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ABSTRACT This paper investigates the differences in the electromagnetic vibration and noise of an
amorphous metal (AM) permanent magnet synchronous machines (PMSMs) and silicon steel (SS)
PMSMs. The electromagnetic vibration and noise of an AM PMSM and an SS PMSM sharing the same
structure and dimensions are calculated under different conditions: 1) only radial forces (RFs); 2) only
magnetostriction (MS) effects; and 3) both RFs and MS effects, and the calculated results of the two
machines are compared. The effects of Young’s modulus parameters and the MS coefficients of stator cores
on the electromagnetic vibration and noise are analyzed. The vibration and noise of the AM PMSM and SS
PMSM prototypes are tested and compared with the corresponding calculated results to verify the accuracy
of the calculated results.

INDEX TERMS Vibration and noise, permanent magnet synchronous machines (PMSMs), amorphous
metal, radial forces, magnetostriction.

I. INTRODUCTION
The smooth and quiet operation performance of perma-
nent magnet synchronous machines (PMSMs) is desired in
high performance applications, such as robotics, automobiles,
aeronautics and astronautics [1]. The source of vibration and
noise in PMSMs can be classified into three categories: aero-
dynamic, mechanical and electromagnetic. Electromagnetic
source is the dominating one in low and medium power rated
electrical machines.

Much attentions have been paid to the electromagnetic
vibration and noise caused by radial forces (RFs) for elec-
trical machines. In [2], an analytical model has been devel-
oped for analyzing the RFs in fractional-slot PMSMs. The
analytical model can be used to investigate the influence of
the stator slotting, tangential field component, load condition
on the RFs calculation. In [3], the electromagnetic vibration
and noise in external rotor PMSMs are studied. It is found
that the frequency characteristics of RFs acting on surface
of permanent magnet is different from that in external stator
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PMSM. The RFs produced by the interaction of permanent
magnet field and stator slotting contributes the most remark-
able component to the overall noise. In [4], the global and
local force and their effects on vibration in PMSMs are inves-
tigated. The local force includes both the tangential forces and
RFs distributing on the stator. The main effect of local force
is to induce radial vibration of the stator, while global cog-
ging torque and torque ripple may induce remarkable lateral
motion. In [5], the electromagnetic vibration in permanent
magnet assisted synchronous reluctance machines is studied.
It is found that the RFs due to the rotor slot in the flux barriers
may cause serious vibration. In [6], [7], the RFs and vibration
characteristics of a fault-tolerant flux-switching permanent
magnet machine are studied. It is found that the lower order
harmonics of RFs have more significant influence than the
torque fluctuation on the vibration. In [8], the RFs and elec-
tromagnetic vibration in external-rotor switched reluctance
motors are studied. It is found that the rotor is a major source
of vibration. The effect of switching angles at different vibra-
tion modes is analyzed. It is found that the vibration is not
uniformly distributed and the displacement on the external-
rotor teeth decreases as the modal frequency increases for all
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positions. In [9], the effect of slotted structure on vibration
response in electrical machines is studied. It is found that high
spatial order RFs could also induce a low-mode stator vibra-
tion with a large amplitude due to the slotting effect, and they
could be the main vibration source in the electrical machine.
In [10], [11], the electromagnetic vibration and noise in an
external-rotor axial-flux motor are studied. It is found that
the electromagnetic vibration and noise are excited onlywhen
the spatial order of axial electromagnetic force coincides with
the circumferential order of modal shapes. In [12]–[18], the
influences of current harmonics on the RFs and vibration
of electrical machines are studied. Current harmonics are
caused by pulse width modulation and nonsinusoidal back
electromotive force. RFs harmonics due to current harmonics
induce extra vibration and noise. In [19]–[25], the influences
of slot/pole combinations on the RFs and vibration of electri-
cal machines are studied. The RFs and vibration are strictly
dependent on the slot/pole combinations. In fractional slot
electrical machines, the vibration and noise can be signifi-
cantly higher since the dominant vibration mode order can be
as low as 1 or 2.

