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Abstract—This paper analyses the electromagnetic resulted
acoustic noise of an interior permanent magnet synchronous
machine (IPMSM). The influences of electromagnetic nonlin-
earity, pulse-width-modulation (PWM) and motor frame on the
acoustic noise are considered. A finite element model is used
to extract the look up tables (LUTs) of flux linkage and air
gap electromagnetic force distributions as functions of rotor
positions and excitation currents. Based on the generated LUTs,
an electrical dynamic model is used to simulate stator current
and air gap electromagnetic force waveforms considering PWM.
Simulated forces are fed to a lumped parameter mechanical
model to predict the acoustic noise of the IPMSM in a wide
operation range. In the end, a structural method and a PWM
based method are proposed to reduce the noise level of the
IPMSM. Simulation results show changing the frame thickness
and adopting a different PWM method can effectively mitigate
the noisy operating points.

Index Terms—acoustic noise, interior permanent magnet ma-
chine, vibration, pulse width modulation

I. INTRODUCTION

Electrical vehicles (EV) are inevitably taking over tradi-
tional internal combustion engine (ICE) powered vehicles. As
a consequence, the source of noise is also changing from ICE
to electric motors. Although the EV motors are “quieter” than
ICE as people may think, the noises and vibrations brought
by the rapidly changing electromagnetic force and the fast
switching motor drives may affect the driving experience,
human health and the lifetime of the power train, especially
when motors with high power density are used [1], [2].

Interior permanent magnet synchronous machines
(IPMSMs) are extensively used in electric vehicles (EVs)
because its high power density, high efficiency and its
capability to operate in wide speed range. In the meanwhile,
the high power density and complex magnetic circuits of
IPMSMs bring potential acoustic noise problems, which is
of particular interest in the EV industry [3], [4]. In order
to predict the acoustic behaviour of the IPMSM accurately,
different aspects affecting the dynamic performances have
to be considered: the nonlinearity of the magnetic circuit,
the mechanical dynamics of the stator and motor frame, and
the pulse-width-modulation (PWM) of the voltage source
inverter [1], [3]-[5].

Both analytical analysis and multi-physical numerical sim-
ulation can be used to address the above aspects for IPMSM
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acoustic noise prediction. The analytical methods are able to
predict the air-gap flux density and hence the air-gap force,
and the natural frequency of simple frames by making certain
assumptions [6]—[8]. However, analytical models are difficult
to obtain accurate results when electromagnetic nonlinearity
and structural complexity are not negligible, which is the
case for IPMSM. Numerical simulations are able to deliver
accurate results considering real geometries and nonlinearity,
but its computation time increases exponentially when the
PWM switching is modelled [4], [5], [9], [10].

This paper uses a simplified hybrid methodology to predict
the acoustic noise of IPMSMs. First a 2D static finite element
model is used to generate the flux linkage look up tables
(LUTs) and air gap force LUTs of the IPMSM in the dg
reference frame. Then the LUTs are used to construct an
electrical dynamic model to obtain current waveforms and
air gap radial force waveforms in a wide operation range.
Then the simulated results are fed to an analytical mechanical
dynamic model to predict the acoustic noise behaviour. The
methodology is applied to an IPMSM designed for a battery
EV. Based on the obtained results, a structural method and a
PWM method are proposed respectively to reduce the overall
noise level of the IPMSM. Main parameters and the finite
element analysis (FEA) model of the investigated [IPMSM [11]
are shown in Table I and Figure 1 respectively.

TABLE I
MAIN PARAMETERS OF INVESTIGATED IPMSM

Parameters Values
Rated power 80 kW
Top speed 10 krpm
Number of poles 8
Stator outer diameter 200 mm
Frame thickness 30 mm
Air-gap length 0.5 mm
Stator stack length 151 mm
Drive method PWM controlled VSI
Switching frequency 5 kHz

II. ANALYSIS METHODOLOGY
A. Hybrid Noise Calculation

The IPMSM used in EV applications is often fed by the
voltage source inverter (VSI), which will introduce current
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Fig. 1.

FEA model of investigated IPMSM.

ripples and additional noise excitations. A hybrid method
is used in this paper to analyse the noise performance of
the IPMSM considering the influence of the VSI. Figure 2
compares the hybrid method used in this paper with the
numerical method, where p,. .. (i4q,6,) is the LUT of the air
gap radial force harmonics, i4q., (¥Uq4e) is the LUT of the
current spatial harmonics in the dg reference frame, v, and vy
are rotor and stator spatial harmonic orders, respectively. ¢ is
time and 6, is the rotor electrical position.

