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ABSTRACT Compared with internal-rotor switched reluctance motors (SRMs), external-rotor (ER) SRMs
can show different vibration and acoustic noise behavior due to the differences in the designs, e.g. thinner
rotor back iron to achieve smaller inertia, and longer stator pole height to improve the electromagnetic
performance. This paper presents the considerations in the modeling and analysis of the acoustic noise
sources of an ER SRM stator and rotor. The harmonic components of the stator tangential force density
and rotor radial force density are analyzed and compared. The vibration modes, the vibration behavior,
and acoustic noise of the stator and rotor are also compared. A 12/16 external-rotor SRM designed for a
direct-drive E-bike application is used for the modeling, analysis, and experimental validation of vibration
and acoustic noise. It is concluded that both the stator tangential vibration and the rotor radial vibration can

be sources of the acoustic noise in an ER SRM.

INDEX TERMS Acoustic noise, external-rotor SRM, source.

I. INTRODUCTION

Low acoustic noise is often desired in the design of external-
rotor motors for acoustic-noise-sensitive applications, e.g.
E-bike applications. Recent studies on the modeling and anal-
ysis of the acoustic noise in permanent magnet synchronous
external-rotor (ER) motors have been presented in [1]-[4].
Due to the robust structure and low cost, the ER switched
reluctance motor is an attractive alternative to the permanent
magnet motor. However, a limited number of studies have
been conducted for the modeling and analysis of the acoustic
noise in ER SRMs [5]. It has also not been studied in detail in
the literature whether the tangential vibration in the stator of
ER SRM can contribute to the total acoustic noise.

In internal-rotor (IR) SRMs, the radial vibration of the sta-
tor back iron is often the primary source of the acoustic noise
[6]-[10]. Due to the solid rotor structure of the internal-rotor
SRMs, the acoustic noise caused by the vibration of the rotor

is often negligible. The stator and rotor pole heights are often
short enough in IR SRMs so that the natural frequencies of
the tangential modes of the poles are usually high. Thus, the
acoustic noise caused by the tangential vibration of the stator
and rotor poles is often negligible.

However, this is not necessarily the case for the ER SRMs.
Due to the differences in the designs compared with the IR
SRMs, ER SRMs can show different vibration and acoustic
noise behavior in the stator and the rotor. For example, the
rotor back-iron of the ER SRM is often designed with a
small thickness in order to reduce the inertia, and the stator
can sometimes be designed with a long pole height to in-
crease coil strands and reduce copper loss [11]-[13]. These
design differences make the acoustic noise modeling and
analysis of the ER SRMs different from the IR SRMs. The
thin rotor back iron affects the modal stiffness and the mass
of the rotor-endcaps subassembly. This further impacts the
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FIGURE 1. 12/16 external-rotor SRM prototype: (a) SRM prototype and the
commercial Crystalyte HS3548 PMSM motor, (b) interior of the SRM
prototype, (c) CAD drawing of the stator [14].

natural frequencies of the dominant radial vibration modes of
the rotor-endcaps subassembly. Besides, if a long stator pole
height is adopted in the design of an ER SRM, it tends to de-
crease the stiffness in the tangential direction and, thus, reduce
the natural frequencies of the tangential vibration modes. All
the aforementioned features of the ER SRMs can make the
tangential vibration of the stator poles one of the sources of
acoustic noise in ER SRMs.

This paper aims to model and analyze the vibration behav-
ior and the acoustic noise in ER SRMs. One issue that this
paper intends to address is whether the radial vibration of the
rotor back iron or the tangential vibration of the stator poles
is the primary source of the acoustic noise in ER SRMs. First,
two numerical models will be built to simulate the vibration
and acoustic noise in the rotor-endcaps and the stator-shaft
subassemblies, respectively. Then, the vibration modes, the
electromagnetic force density harmonics, the vibration and
acoustic noise behavior of the stator and the rotor will be
compared. A 12/16 ER SRM designed for a direct-drive E-
bike application will be used for the modeling and analysis of
vibration and acoustic noise in this paper.

