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Introduction

The interior permanent magnet synchronous machine
(IPMSM) has high potential to be widely applied in elec-
trical flight propulsions, with the goal of making civil avi-
ation more climate-friendly and quieter. As a key compo-
nent of the electrical flight propulsion system, the noise
generated by IPMSM must be investigated and modeled
to understand its physical noise generation mechanisms
and its contribution to the overall aircraft noise.

A key factor of the vibration and acoustic noise in elec-
trical motors is the radial electromagnetic stress acting
in the motor air-gap [1]. In this paper, a multi-physic
domain based model for estimating the vibroacoustic be-
havior of an IPMSM due to the radial electromagnetic
stress is presented. Due to the lack of physical models
for IPMSM with the power density required in aviation,
an existing electric motor design from automotive indus-
try is used as a benchmark [2]. The basic data of the
IPMSM with 8 poles and 48 slots is provided in Table 1
and a cross section is shown in Fig. 1.

Based on the selected model, the first step of the cal-
culation process (see Fig. 2) is the electromagnetic sim-
ulation that provides the radial electromagnetic stress.
Subsequently, modal analysis and structural harmonic re-
sponse analyses are performed to simulate the vibration
behavior of the system. Finally, the model is utilized
to predict the far-field sound pressure level by coupling
multi-physics domain simulation packages together.

Electromagnetic Simulation

Torque and Flux Density Computation

According to Table 1 and Fig. 1, the electromagnetic
simulation of the IPMSM is conducted using the mag-
netostatic Finite Element Method (FEM) in a two-
dimensional field with the software FEMM [3]. The mo-
tor is simulated under the rated-load excitation with a
rotational speed of 1200 rpm and load current 230 A for
one electrical period, where each period lasts for 12.5 mil-
liseconds. Since the mechanical period of the rotor is
90 degrees, it is sufficient for the rotor to complete a 90-
degree rotation in order to simulate a full electrical pe-
riod. Therefore, the number of simulation steps has been
set to 90. Under this condition, the torque is obtained
and illustrated in Fig. 3 with the flux map in Fig. 4. The
data was then obtained with the simulation carried out
under rated condition. Fig. 3 shows an average value of
320 Nm for the torque, but also some ripple, which can
stem from current harmonics or the slotting in the stator.
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Table 1: Basic data of the IPMSM [2].

Parameter Value
Stator outer diameter 269 mm
Stator inner diameter 162 mm

Air-gap width 0.75 mm
Axial length 83.6 mm
Rated current 230 A
Rated speed 1200 rpm
Rated power 50 kW

Figure 1: Cross section of the IPMSM.

Radial Electromagnetic Stress Computation

The Maxwell stress tensor method (MSTM) was em-
ployed to compute the electromagnetic stress in the air-
gap [4]. Thereby, the focus lies only on the radial compo-
nent of the stress which mainly contributes to radiated
noise. Following the MSTM, the radial electromagnetic
stress can be expressed as [4]
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where pg is the magnetic permeability of vacuum. B,
B;, and n denote the radial and tangential component of
the air-gap magnetic flux density as well as the normal
unit vector of the surface, respectively.

After creating a circular contour in the center of the air-
gap with the desired number of sampling points, which
are uniformly distributed on the contour, the normal and
tangential component of magnetic flux density, B,, and
B¢, can be obtained on each sampling point at each time-
step using FEMM. In this work, 1001 sampling points
were created on the contour. With the obtained data,
Eq. (1) is computed in conjunction with time-variant
variables B,, and By, to obtain the time- and position-
variant radial electromagnetic stress as shown in Fig. 5.

The radial electromagnetic stress wave is considered as
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Figure 2: Block diagram of workflow.

g 360

Z

.8 340

3

g 320

8

§ 300

<

~ 280 : : : : :

0 2.5 5.0 75 10.0 12.5
Time in ms

Figure 3: Motor torque under rated excitation.

a function of time and angle together with the electrical
frequency of the stress we, and is written as

on(0,t) =D ) oy cos(pwet + vb), (2)

with v and p denoting the spatial and temporal har-
monic orders, respectively. Eq. (2) can be decomposed
by means of two-dimensional Fourier transformation [5].
The Fourier transformation is calculated by
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where M and N are the number of sampling points and
time-steps, respectively. The result is shown in Fig. 6.

The radial Maxwell stress is decomposed into a constant
component with no spatial or temporal variation, as well
as a harmonic component with orders determined by the
greatest common divisor of the pole and slot numbers [6].

Structural Simulation

The electric motor radiates increased noise if the frequen-
cies of the electromagnetic force in the air gap agree with
the natural frequencies of the motor’s structure. To ef-
fectively analyze and address this issue it is necessary
to conduct a modal analysis in order to understand the
vibration modes of the motor. Further, a structural har-
monic analysis is conducted by loading the electromag-
netic stress on the stator teeth.

Modal Analysis

After considering the trade-offs between simulation accu-
racy, modelling complexity and simulation time, it was
decided to include both the stator and motor housing in
the structural analysis.
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Figure 4: The flux density color map of the IPMSM with
FEMM under rated excitation.
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Figure 5: The waveform of radial electromagnetic stress in
air-gap.