In both methods, an electrical dynamic model including the
PWM modulator, the VSI and the non-linear IPMSM model
are needed to simulate the electrical dynamic performances at
given speed and torque references. It utilizes spatial harmonics
based flux linkage and air gap radial force LUTs to consider
the nonlinearity and slotting effect [5], [7], as shown in
Figure 3. It can also be replaced with two way coupled
simulation in the numerical method, which makes it even more
computation resources demanding and time consuming.

In the numerical method, the simulated current waveforms
including the switching ripples are fed back to the transient
electromagnetic FEA model to obtain the electromagnetic
force on each node of the IPMSM FEA stator model in the
time domain. The nodal force is then decomposed into the
frequency components by applying the fast Fourier transfor-
mation (FFT), and mapped to a solid mechanical dynamic FEA
model. The stator frame surface displacement computed from
the solid mechanical model is coupled to an acoustic FEA
model to simulate the acoustics noise behaviours.

The hybrid method replaces the most time consuming parts
(transient electromagnetics FEA, mechanical dynamics FEA
and acoustics FEA) with analytical models. The air-gap radial
force wave is directly obtained from the LUTs in the electrical
dynamic model, as shown in Figure 3, where p,(iqq,6r) is
the radial force LUT, R, is the stator phase resistance, ¥,z
and W4, are the flux linkage in respective reference frames,
tdq(U4q) is the current LUT, and p is the number of pole pairs.

B. Electromagnetic Dynamics Analysis

The electromagnetic model is implemented in COMSOL
Multiphysics, as shown in Figure 1. Nonlinearity of the
magnetic material is modelled in the model. A series of static
FEA is carried out to obtain the dg flux linkage W4, (44, 6r)
LUT as functions of rotor position ¢, and the current vector
i4q in the dq reference frame. A mesh grid of 5 x 5 dg current

pairs are used in the interested operation quarter for the static
FEA, which is proved to be accurate enough.

In order to make the LUTs suitable for integral in the
electrical dynamics simulation incorporating the PWM VSI,
the Uy, (244, 0,) LUT is then inverted to a current vector LUTs
tdq(U4q,0,) at each simulated rotor position 6,.. In order to
reduce the size of the LUTs, computational resources for the
interpolation and improve the accuracy, the iqq(¥ 44, 6,) LUT
is then decomposed into spatial harmonics i4q.,, (¥ 4q). In this
paper, rotor spatial harmonics up to +12 are considered, as
shown in Figure 3. To reduce the number of computations,
the symmetry of the magnetic field is considered. Detailed
method for the LUT construction and inversion can be found
in [7].

A unique feature of the IPMSM is its reluctance torque.
To use the reluctance torque sufficiently, maximum torque per
ampere (MTPA) control is often used. After the i4q.,, (¥ 4q)
LUT is generated, an optimisation algorithm is used to search
for optimal current pairs for certain torque references and
speeds, considering the current and voltage constraints of the
VSI. The generated LUTs can be used together with steady
state machine equations to calculate the electromagnetic torque
and phase voltage. The optimisation problem is described as
follows: for a given 7T, set point,

3 ) .
Te = 5Vag,1(iag) X idg

minimize
|idq‘ 2
subject to Upp = \/(p(*"’m|\I’dq,1(iulq)|>2 + R2liag?) < Umaa

ey
where only the fundamental component of the flux linkage
U 44.1(i4q) is considered, T, is the electromagnetic torque, w,y,
is the mechanical speed of the IPMSM, U,,;, and Uy, 4, are the
phase peak voltage and the maximum phase peak voltage the
inverter can supply. The search results are saved as a current
reference table, which is used to feed the electrical dynamics
model shown in Figure 3.

The test data of the investigated [IPMSM summarized in [11]
is used to validate the electromagnetic analysis. As shown in
Figure 4, the simulated torque at various operating points is
close to the test results, which validates the accuracy of the
electromagnetic model.

The radial force waveform in the air gap is also obtained at
the same time from the static FEA models at a series of 74
excitations and rotor positions. Thus the p,(igq,0s,6,) LUT
is obtained. To improve the interpolation accuracy and reduce
the LUT size, p,(i4q, 05, 0,) is also decomposed into the stator
spatial harmonic series p, ,, (idq,ﬁr). The spatial harmonic
order vy should be multiples of the greatest common divider
(GCD) of number of stator slots and number of magnet poles.
For the investigated IPMSM, wv; is 0, 8, 16, .. ..