Il. DESIGN OF 12/16 EXTERNAL-ROTOR SRM FOR E-BIKE
TRACTION APPLICATION

The 12/16 ER SRM is designed based on the geometry con-
straints and performance targets of the commercial Crystalyte
HS3548 E-bike motor (see Fig. 1), which is a surface perma-
nent magnet synchronous motor [12]-[15]. The axial length,
stack length, and the outer diameter of the motor are 52.5 mm,
39.5 mm, and 220 mm, respectively. The motor can operate at
its max speed, 400 RPM, with 36 V DC link voltage. The
rated power of the 12/16 ER SRM is 0.91 kW and the motor
was designed with a peak phase reference current of 75A
that achieves the same RMS phase current as the commercial
PMSM motor. In [12], different pole configurations have been
compared and evaluated, and it was concluded that a 12/16
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FIGURE 2. Tangential and radial vibration in SRMs.

SRM can provide the best performance in terms of average
torque, torque quality, and efficiency. Fig. 1 shows the ge-
ometry and the prototype of the 12/16 ER SRM. It can be
observed that the pole height of the stator is much larger than
that of the rotor, and the rotor back iron is thin. This paper will
discuss how these design features affect the vibration behavior
and acoustic noise in ER SRMs. It should be noted that the
acoustic noise modeling and analysis presented in this paper
is limited to the airborne noise caused by the radial vibration
of the rotor back iron and the tangential vibration of the stator
poles.

1Il. ACOUSTIC NOISE MODELING CONSIDERATIONS

A. MECHANISM OF VIBRATION GENERATION

As shown in Fig. 2, both the radial and tangential components
of the electromagnetic force can cause vibrations in different
ways. The radial forces can excite the radial vibration modes
and cause radial vibration in the back iron. On the other hand,
tangential vibration modes of the poles can be excited by the
tangential forces, which generates tangential vibration in the
poles.

Both the radial vibration modes of the stator and rotor can
be excited by the radial forces and, thus, cause vibration and
acoustic noise. For an IR SRM, the radial stiffness of the stator
back iron is typically smaller than that of the rotor. However,
the reverse is usually true for ER SRMs due to smaller rotor
back iron thickness and larger rotor diameter in ER SRMs.

As an example, Fig. 3 shows two different radial vibration
modes of the rotor and stator in a 24/16 IR SRM. The natural
frequency of the mode three of the rotor (11504 Hz) is much
higher than that of the stator (3112 Hz) for the 24/16 IR SRM.
Similarly, the natural frequency of the rotor mode two is also
higher than that of the stator. Because the natural frequencies
of the rotor radial vibration modes in an IR SRM are much
higher, they are typically more difficult to excite compared to
those of the IR SRM stator. A similar case usually applies to
the ER SRM stator. Due to much higher natural frequencies of
the stator radial vibration modes in ER SRMs, they are more
difficult to excite compared with the rotor radial vibration
modes of the ER SRM. As an example, the difference in the
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FIGURE 3. Radial vibration modes of the yokes in a 24/16 IR SRM, (a)
rotor, (b) stator.

TABLE I. The Natural Frequencies of the Radial Vibration Mode Two and
the Tangential Vibration Mode one for Several SRMs

SRM configuration 6/4 6/14 | 24/16 8/6 12/16 | 18/24
SRM construction, IR or ER IR IR IR IR ER ER
Rotor outer diameter [mm] 90 98.4 183 89.3 220 279
Stator outer diameter [mm] 160 139.2 | 264 170 179.2 | 241
Rotor inner diameter [mm] 25 12.7 50 30 180 242
Stator inner diameter [mm] 90.6 99.2 184 90 60 167
Rotor stack length [mm] 75 74 92 90 39.5 27
Rotor pole height [mm] 15 7 14.5 10.2 8 8
Stator pole height [mm] 19.7 10 25 23 45 26
Stator radial vibration mode 2112 1885 2516 1896 * *
two, [Hz]
Rotor radial vibration mode * 20,985 | 10,984 * 2038 852
two, [Hz]
The tangential vibration mode |31,192 | 54,751 | 18,565 [ 21,996 | 6,243 | 15,100
one of a single stator pole, [Hz]
The tangential vibration mode |39 329 | 83,236 | 38,575 | 44,603 | 65,155 | 82,857
one of a single rotor pole, [Hz]

