusion of four
more flange mounts increases the lowest mode 2 natural frequency from 3486 to 3622 Hz,
thereby reducing the excitation of vibration mode 2.

Table 8. Mode 2 natural frequencies of an additional flange mount design.

Design Mode 2 Natural Frequencies

Baseline (4 bolts), 4 flange mounts 3030 and 3551 Hz
8 bolts, 4 flange mounts 3486 and 3618 Hz
8 bolts, 8 flange mounts Both 3623 Hz

5.4. Stator Back Iron Notches

As shown in Figure 17, stator notches are added to the stator outer diameter facing
the stator teeth. This is the shortest path for vibrations to propagate to the housing when
excited by the radial forces acting on the stator teeth. The notches reduce surface area of
the stator in contact with the housing at these points in attempt to reduce acoustic noise.
The notches are 5 mm deep at the center of the arc with a span of 16◦. The width of
the notch is determined by extending the stator pole lines where they meet the stator
outer diameter.

16 °
5 mm

Figure 17. Notches added to the stator back iron of the 8/6 SRM.
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As shown in Table 9, the notched design has the same average torque and slightly lower
radial force, both in static and dynamic domains. Similarly, mode 2 natural frequencies for
the notched design are slightly lower than those of the baseline design. Figure 18 compares
the SPL for the baseline design and the design with the stator notches. The overall SPL
characteristics are similar, but the maximum SPL reduced from 89.3 to 81.88 dB. This brings
down the total SPL for the notched design to 84.25 dB, a 5.63 dB reduction compared to the
baseline design.

Table 9. Performance comparison for the baseline and stator back iron notch designs.

Design
Tave Fr(max) Tave Fr(max) Mode 2

(Stat.) (Stat.) (Dyn.) (Dyn.) Natural Frequencies
(Nm) (N) (Nm) (N) (Hz)

Baseline 4.1053 1792.01 6.9989 1633.51 3030
3551

Stator back iron notch 4.1043 1788.73 6.9955 1630.36 3028
3434
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Figure 18. SPL comparison for the notched stator back iron design.

6. Rotor Modifications for Acoustic Noise Reduction

Rotor modifications include design changes that modify the electromagnetic character-
istics of the motor. Therefore, they are much more sensitive to the operational characteristics
of the SRM and require solutions to obtain a trade-off between acoustic noise and EM per-
formance. These modifications include windows and notches on the rotor laminations to
reduce radial forces.

6.1. Rotor Window

A rotor window is basically a flux barrier of a certain shape located on the rotor
pole. The rotor window impacts the flux path and, hence, the static torque and radial
force characteristics of the motor. As shown in Figure 19, five different rotor window
geometries were investigated. The distance between each window and the airgap was kept
constant. The dimensions of the window shapes were determined to maintain a surface
area of approximately 4 mm2. Static torque and radial forces for each design are depicted
in Figure 20. The dip in torque profile is a result of the change in the flux distribution due
to the rotor windows. To quantify the impact of a rotor window on the electromagnetic
performance of the motor a performance ratio (PR) metric was used:

PR =
% Max. Radial Force Reduction

% Avg. Torque Reduction
. (2)

PR allows for a comparative metric to analyse the trade-off between radial force
reduction and torque loss as compared to the baseline model. A high PR ratio provides a
relatively higher reduction in radial force for a lower reduction in torque. Table 10 shows
the PR for the rotor window designs in Figure 19. For the same surface area and distance
from the airgap, the circular window has the highest PR as it creates a smoother flux
distribution around the window. The wider windows result in lower PR due to larger
obstruction of the flux path.
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(a) (b) (c) (d) (e)

Figure 19. Various rotor window geometries: (a) Square, (b) Triangle, (c) Circle, (d) Oval I, and
(e) Oval II.
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Figure 20. Rotor window performance comparisons: (a) torque and (b) radial force.

Table 10. Performance ratio comparison for various rotor window shapes.

Window Shape Performance Ratio

Triangle 4.013
Square 3.707
Circle 4.081
Oval I 3.728
Oval II 2.248

The impact of the circular windows on the stator pole is also tested. Table 11 shows
the changes in the static torque and radial force when a 1 mm radius window is located
1 mm away from the airgap either on the rotor or stator. The performance ratio is worse
when the same window is applied to the stator pole only.

