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Abstract: This study presents a numerical modelling approach for the prediction of vibration and acoustic noise for a 24/16
traction switched reluctance machine (SRM). The numerical modelling includes the simulation of electromagnetic force in
JMAG, the calculation of natural frequencies and the simulation of vibration and acoustic noise in ACTRAN. Considerations in
the modelling of geometries, meshing and contacts of the 24/16 SRM are discussed to ensure the accuracy of the numerical
simulation. Two-dimensional fast Fourier transform (FFT) is applied to the radial nodal force at the stator pole tip to analyse the
dominant harmonics. FFT is also applied to the simulated surface displacement of the housing and the sound pressure at 2000 
rpm to analyse their dominant frequency components. The dominant harmonics for the vibration and acoustic noise at 2000 rpm
are confirmed. The numerical modelling method presented in this study can also be applied to the other SRMs and electric
machines to predict the vibration behaviour and the radiated acoustic noise.

1 Introduction
Switched reluctance machines (SRMs) are attracting attention from
academia and industry. SRMs have also been considered as a
potential candidate for industrial applications in recent years
because of their simple structure, robust design, high-temperature
tolerance and lack of rare earth material [1–3]. However, compared
to induction machines and permanent magnet synchronous
machines, acoustic noise radiated from SRM can be more severe
[4]. This demerit has been a challenge for the applications of SRMs
in electric vehicles and hybrid electric vehicles (HEVs).

Much effort and attempt have been made to model the vibration
behaviour and acoustic noise of SRMs. In the literature, two kinds
of approaches in the prediction of acoustic noise for electric
machines are reported: the statistical and deterministic methods.
Although the statistical approach, which is based on statistical
energy analysis, is applicable to complex structures in the high-
frequency range, this method cannot provide results with high
accuracy at the low-frequency range [5]. The deterministic
approach includes analytical and numerical methods. The
analytical method can provide a fast and computationally efficient
way for the acoustic noise prediction in both low and high
frequencies [6–11]. Therefore, it is preferred in the design,
optimisation and control of electric machines. On the other hand,
the numerical model is more precise because more structural
details can be considered in the modelling. Even though the
numerical method is more time-consuming and computationally
inefficient in the high-frequency range [5], it is useful to verify the
acoustic results from the analytical method. For the numerical
method, the prediction of the vibration and the acoustic noise of an
electric machine is often based on three numerical models: an
electromagnetic finite element analysis (FEA) model for the
simulation of electromagnetic forces, a structural model for the
simulation of vibration and an acoustic numerical model for the
coupling between the aforementioned models and the acoustic
simulation. The accuracy of the predicted vibration and acoustic
noise depends on both the accuracy of the acoustic model and the
input data. The input data includes the simulation of
electromagnetic force and the calculation of natural frequencies of
SRMs [5]. A few studies in the literature present the details of a

precise vibration and acoustic noise model, e.g. modelling and
meshing of the structure. However, most of the numerical acoustic
models in the literature are based on simplified geometries or
models. The effect of winding and housing has not been considered
in [12]. A precise modelling of vibrating structure and the meshing
of the structure were not reported in [12–15].

In this paper, a detailed numerical modelling approach to
predict the vibration and acoustic noise of a 24/16 SRM is
presented. The modelling process is illustrated in the flow chart in
Fig. 1. It couples electromagnetic analysis in JMAG, and modal,
vibration and acoustic analysis in ACTRAN. Compared to previous
practice in the literature mentioned above, the modelling approach
in this paper is able to take into account the effects of winding and
housing. Detailed considerations and procedures to ensure the
accuracy of the results and reduce the computational cost are
presented in Section 3. This paper also discusses a useful method
to quantitatively obtain and analyse the relationships between
dominant harmonics of the electromagnetic force, dominant
vibration mode, vibration (or surface displacement) and the
radiated acoustic noise. 

2 Design of a 24/16 SRM for hybrid electric
vehicle powertrains
The vibration and acoustic analysis in this paper is performed on a
24/16 SRM designed for traction application in HEVs. Compared
to combustion engines, which have a more broadband noise in the
lower frequency range, SRMs in traction application might radiate
noise at mid-frequency range or high-frequency range. Therefore,
acoustic analysis of SRMs for traction applications is necessary
[13].