*The vibration mode is not found within 100 kHz.

natural frequencies of the radial vibration mode two of the
stator and rotor for several IR and ER SRMs are presented
in Table I. The material properties for the modal simulation
in the 8/6, 6/4, 6/14, 24/16 IR SRM, 18/24, 12/16 ER SRM
are 0.285 for Poisson’s ratio, 7.6 g/cm® for mass density, and
175 GPa for Young’s modulus, which were calculated using
the method provided in [16] and the properties of the wind-
ing and lamination steel material provided in [17] and [18],
respectively. It should be noted that radial vibration mode two
is not excited in all these SRM topologies. The radial vibration
modes to be excited by the electromagnetic forces depend on
the number of phases and the number of stator poles [6], [8],
[15]. For the 12/16 ER SRM prototype, the radial vibration
modes to be excited will be discussed in Section VI.

B. TANGENTIAL VIBRATION MODES

As shown in Fig. 4, a simulation was conducted to show
that the long height of a single pole can significantly reduce
the natural frequency of the tangential vibration mode of a
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FIGURE 4. 12/16 ER SRM stator pole tangential vibration mode, modeled
as a cantilever; (a) geometry, (b) first tangential vibration mode shape.

stator or rotor pole. Table I compares the natural frequency
of the tangential mode one for a single pole in several SRM
configurations. It should be noted that the tangential vibration
mode of a single pole would be different than the tangential
vibration mode of the stator-shaft subassembly. For the modal
simulation of the stator-shaft subassembly, the boundary con-
dition is applied to the shaft. In the modal simulation of a
single stator or a rotor pole, the boundary condition is applied
to the inner surface of the back iron, which was treated as
clamped as depicted in Fig. 4. The natural frequencies of
the first tangential vibration mode of the stator and rotor
poles in 8/6, 6/4, 24/16, 6/14 IR SRM are close to or exceed
20 kHz (the upper range of human hearing). For IR SRMs
operating below 10,000 RPM, the forcing frequencies of the
electromagnetic force harmonics are usually less than 10 kHz.
Therefore, the tangential vibration modes of poles in IR SRMs
are often difficult to excite.

In contrast, for the 12/16 ER SRM, the natural frequency
of the first tangential vibration mode of the stator pole is
6243 Hz, which is due to the lower stiffness caused by the long
stator pole height. This is well within the human hearing range
and, thus, it is possible for the stator tangential vibration to
contribute to the total acoustic noise in ER SRMs; particularly
if resonance with the tangential vibration modes occurs. In
the following sections, the acoustic noise caused by the radial
vibration of the rotor and the tangential vibration of the stator
will be compared.

C. ACOUSTIC MODELING CONSIDERATIONS

As shown in Fig. 5, two numerical models are built to study
and compare the vibration behavior and the acoustic noise of
the motor subassemblies: (a) rotor subassembly (see Fig. 6(b))
to simulate the radial vibration of the rotor, (b) stator sub-
assembly (see Fig. 6(c)) to simulate the tangential vibration
of the stator poles. In each numerical model, the vibration
modes and nodal forces are calculated. The right side of Fig. 5
depicts the analysis of the radial and tangential force density
harmonics, and the simulation of the vibration and acoustic
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FIGURE 6. Assembly of the 12/16 E-bike SRM, (a) motor assembly,
(b) rotor-endcaps subassembly, (c) stator-shaft-winding subassembly.