The electrical dynamics model as shown in Figure 3 is
implemented in MATLAB/Simulink to simulate the electro-
magnetic dynamics of the IPMSM. The i4q(¥q4q) LUT is
used to consider the electromagnetic nonlinearity and the
spatial harmonics. The simulated output current and the rotor
position are used to directly obtain the air gap radial force
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Fig. 4. Torque-speed curve comparison between the test results and the
simulated results.

harmonics from the p;.,, (iaq,6,) LUT via interpolation.

C. Mechanical Vibrations and Noise Radiation

In the mechanical vibration and noise radiation analysis, it
is assumed that only radial force is contributing to vibrations
and audible noises, which will neglect certain noises but is
able to consider the main contributors [12]-[14].

The simulated radial force harmonics is changing with
respect to the rotor position as the motor rotates. The obtained

vr
X
*

Flow charts of the hybrid method and the numerical method.

time changing radial force spatial harmonics are then further
decomposed into spatial and time harmonics p;. ,,,, where the
subscript v and v denote for time harmonic order and spatial
harmonic order respectively.

The mechanical vibrations and noises are calculated based
on lumped parameter analytical models. Methods and models
in [13] are used to calculate the natural frequency of different
vibrations modes and surface displacements caused by differ-
ent time/spatial harmonic pairs p;. .. In the lumped parameter
mechanical models, the stator is modelled as a cylinder, while
the stator teeth and windings considered as lumped mass which
does not contribute to the stiffness of the stator. Detailed
structure and fixature of the stator frame are not precisely
modelled.

Only the circumferential modes are considered for the
investigated IPMSM, interested vibrations modes of which are
m =0, m =28 m = 16, m = 24... etc. considering the
force and structural symmetry. Table II shows the calculated
natural frequencies of the stator. It can be seen that the
natural frequency of mode m = 0 is close to the switching
frequency region, and will contribute to significant noises. As
the mode order getting higher, the natural frequency is higher,
which results in a lower surface displacement and radiation
efficiency [7], [15], and thus contribute less to noises.

After the natural frequencies and the surface displacement
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TABLE 11
CALCULATED NATURAL FREQUENCIES OF DIFFERENT STATOR
VIBRATION MODES

Vibration modes (m) 0 1 4 8
Natural Frequency (Hz) 7620 6410 8370 12040

are calculated, resulted noises caused by different harmonics
can be quantified as sound power in the frequency domain
by superimposing the contribution from each vibration mode
m. Analytical modal sound radiation efficiency is used to
calculate the modal sound power from the modal surface
displacement [7], [13], [15].

III. RESULTS AND NOISE REDUCTION
A. Validation of Models

Numerical 2D electromagnetic model, 3D mechanical dy-
namics model and sound radiation model of the IPMSM are
developed in COMSOL Multiphysics to validate the hybrid
model used in the paper. Because of the limited computation
resources, one way coupling is used between the models, and
only sinusoidal excitation without PWM current ripples is
modelled.

The torque-speed curve in Figure 4 is used to simulate
an acceleration test. Figure 5 compares the waterfall plot
of the average sound pressure level (SPL) at 1 m distance
away from the IPMSM obtained from the hybrid method and
the numerical method. It can be seen that the noisy regions
predicted by both methods match up to each other. The most
noisy lines, curve A in Figure 5(a) is slightly higher than that
in Figure 5(b), which is because the analytically calculated
m = 0 natural frequency is lower than that predicted from
the numerical method. Compared to the analytical method,
higher noise can be observed in the high speed, high frequency
region C in Figure 5(b), which is because as frequency
increases, wavelength of the sound is more comparable to the
geometry of the machine, which decreases the accuracy of the
lumped parameter method. However, the time spent on model
preparation and computation is remarkably reduced.

It can be concluded that, although the hybrid method is
not as accurate as the numerical method, it provides a fast
approach to EV motor noise calculation with reasonable ac-
curacy, especially when simulations on the influence of PWM
and a wide range of operating points are needed. In practice,
the accuracy of the hybrid method can be further improved
by replacing the lumped parameter mechanical/sound models
with numerically calculated or measured modal frequency
response.

B. Results of the Original Design

Carrier based symmetrical PWM with zero sequence signal
injection is modelled in the analysis [16]. The switching
frequency is set at 5 kHz. A profile of the IPMSM acceler-
ating from low speed using the maximum torque per ampere
(MTPA) control to the field weakening region till the top speed
using the torque reference shown in Figure 4 is simulated.