The 24/16 SRM in this paper is designed to achieve the same
torque-speed envelop of the interior permanent magnet
synchronous motor (IPMSM) used in the 2010 Prius powertrain
[1]. Table 1 compares the motor specifications of the designed
24/16 SRM and the IPMSM used in the 2010 Prius powertrain. The
stator outer diameter and total axial length of the active material in
the 24/16 SRM are exactly the same as IPMSM used in the 2010
Prius powertrain. Both motors can achieve similar peak power [1].
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The 24/16 SRM can also achieve similar peak efficiency as that of
the IPMSM used in the 2010 Prius powertrain. The peak efficiency
of the 24/16 SRM is 96.5% at 7500 rpm and 60 Nm. Fig. 2 shows
the geometries of the rotor and stator in the 24/16 SRM. The
laminations are provided by Cogent Power Inc. Its grade and
thickness are NO10 and 0.1 mm, respectively. 

3 Numerical acoustic modelling of 24/16 SRM
3.1 Numerical modelling procedure

The procedures for the numerical modelling of vibration and the
acoustic noise are shown in Fig. 1. The acoustic simulation needs
the nodal force and the simulated vibration modes as inputs.

Starting with the SRM geometries, the 2D nodal force can be
generated by electromagnetic simulation in JMAG. The nodal force
is a function of both time and stator circumferential positions. Two-
dimensional fast Fourier transform (FFT) is applied to the nodal
forces to analyse the dominant harmonics. Then, the 2D nodal
force is extruded to the 3D nodal force which is one of the inputs to
the coupled noise and vibration model.

As shown in Fig. 1, starting with the 3D motor structure, the
structural meshing can be performed in ANSYS Workbench. The
meshed structure is used in the simulation of vibration modes and
the acoustic modelling in ACTRAN. The natural frequencies and
their corresponding mode shapes will be simulated in ACTRAN.
The acoustic modelling is also performed in ACTRAN, including
the creation and meshing of coupling surfaces, near field and far
field. The coupling surfaces, including the structural coupling
surface and the acoustic coupling surface, are the boundary
conditions for the simulation of vibration and acoustic noise,
respectively. Taking the 3D nodal force and the simulated mode
shape as inputs, the coupled vibration and noise can be simulated,
and the acoustic noise results are obtained.

The construction of the acoustic modelling is shown in Fig. 3a.
The near field is the field in which the nature of the sound wave
depends on the vibration of the structure. The far field is the field
in which the nature of the sound wave depends on the propagation
medium, air. The near field will be modelled with finite elements
while the far field is modelled with infinite elements. Infinite
elements are different from the finite elements. Infinite element has
an exponential term in its shape function, which is better to
describe the unbounded property of the far field [16]. The infinite
element method is used to simulate the acoustic behaviour in the
far field. It is beneficial to adopt finite elements and infinite
elements in the meshing for different fields. It helps to model the
non-reflecting boundary conditions of the far field and provides a
direct numerical estimate of the solution at all points in the far
field. It has also been proven to be efficient in solving acoustic
scattering problems [16, 17]. The element size of the structural
meshing and the acoustic meshing as well as the connections
between parts will be discussed later. The near field is modelled by
a sphere (see Fig. 3a) in the acoustic modelling. In order to ensure
the accuracy of the simulation at the expense of a low computation
cost, the sphere for the near field should be at least one wavelength
thick, which is measured from the surface of the SRM housing. 

Sound pressure or sound power can be used to describe the
acoustic noise level radiated from the vibrating structure. In this
paper, virtual microphones are used to measure the sound pressure
of the acoustic noise radiated from the 24/16 SRM. As shown in
Fig. 3b, the virtual microphones are located in circles. The captured
sound pressure from three virtual microphones is shown in Fig. 3c.
These three virtual microphones are located at 0°, 45° and 90°,
respectively. Since there are differences in the amplitudes of the
sound pressure captured by the three microphones, their positions
should be selected wisely to show the characteristics of the
acoustic noise in the 24/16 SRM. Virtual microphones are located
in three arcs in the sphere surface, as shown in Fig. 4a. The three
arcs are in three planes. Each plane has a spatial angle of 60° from
each other. The placement of the virtual microphones in this paper
is based on ISO 3744 standard. As shown in Fig. 5, a total of 20
virtual microphones are placed in a hemisphere with a radius of 1 
m. Figs. 5a and b are the front view and top view of the
hemisphere, respectively. 