noise, which will be discussed in detail in the upcoming sec-
tions. The electromagnetic FEA simulation and the numerical
simulation of vibration and acoustic noise were conducted in
JMAG and Actran, respectively.
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Fig. 6 shows the motor assembly, rotor-endcaps subassem-
bly, and the stator-shaft subassembly of the 12/16 ER SRM.
The geometry of the shaft is simplified to reduce the re-
quired thickness in the meshing of the near field (to reduce
the computation cost) without sacrificing the accuracy). It
should be noted that the contact between the rotor and the
endcaps affects the simulation accuracy. Fig. 7 shows how
the contacts between the rotor and the endcaps are built. In
the prototype of this motor, the rotor and the endcaps are
connected using fasteners (e.g. bolts). In order to model the
contact between the rotor and the endcaps correctly, only the
nodes at the bolt area of the rotor-endcap interface should be
merged, as shown in Fig. 7(b). The boundary conditions for
the simulation of the natural frequencies in the stator-shaft
subassembly and the rotor-endcaps subassembly are shown in
Fig. 8.

For the simulation of the acoustic noise, the meshing of the
near field and the motor structures for the rotor-endcaps and
stator-shaft subassemblies are shown in Fig. 9. The element
size and radius of the near field meshing were calculated and
carefully selected to ensure simulation accuracy. The calcula-
tion of the required element size and radius of the near-field
meshing is presented in [7], [8].
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FIGURE 9. Meshing of the motor structure and the near field,
(a) rotor-endcaps subassembly, (b) stator-shaft subassembly.

IV. ROTOR RADIAL VIBRATION MODES AND RADIAL
FORCE DENSITY ANALYSIS

A. ROTOR RADIAL VIBRATION MODES

The numerical simulation of the vibration modes of the stator
and the rotor is conducted in ACTRAN. The details of the
numerical modeling are presented in [7], [8]. Fig. 10 shows
the radial vibration modes of the rotor-endcaps subassembly,
where the free deformation and vibration appear in the radial
direction. It will be shown in Section IV.B that the radial
vibration mode zero (M-R0) and mode four (M-R4) are the
dominant vibration modes of the rotor-endcaps subassembly.
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SRM at 400 rpm and with a reference phase current of 75 A [15].

B. ROTOR RADIAL FORCE DENSITY HARMONICS

As depicted in Fig. 5, the tangential force density of the
stator pole tip and the radial force density of the rotor pole
tip are extracted from a 2D electromagnetic FEA simulation.
Before presenting the analysis and discussion of the simulated
vibration and the acoustic noise of the 12/16 ER SRM, the
harmonic components (including the magnitude, temporal,
and circumferential order) of the stator tangential force den-
sity and the rotor radial force density need to be analyzed.
The harmonics of the stator tangential force density and rotor
radial force density are obtained by applying 2D FFT to the
surface waveforms of the electromagnetic force density.

The surface wave of the rotor electromagnetic force was
measured at different time steps and circumferential positions
in the electromagnetic FEA simulation. The waveform of the
rotor electromagnetic force is shown in Fig. 11. At 71, Ph#A
is excited and four force spikes appear at 20, 110, 200, 290
[mech. deg]. At t,, Ph#B is excited and the four spikes of
the radial force appear at 50, 140, 230, 320 [mech. deg].
Similarly, at #3, Ph#C is excited and there are four spikes of the
radial force appearing at 80, 170, 260, 350 [mech. deg]. After
applying 2D FFT to the data of this electromagnetic force
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FIGURE 12. Radial force density harmonics of the 12/16 ER SRM rotor
when the rotor rotates at 400 RPM, CCW direction, with a reference current
of 75A, turn-on angle, 0on = —77.9 [elec. deg.], turn-off angle, o5 = 114.1
[elec. deg.].

waveform, and the harmonic components can be obtained as
shown Fig. 12.

The temporal order, u, and the motor speed, n (in RPM), can
be used to calculate the forcing frequency of the force density
harmonic, f, where = |u| x n/60. The circumferential order,
v, is related to the shape of the force density harmonic [19].

The radial force density harmonics of the rotor of the 12/16
ER SRM are shown in Fig. 12. When |v| < 8, the harmonics in
the rotor radial force density excite the same circumferential
order of the radial vibration mode. For example, the radial
force harmonics with |v| = 4 excite the radial vibration mode
four (M-R4).

