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Introduction

The development of new powertrain topologies for fu-
ture aircraft is underway, aiming to mitigate the ad-
verse environmental impacts of traditional powertrains.
These innovative concepts propose the use of electrical
machines as a replacement for internal combustion en-
gines or, alternatively, combine them in hybrid configu-
rations. However, the noise characteristics of these novel
architectures, such as those employed in electric vertical
takeoff and landing (eVTOL) aircraft, remain unknown
and require investigation to assess the noise exposure of
residents near airports and support the certification pro-
cess for new aircraft. To address this, new tools and
methodologies must be developed to estimate noise levels
during the early design stages of electrified powertrains,
facilitate understanding of noise generation mechanisms
and integration effects [1], and enable the exploration of
potential noise reduction strategies.

Among the envisioned motor topologies are permanent
magnet synchronous machines [2, 3], which are consid-
ered promising candidates for future aircraft applica-
tions. The noise generation in permanent magnet syn-
chronous machines (PMSM) is influenced by the forces
acting in the air gap, which arise from the interaction be-
tween the magnetic flux density of the stator winding and
the permanent magnets in the rotor [4]. To determine
these forces, the Maxwell Stress Tensor (MST) method
is employed, providing the force density in the air gap [5].
It is a function of geometrical as well as electromagnetic
design parameters. This force density is then projected
onto the stator teeth, and the resulting forces are derived
using the Lumped Tooth Force (LTF) method, which in-
tegrates the forces over a slot pitch and applies them to
the stator tooth at one or multiple points. Furthermore,
the flux density and, consequently, the force density are
calculated at discrete radial positions within the air gap.
In this study, the number of force points on the stator
teeth is varied, and the forces are applied to the stator
model within a finite element analysis (FEA) to deter-
mine the equivalent radiated power (ERP), a structure-
borne sound power. The sensitivity of the results to the
number of force points and the selected radial positions
in the air gap is subsequently analyzed.

Method

In order to investigate the possible effects of circumferen-
tial resolution and radial position of the extracted force
on the resulting acoustics, a machine was designed and

simulated. It is a radial flux permanent magnet syn-
chronous machine with internal V-shaped magnets with
72 slots, 8 poles and 3 phases. The number of slots per
pole per phase q is 3 and the resulting winding factor
is 0.96. It has a single layer distributed winding and
can deliver up to 420 Nm of torque at a rated speed of
8165 rpm, giving approximately 360 kW of power. The
air gap height is 1.17 mm, which is typical for this type
of machine.

The machine has been pre-designed using an open source
tool [6]. As a result, geometric and electromagnetic pa-
rameters of the machine are obtained, which are then
used in the commercial software Motor-CAD to design
and study the motor. Motor-CAD is then used to obtain
and extract the force in the air gap, which is subsequently
used as input for the calculation of the equivalent radi-
ated power. This is calculated using a mechanical model
of the stator, where the forces obtained in the previous
steps are applied to the stator teeth. The final design of
the machine is shown in Figure 1.

Figure 1: A schematic of the machine being investigated,
showing a single pole.

For the initial study, the radial position within the air gap
at which the force is determined is varied. To achieve
this, a total of eight mesh layers were employed, and
the flux densities in both radial and tangential directions
were extracted at either the center or the end of each
layer, as illustrated in Figure 2. The results will be pre-
sented as a percentage of the air gap height. Therefore,
the midpoint of layer 1 corresponds to 6.25% of the air
gap height (agh), the end of layer 5 corresponds to 62.5%
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Figure 2: FEA mesh of the investigated machine with a
focus on the air gap mesh layers.

agh, and so forth.

The radial flux density Br and tangential flux density Bt

are then utilized to compute the radial and tangential
force densities fr and ft, respectively, using:

fr =
1

2µ0

(
B2

r −B2
t

)
, (1)

ft =
1

µ0
(BrBt) . (2)

with µ0 being the magnetic permeability. The force den-
sity can be interpreted as a magnetic pressure, expressed
in units of N/m2. With the force density in the two direc-
tions, the total force can be calculated for each point by
specifying the surface area on which the magnetic pres-
sure acts. This surface area is a function of the stator
bore diameter Dbore, the stator lamination length llam,
and the number of discrete points extracted. In this
study, a total of 360 points were extracted for one pole
pair. Owing to symmetry, the analysis of a single pole
pair is sufficient for this type of machine.