Virtual displacement sensors can also be mounted on the
surface of the housing. This is beneficial for analysing the
correlation between the vibration of the structure and the radiated
noise. Basically, the virtual displacement sensors should be
mounted on the housing surface where maximum displacement
appears. The virtual displacement sensors in this paper are placed
in the same axial position (see Fig. 4b). The circumferential
positions of the virtual displacement sensors are on the back iron
aligned with the stator pole because most of the force is applied on
the stator poles. The larger magnitude of vibration will be captured
in this way.

Fig. 1  Procedures for acoustic modelling of the 24/16 SRM
 

Table 1 Comparisons of the Prius 2010 traction motor and
the 24/16 SRM [1]
Parameter 2010 Prius 24/16 SRM
stator outer diameter (mm) 264 264
total axial length of active material (mm) 108 108
air gap length (mm) 0.73 0.5
lamination thickness (mm) 0.305 0.1
slot fill factor 0.54 0.54
DC side voltage (V) 650 650
maximum peak current (A) 240 240
RMS current constraint (A) 140 140
motor peak power rating (kW) 60 60
rotational speed rating (rpm) 13,500 13,500

 

Fig. 2  Geometries of the rotor and stator in the 24/16 SRM
(a) CAD geometry, (b) Stator core, (c) Rotor core
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3.2 Calculation of nodal force in the 24/16 SRM

In order to obtain the nodal forces in the air gap, 2D
electromagnetic FEA is first performed in JMAG. Fig. 6a shows
the force vectors on the SRM at a certain time step when the motor
is operating at 2000 rpm. Then the 2D nodal force is extended in
the axial direction to generate the 3D nodal force, as shown in
Fig. 6b. The nodal forces can be divided into two parts based on
their directions: radial nodal forces and tangential nodal forces. In
this paper, the radial and tangential nodal forces are both
considered in the coupled simulation of vibration and acoustic
noise. 

The radial nodal force at the stator pole tip is extracted as
shown in Fig. 7. For a certain time step (e.g. at t = 0.6 s), there are
eight major peaks in the circumferential position, because in a
three-phase 24/16 SRM there are eight stator poles per phase. For a
certain spatial position (e.g. at the stator spatial position of 110
mech. deg.), there is only one major pulsation on the radial force

waveform with time because in every electrical cycle each phase is
excited once. Then, 2D FFT is applied on the radial nodal force in
the time domain and stator spatial domain to analyse the dominant
harmonics of the radial nodal forces. This is important and
necessary in order to understand the dominant harmonics which
lead to the highest magnitude of vibration and noise. The results
and the discussion of the harmonics of the radial force will be
presented in Section IV. 

Fig. 3  Acoustic numerical modelling
(a) Acoustic model, (b) Positions of virtual microphones, (c) Sound pressure captured
by three virtual microphones at different positions, motor speed 12,000 rpm

 

Fig. 4  Positions of the virtual sensors
(a) Virtual microphones, (b) Virtual displacement sensor

 

Fig. 5  Positions of the virtual microphones for a hemispherical
measurement surface based on ISO 3744 standard
(a) Front view of the hemisphere, (b) Top view of the hemisphere

 

Fig. 6  Nodal force at 2000 rpm
(a) 2D nodal force, (b) 3D nodal force

 

Fig. 7  Radial nodal force at the stator pole tip of the 24/16 SRM at 2000 
rpm
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3.3 Considerations in the modelling of geometry

The full assembly of the 24/16 SRM is shown in Fig. 8a. It
includes the end plates, end covers, shaft, stator, housing and the
rotor. For interior-rotor SRMs, literature reports that the vibration
of the stator and the housing is the main source of acoustic noise
[14, 15]. Therefore, the acoustic model presented in this paper only
includes the housing, stator and the windings (see Fig. 8b). 

The accuracy of the predicted acoustic noise is greatly affected
by the accuracy of the model. The 3D geometry of the vibrating
SRM should be built up so that it is close to the actual prototyped
SRM, and the natural frequency can be calculated accurately. The
concentrated windings have lumped mass effect, stiffness and
damping effect on the stator poles. The geometry of the coil should
be modelled accurately to get the correct volume and mass of the
coils, which will affect the calculation of the natural frequencies of
the vibrating structure. If a coil has no connection with other coils,
it will vibrate separately, as shown in Fig. 9a. This will generate
many extra and unrealistic vibration modes of a single coil, which
will increase the computation cost of the acoustic simulation.
However, the coils of the same phase are connected together. All
the coils are assumed to be integrated and thus the windings will
vibrate as a whole as shown in Fig. 9b. 

