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ABSTRACT Today, the majority of the commercial electrified vehicles use Interior Permanent Magnet
Motors (IPMSMs) for propulsion. An IPMSM can deliver high starting torque and high efficiency in the
low- and medium-speed operation, which makes it attractive for propulsion applications. However, IPMSMs
generally utilize rare-earth permanent magnets and there are growing concerns about the price volatility
and supply chain of these materials. Switched Reluctance Motors (SRMs) can potentially replace IPMSMs
in various applications including propulsion. An SRM has a simple and low-cost construction, and it can
provide reliable operation at high-speed and high-temperature conditions. Compared to IPMSMs, SRMs
radiate considerably higher acoustic noise, which have historically hindered their widespread acceptance.
Various approaches to mitigate acoustic noise and vibration at the source level have already been explored in
the literarture by improving the electromagnetic design and current control. This paper explores multiple
noise and vibration mitigation methods that can be applied at the transmission stage. First, the noise
comparison between the Internal Combustion Engine (ICE) and SRMs is discussed, and then the methods
used for ICEs are presented for their applicability to SRMs.

INDEX TERMS Active noise control, active vibration control, noise and vibration, noise masking, sound
absorber, sound barrier, switched reluctance motor, vibration damper, vibration isolator.

I. INTRODUCTION

High starting torque, high power at high speed, high torque
and power density, and higher efficiency over a wide
speed range are some of the requirements for traction
motors [1], [2]. Today, Interior Permanent Magnet Syn-
chronous Motors (IPMSMs) are most commonly applied to
propulsion applications because of their high power density
and efficiency [2]. However, due to the increasing price
volatility and supply chain issues of rare earth metals, there is
a growing need for rare-earth-free motors, not only in electric
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traction systems, but electric motor applications in general.
Switched Reluctance Motors (SRMs) propose an alternative
to IPMSMs. An SRM has simple and robust construction, and
can operate at high-speed and high-temperature conditions.
It can be designed to match the efficiency and performance of
an IPMSM [3], [4], [5]. However, due to their double salient
pole structure, SRMs are prone to relatively higher acoustic
noise and vibration as compared to IPMSMs [6], [7].
Structure-borne noise due to the radial electromagnetic
forces is usually the most prominent noise source in an
SRM. There are various studies available in the literature on
mitigation of the noise at the source level. However, limited
studies are available for noise and vibration mitigation at
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the transmission stage, while multiple methods are applied
to Internal Combustion Engines (ICEs). When the noise is
transmitted through a vibrating structure, it is called structure-
borne noise, whereas when it is transmitted directly through
the air, it is called airborne noise.

A comparison of electric motors, in general, to ICEs shows
that electric motors are much quieter than ICEs [8], [9], [10].
This leads us to question why we are so concerned about
electric motor noise. The reason lies in how we perceive the
noise generated by an electric motor and an ICE. An ICE
have multiple noise sources, leading to broadband noise
comprising tonal, impulsive, and flow noises [11], [12].
Even though ICE noise has a tonal component, it is masked
by impulsive and flow noises. On the other hand, electric
motors generally have pure tonal electromagnetic noise at
high frequencies, and a mix of tonal and broadband noise at
low frequencies. This makes electric motor noise perceived as
more annoying when compared to engine noise [13]. Another
factor is the frequency range of the two sources. Electric
motors generate tonal noise at frequencies that are higher
than the noise frequencies of a typical ICE. Our hearing
system perceives high frequency and tonal noise relatively
more annoying [10], [14], [15].

There are two major ways to manage the perceived
annoyance of electric motor noise at the transmission
stage: attenuating the noise and vibration or generating
broadband noise to mask it. The first approach reduces the
loudness of noise; hence, reduces annoyance. The second
method makes the noise more pleasant without reducing its
loudness.

This paper presents the noise and vibration mitigation
techniques that can be applied at the transmission stage.
It first presents the current research available for SRMs for
acoustic noise and vibration reduction. Then, it discusses
the differences between ICE and electric motor noise. The
paper draws inspiration from the methods applied to ICEs and
discusses their applicability to SRMs. It investigates material
segregation based on loss modulus and loss tangent, and
various means to use them for vibration mitigation. Methods
to mitigate noise in the acoustic medium by introducing
acoustic impedence are also discussed. Both approaches are
categorized as active and passive methods. Finally, the paper
presents methods for noise masking.

Il. NOISE CHARACTERISTICS OF ICEs AND ELECTRIC
MOTORS

Noise generated by an electric motor and an ICE are
perceived differently by our auditory system. Engines have
multiple vibration sources, which lead to a wide range of
noise frequencies [11]. Fuel combustion in the cylinder,
which is the source of power generation, is the primary
noise source. It leads to aerodynamic noise directly and
also indirectly through crankcase vibration. The crank-train
system transmits the force exerted by the piston to the output
shaft through the crankshaft and flywheel. The valvetrain
system and the cam drivetrain system, which includes the
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camshaft, lever, and cams, open and close the air intake
and exhaust valves. These mechanical devices have metal-
to-metal contact, leading to structure-borne noise. Besides,
the fuel delivery system and airflow system have high-
pressure fuel pumps and valves, which cause both structure-
borne noise and air-borne noise. Boosting systems such
as turbochargers and superchargers that are present in the
modern engines contribute to the noise. The accessories like
belts, tensioners, idlers, alternator exhaust systems, and gear
systems generate both structural and air-borne noise.

The noise generated by an engine is broadband noise.
It is a mix of tonal noise components, impulsive noise
components, and flow noise components [12]. Tonal noise is
defined as the noise with high energy with a single frequency
or a limited frequency range and it stands out from the
background noise. In an engine, tonal noise is generated from
sources like turbochargers, generators, or gears. Impulsive
noise is a sudden rise of noise for a short period of
time, followed by a decay. Impulsive noise can exhibit a
broader frequency spectrum with concentration of the sound
energy at various frequencies [16]. In an engine, impulsive
noise is usually generated from combustion or injectors.
Flow noise is the noise generated by turbulent fluid over a
surface and it can have a broad frequency spectrum [17].
In an engine, flow noise is generated from airflow or fluid
flow. In comparison, electric motor noise is dominated by
electromagnetic forces at relatively higher frequencies and
it has pure tonal characteristics [13]. In an electric motor,
mechanical sources contribute to low-frequency broadband
noise.

The noise characteristics of electric motors and ICEs have
been measured considering they were used in similar size
vehicles. In [8], a comparison has been conducted between
a Citroen Berlingo Electric Vehicle (EV) and the same model
vehicle with an ICE. In the same study, a Nissan Leaf EV was
compared to a Volkswagen Golf ICE vehicle. The noise from
the vehicle was measured by a microphone at 7.5 m away
from the vehicle to assess how the noise could be perceived
by a pedestrian, as per [ISO 362 [18]. Also, it is reported that
below 30 km/h, the EVs are 2-5 dB less noisy than the ICE
vehicles at different driving conditions, such as acceleration,
deceleration, and constant speed drive. Above 30 km/h, tire
and road noise become dominant, and it becomes challenging
to distinguish the noise level between the EVs and the ICE
vehicles [8]. A similar observation was made in [9] between
ICE and EV mode of a hybrid electric vehicle (HEV) when
the noise was measured at 2 m away from the vehicle. For a
bus, the noise level of an electric-drive bus is generally lower
than a diesel-engine-powered bus [10].