For the second study, the number of extracted points,
and consequently the circumferential resolution, is var-
ied. The air gap consists of a total of 2304 cells in the
circumferential direction, with a quarter of these span-
ning the circumference of a single pole pair. The force
is then calculated at 93.75% of the air gap height with
varying resolutions of 90, 180, 270, 360, and 450 points.

Results

Figure 3(a) presents the calculated radial force Fr as a
function of the mechanical angle, given in mechanical de-
grees (Mdeg), at various radial positions for a fixed sim-
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(a) Radial force
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Figure 3: Force over mechanical angle as a function of radial
position in the air gap.

ulation time step. The data was extracted from 6.25%
to 93.75% of the air gap height, and six representative
graphs are shown. Consequently, the results provide in-
sight into the force behavior close to the rotor, in the
middle of the air gap, and near the stator teeth. The in-
fluence of the two poles and the 18 slots spanning a pole
pair is evident.

The six graphs exhibit similar shapes and amplitudes,
with only minor differences apparent, particularly at
lower force amplitudes near 0 N. Notably, the trace ex-
tracted closest to the stator yields the lowest values.
In contrast, sharper edges with higher (negative) ampli-
tudes are observed at this position in the vicinity of the
tooth edges.

While the distribution of the radial force along the cir-
cumference shows minimal variation, some differences are
apparent in the plot for the tangential force Ft, see Fig-
ure 3(b). The amplitudes tend to be higher when the
data is extracted closer to the stator. Furthermore, when
a radial position farther away from the stator is used,
larger amplitudes are observed in the center region be-
tween multiple teeth. Generally, it appears that extract-
ing the data closer to the stator teeth results in a more
accurate representation of the force acting on the teeth.
This is because the graphs exhibit more distinctive fea-
tures when extracted at this location.
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The results of the second study are presented in Figure 4.
Here, the number of extracted points in the circumfer-
ential direction was varied between 90 and 450 points.
As previously mentioned, the force is calculated using
the force density, which is expressed in units of N/m2

and is therefore dependent on the surface area it acts on.
Consequently, with a lower number of points per stator
tooth, the area between two points is larger, resulting in
a higher force amplitude. Conversely, if the resolution is
higher, the amplitude per point is lower. However, after
integrating all points belonging to a tooth or integration
arc, the resulting force should remain the same.
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Figure 4: Force at 93.75% air gap height (agh) over mechan-
ical angle as a function of circumferential resolution.

Figure 4(a) shows the radial force Fr as a function of the
angle in mechanical degrees. The first graph has the low-
est circumferential resolution of 90 points per pole pair,
while the last set has a resolution of 450 points. The pre-
viously mentioned change in amplitude becomes visible.
Furthermore, increasing the number of extracted points
leads to the appearance of regions with a distinct shape
near the tooth edges, characterized by higher amplitudes
compared to the region directly beneath the teeth. This
effect becomes apparent at a resolution of at least 180
points and becomes more pronounced as the resolution
increases. The tangential force as a function of the me-
chanical angle is presented in Figure 4(b). The change in
amplitude is once again visible, as well as the minor dif-
ferences between the selected slots, similar to the results

shown earlier for the variation of radial position.

The varying force amplitudes in radial and tangential di-
rections can serve as input for a mechanical model. To
achieve this, the forces at all node points associated with
a single stator tooth are integrated, and the resulting
forces are then applied as excitation to each stator tooth.
Subsequently, the mechanical model can be solved to de-
termine the displacement, vibration velocity and accel-
eration at specific locations, surfaces, or for the entire
structure. Furthermore, the equivalent radiated power
can be estimated using:

ERP = ρLcL

∫
A

|v̂r|2dA. (3)

where ρL is the density of the surrounding fluid, cL is
the speed of sound, v̂r is the radial vibration velocity
on the structure, and A is the surface area of the struc-
ture. The resulting maximum vibration velocity in the
radial direction, vr,mx, for a single stator tooth at the 6
o’clock position, is plotted as a function of frequency in
Figure 5. The data were obtained using the extracted
forces at 93.75% agh. While the results exhibit minimal
variation across a broad frequency range, a notable dif-
ference is evident at 8709 Hz, where amplitudes span a
range of 5.47 to 8.65 mm/s. This frequency corresponds
to the 16th harmonic of the fundamental electrical fre-
quency fel. For this specific machine, the force wave in
the air gap exhibits a strong component at a spatial order
r of 8, which can be calculated as:

r = GCD(Ns, 2p) (4)

where Ns denotes the number of stator slots and p rep-
resents the number of pole-pairs [7]. The spatial order
excites the structure at the 16th harmonic, which is prox-
imal to the eigenfrequency of the 8th mode, m, of the
stator. The corresponding eigenfrequency is 8418 Hz.
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Figure 5: Maximum radial vibration velocity with force ob-
tained at 93.75% agh as a function of circumferential resolu-
tion in the air gap.

Interestingly, an increase in circumferential resolution
does not yield a linear increase in amplitudes. The case
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with the lowest resolution of 90 points exhibits the low-
est amplitude, whereas the case with 270 points has the
highest amplitude. Specifically, increasing the resolution
from 90 to 180 points results in an amplitude increase
of 1.14 mm/s, corresponding to a 21% rise. Further in-
creasing the resolution to 270 points leads to an addi-
tional amplitude increase of 1.17 mm/s, representing an
18% amplification.
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Figure 6: Equivalent radiated power with force obtained at
93.75% agh as a function of circumferential resolution in the
air gap.

The difference in vibration velocity results in a subse-
quent change in the equivalent radiated power at this
frequency, with the radiated power amplitude more than
doubling when comparing the case with 270 points to the
one with 90 points. When the results are plotted on a
logarithmic scale, the level of equivalent radiated power
can be examined. However, the difference becomes less
pronounced and visible, as illustrated in Figure 6. At a
frequency of 8709 Hz, the ERP values are 86.1, 87.6, 90.0,
89.6, and 89.0 dB for the five cases. The difference be-
tween the lowest and highest obtained sound power levels
is up to 3.9 dB. Consequently, extracting the force in the
air gap with a higher circumferential resolution results in
a noticeable change in the structure-borne sound power
level.

Conclusion

In this study, parameters were varied to investigate their
effect on the force distribution in the air gap of an electri-
cal machine and subsequently on the resulting equivalent
radiated sound power. To achieve this, the flux density
distribution was extracted at different radial positions in
the air gap, ranging from locations closer to the rotor to
positions near the stator, as well as at a fixed position
with increasing circumferential resolution. The electro-
magnetic forces were then calculated using the obtained
flux densities.

It has been found that extracting the flux density closer
to the stator results in more distinct features in the shape
of the curves, characterized by sharper edges and higher
negative amplitudes, particularly in the radial direction.
Notably, differences in amplitude are evident for the force
in the tangential direction, with higher amplitudes ob-
served closer to the stator. Additionally, some variation

is visible in the central region between the teeth, espe-
cially when the data is extracted closer to the rotor.

When varying the circumferential resolution at a fixed
radial position, the force distribution exhibits a decrease
in amplitude with increasing resolution. This can be at-
tributed to the fact that the surface area of the tooth
on which the force acts changes as the number of force
points is varied. The integration of all points belong-
ing to a tooth or integration arc should remain the same
across the different cases.

The cases with higher circumferential resolution exhibit
distinct shapes with sharper edges near the tooth edges
and more flat-shaped curves directly beneath the teeth.
When these force traces are utilized as excitation in a me-
chanical model, it is observed that the resulting equiva-
lent radiated power varies across a wide range of frequen-
cies, with a particularly prominent change at 8709 Hz,
which is close to the natural frequency of the 8th eigen-
mode of the stator. Notably, the change in ERP reaches
up to 3.9 dB between the case with the lowest and highest
maximum radial vibration velocity.
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