Magnetostriction (MS) is a property of ferromagnetic
material in which the material exhibits strain in the presence
of magnetic field and is recognized as another cause of the
electromagnetic vibration and noise next to RFs for elec-
trical machines [26]. A common approach to incorporating
the effect of magnetostriction on the material is through
a set of MS forces. In [27], [28], the MS models employ
the principle of virtual work to determine the set of MS
forces from the magnetic field. Measured data on mag-
netization curves under stress levels are used in obtaining
the nonlinear transient numerical solutions. The model is
implemented on a 2-hp permanent magnet electrical motor.
The results show that MS forces are significant and amount
to more than 50% force level increase above RFs levels
obtained without accounting for MS. In [29]–[31], a model
for the simulation of magnetoelastic coupling in electrical
machines is studied. The MS forces are calculated and the
effect of MS on the vibrational behavior of the stator of
electrical machines is obtained. The MS damps the vibra-
tions at some frequencies and increases them at others. The
velocities of vibrations at some frequencies are found to
be 8 to 9 times larger when the MS is taken into account.
In [32]–[34], the MS models employ experimental data from
MS elongation to calculate the corresponding set of MS
forces through the stress-strain constitutive relations. The
stator vibration caused by RFs and MS effect for a 45-kW
induction machine is calculated. The results show that the
vibrations due to MS are considerably smaller than the
effect due to RFs, except for the 100 Hz force component.
In [35], [36], a monovalent model and a NN-based model
are presented to calculate the vibration due to MS. The
effects of RFs and MS on the vibration for induction machine
are studied. The results show that the contributions of the
RFs and MS to the vibrations of an electrical machine can
either add up or subtract, depending on the geometry of the

electrical machine and the deformation mode. In [37]–[39],
an energy-based magneto-mechanical model for electrical
machines is developed and the deformations in an induction
machine are investigated. The results show that the contri-
bution of MS and magnetic stress in iron tends to expand
the shape of the electrical machine. The effect of the elec-
tromagnetic stress is small with respect to the deformations
resulting from the MS. RFs into the computation have an
enormous influence on the displacements of the stator and
the rotor. In [40], [41], the contributions to vibration fromRFs
and the MS effect for large electrical machines are studied.
The results show that MS can act either to reduce or increase
the overall modal excitation compared to the excitation of
RFs. In [42], the effect of MS on vibration of an interior
permanent magnet motor is studied. The results show that
the displacement is significantly affected by the MS when
the shrink-fit stress is considered. In [43], [44], a strong
coupled magneto-elastic model based on piezomagnetic laws
is developed to calculate the deformation of the stator for
electrical machines. The vibration of a PMSM is analyzed.
The results show that the MS effect has significant influence
on vibration and it must be considered for design lower
vibration and noise motor.

The electromagnetic vibration and noise for different types
of silicon steel (SS) electrical machines have been stud-
ied extensively. The PMSMs with the stator cores made
from amorphous metal (AM) materials are called AM
PMSMs. AM materials are non-crystal alloy characterized
by extremely low loss and high magnetic permeability. The
excellent properties of AMmaterials offer some possibility to
increase PMSMefficiencywith AMcores. However, the stiff-
ness and the lamination factor of AM stator cores are low,
and the elastic modulus of AM materials is about half of
conventional SS materials. Furthermore, the MS coefficient
of AMmaterials is much larger than SS materials. Therefore,
the electromagnetic vibration and noise of AM PMSMs are
different from SS PMSMs. The vibration and noise of AM
PMSMs are rarely studied. This paper investigates the dif-
ferences in the electromagnetic vibration and noise of AM
PMSMs and SS PMSMs. Firstly, the electromagnetic vibra-
tion and noise of an AM PMSM and a SS PMSM sharing the
same structure and dimensions are calculated under different
conditions which are (a) only RFs (b) onlyMS effects (c) both
RFs and MS effects respectively. Furthermore, the effects of
Young’s modulus parameters and MS coefficients of stator
cores on the electromagnetic vibration and noise are ana-
lyzed. Lastly, the vibration and noise of the AM PMSM and
SS PMSM prototypes are tested to verify the accuracy of the
calculated results.