In the numerical method, equations are solved at different nodes
and elements in the meshed structure and thus it is necessary to
reduce the number of nodes and elements to decrease the
complexity of the computation. The geometry of the stator should
be without structural simplification. However, the small features of
housing can be simplified to reduce the computation cost. As
shown in Fig. 10, there are many small features on the housing, e.g.
clearance holes, screw holes, positioning grooves and ring, thin rib
and chamfers. It takes finer meshing on these small features, which
will increase the number of nodes and elements in the meshed
structure. All these small features can be removed. The coolant
channel is kept since it has great effect on the stiffness and the
mass of the housing. It should be noted that the overall geometry of
the SRM should be preserved, and the mass should be very close to
the real structure, which is one of the keys to making good mesh
for both structure and acoustic model. 

3.4 Meshing in the numerical modelling

Proper and efficient meshing is important for numerical simulation.
Considering the computation cost, the element size should not be
too small. Few literatures report the calculation of element size in
numerical modelling for the noise, vibration and harshness (NVH)
prediction. In this section, the meshing will be discussed in detail.

Three kinds of meshing are necessary in the presented
numerical model for the NVH simulation. The first one is the
meshing for the electromagnetic model in JMAG to simulate the
nodal force. The second kind is the structural meshing performed
in ANSYS Workbench. The meshed structure will be used to
calculate the natural frequencies and the simulation of the
vibration. The third kind is the acoustic meshing in ACTRAN. The
acoustic meshing will be generated in the near field, far field and
the coupling surfaces.

Fig. 11 shows the 2D simulation of the nodal force in JMAG.
The nodal force changes with time and spatial position. The
meshing in the electromagnetic analysis is generated in JMAG.
Fine meshing is generated in the air gap, rotor pole tips and stator
pole tips, while a coarse mesh is generated in the regions that are
away from the air gap. 

The mesh quality is important for the accuracy of the
electromagnetic FEA simulation. The air gap has the finest
meshing and rectangle elements are used. For rectangle elements in
the air gap, the circumferential length and the radial length of the
rectangle elements should be determined.

The radial length of the rectangle element, EAirgap, Radial, can be
determined by

EAirgap, Radial = LAirgap, Radial
NRadDivisions

(1)

Fig. 8  3D geometry of the 24/16 SRM for numerical acoustic modelling
(a) The complete structure, (b) Housing-stator-windings structure

 

Fig. 9  Vibration mode of windings and a single coil
(a) A single coil, (b) The whole windings

 

Fig. 10  Small features for structural simplification
(a) Positioning bar and groove, (b) Clearance hole and threaded hole, (c) Thin rib,
positioning ring and chamfer

 

Fig. 11  Meshing for the simulation to generate the nodal force model
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where LAirgap, Radial is the radial length of the airgap and
NRadDivisions is the number of radial divisions. As shown in Fig. 11,
the number of radial divisions is 3. The radial length of the airgap,
LAirgap, Radial, is the airgap length, which has been determined by
the designers in the design stage of the SRM.

The circumferential length of the airgap can be calculated as
follows:

EAirgap, Circ = EAirgap, Radial × α (2)

where α is the aspect ratio. α should be defined by the designers
based on the required meshing quality and the computation cost.
Theoretically, the ideal aspect ratio is one, which makes it a square
element. However, considering the computation cost, the actual
aspect ratio should not be too small. If the aspect ratio is 1, the
circumferential length of the element in the air gap will be the
same as its radial length. Therefore, a proper value of aspect ratio
should be determined based on the meshing quality and
computation cost. The range of aspect ratio should be between 1
and 10.

The number of circumferential divisions, NCircDivisions, can be
determined by

NCircDivisions = LAirgap, Circ
EAirgap, Circ

(3)

where LAirgap, Circ is the circumference length of the airgap.
The circumferential length of the airgap, LAirgap, Circ, can be

calculated by

LAirgap, Circ = 2πRAirgap, Radius (4)

where RAirgap, Radius is the radius of the airgap.
The element size of the rotor tip should also have fine meshing,

which can be calculated by

EEdge, Rotor = 2πRRotor
NCircDivisions

(5)

where Rrotor is the radius of the rotor outer radius.
The element size of the stator tip can be calculated by