V. STATOR TANGENTIAL VIBRATION MIODES

AND TANGENTIAL FORCE DENSITY ANALYSIS

A. TANGENTIAL VIBRATION MODES

For the tangential vibration modes of the stator poles, it is
important to note that a pole can vibrate and bend in either
the positive (counter clockwise) or negative (clockwise) di-
rection. Fig. 13 shows the vibration modes of the stator of
the ER SRM. In Fig. 13(b), the tangential vibration mode
zero (M-S0) of the stator-shaft subassembly is shown. It can
be seen that all the stator poles bend in the same direction.
Tangential vibration mode zero (M-S0) is one of the dominant
vibration modes for the stator-shaft subassembly. This will be
verified in the analysis of the electromagnetic force density
harmonics in Section V.B and the simulated sound pressure
level (SPL) diagram in Section VI.C. Tangential mode four
(M-S4) is shown in Fig. 13(c). It can be seen that there are
four groups of stator poles with significant free deformation.
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4137 Hz.

Each group consists of two stator poles and these two poles
bend in opposite directions.

Tangential mode six (M-S6) is shown in Fig. 13(d), where
six groups of stator poles with significant free deformation
can be observed. It can be concluded that the largest tangen-
tial vibration mode of the stator is limited by the number of
stator poles. For this stator with twelve poles, mode six is the
largest mode number of the tangential vibration mode. Any
tangential vibration mode that has a mode number higher than
six does not exist for this stator. This is not the case for the
radial vibration modes of the rotor. The largest mode number
of the radial vibration mode is not related to the number of
rotor poles. This is because the rotor poles can be regarded as
additional mass and stiffness attached to the rotor back iron.

B. TANGENTIAL FORCE DENSITY HARMONICS

Fig. 14 shows the tangential force density harmonics of the
12/16 ER SRM stator. Since the tangential force density is
applied in the tangential direction, it only causes tangential
vibration on the stator poles. Fig. 14 also shows how different
tangential vibration modes of the stator will be excited. When
[v| < 4, the tangential force density harmonics excite the cor-
responding circumferential order of the tangential vibration
mode. When |v| > 4, the corresponding tangential vibration
mode cannot be excited. This is related to the available tan-
gential vibration modes and the tangential force density har-
monics. In this 12-pole stator, mode six is the largest mode
number of the tangential vibration modes, as shown in Fig. 13.
As mentioned earlier, tangential vibration modes higher than
six do not exist in 12/16 ER SRM. In terms of the tangential
force density harmonics shown in Fig. 14, the 6! circumfer-
ential order ([v] = 6) does not exist, because 12/16 ER SRM
is a four-pole motor and the circumferential orders, v are in
multiples of four.
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VI. RESULTS AND DISCUSSIONS

A. PATTERN OF FORCE DENSITY HARMONICS IN THE
STATOR AND ROTOR

The rotor radial force density harmonics and the stator tan-
gential force density harmonics at 400 RPM were discussed
and shown in Fig. 12 and Fig. 14. In this section, the pattern
of the force density harmonics will be discussed. The tem-
poral order, u and circumferential order, v of the rotor radial
force density harmonics and the stator tangential force density
harmonics can be summarized by using (1) and (2), respec-
tively. The derivation of these expressions has been presented
in [8] and [15]. It should be noted that these two equations
are related to the topology, the phase excitation sequence,
and the rotor rotational direction of the 12/16 external-rotor
SRM. Equations (1) and (2) are used to analyze the frequency
components of simulated and tested acoustic noise.

u=N X Np X j—Nyx k=48 x j—12 x k

N,
For rotor b= Sk —=4xk
ph
ey
U=Ny X Npp X j—N, x k=48 x j —16 x k
For stator 4~ Ns _
v=—xk=4xk

ph

2

where j and k can be any arbitrary integer, N; is the number of
rotor poles, Ny is the number of stator poles.