Even though electric motors can be regarded as less noisy
than ICEs in terms of sound level, their noise might be
perceived as more annoying due to their high-frequency and
tonal noise characteristics [19]. The perceived annoyance
of tonal noise is related to the amplitude of the noise with
respect to the background noise. There are various measures
to identify the quality of a tonal noise. Tone-to-noise ratio
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measures the level of the tone relative to the background
noise. For a tonal noise to be distinctively perceived,
its tone-to-noise ratio should be at least 8 dB at higher
frequencies [13].

Even lower amplitude tonal noise at a relatively quiet
background can be annoying like mosquito’s whine. Promi-
nence ratio is another sound quality metric. It compares the
sound pressure level at the tonal frequency with the adjacent
frequency band that masks the tone. For sounds with the
same prominence ratio, the one with higher frequency content
can be perceived more annoying as compared to the one
with lower frequency content [15]. This can also help justify
why electric motor noise is perceived more annoying when
compared to ICE noise. For an ICE, the tonal noise is usually
masked by the broadband noise from multiple sources and,
hence, the ICE sound is perceived more tolerable than electric
motor noise even though the sound level is generally higher.

IIl. CURRENT METHODS APPLIED TO MITIGATE
ACOUSTIC NOISE IN SRMs

A. SOURCES OF NOISE

There are multiple noise sources in an SRM as depicted in
Fig. 1. In addition to electromagnetic sources, mechanical and
aerodynamic sources cause noise and vibration in an electric
motor. Radial and tangential electromagnetic forces, and
switching of the power converter are electromagnetic noise
sources. There can be multiple reasons of mechanical noise
in an electric motor [3], [20]. Improper motor assembly and
manufacturing defects may lead to misasligned or bent shafts
resulting in vibration. Bearing defects like misalignment,
imbalance, wear, and corrosion can also lead to vibration.
Over time, fastners can loosen in an electric motor leading
to increase in vibration. The rotor and stator axis eccentricity
can lead to electromagnetic and mechanical noise. Rotating
air between stator and rotor causes aerodynamic noise
perceived as acoustic noise. Hence, these electromagnetic and
mechanical factors result in vibration in an electric motor,
leading to structure-borne noise. The vibration energy is then
transfered to the air surrounding the motor and it leads to
acoustic noise.

B. NOISE CONTROL AT THE SOURCE

Radial electromagnetic forces contribute more significantly
to acoustic noise in an SRM, as the stiffness of the stator-
frame assembly is usually lower in the radial direction than
the tangential direction. Hence, strong radial forces cause
deformation in the radial direction on the stator located
outside of the rotor [21], [22], [23], [24].

The radial force density, F, and the tangential force desity,
F, acting on a stator pole face are functions of radial flux
density, B,, and tangential flux density, B;, as shown in (1)
and (2). The radial and tangential flux densities are function
of time, 7, and the circumferential position of a stator, «.
The parameter pug represents the permeability of air. The
harmonics of the radial force component are the primary
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FIGURE 1. Typical vibration and noise sources in a switched reluctance
motor.

reason for stator vibration, and the harmonics of tangential
force component are the primary reason for torque ripple.
Noise and vibration mitigation at the source depends on
the electric motor characteristics and its components. When
targeting electromagnetic forces, either the harmonics of
the tangential component or the harmonics of the radial
component, the main methods for noise and vibration
mitigation are typically enhancing the electromagnetic design
or improving the current control [25]. Electromagnetic design
can be improved by modifying the geometric structure of the
rotor and stator assemblies. Typical improvements through
current control involves optimization of control parameters,
such as conduction angles and the shape of the phase current,
within the given supply voltage limits. These approaches
are at the source level. When developing these mitigation
strategies, electric motor performance have to be considered.

Fo(t, ) = ZLMO(Bﬂ(r, a) — B(t,a)). (1

Fi(t.a) = —B,2(t, )B,(t, ). 2)
Ho

Active vibration cancellation, current profiling, and direct
instantaneous force control are the major source-level
vibration reduction strategies in an SRM. In Active Vibration
Control (AVC), a two-stage voltage excitation turn-off
is applied with a constant zero-voltage period from the
asymmetric bridge converter. It results in two oscillatory
vibrations in opposite phases and reduces vibration [26],
[27]. Various approaches have been opted to optimize the
current profile using optimization strategies. An optimization
algorithm is employed to eliminate the higher temporal
order of radial force density by using Gaussian-shaped
radial force [7]. Also, flattening the summation of radial
forces has been studied in [28]. Direct Instantaneous Force
Control (DIFC) has been employed to reduce the mode-0
related vibration by controlling the overall radial force [29].
A control structure that includes a force reference generator
and a feedforward force controller has been used to apply the
DIFC. A hybrid excitation has been proposed in [30], where
the outgoing phase and a portion of the incomming phase are
overlapped.

Control strategies to reduce the torque ripple can be
segregated based on indirect and direct torque control [21].
Torque Sharing Function (TSF) is an indirect torque control
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technique where the torque is regulated by controlling
the phase current. TSFs can be classified as analytical,
dynamic allocation, or numerically-optimized based on the
torque distribution scheme [21]. An analytical function based
flexible offline TSF has been investigated, which leads
to lower torque ripple than linear, cubic and exponential
TSF [31]. Current shaping based on genetic algorithm
has been investigated to minimize torque ripple while
maintaining low copper loss [32]. A new current reference
generation strategy has been investigated to minimize torque
ripple with a lower current tracking error [33]. Genetic
algorithm based optimized current harmonics injection has
been investigated to minimize the torque ripple [34]. Online
TSF has been applied to reduce RMS torque ripple up to 70%
compared to conventional TSFs [35].

Motor geometry parameters, such as pole arc angle, and
notches on the rotor and/or stator pole can significantly
impact torque ripple [36], [37], [38], [39]. Application of pole
shoes and a non-uniform stator pole has also been studied
for torque ripple reduction [40]. The influence of pole shoe
shape, rotor pole arc angle, and stator pole height on the
torque ripple has been investigated in [5]. Double stator
SRMs have also been developed to reduce radial force [41].

C. NOISE CONTROL AT THE TRANSMISSION

Noise and vibration of an SRM can be improved either by
improving the stiffness of the stator assembly or by increasing
the damping of the structure. Increasing the stiffness of the
stator assembly increases its natural frequency. Resonance
is avoided if the natural frequency of the stator assembly
is beyond the forcing frequency of the radial forces for the
same circumferential mode. This reduces the stator frame
deformation and, hence, helps mitigating acoustic noise.
However, stiffness depends on the modulus of elasticity of
the material and geometry of the structure. Stiffness should
be increased with minimum increase in mass. Otherwise,
it might impact the power and torque density of the motor.
Introducing damping in the structure also helps reduce the
amplitude of stator frame deformation during the resonance
due to electromagnetic excitation.