EEdge, Stator = 2πRStator
NCircDivisions

(6)

where Rstator is the radius of the pole tip.
In the structural meshing (see Fig. 3a), the element size is

related to the highest frequency of the noise in the simulation. The
required element size of the SRM structure can be expressed as
[18]

ε = 1
n × λB (7)

where λB is the wavelength of the bending wave and n is the
number of elements per wavelength. The number of elements per
wavelength is determined by the type of elements in the SRM
meshed structure. For linear elements, n can be between 8 and 10.
For quadratic elements, n is between 4 and 6. Fig. 12 shows the
linear elements and quadratic elements. For linear tetrahedron
element, shown in Fig. 12a, it needs four interpolation nodes and
the shape function is a first-order function. For quadratic
tetrahedron element (see Fig. 12b), it needs ten nodes with a
second-order shape function. 

The wavelength λB can be calculated as

λB = cB
f (8)

where cB is the speed of the bending sound wave, f is the maximum
frequency in the acoustic simulation. The speed of bending wave,
cB, can be calculated by

cB = (1.8 × cL × t × f )0.5 (9)

where cL is the longitudinal sound wave, t is the thickness of the
housing. The speed of the longitudinal wave, cL, is calculated as

cL = E
ρπ 1 − ν2

0.5

(10)

where E, ρ and v are the Young's modulus, density and Poisson's
ratio of the housing material, respectively.

The acoustic meshing in ACTRAN includes the meshing of the
far field, near field and the coupling surfaces. The element size in
the acoustic meshing also depends on the highest frequency of the
acoustic noise in the simulation. The element size decreases
dramatically when the frequency increases. The maximum
frequency simulated in this paper is 10 kHz. The element size in
the acoustic meshing can be calculated by

ε = c
n × f (11)

where c is the speed of the sound, f is the highest frequency of the
acoustic noise, n is the number of elements per wavelength. For
linear elements, n should be equal to 8–10. For quadratic elements,
n should be equal to 4–6. Given that enough elements per
wavelength are used, the linear element mesh and quadratic
element mesh should give the same results. The quadratic mesh is
usually preferred because it can give more accurate results for a
complex geometry or complex acoustic field.

3.5 Considerations for the contacts in the meshed structure

Another important issue in the meshing of the structure is the
connection of the nodes in the interface between parts. The
connections of the nodes at the interfaces affect the stiffness of the
parts and affect the natural frequency. Therefore, it is important to
model the connections correctly as it will affect the structural
behaviour and, hence, affect the acoustics. The connection of the
nodes can be defined by the type of contacts between parts. In the
24/16 SRM, the assembly includes the stator core and the housings.
Since the inner housing and the outer housing are welded together,
the contact between them should be defined as a bonded contact.
The subassembly of the stator and the windings can be seen in
Fig. 13a. Although there is a thin layer of insulation paper between
the coils and the stator poles, the contact between the coils and the
stator poles is treated as a bonded contact. This is because vacuum
pressure impregnation has been applied to the stator windings. On
the other hand, the windings have more mass effect on the stator
poles than stiffness effect [13]. The weak stiffness can be simulated
by assigning a low value of Young's modulus to the windings,
which are in bonded contact with the stator poles. In this paper, the
Young's modulus of the winding is 12 GPa [13], which is much
lower than the Young's modulus of copper, 117 GPa. More material
properties are shown in Table 2. 

The connection between the stator core and the housing is
treated as a bonded contact because the press fit is used between

Fig. 12  Element types of the meshing
(a) Linear elements, (b) Quadratic elements
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the housing and the stator core. Another reason is that two small set
screws are installed in the interface between the stator core and the
housing to avoid tiny relative motion between these two parts.

4 Acoustic noise analysis of the 24/16 traction
SRM
4.1 Dominant harmonics and vibration mode at 2000 rpm

The harmonics of the radial force on the stator core mainly cause
the vibration and the acoustic noise in SRMs [19–21]. Analysing
the dominant harmonics of the radial force is important for the
acoustic noise analysis and noise reduction. It helps to develop a
deep understanding of the dominant harmonics and the dominant
vibration modes in the 24/16 SRM at a certain speed. In this
section, the nodal force at the stator pole tips (see Fig. 7) is
extracted to perform the 2D FFT. The 2D nodal force changes with
time and stator spatial (or circumferential) position. The radial
force is the sum of the harmonics and it can be expressed as [7]

ℱr(t, α) = ∑
v = − ∞

∞
∑

u = − ∞

∞
ℱr u, v

= ∑
v = − ∞

∞
∑

u = − ∞

∞
Fr u, v cos(2π f mechut + vα + ϕ(u, v))

(12)

where Fr(α,t) is the radial force changing with time and stator
spatial position, Fr(u,v) is the amplitude of the harmonics, fmech is
the mechanical frequency, u is the temporal order, v is the spatial
order, t is the time, α is the stator circumferential angle, Φ(u,v) is the
phase angle of the harmonic. The forcing frequency ff(u,v) of the
harmonics can be calculated by ff(u,v) = u × fmech. The mechanical
frequency fmech is calculated by fmech = n/60, where n is the
operating speed of the motor.