The modal analysis is performed using ANSYS structural
solver, where the stator core was modeled with M-19 steel
and the motor housing was defined using structural steel.
The material properties are given in Table 2.

The boundary condition is defined by fixing the two feet
of the motor housing. The 3D model is shown in Fig. 7.
The order of the vibration mode is described by the num-
ber of axial and circumferential nodes. Table 3 shows a
set of examples for vibration modes and their respective
natural frequencies.

It is worth to note that a mode shape similar to that
of order (0,4) can also be observed at 5609.3 Hz. This
might lead to large displacement amplitudes close to this
frequency in subsequent simulations.

Structural Harmonic Response Analysis

In order to analyze how the motor structure responds to
the radial electromagnetic stress, a structural harmonic
response analysis is conducted, where the mode superpo-
sition method is applied in the structural analysis solver
of ANSYS. For vibration analysis, the corresponding sta-
tor tooth is loaded with electromagnetic stress in the fre-
quency domain as a radial excitation source [7]. The
boundary condition is the same as in the modal analysis.
The results are the deformation of the motor structure
as well as the vibration velocity on the motor housing
surface over the range of the stress frequencies, with the
latter being more relevant as it is the source for acoustic
radiation. The surface velocity is shown in Figs. 8 and 9
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Figure 6: Fourier transformation of the radial Maxwell
stress.

Table 2: Material properties.

Parameter Material
M-19 Structural steel
Density in 7680 7850
kg/m?
Young’s 2 x 10° 2 x 10°
modulus in MPa
Poisson’s ratio 0.35 0.3

in both x- and y-direction, respectively, according to the
coordinate system shown in Fig. 7.

It can be inferred from the velocity diagrams in Figs. 8
and 9 that large velocity values appear near the natural
frequencies obtained through modal analysis of the struc-
ture. This suggests that resonance is the primary cause of
vibration in the high-frequency range of the motor under
the excitation of radial Maxwell stress.

Acoustic Simulation

The resulting vibration velocity of the surface from the
previous analysis is coupled with the acoustic solver in
ANSYS and is used as the excitation source for acous-
tic radiation. In order to perform the acoustic sim-
ulation, the surrounding medium was defined as air,
with pair =1.2041kg/m? and c,;;=343m/s. A cylindri-
cal shape is chosen for this volume to focus on the radial
emission of sound waves. Together with the definition for
the exciting boundary and the medium, the air bound-
aries are defined as ideally absorbing in order to avoid
any unphysical reflections of the waves at the calculation
domain. To describe the resulting acoustic behaviour of
the motor after the simulation, the sound pressure levels
within the cylindrical air-field are computed.

Fig. 10 displays the average sound pressure level val-
ues appearing at each frequency in the cylindrical air-
field. The frequency range is bounded between 100 Hz
and 6kHz. The resulting sound pressure level is also
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Figure 7: Structural model in ANSYS with fixed feet.

Table 3: Selected vibration modes.

Order Shape Natural frequency
(0,2) 1087.9 Hz
(0,3) 2428.9Hz
(0,4) 4269.5 Hz
(0,5) 4521.5 Hz

quite consistent when compared to the Equivalent Radi-
ated Power (ERP) shown in Fig. 11 and given by [8]

Pore = ~ pascan /S R{u, (£t (f)}dS,

5 4

where v, (f) is the vibration velocity in normal direction.

Fig. 10 also shows how the majority of high sound pres-
sure levels appear above 1000 Hz. Finally, microphones
were placed at different positions around the model to
compare the resulting sound pressure level plots at these
positions. Fig. 12 shows the sound pressure level for
a microphone placed along the center axis of the cylin-
der and in radial direction at a distance of 1 m from the
origin.

Summary

In order to predict sound emission of electrified aircraft
engines through multi-physical simulation in early stages
of development, it was possible in this work to estab-



4
1000 2000 3000 4000 5000 6000

Frequency in Hz

0
0

Figure 8: Motor surface velocity in z-direction.
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Figure 9: Motor surface velocity in y-direction.
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Figure 11: Equivalent Radiated Power (ERP).

lish a workflow capable of doing so on an automotive
electric engine. This requires an accurate electromag-
netic simulation to compute the exciting forces, which
are then transformed into the frequency domain for har-
monic analysis. After constructing a model of the struc-
ture, it is important to select a suitable model for the
surrounding medium and take into consideration how the
respective boundaries are set. Based on the structural
harmonic response analysis, the harmonic acoustic simu-
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Figure 12: Sound pressure levels for microphones at 1m
distance from the origin along cylinder center axis (Micl) and
in radial direction (Mic2).

lation was carried out. The source of acoustic radiation
is the surface velocity obtained from harmonic response
simulation, which means the coupling between the vibra-
tion behavior of the motor structure and the acoustic
behavior is established. The results of this paper should
be validated through real measurements in order to con-
fidently apply the workflow on future aviation electric
engine models.
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