Frequency (Hz)

0
2000 3000 4000 5000 6000 7000 8000 9000 10000

Rotational speed ng(rpm)

(a)

Frequency (Hz)

o U - -
2000 3000 4000 5000 6000 7000 8000 9000

Rotational speed ng(rpm)
(b)

Fig. 5. Comparison between the results obtained from (a) the hybrid method
and (b) the numerical method.

Figure 6 compares the SPL waterfall plots of the IPMSM with
sinusoidal excitations with that of PWM excitations. From
Figure 6(a) and (b), it can be seen that in both cases, the
most noisy region is around 7620 Hz, which is corresponding
to the m = 0 vibration mode of the stator. The maximum
SPL is increased by almost 10 dB as a result of the PWM
excitation. The highest SPL occurs at the high speed region
in the sinusoidal case, which is of the same magnitude with
corresponding region of the PWM case. In the PWM case, the
SPL at low speed around 3000 rpm is the highest. High noise
also exists at high frequencies compared with the sinusoidal
case. For simplicity, Figure 6(c) presents the most dominant
SPL components with PWM excitation. It can be seen that the
switching related harmonics (red labels) resonant with mode
m = 0 at low speed, while slotting harmonics (blue labels)
resonant with mode m = 0 at high speed. Another interesting
point in Figure 6(c) worth noting is that when speed is above
7000 rpm, the switching contribution tends to reduce, which
is because of the over modulation.

Apparently, most of the noise comes from the resonance
between the m = 0 vibration mode and the harmonics brought
by either switching and slotting. Among them, the resonance
at 3000 rpm is the most significant, which is close to the
operation point of the EV in urban environment. In order to
improve the acoustic noise performance of the IPMSM, two
methods are proposed to suppress the noise.
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Fig. 6. Waterfall plot of calculated SPL: (a) sinusoidal excitation (b) PWM
excitation (c) dominant SPL components under PWM excitation.

C. Noise Reduction

The first method (structure modification) is to increase the
frame thickness from 30 mm to 52 mm, so that the natural
frequency of mode m = 0 is increased from 7620 Hz to
8640 Hz. Figure 7 shows the SPL waterfall plot after the
modification. Compared with Figure 6(b), it can bee seen
that as the mode m = 0 natural frequency increases, the
resonance occurs around 3000 rpm is suppressed. However,
higher noise is introduced in the high frequency region at
both low speed and high speed. Moreover, increasing thickness
brings additional weight to the IPMSM.

The second method (PWM modification) is to use variable
switching frequency. Instead of using a fixed switching fre-
quency at 5 kHz, the frequency modulation ratio is kept at
my = 27, so that the switching frequency is increasing from

0
2000 3000 4000 5000 6000 7000 8000 ©000 10000
Rotational speed ng(rpm)

Fig. 7. Waterfall plot of calculated SPL after geometry modification.

low speed to high speed. Figure 8(a) compares the SPL spectra
at 3000 rpm with that from the fixed switching frequency,
clearly that switching harmonics still contribute the most to
the noise. However, by shifting the switching frequency from
5 kHz to 5.4 kHz, the peak noise around the mode 0 natural
frequency is reduced by around 20 dB. Compared the waterfall
plot in Figure 8(b) with that in Figure 6(b), the SPL is reduced
at both low speed region and high speed region, and the
number of noisy regions are also reduced.

Sound Pressure Level (dB)

% o5 07 08 08 1 11
Frequency (10 kHz)
(@)

SPL (dB)
90
80
70
60
50

40

Frequency (Hz)

30

20

0
2000 3000 4000 5000 6000 7000 8000 9000 10000
Rotational speed ng(rpm)

()

Fig. 8. SPL results with variable switching frequency: (a) spectra at 3000
rpm (b) waterfall plot.

IV. CONCLUSIONS

A simple hybrid method to predict electromagnetic resulted
acoustic noise behaviours of the IPMSM has been presented
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in the paper by incorporating numerical models and analytical
models. The method is applied to an IPMSM designed for
battery EV. The calculated results are benchmarked by numer-
ical simulations, showing reasonable accuracy. The method
can be used for fast comparisons of noise performances of
different design candidates and different control or PWM
strategies. It is shown that among all the contribution factors,
resonance between mode m = 0 and the PWM switching
spectra contribute the most to the noise.

Both structure modification and PWM strategy modification
are used to suppress the noise of the investigated IPMSM.
Results show that modifying the PWM strategy can help miti-
gate the resonance and is more effective compared to structure
modification and does not introduce additional weight.
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