The harmonics with [v| = 0, 4, and 8 are shown in Ta-
ble II. Please note that the temporal orders for the 0"-
circumferential-order harmonics of the rotor and the stator are
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TABLE Il Temporal and Circumferential Orders, (|u|, |v)) of the Harmonics in
the Force Density of 12/16 ER SRM Rotor and Stator When the Rotor
Rotates in the CCW Direction

Part corfl?)f)?en ¢ Temporal order, |u| Cirf)':";::’rﬁjlltial
48,96, 144, .48 x j| 0

Stator | Tangential |16, 32,64, ...,|-16 +48 x| 4
16,32, 64, ..., |-32 +48 x j| 8
48,96, 144, ..., |48 x| 0

Rotor |  Radial 12,36, 60, , ..., |-12 +48 % 4
24,72,120, ..., |-24 + 48x ] 3

*j can be any integer.

TABLE Il Frequencies of the Harmonics in the Force Density of 12/16 ER
SRM Rotor and Stator When the Rotor Rotates at 400 RPM, CCW Direction

Force Circumferential
Part component Frequency [Hz] order, |v|
320, 640, 960, ..., |48 x j| x 6.67 0
Stator | Tangential |106.7,213.3,426.7, ..., |-16 + 48
. 4
X j| X 6.67
320, 640, 960, ..., |48 x j| x 6.67 0
Rotor | Radial |80, 240, 400, ..., |-24+48 x j| x
4
6.67
*j can be any integer.
30 — - .
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FIGURE 15. Current waveform used in the simulation and experimental
test: at 400 RPM with a reference current of 75A, 65, = —77.9 [elec. deg.],
Ooff = 114.1 [elec. deg.] [13].

the same. This is because in this case the temporal orders for
the harmonics of the stator and the rotor are only related to the
number of strokes, N; x Npp. Table III shows the frequencies
of the dominant harmonics when the motor operates at 400
RPM. These frequency points will be used in Sections VI. C
and D to explain the simulated and tested SPL.

B. COMPARISONS OF SIMULATED VIBRATIONS

Following the modeling and simulation procedures presented
in Fig. 5, the vibration behavior and the acoustic noise are
simulated by using numerical methods. The current wave-
form used in the electromagnetic simulation and the experi-
mental test is shown in Fig. 15. PWM current control with
a switching frequency of 10 kHz is used. The turn-on and
turn-off angle of the current waveform for the given speed
and reference current, were optimized using multi-objective
Genetic Algorithm (GA) optimization, which is based on the
experimentally tested flux linkage and the measured phase
resistance of the motor prototype. Then the current waveform
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FIGURE 16. Simulated transient displacement at t = 0.019s in the 12/16
external-rotor SRM operating at 400 RPM with a reference current of 75 A,
Oon = —77.9 [elec. deg.], 6o = 114.1 [elec. deg.], (a) rotor and endcaps,

(b) stator.

was obtained from a dynamic model, which also uses the
experimental flux linkage. Fig. 16 shows the displacement of
the rotor and the stator of the 12/16 ER SRM at 400 RPM
with a reference current of 75 A at r = 0.19 s. It can be
seen that the displacement of the rotor is a combination of the
displacements caused by the excitations of the radial vibration
mode four (M-R4) and zero (M-R0). The displacement of the
stator, which is shown in Fig. 16(b), is caused mainly by the
excitation of the tangential vibration mode zero (M-S0, see
Fig. 13(b)) and four (M-S4, see Fig. 13(c)). In Fig. 16(b),
all the stator poles bend in the clockwise direction, because
for tangential vibration mode zero (M-S0), all the stator poles
have the same displacement in the same direction as shown in
Fig. 13(b). However, in Fig. 16(b), the stator poles of different
phases have different displacements. Medium displacement
can be observed on the stator poles A1, A2, A3, and A4. These
stator poles belong to Phase A. The stator poles of Phase B
(B1, B2, B3, and B4) have the largest displacement, and the
stator poles of Phase C (C1, C2, C3, and C4) have the smallest
displacement. This is due to vibration mode four (M-S4).