The amplitudes of the harmonics are shown in Fig. 14. The
harmonics with the same absolute value of u and the same absolute
value of v can be superimposed based on their phase angles. The
superimposed harmonics are summarised in Fig. 15, where q is the
absolute value of u, and circ equals to the absolute value of v. In
Fig. 15, the harmonics with ‘ + ’ sign means that the harmonics are
rotating in the positive (counter clockwise) direction while the
harmonics with ‘−’ sign means that the harmonics are rotating in
negative (clockwise) direction. Standing wave is generated in some
harmonics. Standing wave is defined as the wave in which the
amplitudes of some particular points remain unchanged while other
points oscillate. 

The spatial order, v is related to the shape of the harmonics [22,
23]. For example, the harmonic Fr(q=48,circ=0) has a spatial order of
0. When this harmonic is applied to the stator, the shape of the
harmonic is concentric to the centre of the stator. The harmonic
Fr(q=32,circ=8) has a spatial order of 8. When this harmonic is
applied to the stator, the shape of the harmonic has eight peaks and
eight troughs in the circumferential position.

Therefore, the shape of the harmonics with the spatial order v = 
0 is the same as the vibration mode circ = 0. Provided that the
forcing frequency, u of the harmonic is non-zero, this harmonic
with v = 0 can excite the vibration mode circ = 0. Similarly, the
shape of the harmonics with a spatial order of 8, 16 and 24 is the
same as the vibration mode circ = 8, 16 and 24, respectively.
Provided that the forcing frequency of these harmonics is non-zero,
they can excite the vibration modes circ = 8, 16 and 24,
respectively. After the superposition of the harmonics, the
amplitudes of the dominant harmonics in the 24/16 SRM are
shown in Fig. 16. In the 24/16 SRM, the amplitude of the harmonic
Fr(q=16,circ=16) is the largest at 2000 rpm among all the harmonics.
However, the harmonic with the highest magnitude might change
at different speeds and in different designs with the same pole
configuration. For the harmonics with the same circumferential
order, the amplitude tends to reduce when the temporal order
increases. 

4.2 Natural frequencies and mode shapes

The natural frequencies, ωn, and the corresponding vibration mode
shapes can be calculated and simulated by the numerical method in
ACTRAN. In the numerical simulation, the boundary condition is
clamped-free, in which the displacement of one end surface of the

Fig. 13  Contacts between parts
(a) Bonded contacts in stator-windings subassembly, (b) Bonded contacts between
stator and housing

 
Table 2 Material properties of the 24/16 SRM
Part Stator Coils Housing
density (kg/m3) 7268 4908 2700

Young's modulus (GPa) 176 12 68.9
Poisson's ratio 0.285 0.3 0.33
 Fig. 14  Harmonics of the radial nodal force on the stator pole tip, 2000 

rpm
 

Fig. 15  Amplitudes of the harmonics in a 24/16 SRM, 2000 rpm
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housing is constrained while the other end of the motor is free to
vibrate. The mode shapes can be distinguished by the deformation
in the circumferential and axial direction. Therefore, the
corresponding natural frequencies are with different axial and
circumferential orders. Table 3 shows the natural frequencies with
the same axial order, 1, but with different circumferential orders.
The mode shapes of vibration modes (2,1) and (0,1) are shown in
Fig. 17. Vibration mode (0,1), whose natural frequency is 4784 Hz,
has a circumferential order of 0, and an axial order of 1.

4.3 Surface displacement and acoustic noise

As discussed in the previous section, the harmonics with a spatial
order of 0, 8, 16 are the major harmonics that lead to vibration and
acoustic noise in the 24/26 SRM at 2000 rpm. The damping ratio
used in the simulation of vibration and acoustic noise is calculated
by [5]

ζcirc = 1
2π 2.76 × 10−5 f circ + 0.062 (13)

where ζcirc is the modal damping ratio, fcirc is the natural frequency
of the mode circ.