Table 11. Comparison of static torque and radial force reduction when a circular window is located
on the rotor or stator.

Design Torque [%] Radial Force [%] Performance Ratio

Rotor window 1.84 8.50 4.61
Stator Window 3.54 13.95 3.94

Additionally, the impact of the proximity to the airgap was investigated by param-
eterizing the distance from the center of the window to the airgap. Window size is kept
the same and its position was varied from 1 to 16 mm. The analysis was conducted
when the window is located on the rotor, stator, and both the rotor and the stator.
Figure 21 shows the change in the static torque and radial force, and the corresponding
performance ratio.

The PR for the rotor window is significantly better when it is located less than 10 mm
away from the airgap. Beyond that distance, the rotor windows have negligible impact
on the torque and radial force. A rotor window located at 1 mm away from the airgap,
can reduce radial force by 8.5% with only 1.84% reduction in static torque in the 8/6 SRM.
In comparison, when the window is located on the stator at 16 mm away from the airgap,
the reduction in torque is 1.98% while the reduction in radial force is 8.05%. The same
applies when both windows are located 16 mm away from the airgap.
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Figure 21. Rotor, stator, and combined circular window design comparisons based on the proximity
to the airgap: (a) change in static torque and radial force and (b) performance ratio.

6.2. Rotor Pole Tip Modifications

Figure 22 depicts the rotor geometries investigated for rotor pole tip modifications.
Notches on the rotor pole tip, rotor rib, and curved rotor pole modifications were anal-
ysed. For the surface notches, both rectangular and semi-circle shapes were used with a
2 mm wide opening and 1 mm depth into the rotor pole. Figure 23 shows the impact of
rotor modifications on the static torque and radial force characteristics of the 8/6 SRM.
The surface notches impact the torque significantly, as they increase the effective airgap
length in the notched region. The addition of a 1 mm rotor rib, as shown in Figure 22,
reduces the motor’s performance significantly. The modifications applied on the rotor pole
tip are not as effective as the rotor windows. Besides, rotor rib design might require addi-
tional rotor stress analysis to ensure the structural integrity of the thin rib. The complexity
involved in the shaping of the curved rotor poles would also require modification to the
current control. Table 12 compares the performance ratio of these modifications.

(a) (b) (c) (d)

Figure 22. Rotor pole tip modifications: (a) rectangular pole surface notch, (b) semi-circular pole
surface notch, (c) rotor rib, and (d) curved rotor poles.
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Figure 23. Comparison of motor characteristics for the rotor pole tip modifications: (a) static torque
and (b) static radial force.
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Table 12. Performance ratio comparison for the rotor pole tip modifications.

Rotor Pole Modification Performance Ratio

Rectangle Surface Notch 0.563
Semi-circle Surface Notch 0.507

Rotor Rib 0.038
Curved Rotor Pole Tip 2.281

7. Acoustic Noise Reduction in the 8/6 SRM Using Structural Design Methods

The best design techniques investigated in Sections 5 and 6 were applied to the
baseline 8/6 SRM to reduce the acoustic noise production. The flowchart depicted in
Figure 24 summarizes the objectives and design iterations applied to the stator and rotor of
the 8/6 SRM.

Figure 24. Flow diagram of structural modifications applied to the 8/6 SRM for acoustic noise reduction.

7.1. Stator-Housing Modifications
7.1.1. Design I

The increase in bolts and flange mounts was combined with stator back iron notches,
as shown in Figure 25. Both mode 2 natural frequencies occurred at 3492 Hz, as shown
in Table 13. The natural frequency for mode 2 shapes were almost the same in Design I,
because 8 bolts made the stator structure stiffer. In the baseline design with four bolts, two
frequencies were observed for mode 2 at 3030 and 3551 Hz, as shown in Figure 12. This
was due to the system having higher stiffness in the areas aligned with the bolts and lower
stiffness in the areas that did not have the bolt support. In Design I, the support from the
bolts was better aligned with the stator teeth.

Figure 25. Exploded view of Design I with improved bolt and flange mounts and with stator back
iron notches.
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7.1.2. Design II

The octagon shape was applied with the original stator outer radius of 85 mm. The
back iron was increased only in the slot area as shown in Figure 15c. Similar to Design
I, stator back iron notches, and 8 bolts and 8 flange mounts were included. As shown in
Table 13, both natural frequencies for mode 2 shapes were increased from 3030 and 3551 Hz
for the baseline design to 3588 Hz with a slight (0.39 kg) increase in stator mass.