II. SOURCES OF ELECTROMAGNETIC
VIBRATION AND NOISE
A. RFs
RFs density distribution on the stator teeth surface, which
results from the air-gap magnetic field, is the main cause
of electromagnetically induced vibration and noise, and can
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be evaluated analytically by Maxwell’s stress method [45].
Thus,

frad (θs, t) =
1

2µ0

[
B2r (θs, t)− B

2
θ (θs, t)

]
(1)

where, frad is the radial component of forces density (N /m2),
Br and Bθ are the radial and tangential components of the
magnetic flux density in the air-gap, µ0 is the permeability
of free space, θs is the angular position at the stator, and t is
the time.

Since the magnetic permeability of the ferromagnetic core
is much higher than that of the air gap, the magnetic flux lines
are practically perpendicular to the stator and rotor cores.
This means the tangential component of magnetic flux is
much smaller than the radial component and can be neglected.
Therefore, the instantaneous value of RFs density is
given by

frad (θs, t) =
B2r (θs, t)
2µ0

(2)

B. MS EFFECTS
Assuming isotropic and isochoric magnetostriction [46],
when magnetic flux density B is along x axis, the MS strain
tensor εms is given by

εms =

[
λ −

λ

2
−
λ

2
0 0 0

]
(3)

where λ = λ(B) is the magnetostriction strain in the direction
of B (x direction).
The system of PMSMs may have both MS and elastic

strains. It is obvious that ε = εms + εelast, where ε is the
total strain. Only the elastic strain contributes to mechanical
stress [33]. According to Hook’s law

σ = Dεelast = Dε − Dεms (4)

where σ is the stress tensor, D is the stiffness tensor, εelast is
the elastic strain tensor, and εms is MS strain tensor.

Now we define σms as the MS stress tensor which is minus
the internal stress due to MS.

σms = −Dεms (5)

III. ELECTROMAGNETIC VIBRATION AND NOISE
ANALYSIS OF AM PMSMs and SS PMSMs
A. STRUCTURE AND PARAMETERS OF THE
AM PMSM AND THE SS PMSM
An AM PMSM and a SS PMSM sharing the same structure
and dimensions are studied in this paper. The structures of
the two PMSMs are shown in Fig.1, and their parameters are
listed in Table 1. The stator core of the AM PMSM is made
of 2605SA1, and the stacking factor of the stator core is 0.9.
The stator core of the SS PMSM is made of 35W270, and the
stacking factor of the stator core is 0.97.

FIGURE 1. Illustration of (a) 2.1kW, 4000 r/min AM PMSM and SS PMSM
prototypes (b) stator (c) rotor.

TABLE 1. Parameters of the 2.1kW AM PMSM and SS PMSM Prototypes.

B. ELECTROMAGNETIC VIBRATION AND NOISE ANALYSIS
Multi-physics models are established to calculate the electro-
magnetic vibration and noise of the two PMSMs. The elec-
tromagnetic field of the two PMSMs is calculated under rated
operating conditions. Fig.2 shows the air-gap flux density

FIGURE 2. Air-gap flux density distributions of the AM PMSM.
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FIGURE 3. Torque waveform of the AM PMSM.

FIGURE 4. Stator and housing deformation of the AM PMSM. (a) Only
RFs. (b) Only MS effects. (c) Both RFs and MS effects.

distribution of the AM PMSM. The air-gap flux densities
of the AM PMSM and SS PMSM are almost identical.
Fig.3 shows the torque waveform of the AMPMSM. The AM
PMSM and SS PMSM have the almost same output torque
and torque ripple. The average torque of the AM PMSM
is 5.53N·m and the peak-to-peak torque ripple is about
0.05N·m. The vibration deformations of the two PMSMs are
analyzed under different conditions (a) only RFs (b) only MS
effects (c) both RFs and MS effects respectively. Fig.4 and 5
show the stator and housing deformations of the AM PMSM
and SS PMSM, respectively. It can be seen from the fig-
ures that the stator and housing deformation distributions of
the AM PMSM and SS PMSM are almost the same, but the
deflection value of the AM PMSM is significantly larger than
that of the SS PMSM.

Electromagnetic vibration accelerations of the two PMSMs
are calculated when they operate under different working

FIGURE 5. Stator and housing deformations of the SS PMSM. (a) Only
RFs. (b) Only MS effects. (c) Both RFs and MS effects.

TABLE 2. Calculated results of the electromagnetic vibration acceleration
of the AM PMSM under different working speeds.