Geometric improvements were investigated in the litera-
ture to increase the stiffness of the stator or the frame. Slot
wedges have been used to improve the stiffness of an SRM
stator [42], [43]. The effect of frame thickness and rib pattern
has also been studied [44], [45]. The shape of the stator
yoke design has been modified to improve the stiffness of the
structure [46]. Also, damping material has been introduced to
mitigate noise and vibration. A visco-elastic material can be
used to encapsulate the windings and the properties are tuned
to mitigate acoustic noise of an SRM [47].

It is evident from the available literature that most of
the research for noise and vibration mitigation in SRMs
focuses at the source. It is done mainly by geometric changes
to improve the electromagnetic design or by enhancing
the current control to improve the radial and tangential
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TABLE 1. Comparison of natural frequencies of a housing with and
without ribs.

2mm |'IJ'LrI'IJ'IJﬂ
11 mm| 22 mm|

Specification

Mass (kg) 5.19 10.86 9.66
15t Freq. (Hz) 6438 8207 8345
2" Freq. (Hz) 6503 8308 8460
3" Freq. (Hz) 6523 8318 8475

electromagnetic force variation. While some research shows
efforts to improve the stiffness of the stator housing assembly,
methods involving vibration damping materials and acoustic
impedance need to be researched more.

IV. STRUCTURAL DESIGN AND MATERIALS TO IMPROVE

MODAL PERFORMANCE

At the transmission stage, the perceived annoyance from
electric motor noise can be mitigated either by minimizing
the loudness of the tonal noise with respect to background
noise or by increasing the loudness of the background noise
with respect to tonal noise. Reducing tonal noise loudness can
be achieved mainly with two different methods. In the first
method, structural vibrations can be minimized by improving
damping in the structure or by shifting the natural frequency
away from the exciation frequency. In the second method,
the impedance of the acoustic waves in the acoustic medium
are increased. These methods can be further classified as
active and passive based on the energy required as input.
Active methods need sensors, actuators, and control systems
to operate. Passive methods rely on material properties.

Materials to attenuate structural damping can be catego-
rized based on their loss modulus and loss tangent. Loss
modulus is the product of loss tangent and dynamic shear
modulus [20], [48]. The loss tangent, also referred to as the
loss factor, § is the ratio of the imaginary to real part of the
dynamic shear modulus. Hence, it is represented as tan§.
The imaginary part is a measure of the internal damping of the
material and the real part is a measure of the stiffness of the
material [3], [49].

In order to avoid excessive vibration, it is essential to
keep the natural frequency of a component away from the
excitation frequency. In an electric motor, the excitation
frequency changes with the rotor speed; therefore, it is
ideal to design the stator and housing assembly with natural
frequencies as high as possible. This helps reduce the
vibration due to excitation by radial forces because higher
radial force harmonics usually do not have sufficient energy
to excite the stator and housing assembly.

Natural frequeny, f;,, depends on the structural stiffness to
mass ratio, k/m, of the stator-housing assembly at different
mode shapes, as shown in (3). Hence, structural stiffness to
mass ratio is critical to mitigate noise in the transmission path.
The structural stiffness of a component is a function of its
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TABLE 2. Impact of different metals on the natural frequency.

Specification Steel Gr:ay Aluminum Magnesium
cast iron

Modulus of
elasticity, E (GPa) 200 110 69 45
Density (kg/m?3 X

ensity (kg/m 78 7.2 27 17
10°)
Normalized natural
frequency for the 1 0.75 1 1
same thickness
Normalized natural
frequency for the 1 0.85 3.83 5.59
same weight
Normalized
thickness of the 1 1.07 2.07 4.08

cylindrical geometry
for the same weight

Cost ( $/MT in

2021-2022) 800-1700  1500-1650 2500-2700 5000-6000
Thermal

conductivity 45 53 237 157
(W/mk)

shape and the modulus of elasticity of the material, which is
calculated from the real part of the dynamic shear modulus.
Table 1 compares the first three radial mode frequencies
of a cylindrical housing with and without ribs. Adding ribs
improves the stiffness-to-mass ratio more than the increase in
thickness, which, in turn, lead to higher natural frequencies.

1 [k
Jo= 524 = 3)
2r V'm

Metals have high loss modulus, but low loss tangent.
They are used in various engine parts, such as engine
crankcase and engine cover. Table 2 compares the natural
frequency of a hollow cylinder evaluated using finite element
analysis for different metals. Metals such as steel, grey
cast iron, aluminum, and magnesium are considered for the
same hollow cylindrical geometry. The calculated natural
frequencies are normalized to the natural frequency for steel.
For the same thickness, the natural frequencies for steel,
magnesium, and aluminum are the same, because the ratio
of the modulus of elasticity to mass density is the same
for these materials. The natural frequency for grey cast
iron is three-quarters of that of steel. A similar comparison
is conducted for the same weight. As shown in Table 2,
the natural frequencies for aluminum and magnesium are
3.83 and 5.59 times higher than steel, respectively, while their
thickness is only 2.07 and 4.08 times larger than steel. This
is one of the reasons why aluminum and magnesium are used
in engine components like crankcase, engine cover, and front
cover [50], [51], [52], [53]. Aluminum and grey cast iron
alloys are also used for engine blocks and crankcase [54],
[55]. Grey cast iron provides good damping capacity and tem-
perature resistance. It is lighter than steel. Aluminum alloys
have gained more popularity in engine applications due to
their high strength-to-weight ratio, even though they are more
expensive and have lower damping capacity. Magnesium

27706

alloys have relatively higher damping capacity than steel,
grey cast iron, or aluminum [20]. Even though magnesium is
the lightest among these metals, it is not sufficiently stable at
higher temperatures. Therefore, rather than the engine block,
it is typically used for engine components such as front and
top covers [11]. Recently, all-magnesium engine blocks have
been developed using magnesium alloys that can withstand
high temperatures [50], [51]. The temperature of an SRM
housing is typically much lower than that of an engine. This
makes magnesium a possible alternative to attenuate housing
vibrations. One drawback of magnesium alloys is that their
thermal conductivity is lower than aluminum alloys, which
might impact the thermal management of the motor.

A material with a high loss modulus and a high loss
tangent, such as composites, is ideal to mitigate structural
vibration. The main benefit of composites is their higher
strength and stiffness, and lower mass density. The properties
of composites are usually anisotropic and can be tailored to
the application requirements. Due to these benefits, carbon-
fiber reinforced polymer has been used in the connecting rod
and pistons of an engine [56]. Silicon Carbides (SiC) and
glass carbon reinforced aluminum alloy has also been used
in engine pistons [57], [58].