An averaged damping ratio is used in this paper by averaging
the modal damping ratio of the vibration mode circ = 0 and circ = 8.
The modal damping ratio of the vibration mode circ = 16 is not
included in the calculation of the averaged damping ratio because
the natural frequency of mode circ = 16 exceeds 20 kHz, which
would lead to an overestimated damping ratio.

The displacement measured by a virtual displacement sensor,
which is mounted on the housing surface, is shown in Fig. 18a. The
location of this virtual displacement sensor is shown in Fig. 4b. In
the coupled simulation of vibration and noise, the 24/16 SRM starts
its operation at t = 0 ms and stops at t = 7.5 ms. Fig. 18b shows the
sound pressure captured by a virtual microphone (see Fig. 4a). The
sound pressure starts to be captured at t = 2.14 ms, because the
distance between the virtual microphone and the housing outer
surface is 0.726 m and it takes 2.14 ms for the transmission of the
sound wave from the housing surface to the virtual microphone.
The value of 2.14 ms can also be calculated by the distance of
0.726 m divided by the speed of air, 340 m/s. After the motor stops
at the time step t = 7.5 ms, sound wave can still be captured from

the time step t = 7.5 ms to the time step t = 9.64 ms. This is because
the sound wave, which is caused by the vibration of the housing
surface at the time step t = 7.5 ms, needs 2.14 ms to transmit from
the housing outer surface to the virtual microphones. 

The surface displacement in Fig. 18a is used for the FFT
analysis. The minimum required temporal length of the surface
displacement for the FFT analysis is one electric cycle rather than a
complete mechanical cycle. Therefore, in order to reduce the
computation cost, the coupled simulation of surface displacement
and acoustic noise can be shortened to one electrical cycle.

The surface displacement in the frequency domain is shown in
Fig. 19. There are two layers. The first layer is the displacements
caused by the harmonics Fr(q=48,circ=0), Fr(q=96,circ=0),
Fr(q=144,circ=0), Fr(q=192,circ=0), Fr(q=240,circ=0) and Fr(q=288,circ=0).
These harmonics have the same circumferential order. They only
excite the vibration mode circ = 0, which has a circumferential
order zero. 

Although the forcing frequency of Fr(q=144,circ=0) is closer to the
natural frequency of the vibration mode circ = 0, the amplitude of
the harmonic Fr(q=96,circ=0) is much higher than that of
Fr(q=144,circ=0) (see Fig. 16). For this reason, This layer peaks at
3200 Hz, which is caused by the harmonic Fr(q=96,circ=0). The
amplitudes of the harmonics Fr(q=48,circ=0), Fr(q=96,circ=0),
Fr(q=144,circ=0) decrease as they have higher temporal order (see
Fig. 16). Therefore, the amplitude of the displacement decreases
after 3200 Hz.

The displacement of the second layer is caused by the
harmonics with the spatial order 8 and the harmonics with the
spatial order 16, simultaneously. For example, the displacement at
533.33 Hz is caused by the harmonics Fr(q=16,circ=8) and

Fig. 16  Comparison of the amplitudes of major harmonics
 

Table 3 Natural frequencies in different circumferential
modes calculated by the method of modal extraction in
ACTRAN, unit (Hz)
Vibration mode (circ, ax) (0,1) (2,1) (3,1) (4,1) (5,1) (8,1)
natural frequency 4784 1782 4123 6810 9637 14,963

 

Fig. 17  Vibration mode shapes
(a) Mode (2,1), (b) Mode (0,1)

 

Fig. 18  Vibration and acoustic noise of the 24/16 SRM at 2000 rpm
(a) Displacement measured by a sensor on the housing outer surface, (b) Sound
pressure measured by a microphone located 1 m away from the motor centre

 

Fig. 19  Surface displacement of the 24/16 SRM at 2000 rpm
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Fr(q=16,circ=16) with the same temporal order, 16. This can be
verified by the FFT of the nodal force shown in Fig. 15.