TABLE 3. Calculated results of the electromagnetic vibration acceleration
of the SS PMSM under different working speeds.

speeds, and the calculated results are shown in Table 2
and Table 3. It can be concluded that, on average, the elec-
tromagnetic vibration with MS effects is increased by 7.4%
in the AM PMSM, and the vibration with MS effects is
increased by 6.8% in the SS PMSM. Table 4 and Table 5 show
electromagnetic noise of the two PMSMs under differ-
ent working speeds, respectively. It can be concluded that,
on average, the electromagnetic noise with MS effects is
increased by 1.2% in the AM PMSM, and the noise with MS
effects is increased by 1.2% in the SS PMSM.
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TABLE 4. Calculated results of the electromagnetic noise of the AM
PMSM under different working speeds.

TABLE 5. Calculated results of the electromagnetic noise of the SS PMSM
under different working speeds.

C. COMPARISONS OF ELECTROMAGNETIC VIBRATION
AND NOISE FOR THE AM PMSMs and SS PMSMs
Table 6 and Table 7 show the comparisons of the electromag-
netic vibration acceleration and noise for the two PMSMs
under different working speeds. It can be concluded that,
on average, the electromagnetic vibration acceleration of the
AM PMSM is 1.10 times larger than that of the SS PMSM,
and the electromagnetic noise of the AM PMSM is 11%
(6.2dB(A)) higher than that of the SS PMSM.

TABLE 6. Comparisons of the electromagnetic vibration acceleration for
the AM PMSM and SS PMSM.

TABLE 7. Comparisons of the electromagnetic noise for the AM PMSM
and SS PMSM.

IV. EFFECTS OF YOUNG’S MODULUS ON
ELECTROMAGNETIC VIBRATION
AND NOISE
Young’s modulus of different materials vary widely, for
instance, the Young’s modulus of conventional SS sheet is
2.06 × 1011N/m2, while the Young’s modulus of AM strip

TABLE 8. Effects of Young’s modulus parameters of stator cores on the
electromagnetic vibration.

TABLE 9. Effects of Young’s modulus parameters of stator cores on the
electromagnetic noise.

is only 1.1 × 1011N/m2. The effects of Young’s modulus
parameters of stator cores on the electromagnetic vibration
and noise are analyzed, and the calculated results are show
in Table 8, Table 9 and Fig.6. It can be concluded that the
electromagnetic vibration due to RFs is inversely propor-
tional to the Young’s modulus parameters of stator cores, and
the Young’s modulus parameters of stator cores have little
impact on the vibration and noise due to MS effects. When
Young’s modulus parameters of stator cores vary in the range
of 0.5 − 2.0 × 1011N/m2, electrical machine vibration with
MS effects increases by 2.5-20.4% and noise with MS effects
increases by 0.3-2.7%, 0.4-1.6dB(A). With the increase of
Young modulus parameters of stator cores, the effect of MS
on electrical machine vibration and noise become larger.

TABLE 10. Decreased multiplier of electromagnetic vibration and noise
with different Young’s modulus parameters of stator cores.

Table 10 shows decreased multiplier of electromagnetic
vibration and noise of electrical machines with differ-
ent Young’s modulus parameters of stator cores. It can
be concluded that with the increase of Young’s modu-
lus parameters of stator cores, the decreased multiplier
of electromagnetic vibration and noise becomes smaller.
When Young’s modulus parameters are in the range
of 0.5-2.0×1011N/m2, the electromagnetic vibration of elec-
trical machines decreases by 21.1-50.7% and electromagnetic
noise decreases by 3.3-8.4%, 2.1-6.1dB(A) with the increase
of Young’s modulus by 0.5×1011N/m2.
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FIGURE 6. Electromagnetic vibration and noise versus Young’s modulus
parameters of stator cores. (a) Vibration. (b) Noise.