The loss factor of polymer matrix composites can be
up to ten times higher than metals and alloys in the
frequency range of 10-200 Hz [59]. The experimental loss
factor of epoxy resin-based composites can increase as
the frequency increases suggesting that composites can
provide higher damping as compared to metals [60]. The
damping of metals depends mainly on the hysteresis effect
to dissipate the vibration energy. In composites, multiple
factors contribute to energy dissipation, such as viscoelastic
nature of the material and viscoplastic damping [61], [62].
Polymer matrix composites have high stiffness-to-weight
ratio. Combined with its high loss factor, it can be a
promising material to be used in the housing of an electric
motor for vibration mitigation. However, polymer matrix
composites usually have lower thermal conductivity than
metals. A typical polymer matrix composite can have ten
times lower conductivity than an aluminum alloy [63].

Metal matrix composites, such as SiC and aluminum alloy
composites have higher thermal conductivity than aluminum
alloys [64]. They also have a high stiffness-to-weight ratio.
However, metal matrix composites show limited or marginal
improvement in loss factor as compared to metals [65].
Therefore, they do not provide much improvement in
structural damping. Metal matrix composites also have high
production cost [66].

V. PASSIVE DAMPING METHODS FOR VIBRATION
ATTENUATION AT TRANSMISSION STAGE

Visco-Elastic Materials (VEMs) like natural rubber, neoprene
and polymer rubbers have low loss modulus and high loss
tangent. They are passive damping materials applied to
improve damping if vibration attenuation due to structural
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FIGURE 2. Transmissibility ratio of a mass excited by a base with
sinusoidal excitation.

design is insufficient. Passive dampers are classified as
vibration dampers or vibration isolators based on the
transmissibility ratio required by the application. Fig. 2 shows
the transmissibility plot for a mass excited by a base with
sinusoidal excitation. The transmissibility ratio, 7R is defined
as the displacement of the mass, x with respect to the
displacement of the base, y as shown in (4). It is a function of
the ratio of the excitation frequency to the natural frequency,
r, and damping ratio, ¢. The damping ratio is a function
of the mass, the stiffness and damping constant, which
are dependent on the properties of the damping material.
Vibration dampers dissipate the vibration energy as heat and
reduce the vibration amplitude. On the other hand, vibration
isolators shift the system’s natural frequency away from the
excitation frequency by modifying the stiffness of the joint
between the mass and the base. A frequency ratio above /2
is ideal for vibration isolation because the transmissibility
ratio would be less than one. In many applications, the
frequency ratio is kept at a value where the transmissibility
ratio is greater than one, but significantly lower than the
transmissibility ratio of the damping region.

X VA +@2re)?)

TR = - = .
Yo VA=) +@re?)

A gasket is a vibration damper applied in ICEs [67],
[68]. It is a thick, soft layer of rubber applied between
the engine crankcase and cover to avoid metal-to-metal
contact. Vibration dampers are also applied where the fuel
rail is connected to the cylinder head and the transmission is
connected to the engine block [69]. Vibration dampers with
a smaller cross section applied axially between the stator
poles and housing can reduce the radial acceleration of the
housing surface by 10 folds [70]. Poor thermal conductivity
of VEMs should also be considered when they are applied
between the stator and housing for vibration damping [71].
Vibration isolators are applied as engine and exhaust mounts
to isolate the vehicle chassis from the engine and exhaust
vibrations [72], [73]. Fig. 3(a) and (b) show typical engine
and exhaust mount constructions, where rubber is used at the
joint to reduce the stiffness.

“
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(a) (b)
Metill;’IaCkegb Metal hook
Bolt connected connected to rubber connected to
to engine through bolts chassis

Rubber

Metal bracket
moulded with

Metal hook
connected to
rubber exhaust pipe

Bolt connected
to chassis

—

FIGURE 3. Vibration isolators: (a) engine mount, (b) exhaust mount.

Constraining metal sheet
(a) FLD (b) CLD
Damping layer

Base metal sheet

FIGURE 4. Use of viscoelastic materials for vibration damping: (a) Free
layer damper, (b) constrained layer damper.

When viscoelastic materials are applied on metal surfaces
to reduce vibration as shown in Fig. 4(a), it is referred as
Free Layer Damping (FLD) [74]. FLD is suitable for thin
panels such as a sheet metal oil sump [75]. Constrained Layer
Damping (CLD), which consists of an additional layer of
metal on top of the VEM as shown in Fig. 4(b), is more
suitable for thicker panels. CLDs can provide significant
vibration reduction and they were applied to an engine front
cover [52], [76], a cast oil-pan [53], and a generator set
cooling fan cover [77]. The observed damping effect is
maximum when the constraining layer‘s thickness is equal
to the base layer [78]. Besides, the loss factor increases with
a lower damping layer thickness [79]. Loss factor of a VEM
improves in an FLD due to VEM bending deformation, and
it is improved in a CLD due to VEM bending and shear
deformation.

VEMs are also used as Tuned Mass Dampers (TMDs).
TMD has been applied as torsional vibration dampers to
mitigate crankshaft vibration [80]. Fig. 5 (a) shows a typical
crankshaft torsional vibration damper. The rubber coupling
between the inner and outer hubs acts as a damper. The
secondary mass, and the rubber attached to the secondary
mass to tune it act as a TMD. TMD has been applied to reduce
cabin noise due to roof vibration [81]. It has also been applied
to the transmission mount to reduce the noise and vibration
of the vehicle [82]. Application of TMD on the suspension
has also been investigated to reduce the car body vibration
due to tire mass [83]. Fig. 5 (b) shows a tuned mass damper
inside a suspension. The tuned mass slides on the strut and it is
supported by spring and rubber damper on either sides. TMDs
are more common in tall buildings like the Canadian National
(C.N.) tower in Canada, Taipei 101 in Taiwan, and Citycorps
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(a) Rubber to tune (
secondary mass

Secondary mass

. i

Outer hub
connected to
accessory belt

Rubber

damper
Rubber coupling Strut
between inner and
outer hubs Tuned
mass
Inner hub
connected to Spring
engine |
crankshaft Rubber
damper

FIGURE 5. Examples of tuned mass dampers: (a) crankshaft torsional
vibration damper, (b) suspension tuned mass damper.
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FIGURE 6. Representation of the effect of temperature and frequency on
the dynamic shear modulus and loss factor for a typical viscoelastic
material.

center in the USA [84], [85], [86]. TMDs are usually effective
if only one vibration mode is dominant [87].