Table 13. Design I and II mode 2 natural frequencies.

Design Frequencies [Hz] Vibration Mode 2 Shapes

I 3492

II 3588

Figure 26 shows a comparison of the acoustic noise levels for the stator-housing modi-
fications when the dynamic operating condition of Figure 11 is used. The electromagnetic
performance of the motor did not change with these modifications. The maximum SPL
reduced from 89.3 dB for the baseline design to 71.24 dB for Design I and 67.78 dB for
Design II. Total SPL reduced from 89.89 dB for baseline design to 76.27 dB and 73.88 dB for
Designs I and II, respectively. The characteristics of the acoustic noise also changed. Due to
the higher natural frequencies of Designs I and II, the maximum SPL occurs at 3400 Hz,
which corresponds to 102nd temporal order of the radial force harmonic with circumferen-
tial mode 2. Table 14 provides a mass comparison for stator-housing modifications. Design
II has 0.67 kg higher total mass, but it provides more significant acoustic noise reduction
for the same EM performance.
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Figure 26. Acoustic noise comparison for Designs I and II.

Table 14. Designs I and II mass comparison.

Design Rotor Stator Housing Endcaps Total
(kg) (kg) (kg) (kg) (kg)

Baseline 2.84 7.48 3.36 3.79 17.47
I 2.84 7.48 3.42 3.89 17.64
II 2.84 7.87 3.53 3.89 18.14

7.2. Rotor Window Design

A parametric analysis was conducted in Ansys Maxwell 2D to determine the size and
location of the rotor window. Based on the analysis presented in the previous section, a
performance ratio of 4.0 or higher was targeted. Throughout the rotor window design itera-
tions, it was observed that rotor windows might cause more significant torque reduction
under dynamic operation, especially during phase commutation.
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In order to minimize the average torque reduction during phase commutation, a
notch on the leading edge of the 8/6 SRM was applied, as shown in Figure 27. This
technique was used for torque ripple reduction in an SRM [62]. The circular window with
the same dimension was offset with an angle θ towards the leading edge of the rotor in the
anticlockwise direction.

θ

Figure 27. Rotor window and rotor notch on the leading edge of the rotor pole.

The rotor window radius was parametrically swept between 0.5 and 3 mm with an
increment of 0.25 mm, and the distance from the airgap was swept between 1 and 4 mm
with an increment of 0.25 mm. The offset angle, θ was parametrically swept from 11.5◦

from the centre of the pole to 13.5◦ with an increment of 0.25◦. The best performance was
achieved for a circular window with a radius of 1 mm at 1.75 mm away from the airgap for
an offset angle of 13◦. This rotor configuration results in a 16.32% reduction in radial force
with a 4.07% loss in average torque, corresponding to a performance ratio of 4.01. If only
the rotor circular window was used, a performance ratio of only 3.31 could be achieved.

7.3. Rotor Mass Reduction

Cut-outs are applied to the rotor to reduce the motor mass. Multiple iterations were
conducted to determine the size and location of the rotor cut-outs. Figure 28 shows the
cross-section view of the rotor with the cut-outs and their corresponding dimensions.
The reduction in the static and dynamic torque with this modification was less than 0.1%.

R = 1 mm
6 mm

22.84 °

3.5 mm

(a) (b)

Figure 28. Rotor cut-outs for mass reduction: (a) rotor cross-section view and (b) dimensions of the
cut-outs.

Rotor stress and deformation were also evaluated with the cut-outs. The baseline 8/6
SRM has a 0.35 mm airgap; therefore, the radial deformation should not exceed 0.035 mm or
10% of the airgap length. Airgap deformation can cause non-uniform radial magnetic forces,
which may result in adverse motor vibrations [63]. The maximum von-Mises stress should
also not exceed the yield strength of the rotor lamination material, which is 520 MPa for
35H300 electrical steel material (Nippon Steel & Sumitomo Metal Corporation) used in the
baseline 8/6 SRM. Table 15 shows the results for the deformation and stress analysis with
the rotor cut-outs at the maximum speed of 12,000 rpm and a burst speed of 14,400 rpm.
The maximum deformation at 12,000 rpm and 14,000 rpm are 1.8 µm and 2.7 µm, and the
maximum von-Mises stress are 42.39 MPa and 61.05 MPa, respectively.
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Table 15. Rotor lamination deformation and stress analysis.