As shown in Fig. 13(c), for vibration mode four (M-S4),
the stator poles vibrate in groups. Each group includes the
stator poles of two different phases, which bend in opposite
directions. The stator poles of the remaining phase do not
have significant displacement. In Fig. 16(b), stator poles of
Phase C and Phase B are the poles that belong to the vibrating
groups of vibration mode four (M-S4). For vibration mode
four (M-S4), the stator poles of Phase B bend in the same
direction as in vibration mode 0 (M-S0). This is the reason
why the stator poles B1, B2, B3, and B4 have the largest
displacement. In vibration mode four (M-S4), the stator poles
of Phase C bend in the opposite direction as compared to vi-
bration mode 0 (M-S0). This is the reason why stator poles C1,
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FIGURE 17. Locations of the virtual displacement sensors.
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FIGURE 18. Tangential displacement of the stator and the radial
displacement of the rotor in the 12/16 external-rotor SRM, at 400 RPM
with a reference phase current of 75 A, 0oy = —77.9 [elec. deg.], Ooff =
114.1 [elec. deg.].

C2, C3, and C4 have the lowest displacement. In Fig. 16(b),
the stator poles of Phase A do not belong to the group that
vibrates in vibration mode four. Therefore, in this vibration
mode, they do not have significant displacement. This is the
reason why the stator poles Al, A2, A3, and A4 have the
medium displacement in Fig. 16(b).

In order to further compare the vibration behavior of the
rotor and the stator, virtual displacement sensors are placed
on the rotor and the stator (see Fig. 17). The captured dis-
placements of the stator and the rotor are shown in Fig. 18.
The noise at the beginning of the simulated displacement is
the transient response of the mechanical vibration and de-
creases quickly to almost zero after + = 0.018s because of
the damping and friction effect of the motor structure. It can
be seen that the rotor has a higher vibration magnitude than
the stator. The stator and rotor displacement waveforms have
many harmonic components. All these harmonics are sources
of acoustic noise. However, since they have different radiation
ratios and different forcing frequencies, the maximum SPL
is not necessarily caused by the harmonic with the largest
amplitude.

C. COMPARISONS OF SIMULATED ACOUSTIC NOISE

Fig. 19 compares the sound pressure of the rotor and the stator
at an instantaneous time step. As shown in Fig. 19(a), for the
rotor, the positive air pressure region designated by dashed
lines is surrounded by two positive air pressure regions and
two negative air pressure regions. This means that the sound
pressure generated by the rotor travels in the radial direction
only. The positive pressure regions can be considered as the
peaks of a sinusoidal wave and the negative pressure regions
as the troughs.
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FIGURE 19. Comparison between the sound pressure caused by the
vibration of the stator and the rotor, (a) rotor, (b) stator.
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FIGURE 20. Sound pressure level radiated from the rotor of the 12/16
external-rotor SRM, 400 RPM with a reference current of 75 A, 6on = —77.9
[elec. deg.], Oof = 114.1 [elec. deg.].

In Fig. 19(b), for the stator, the positive pressure region
designated by the dashed lines is surrounded by four negative
air pressure regions. Therefore, the sound pressure caused by
the stator travels in both the radial and the tangential direc-
tions. It travels in the tangential direction due to the tangential
vibration caused by the stator poles as shown in Fig. 19(b).
The sound pressure from the stator also travels in the radial di-
rection. This is because the acoustic noise waveform needs to
travel to the far field through the radial direction. In Fig. 19, A
and A’ are the two acoustic noise observation points located in
the near field and the far field, respectively. It can be observed
that the stator acoustic noise decreases at a faster rate than the
rotor acoustic noise when the airborne noise travels from the
near field to the far field.

Fig. 20 and Fig. 21 show the simulated SPL of the rotor
and the stator of the 12/16 ER SRM at 400 RPM with a ref-
erence current of 75 A. The excitation of the stator tangential
vibration mode zero (M-S0) and four (M-S4), and the rotor
radial vibration mode zero (M-R0) and four (M-R4) cause the
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FIGURE 21. Sound pressure level radiated from the stator of the 12/16
external-rotor SRM, 400 RPM with a reference phase current of 75 A, fon =
—77.9 [elec. deg.], o1t = 114.1 [elec. deg.].