By averaging the sound pressure measured by the 20
microphones on a hemisphere, the averaged sound pressure is
obtained. The locations of the virtual microphones were shown in
Figs. 4 and 5. Then the averaged sound pressure is used for the
FFT decomposition. The sound pressure level (SPL) of the 24/16
SRM at 2000 rpm is shown in Fig. 20. Since the acoustic noise is
caused by the surface displacement, there are also two layers in the
SPL as well. Similar to the surface displacement, the first layer is
caused by the harmonics Fr(q=48,circ=0), Fr(q=96,circ=0),
Fr(q=144,circ=0), Fr(q=192,circ=0), Fr(q=240,circ=0) and Fr(q=288,circ=0). 

The SPL of the 24/16 SRM has two maximum values at the
frequencies of 3200 and 4800 Hz, which are caused by the
harmonics of Fr(q=96,circ=0) and Fr(q=144,circ=0). This is because the
motor is spinning at a low speed, 2000 rpm, which leads to low
forcing frequencies in Fr(q=96,circ=0) and Fr(q=144,circ=0). In this case,
a large magnitude of acoustic noise is generated when the forcing
frequencies of Fr(q=96,circ=0) (3200 Hz, see Fig. 15) and
Fr(q=144,circ=0) (4800 Hz, see Fig. 15) are close to the natural
frequency of the vibration mode circ = 0. Although the surface
displacement caused by Fr(q=144,circ=0) is much smaller than that
caused by Fr(q=96,circ=0) (see Fig. 19), the SPL caused by
Fr(q=144,circ=0) is close to that of Fr(q=96,circ=0) because
Fr(q=144,circ=0) has a higher forcing frequency.

There are two peaks in the second layer of the SPL in Fig. 20,
which appear at 2666 and 5333 Hz. The acoustic noise generated in
this layer is due to the harmonics exciting the vibration modes circ 
= 8 and circ = 16. The SPL at this layer is caused by harmonics
with the spatial order 8 and 16, simultaneously.

5 Experimental results
In order to validate the numerical model of the 24/16 SRM, the
natural frequency of the experimental motor has been analysed. For
the 24/16 SRM, vibration mode (0,1) is the dominant vibrating
mode. Its excitation, which is caused by the dominant harmonics of
the radial force density, contributes mainly to the acoustic noise of
the 24/16 SRM in this paper. Therefore, the natural frequency of
vibration mode (0,1) has been validated experimentally through a
hammer test.

The setup for the hammer test of the 24/16 SRM is shown in
Fig. 21. An accelerometer is mounted on the surface of the motor
to measure the response of the surface acceleration. 

The response of the accelerometer in the time domain is shown
in Fig. 22a. After the FFT, the response in the frequency domain
can be seen in Fig. 22b. It can be observed that there are two major
peaks appearing in 1735 and 4852 Hz. As shown in Table 3, the
simulated natural frequencies of vibration modes (2,1) and (0,1)
were 1782 and 4784 Hz, respectively. Therefore, there is a good
match between the simulated natural frequency and the hammer
test result for vibration mode (0,1), which is the dominant vibration
mode for the 24/16 SRM in this paper. 

6 Conclusions
In this paper, a numerical modelling procedure has been presented
to predict the vibration and acoustic noise caused by the
electromagnetic force in SRMs. This numerical model couples the
electromagnetic analysis in JMAG, modal, vibration and acoustic
analysis in ACTRAN. Detailed considerations in the modelling to
ensure the accuracy of the results and to reduce the computational
cost are also presented. This paper also proposes a useful method
to quantitatively obtain and analyse the relationships between
dominant harmonics of the radial electromagnetic force, dominant
vibration mode, vibration (or surface displacement) and the
radiated acoustic noise of an SRM. The acoustic results for a 24/16
SRM at 2000 rpm are shown as an example. The harmonics with a
spatial order circ = 0 is found to excite the vibration mode circ = 0

Fig. 20  SPL of the 24/16 SRM at 2000 rpm
 

Fig. 21  Setup for the hammer test of the 24/16 SRM
(a) 24/16 SRM mounted in the dyno, (b) Audio interface and power supply

 

Fig. 22  Hammer test of the 24/16 SRM
(a) Response in the time domain, (b) Response in the frequency domain
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and cause the maximum vibration and acoustic noise for a 24/16
SRM at 2000 rpm. Harmonics with high temporal order in the
24/16 SRM can lead to noise and vibration when the motor is
operating at a low and medium speed.

The modelling and analysis methods in this paper help the
designers to effectively evaluate the acoustic behaviour in SRMs,
which is the basis of optimizing the structure and the control
algorithm to reduce noise and vibration. The numerical modelling
presented in this paper can also be applied to other SRM topologies
or electric machines.
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