V. EFFECTS OF MS COEFFICIENTS ON
ELECTROMAGNETIC VIBRATION
AND NOISE
MS coefficients of different materials vary widely, for
instance, the MS coefficient of non-oriented SS sheet is
9.204 × 10−6, while the MS coefficient of AM 2605SA1 is
up to 26×10−6. The effects of MS coefficients of stator cores
on the electromagnetic vibration and noise are analyzed, and
the calculated results are show in Table 11, Table 12 and
Fig.7. It can be concluded that the electromagnetic vibration
due to MS effects is proportional to the MS coefficients
of stator cores. When MS coefficients of stator cores vary
in the range of 10 − 40 × 10−6, electrical machine vibra-
tion with MS effects increases by 2.3-16.3% and noise with
MS effects increases by 0.5-2.2%, 0.3-1.4dB(A). With the
increase of MS coefficients of stator cores, the effects of
MS effects on electrical machine vibration and noise become
larger.

Table 13 shows increased multiplier of electromagnetic
vibration and noise of electrical machines with different MS
coefficients of stator cores. It can be concluded that with
the increase of MS coefficients of stator cores, the decreased
multiplier of vibration and noise becomes larger. When MS
coefficients are in the range of 10−40×10−6, the electromag-
netic vibration increases by 3.2-6.4% and electromagnetic

TABLE 11. Effects of MS coefficients of stator cores on the
electromagnetic vibration.

TABLE 12. Effects of MS coefficients of stator cores on the
electromagnetic noise.

FIGURE 7. Electromagnetic vibration and noise versus MS coefficients of
stator cores. (a) Vibration. (b) Noise.

noise increases by 0.3-0.9%, 0.2-0.6 dB(A) with the increase
of MS coefficients by 10× 10−6.

VI. EXPERIMENTS INVESTIGATIONS
The AMPMSM and SS PMSM prototypes are manufactured.
An experiment platform is built to measure the vibration and
noise of the two prototypes. The prototypes are placed in the
anechoic chamber, and the noise test circumstance is shown
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TABLE 13. Increased multiplier of electromagnetic vibration and noise
with different MS coefficients of stator cores.

FIGURE 8. Experiment platform. (a) Noise test circumstance. (b) Vibration
acceleration test point.

TABLE 14. Comparisons between calculated data and experimental data
of noise for the AM PMSM under different working speeds.

in Fig.8a. The position of microphones Noise test points are
arranged in the front, back left and right directions of the
prototype. The radius of the test points is 0.4m and the height
of the test points is 0.25m. Acceleration sensors are attached
to prototypes to measure the vibration acceleration as shown
in Fig.8b. The flow chart of vibration and noise measurement
system is shown in Fig.9.

FIGURE 9. Flow chart of vibration and noise measurement system.

FIGURE 10. Frequency domain waveform of vibration acceleration for the
AM PMSM at rated speed.

FIGURE 11. Frequency domain waveform of noise for the AM PMSM at
rated speed.

The vibration acceleration and sound pressure level of the
two prototypes are tested under different working speeds.
Fig.10 shows the frequency domain waveform of vibration
acceleration for the AM PMSM at rated speed. Fig.11 shows
the frequency domain waveform of sound pressure level
for the AM PMSM at rated speed. Calculated results
are compared with the experimental results. Table 14 and
Table 15 show the comparisons between calculated results
and experimental results of the noise for the AM PMSM
and SS PMSM, respectively. The comparisons show that the
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TABLE 15. Comparisons between calculated and experimental data of
noise for the SS PMSM under different working speeds.

maximum relative error of the noise for the AM PMSM is
7.0% and that for the SS PMSM is 8.9%. Experimental results
demonstrate that the calculation method is feasible.

VII. CONCLUSION
In this paper, the differences in the electromagnetic vibration
and noise of AM PMSMs and SS PMSMs are studied, and
some conclusions are obtained. The electromagnetic vibra-
tion and noise with MS effects is increased by 7.4% and 1.2%
in the AM PMSM. The electromagnetic vibration and noise
with MS effects is increased by 6.8% and 1.2% in the SS
PMSM. The electromagnetic vibration of the AM PMSM is
1.10 times larger than that of the SS PMSM, and the electro-
magnetic noise of the AM PMSM is 11% (6.2dB(A)) higher
than that of the SS PMSM. The electromagnetic vibration
due to RFs is inversely proportional to the Young’s modulus
parameters of stator cores. The electromagnetic vibration due
to MS effects is proportional to the MS coefficients of the
stator cores.
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