The loss factor of a VEM is strongly dependent on
temperature and excitation frequency [88]. A log-log scale
loss factor relationship with temperature and frequency
specifies its application range [49], [89]. Fig. 6 shows the
impact of temperature and frequency on the dynamic shear
modulus and loss factor of a typical VEM. Dynamic shear
modulus is the highest in the glassy region at low temperature.
It reduces in orders of magnitude in the transition region as
the temperature increases and it is the lowest in the rubbery
region. The trend is reversed with an increase in frequency
at a constant temperature. The loss factor has at least one
peak, coinciding with the inflection point of the dynamic
shear modulus in the transition stage. As depicted in Fig. 6,
the transition region can be further divided into Region A
and Region B [90]. The high dynamic shear modulus and
high loss factor in Region A are suitable for FLDs. The lower
dynamic shear modulus and a high loss factor in Region B
are more suitable for CLDs. Low dynamic shear modulus and
low loss factor make the rubbery stage suitable for tuned mass
dampers. All other damping applications lie either in Region
A or B [90]. The width and peak of loss factor depend both
on the temperature and frequency [90], [91].
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VEMs are efficient in wide frequency range but are
applicable in a reasonably low-temperature range [47], [73].
VEMs can age due to oxidation [92]. The aging rate of VEMs
increases with the time they are exposed to oxidation, the load
cycle, and operating conditions such as high temperature,
high shear load, and high frequency [73], [92], [93].

VI. PASSIVE IMPEDANCE METHODS USING ACOUSTICAL
MATERIALS FOR ACOUSTIC NOISE MITIGATION AT
TRANSMISSION STAGE

Acoustic noise can be mitigated at the transmission stage
by creating impedance in the acoustic medium. Acoustical
materials such as sound absorbers or sound barriers are
used for this purpose and they reduce the loudness of the
noise. When it comes to material properties, loss modulus
and loss tangent are not relevant any longer for acoustical
materials. The effectiveness of a sound absorber is quantified
by its absorption coefficient, which is defined as the ratio of
the absorbed sound pressure to the incident sound pressure.
For sound barriers, the effectiveness is quantified by their
transmission coefficient, which is defined as the ratio of the
transmitted sound energy to incident sound energy.

A. SOUND ABSORBERS

Sound-absorbing materials can be categorized as resonant
absorbers and porous absorbers. Resonant absorbers operate
based on the Helmholtz principle [94]. They consist of many
cavities where the waves get trapped, resonate, and dissipate
their energy. Resonant sound absorbers are typically more
suitable at low frequencies, provide strong attenuation at
critical frequencies but have a narrow bandwidth. Porous
absorbers have a large number of interconnected small pores
like a foam, which is effective in abetting acoustic noise in the
mid- and high-frequency range [95], [96]. Sound absorbers
have been applied on the dash panel and under the bonnet of
ICE vehicles to mitigate engine noise and tire noise [97], [98].
1-5 dB noise reduction was achieved by encapsulating the
engine with a structural fiber and polyurethane foam, and by
adding an underbody carpet made of a dense fiber acoustical
layer [99]. A similar noise absorbing approach was applied to
an electric vehicle [100].

Deterministic and semi-empirical models have been used
to estimate acoustic noise reduction of a porous mate-
rial [101], [102]. Equation (5) shows a model of acoustic
damping considering porosity, p, flow resistivity, r, and
tortuosity, s, of a porous material to model the sensitivity
of sound absorption to frequency [103]. The variables p, ¢,
and x represent sound pressure, time, and position of a sound
wave, respectively. Porosity is the ratio of the volume of
voids to the volume of the entire structure. Flow resistivity
is the ratio of a pressure gradient to flow velocity. Tortuosity
defines the complexity of the porous structure. It was shown
that the absorption coefficient is low at lower frequencies and
significantly higher at higher frequencies if the thickness of
the porous material is at least a quarter of the wavelength.
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cabin.

An optimum value of flow resistivity and thickness in a sound
absorber provides the best acoustic damping performance.
2 2
d_g _sdp  rh dp )
dx co dr? c% po dt
A porous material dissipates sound energy to heat energy

through multiple ways such as: (i) frictional contact between
the acoustic waves and the pores, (ii) heat conduction through
pores, and (iii) vibration of the solid skeleton [103]. The effect
of temperature on the acoustic property of sound absorbers
has been studied in [104] and [105] up to 500°C. The
acoustic speed and viscosity of air increase with an increase
in temperature, leading to a shift of the acoustic absorption
coefficient curve to higher frequency.

B. SOUND BARRIERS

Sound barriers are materials that do not allow noise to
pass through. They can be solid materials like metal, glass,
polycarbonate, or acoustical materials such as loaded vinly
and loaded rubber [106]. Loaded means dense filler material
that makes up the mass to reflect noise. Polymers like
Polyvinyl Chloride (PVC) and Ethylene Vinyl Acetate (EVA)
keep a noise barrier flexible. The transmission coefficient of
sound barriers depends on the material’s porosity, density,
and limpness [106]. Holes in the material allow the energy
to transmit, increasing its transmission coefficient. A limp
structure does not transmit its own vibration energy and is
suitable to be wrapped around curved vibrating surfaces.
Density applies resistance to sound energy, reducing its
transmission coefficient. Mass-loaded vinyl can be used on a
dash panel, floor, and wheelhouse to insulate the cabin from
the road and engine noise [107].

Sound barriers are primarily used in combination with
sound absorbers. Noise barriers made of sound absorbers and
barriers have been applied outdoors to mitigate traffic and
industrial noise [108]. As shown in Fig. 7, sound barriers
and sound absorbers can be used to mitigate acoustic noise
inside a car cabin. There are multiple sources of noise in
a car, such as an engine noise, road and tire noise, wind
noise, and noise due to the structural vibration of body parts.

VOLUME 11, 2023

Cabin side of dash panel
Damping — | Steel dash
material layer {<— panels
Foam
Loaded PYC/ decoupler
EVA barrier

/A\ Engine noise

2N

FIGURE 8. Nissan Micra dash panel sound barrier assembly.

Sound barriers and sound absorbers can be used standalone
or in combination with each other to reduce the transmission
coefficient of body panels. They can be applied to different
vehicle body panels such as floor, roof, hood, and cowl [109].
They are either mounted with fasteners or pasted with
adhesives to the body panels. Loaded PVC/EVA and a noise
absorber have been used as a sandwich structure to form the
Nissan Micra dash panel sound barrier assembly, as shown
in Fig. 8 [110]. Bituminous damping material is inserted
between the sheet metals to dampen their vibration, and foam
is applied to decouple the sound barrier and sheet metal
vibration. The double-walled construction of such barriers
provides lower transmission coefficient than a single-wall
construction of the same weight [109].

The transmission coefficient of a sandwich structure
reduces with an increase in sound barrier’s mass and
decreases with an increase in frequency [111]. 1-4 dB noise
reduction has been achieved by encapsulating an electric
motor with a sound absorber and sound barrier combination.
The maximum noise attenuation is observed at 10 kHz [112].
The efficiency of an encapsulation with a sound absorber
and a sound barrier depends on how well the encapsulation
covers the noise source [113]. Below 80% coverage, the
performance of an encapsulation is driven by the absorption
capacity of the material. Above 80%, it is driven by the
transmission coefficient of the material.