(a) Load motor

()
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FIGURE 22. Setup for the acoustic noise measurement of 12/16 ER SRM,
(a) top view, (b) front view.

acoustic noise in this 12/16 ER SRM. The maximum SPL
radiated from the rotor-endcaps subassembly is higher than
the max SPL radiated from stator-shaft subassembly. It can
be concluded that for the 12/16 ER E-bike SRM, which is
designed with a thin rotor back iron and long stator poles,
the acoustic noise caused by the radial vibration of the rotor
dominates the total acoustic noise of the motor.

D. EXPERIMENTAL VALIDATIONS

The experimental setup for acoustic noise validation of the
12/16 ER SRM is shown in Fig. 22. The locations for the
microphone in the experimental test and the virtual micro-
phone in the acoustic noise simulation are identical, which is
20 cm away from the motor outer surface. During the acoustic
measurement, thick blankets, which are not shown in Fig. 22,
are used to cover the load motor in order to minimize its effect
on the measured acoustic noise. Fig. 23 shows the tested
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FIGURE 24. The tested SPL in the 12/16 ER SRM prototype with a
reference current of 75 A, (a) at 150 rpm, (b) at 350 rpm.

SPL of the 12/16 ER SRM at 400 RPM and with a reference
current of 75 A. The frequency, temporal order, and the source
of the acoustic noise in each SPL peak are shown Fig. 23.
The temporal order of the SPL peak can be calculated by
the frequency of the SPL divided by the motor mechanical
frequency. The source of the acoustic noise in each SPL peak
can be identified by comparing the temporal order of the SPL.
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and the temporal orders of the force density harmonics (see
Table IT). Many peaks of the SPL, which are caused by the nu-
merous harmonics in the stator tangential force density and the
rotor radial force density, can be observed in Fig. 23. Please
note that some SPL peaks are caused by the simultaneous
excitations of the rotor radial vibration mode zero (M-RO0)
and the stator tangential vibration mode zero (M-S0). The
two SPL peaks that appear at 1280 Hz and 4480 Hz are such
examples. As discussed in Section VI.A, this is because the
temporal orders for the O™ -circumferential-order harmonics
in the stator tangential force density and the rotor radial force
density are identical (see Table II), which are only related to
the number of strokes, Ny X Nph.

Fig. 24 shows the tested SPL of the 12/16 ER SRM proto-
type with a peak reference current of 75A at 150 rpm and 350
rpm. The mechanical frequencies at 150 rpm and 350 rpm are
2.5 Hz and 5.83 Hz, respectively. The forcing frequencies of
the rotor radial force density harmonics and the stator tangen-
tial force density harmonics at 150 rpm and 350 rpm can be
calculated using the mechanical frequency and the temporal
orders presented in Table II. It can be observed from Fig. 24
that both the radial vibration of the rotor back iron and the
tangential vibration of the stator poles can be sources of the
acoustic noise in this 12/16 ER SRM prototype.

V. CONCLUSION

In this paper, the rotor radial vibration and the stator tangential
vibrations in an external rotor SRM have been presented. The
harmonic components of the electromagnetic force density,
the vibration modes, the vibration behavior, and the acous-
tic noise of the stator and the rotor are compared. A 12/16
external-rotor SRM designed for a direct-drive E-bike appli-
cation is used in this paper for the modeling and analysis
of vibration and acoustic noise. Results show that both the
rotor radial vibration and the stator tangential vibration can
be sources of acoustic noise in ER SRMs. For the 12/16 ER
E-bike traction SRM, the acoustic noise caused by the radial
vibration of the rotor back iron is larger than that caused by
the tangential vibration of the stator poles. The modeling ap-
proach presented in this paper can also be used to identify the
source of the acoustic noise for other ER-SRMs with different
mass/stiffness properties.
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