Speed
(rpm)

Deformation
(mm)

von-Mises Stress
(MPa)

12,000

0.0018808 Max

0.001855

0.0018291

0.0018033

0.0017774

0.0017516

0.0017257

0.0016999

0.001674

0.0016482 Min

42.399 Max

37.69

32.982

28.273

23.564

18.856

14.147

9.4383

4.7297

0.021005 Min

14,400

0.0027084 Max

0.0026712

0.0026339

0.0025967

0.0025595

0.0025223

0.002485

0.0024478

0.0024106

0.0023734 Min

61.054 Max

54.274

47.493

40.713

33.933

27.152

20.372

13.591

6.8107

0.030248 Min

7.4. Final Design Modifications

The stator housing assembly and rotor modifications are combined, as shown in
Figure 29, and referred to as Design III. Figure 30 presents the acoustic noise, dynamic
torque, and radial force characteristics of Design III. Compared to the baseline design, the
maximum SPL reduced from 89.30 to 67.14 dB, which is a 24.82% reduction. The total SPL
reduced from 89.89 to 72.33 dB, which is a 19.53% reduction. The total mass of the final
design is 17.93 kg only 0.46 kg heavier than the baseline. The average torque at 2000 rpm
reduced by 4.1% from 6.99 to 6.70 Nm. Therefore, when the stator housing assembly
modifications and rotor modifications are combined, the 8/6 SRM achieves around a 20%
reduction in acoustic noise with only a 4% reduction in torque.

Figure 29. Exploded view of the final 8/6 SRM design with structural modifications for acoustic
noise reduction (Design III).

In order to normalize the structural modifications, each design was analysed with
the same current waveforms shown in Figure 11. The reduction in the average torque in
Design III can be compensated by modifying the phase current waveforms. Table 16 shows
the performance comparison of the structural modification evaluated for the 8/6 SRM. In
Design IV, which has the same structural design as Design III, the phase current reference
was increased from 21.21 A to 21.85 A for the same conduction angles to compensate the
torque reduction. This results in less than a 3% increase in the RMS value of the phase
current. Design IV achieves the same torque as the baseline design with a 19.48% reduction
in the total SPL and with only a 2.3% reduction in torque density.
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Figure 30. Comparison of performance characteristics of Design III and baseline 8/6 SRM at 2000 rpm:
(a) acoustic noise level, (b) dynamic torque, and (c) radial force.

Table 16. Performance comparison of the structural modifications evaluated for the 8/6 SRM.

Design Tave Tripple Fr(max) SPL m Tρ

(Nm) (%) (N) (dB) (kg) (Nm/kg)

Baseline 6.99 57.00 1633.51 89.89 17.48 0.399
I 6.99 56.83 1632.94 76.27 17.64 0.396
II 6.99 55.99 1634.91 73.88 18.14 0.385
III 6.70 59.00 1367.24 72.32 17.94 0.373
IV 7.01 59.12 1400.93 72.38 17.94 0.390

8. Conclusions

In this paper, structural modifications were applied to a four-phase 8/6 SRM to reduce
vibration and acoustic noise of the motor while maintaining the electromagnetic perfor-
mance. A multiphysics modelling tool was developed to calculate the electromagnetic,
modal, and acoustic noise characteristics of the motor. The tool was validated experi-
mentally for an 8/6 SRM and the difference between the simulated and experimentally
measured sound pressure level was less than 9%, 13%, and 11% for the harmonic orders
54th, 66th, and 78th, respectively. The impact of stator-housing modifications, such as the
type of contact between the assembly components, stator yoke shapes, number of bolts
and fasteners, and notches, were investigated on the natural frequencies of the dominant
vibration mode 2 of the SRM. Then the impact of rotor modifications, such as rotor windows
and notches, was investigated on the radial force and electromagnetic performance of the
motor. The final design with the structural modifications on the stator and rotor achieves
a 19.48% reduction in total SPL with a 2.63% increase in the total mass and less than a
3% increase in the RMS value of the phase current for the same electromagnetic torque.
This shows that, by increasing the overall stiffness of the machine, a significant reduction
in acoustic noise can be achieved. The motor performance can be further improved by
incorporating modifications in the main dimensions of the motor core and implementing
current control strategies.
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