VII. ACTIVE AND SEMI-ACTIVE CONTROL METHODS TO
MITIGATE NOISE AND VIBRATION AT THE
TRANSMISSION STAGE

Passive damping techniques are effective over a broad range
of frequencies; however, they are less effective or tend
to become a bulky solution at lower frequencies. Active
damping techniques such as Active Noise Cancellation
(ANC) or Active Vibration Control (AVC) are more effective
in attenuating low-frequency noise and vibration [114], [115].
In many applications, active and passive control techniques
are used together to attenuate vibration and damping over
a broad range of frequencies. VEMs are used with active
or semi-active engine mounts and acoustic absorbers and
barriers with ANCs for automotive applications. Active
damping methods require sensors, actuators, and an external
power source to operate. Semi-active damping techniques are
an intermediate solution between passive and active damping
techniques. In semi-active damping, the vibration-absorbing
properties of the damper change with external vibration.
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A. ACTIVE NOISE CANCELLATION

Active Noise Cancellation (ANC) functions on the principle
of superposition. Noise generated by an external source is
unwanted sound, and anti-noise is the sound generated by
an electroacoustic device that cancels the noise. The anti-
noise generated by the electroacoustic device is equal in
magnitude and opposite in phase to the noise, resulting in
noise cancellation. Theoretically, the resultant noise should
be zero due to the superposition of noise and anti-noise,
but some residual noise is always present due to practical
challenges [116]. The effectiveness of an ANC system
depends on the accuracy of the anti-noise generated by its
control system.

As shown in Fig. 9, an ANC system uses a microphone
as an error sensor to measure the resultant noise and provide
feedback to the controller. A speaker is used as a secondary
sound source to produce the anti-noise based on the controller
input. The performance of the feedback system depends
on the system delay, which might lead instability as the
frequency increases. Therefore, ANC control bandwidth is
inversely proportional to the distance between the error
sensor and the anti-noise source [117]. Honda proposed a
feedback ANC system to attenuate the cabin noise at 40 Hz,
as shown in Fig. 10 [118]. Four speakers were used, one at
each door, which were integrated with the music system, and
the microphone was placed below the seat with the controller
unit. A 10 dB noise reduction was observed. A feedback
control system has also been proposed for headphones [119]
and duct systems [120].

Active noise cancellation can also be configured with a
feedforward control system as depicted with dashed lines in
Fig. 9. It requires an additional microphone to measure the
reference noise. Thus, the controller has the information on
the noise before the noise reaches the error sensor through the
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feedback signal. Coherence between the reference sensor and
noise source is critical for the performance of the feedforward
controller. Therefore, the reference sensor should be closer
to the noise source for effective performance of feedforward
controller [117], [121]. Casuality constraint is also critical
for the performance of a feedforward controller. This sets a
requirement for the minimum distance between the reference
sensor and the anti-noise source [122]. The feedforward
control system becomes unstable if the electrical delay is
larger than the acoustic delay. The electrical delay includes
the delays by adaptive filters, Analog-to-Digital (A/D) con-
verters, Digital-to-Analog (D/A) converters, reconstruction
filter, and the processing time of the controller. The acoustic
delay is the time required for the noise from the reference
sensor to reach the anti-noise source. A random broadband
reference signal requires continuous tracking, and if the
processing time is long, it may lead to a non-casual controller
response and a substantially degraded performance. In a
harmonic or narrow band noise, the reference signal can
be easily predicted, so continuous tracking of the reference
signal and casualty constraint requirements can be easily
met [117], [121].

Feedforward ANC has been used to reduce 7 dB broadband
noise in the frequency range between 100-200 Hz inside a
vehicle cabin [123]. Six accelerometers were mounted on
the suspension as reference sensors, two microphones were
placed in the front headrest as error sensors, and two speakers
were mounted on the front door as the anti-noise source.
Feedforward ANC has also been applied to the exhaust
muffler to attenuate low-frequency broadband noise between
100-700 Hz [115]. A microphone was placed close to the
engine exhaust outlet, and a speaker was placed downstream
of the duct. A 2-4 dB noise attenuation in the entire frequency
band and a 10 dB attenuation at the peak noise frequencies
were achieved. Fig. 11 shows a feedforward ANC applied
to mitigate narrowband engine noise [124]. The reference
signal was derived from the engine. Six speakers were used
as anti-noise sources and eight microphones were placed
on the roof as error sensors. A 10 dB noise attenuation
was observed at 100 Hz and 4-5 dB in the entire frequency
band.
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Automotive ANC applications can also be categorized as
global and local [123], [125]. A global approach requires
multiple microphones and speakers positioned away from the
listener to attenuate noise inside the cabin. The performance
of a global approach can be improved by increasing the
number of microphones and speakers, but its feasibility still
depends on the size of the enclosure not being signifi-
cantly larger than the acoustic wavelength [121]. Typically
above 300 Hz, cabin acoustic modes overlap, limiting the
speaker’s ability to attenuate one mode without amplifying
others [121], [126].

A local approach requires microphones and speakers to
be placed close to the listener to create a zone-of-quietness
around them. This approach provides a higher frequency limit
than the global approach [125], [127]. The zone-of-quietness
is the area where a 10 dB noise reduction can be achieved.
For a single anti-noise speaker, the zone-of-quietness around
an error sensor is limited to a diameter of about one-tenth
of the acoustic wavelength [128]. By having four anti-noise
speakers, the diameter of zone-of-quietness around the error
sensor can be extended to six-tenth of the wavelength [127].

B. ACTIVE AND SEMI-ACTIVE VIBRATION CONTROL
Active and semi-active vibration control systems work on the
principle of superposition, similar to ANCs. Sensors such as
load cells, accelerometers, or displacement transducers are
used to measure error and reference signals. Piezoelectric,
magnetostrictive, or electromagnetic actuators are used as
secondary vibration sources [124], [129]. Both feedback and
feedforward control has been applied in the literature for
active and semi-active vibration control mechanisms [129].
Typically below 20 Hz, the engine mount requires high
stiffness and high damping to resist the weight of the
stationary engine. Above 20 Hz, in the engine running
frequency range, the engine mount requires low stiffness
and high damping for vibration isolation. Passive damping
measures such as VEM cannot meet both requirements [130].
So an active or semi-active engine mounts have been used to
address this issue.

Fig. 12 (a) shows a typical active engine mount system
applied to mitigate second-order engine vibration at idle
below 20 Hz [131]. It uses a multi-layer piezoelectric
actuator. A viscous fluid chamber has been used to amplify
the displacement output of the multi-layer piezoelectric
actuator. Rubber, as a passive damping element has been used
to withstand the engine mass and act as a failsafe measure
in case of an actuator failure [130]. A piezoelectric engine
mount has also been applied in Audi S8 to mitigate second-
and fourth-order engine vibration between 25-250 Hz [132].
The crankshaft position has been used as a reference signal
in this case. Electromagnetic actuators have also been used to
develop active engine mounts [133]. On average, 5 dB noise
reduction below 500 Hz was observed, when measured at the
driver’s position inside the cabin.
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Fig. 12 (b) shows an Electro-Rheological (ER) fluid-based
semi-active engine mount system [134]. ER fluid changes
its viscosity based on the electric field applied through
the electrodes in the lower chamber. This mechanism is
used as the secondary vibration source against the engine
vibration. ER fluid-based semi-active engine mount system
has also been applied to achieve a ten-fold reduction
in transmissibility ratio at 4.25 Hz [135]. A significant
reduction in vibration was achieved at the driver’s position
below 30 Hz using a semi-active Magneto-Rheological (MR)
engine mount system [136]. MR fluid changes its viscosity
based on the applied magnetic field. The response time
of all these active and semi-active actuators are typically
a few milliseconds or more, which limits their operational
frequency below 1 kHz [131], [137], [138], [139], [140].
These systems are generally placed only in the dominant
vibration transfer path owing to the expensive actuators [124].

VIIl. ACTIVE SOUND DESIGN TO MASK THE TONAL
NOISE OF AN ELECTRIC MOTOR

The annoyance associated with the acoustic noise of an
electric motor can also be attenuated by artificially generating
masking noise. Active Sound Design (ASD) is a methodology
to design sound that can be played in a vehicle to improve
interior sound quality and external sound to ensure pedestrian
safety [141]. Traditionally ASD has been used to enhance
the ICE vehicle noise and make it sound more pleasant and
powerful, explicitly maintaining the brand image [142].

An electric vehicle might have the following sound-related
issues to be addressed: (i) inadequate auditory response to
dynamic driving conditions inside the cabin, (ii) insufficient
external sound to alert pedestrians, and (iii) inadequate sound
quality to match the brand image of automotive companies.
In European regulations, an Acoustic Vehicle Alerting
System (AVAC) for pedestrian safety requires a minimum of
50 dB(A) and 56 dB(A) sound level for a constant speed test
at 10km/hr and 20km/hr, respectively [143]. Also, it requires
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that the maximum level of sound for AVAC to be less than
75 dB(A) for M1 and N1 category vehicles when measured
at a distance of 2 m, similar to sound level requirements
for ICE vehicles [143], [144]. A vehicle for carrying
passengers, comprising not more than eight seats excluding
the driver’s and having at least four wheels, is categorized
as M1 by United Nations Economic Commission for Europe
(UNECE). A vehicle carrying goods with a total mass of
less than 3.5 tonnes and at least four wheels is categorized
as N1 by UNECE. The regulation defines the minimum
and maximum sound level but does not define the sound
characteristics.

Designing a pleasant sound for an electric vehicle using an
ASD can be challenging because it requires optimization of a
combination of different noise harmonics [142]. Addition of a
random broadband noise may increase the overall loudness.
On the other hand, addition of a random narrowband noise
may increase sharpness [145]. Sharpness is a psychoacoustic
sound quality metric that compares high-frequency energy
levels to the total energy. So, musical harmonic theory can be
applied to identify the correct harmonics that need to be added
to make the noise more pleasant [146]. Sound design for an
electric vehicle is a relatively new issue for the automotive
industry, so customer expectations are not defined yet due to
the subjective nature of sound quality perception [145], [147],
[148]. The inability of the conventional psychoacoustic noise
metrics to differentiate all noises adds to the challenge [146].

Ricardo used ASD to generate an augmented interior sound
for an electric vehicle [148]. An accelerometer mounted in
an electric motor housing was used as a sensor. The signal’s
harmonic content was improved by frequency modulation,
filtering, and audio effects depending on the vehicle speed
and acceleration demand, which was then played through
loudspeakers in the cabin. Mercedes have also developed
an augmented sound system to provide tailor-made driving
sound for different driving conditions [149].

IX. COMPARISION AND DISCUSSIONS

Fig. 13 categorizes the methods investigated in this paper for
acoustic noise and vibration mitigation at the transmission
stage. Implementation of these methods depends on various
factors, such the operating temperature, frequency range, and
the impact of the method on the electromagnetic and thermal
performance of the motor. Besides, cost, manufacturability,
and compactness are critical factors to consider for commer-
cial applications. Table 3 summarizes the advantages, chal-
lenges, possible application opportunities, and the estimated
cost for the presented methods. For the cost estimation, a
24/16 SRM is considered with an outer diameter of 286 mm,
axial length of 90 mm, and eight mounting location [4]. For
the cost estimation, only the critical components and raw
materials are considered.

A. STRUCTURAL DESIGN AND MATERIALS
Improving the modal performance through structural design
and materials can be preferred over active and passive

27712

Acoustic noise mitigation technique at the transmission stage

[ I 1 | 1
Structural Passive Active and semi-

N . A Acoustic Y Noise
demgn.and vibration impedance active control masking
materials dampers methods
Geometry Sound Active noise| L Active
Material damper absorber cancellation sound
— - design
Vibration Sound Active
isolator barrier vibration
Constrained Free control
Layer Layer
Damper Damper

FIGURE 13. Acoustic noise mitigation techniques at the transmission
stage discussed in this paper.

vibration and acoustic noise mitigation methods because it
can be more effective, economical, and easier to imple-
ment. A stiffer structural housing and endplate geometry,
combined with lower-mass-density and high-elastic-modulus
material, is critical to improve the natural frequency of the
stator housing assembly. A thicker housing and rib design
can be utilized to improve the modal frequencies of the
stator-housing assembly. Radial and screw type ribs can
be more beneficial than axial ribs on the housing [44].
In Table 3, the housing and end plate thicknesses of the
24/16 SRM are considered as 11-22 mm and 2-4 mm,
respectively, to estimate the cost of structural design. The
weight of the housing and endplates are maintained the
same for different materials. The cost estimate is based on
the weight of the structure and material costs presented
in Table 2.

B. PASSIVE VIBRATION DAMPERS

Visco-Elastic Materials (VEMs) can be economical and
various grades of VEM cater to a wide range of frequency
requirements [150]. VEMs can be applied between the stator
and housing [70] and between the housing and endcaps
as vibration dampers. Free Layer Dampers (FLDs) can
be applied to the endcaps as they are relatively thinner
than the housing. Constrained Layer Dampers (CLDs) can
be applied to the outer surface of the housing. These
applications must be investigated considering the thermal
performance of the motor, as VEMs can have low thermal
conductivity [71]. VEMs can also be applied as vibration
isolators at the mounting location of the motor. Tuned
Mass Dampers (TMDs) are suitable for mitigating vibration
for a dominant mode at a particular frequency. However,
it is a challenge that electric motors can have resonance at
multiple frequencies as the excitation frequency varies with
speed.

It is assumed that a 5 mm thick VEM is applied as a
vibration damper on ten percent of the circumferential area
between the stator and housing, and a hundred percent of the
area between housing and endplates. The estimated cost of
the vibration damper is based on the weight of VEM applied
on the 24/16 SRM. The outer surface area of end plates
and housing is considered to estimate the cost of FLD and
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TABLE 3. Advantages, challenges, approximate cost estimation and possible application of acoustic noise and vibration mitigation methods for switched

reluctance motors.

Methods Advantages Challenges Estimated Cost Possible application in an SRM
Improving structural stiffness can  Steel: $7-18; The Fhlckness Of. the endplaFes and
Structural . . . . . housing can be increased, ribs can
. Economical and easy also increase mass. Materials with  Grey cast iron: $12-25; : . .
design and . X be designed, and lighter materials
. to apply. lower mass density are also more  Aluminum: $20-42; .
materials can be opted for housing and end

expensive.

Magnesium: $42-85

plates.

Passive vibration
dampers

Economical. Various
VEM grades cater
to a wide range

of frequency
requirements.

Inefficient at a higher temperature.
Ages quickly at extreme working
condition.

Vibration damper: $1-15;
Vibration isolator: $7-36;
Layer dampers: $10-35

Vibration damper between stator
housing and endplates. Vibration
isolators at the mounting location.
Layer dampers on the end plate and
housing outer surface.

Passive acoustic
impedance using
acoustical mate-

Easy to apply. Suitable
for high-frequency

Could impact the thermal per-
formance of an air-cooled motor.
Higher temperature can affect the

Sound absorbers: $1-130;
Sound barriers: $3-145

Wrapping sound absorber and bar-
riers around the housing.

applications.

rials absorption coefficient.

Active and semi-

Feedback sensors and anti-noise/

active noise and  Effective for lower vibration sources are expensive. ANC: > $200; Not suitable to mitigate high fre-
vibration control  frequencies. Not suitable for mitigation of high- AVC: > $800 quency electromagnetic noise.
methods frequency noise.

. . . Customer expectations not Masking noise using speakers
Noise masking  Suitable for all well-defined. Feedback sensors and > $300 based on driving and operating
methods frequency. conditions

speakers are costly.

CLD required for the 24/16 SRM. Considering the mass of
the 24/16 SRM, it was assumed for cost estimation that the
vibration isolators withstand at least 5 kg load at each motor
mount location.

C. PASSIVE ACOUSTIC IMPEDANCE USING ACOUSTICAL
MATERIALS

Acoustical materials such as sound absorbers and sound
barriers provide an excellent way to attenuate acoustic noise.
Acoustical materials can be easily wrapped around the noise
source. They are suitable for high-frequency applications,
because they tend to get bulkier as the frequency decreases.
The outer surface area of the 24/16 SRM has been considered
to estimate the cost of acoustical materials. Sounds barriers
can be in the form of flexible acoustical foam. Opting for a
two-inch thick foam to have a better absorption coefficient
above 500 Hz can cost $1-40. Sound barriers can also be fiber-
based panels which are usually placed on the walls. They can
be stiffer than acoustical foam. However, they can be tailor-
made to fit the housing of the SRM. Fiber-based panels are
costlier than acoustical foams because they provide a better
absorption coefficient [151], [152]. A two-inch thick panel
may cost $35-130 to cover the 24/16 SRM.

Sound barriers suitable for SRMs can be in the form
of mass-loaded vinyl or polyester-based panels with vinyl
outer layers. Mass-loaded vinyl is generally available with
a thickness of one-fourth to one-eighth of an inch, which
may cost $3-20 to enclose the 24/16 SRM. Polyester-based
panels with vinyl outer layers are commonly used in civil,
construction, or industrial area and can reduce the noise up
to 10 dB. It may have a thickness of 1-1.5 inches and would
cost $140-145 to enclose the 24/16 SRM.
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D. ACTIVE AND SEMI-ACTIVE ACOUSTIC NOISE AND
VIBRATION CONTROL METHODS
Active and semi-active control methods such as Active
Noise Cancellation (ANC) and Active Vibration Control
(AVC) require a feedback mechanism with multiple sensors
and secondary noise/vibration sources, making them more
expensive than passive methods. ANCs are effective at lower
frequencies and can be applied locally or globally. The global
approach is limited to frequencies typically below 300 Hz
for a vehicular application because the cabin acoustic mode
starts overlapping above this frequency. The local approach
is limited to frequencies typically below 500 Hz because the
zone of quietness shrinks as the frequency increases. AVC
methods require piezoelectric, magnetostrictive, or electro-
magnetic actuators. This limits the working frequency of
AVC methods below 1 kHz due to the response time of the
actuator. ANC can be applied to an SRM to mitigate low-
frequency mechanical noises, but they may not be suitable for
high-frequency electromagnetic noise. In general, AVC might
not be suitable to mitigate electromagnetic noises generated
from high-frequency vibrations.

To estimate the cost of an ANC system for the 24/16 SRM,
a TMS320C25 digital signal processor, an Analog-to-Digital
(A/D) converter, a Digital-to-Analog (D/A) converter, and a
reconstruction filter are considered for the control system.
Besides, an engine speed measuring sensor as a reference
sensor, and four 80 dB loudspeakers as anti-noise source are
also considered. The cost of a TMS320C25 digital signal
processor is around $60, and four loudspeakers cost at least
$85, making the ANC system at least $200. For an AVC
system, the same control system is considered with a high-
frequency range accelerometer as a reference sensor and
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an 800 N magnetic actuator as an anti-vibration source.
A high-frequency range accelerometer can cost at least $100,
and an 800 N magnetic actuator can cost at least $600.
Therefore, an AVC system for the 24/16 SRM may cost at
least $800, and the cost might increase multifold if multiple
reference sensors and anti-vibration sources are required.

E. NOISE MIASKING METHODS

In Active Sound Design (ASD), the frequency spectrum
of the noise can be altered by adding masking noise and,
hence, making it sound more pleasant. It can be a good
method to mitigate the annoyance associated with the electric
motor noise. ASD for an electric vehicle is a new concept.
Customer expectations are still not well defined, which makes
it challenging to apply this method. For the 24/16 SRM,
considering a similar control system as in ANC method,
a high-frequency-range accelerometer as the feedback sensor,
and four 80 dB loudspeakers as the noise source, the
miminum cost of an ASD system can be estimated as $300.

X. CONCLUSION

In this paper, a review of noise and vibration reduction
methods at the transmission stage have been presented and
their applicability to switched reluctance motor drives has
been discussed. Plenty of literature is available on the
reduction of noise in SRMs at the source level, either through
electromagnetic design or by current control. However,
limited research is available on noise reduction at the
transmission level, either for air-borne or structure-borne
noise. In this paper, the structural design and materials,
passive vibration dampers, acoustic impedance using acous-
tical material, active and semi-active noise and vibration
control, and noise masking methods have been presented
to mitigate acoustic noise and vibration at the transmission
stage. The advantages and challenges of each method have
been discussed, cost implications have been presented, and
possible ways to implement them to an SRM have been
presented. Improving structural design and choosing the
proper material are the fundamental steps to design for
acoustic noise and vibration mitigation. Passive techniques to
attenuate acoustic noise and vibration, such as the application
of VEMs, are suitable for a broad frequency range, and
acoustical materials are suitable for high-frequency. More
research is required to investigate application of VEMs and
acoustical materials to SRMs, and electric motors in general.
Active and semi-active control methods, such as active noise
cancellation and active vibration control are suitable for
noise mitigation at low frequency. Noise masking is another
approach suitable to attenuate the perceived annoyance from
motor noise.
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