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Introduction

The European Union has set an ambitious goal to re-
duce its total CO2 emissions by 55% by 2030 and become
climate-neutral by 2050. A contributor to this effort is
the reduction of CO2 emissions in commercial aviation,
which accounts for 13.4% of total CO2 emissions from
transportation in the EU [1]. One promising approach to
achieve this is the adoption of purely electric or hybrid-
electric propulsion systems. However, while electric mo-
tors in these systems tend to be quieter, they generate
noise in very high frequency ranges, which is perceived as
unpleasant by humans [2]. The amplitude and frequency
of the radiated noise depend on the geometric and electric
design parameters of the motors.

This paper aims to investigate the relationship between
a selection of design parameters and the structure-borne
sound power level. To accomplish this, a database of
various surface permanent magnet synchronous motor
(SPMSM) designs was created, and simulations were con-
ducted using Ansys Motor-CAD to evaluate their electro-
magnetic performance and resulting acoustic character-
istics. The cross-section of one exemplary motor design
is shown in Figure 1. The database was then used to
train a machine learning model, which enabled the in-
vestigation of the importance of the design parameters.
The general objective of this study is to explore the ap-
plication of machine learning models in the investigation
of electric motor noise in the context of future electrified
aero-engines, with a focus on understanding the relation-
ship between various parameters and the radiated sound
power, as well as identifying potential candidates for fur-
ther investigation into noise reduction methods. It can
therefore contribute to identifying potential pitfalls and
limitations of the approach, and is intended to serve as a
foundation for future research and investigation.

Database Creation

To create the database, a sufficient number of electrical
machines with varying parameters had to be designed.
Since a large database is required for the machine learn-
ing model to accurately identify the dependencies of the
parameters, the machines were generated automatically
using an open-source Matlab tool [3]. This tool designs
electric motors based on parameters that the machine
should later fulfill. The following parameters were varied:
output power, speed, number of pole pairs, current den-
sity, and relative armature length. All remaining param-
eters of the tool were kept constant across all designs. A
total of 1200 different machines were designed. The Mat-

Figure 1: Cross-section of an SPMSM with the parameters:
Diam = 200 mm, n = 2500 rpm, P = 50 kW.

lab tool outputs the geometric and electrical parameters
of the motors to an Excel file, which were then trans-
ferred to Motor-CAD using the pyAnsys API to conduct
the simulations. The simulation results were then com-
pared with the target values from the Matlab tool for val-
idation. However, 12 iterations were excluded from the
Excel file because the required performance could not be
verified by the Motor-CAD simulation.

After simulating the machines, selected results were
saved to an Excel file, which was then used as input for
subsequent evaluations. Using Motor-CAD, the equiv-
alent radiated power (ERP) was calculated, which is a
readily obtainable measure of the hypothetical radiated
sound power based on plane wave propagation [4]. It is
calculated using the vibration velocity of the structure,
which is dependent on the magnetic forces in the air gap.

Methods for Data Evaluation

Multiple methods were employed to analyze the data, in-
cluding a random forest model (RF-Model). A random
forest is a machine learning model that leverages multiple
decision tree models to classify or regress data, enabling
the prediction of parameters from the database, such as
the sound power level. The model was chosen because
it can recognize complex interactions without requiring
prior specification. The random forest model utilizes fea-
tures to build a model and determine the relationships
between the features and the output parameters. For this
the decision trees are constructed by recursively splitting
the data based on optimal thresholds, with the goal of
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Table 1: Machine parameters set as features for the random
forest model. *GCD=greatest common divisor **LCM=least

common multiple.

Parameter Symbol
Rated Speed n
Shaft Torque M
Output Power P
Armature Conductor Current Den-  Jpp
sity

Pole Number P

Slot Number N
GCD(p,N)*

LCM(p,N)** —
Stator Lamination Diameter Diom
Stator Bore Diameter Dyore
Yoke Thickness dyoke
Slot Width Top b1, Top
Slot Depth hg
Magnet Thickness Amag
Relative Armature Length A
Torque Constant —
Electrical Loading —
Fundamental Frequency fel
Torque Ripple -
Cogging Period —

Air Gap Flux Density Bgap,rms
Space Order —
Time Order -
Fundamental Winding Factor kwin

minimizing the regression error [5].

This process decreases the impurity of each node and re-
duces the variance, allowing the algorithm to identify the
most informative parameters (or input features) that op-
timally split the data. The features that result in the best
split and have the greatest impact on reducing variance
are prioritized in the tree construction, thereby assigning
them a high feature importance. This feature importance
score can also be utilized to filter out irrelevant features
from the model, improving its overall performance and
interpretability. In this study, the feature importance
scores was utilized to identify the parameters that are
likely to have a significant impact on the radiated sound
power of the machines.

The parameters that were considered as potential fea-
tures in this study, and whose impact on the sound power
level is to be investigated, are listed in Table 1. The ran-
dom forest model was set up such that 80% of the data
served as training data, while the remaining 20% was
reserved for testing. This test data was then used to
evaluate the model’s accuracy. To maximize the model’s
accuracy, the number of decision trees was set to 2000.
As illustrated in Figure 2, the model demonstrates high
accuracy. This is also reflected in the mean squared er-
ror (MSE) of 2.03, which indicates that, on average, the
predicted equivalent radiated power from the test data
deviates from the actual values by the square root of
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Figure 2: Comparison of predicted and actual equivalent
radiated power (ERP) values for the test dataset.

2.03.

While the feature importance of the parameters only in-
dicates the magnitude of their influence on the radiated
sound power, without revealing the direction of the influ-
ence, partial dependency plots and correlation matrices
were employed to determine this. In this context, direc-
tion refers to whether an increase in the analyzed param-
eters results in an increase or decrease in the equivalent
radiated power. Partial dependency plots are able to il-
lustrate the effect of individual parameters when other
parameters are held constant by the model. Correlation
matrices, on the other hand, display the correlation co-
efficients between all parameters, thereby revealing not
only the direction of the effect of the parameters on the
radiated power but also the relationship between the pa-
rameters. The correlation matrices were also used to pre-
select the features used to build the random forest model,
as strongly correlated parameters can reduce each other’s
feature importance, leading to inaccuracies in the eval-
uation. To mitigate this, parameter pairs with a corre-
lation coefficient exceeding 0.7 resulted in the removal
of one of the parameters from the model’s feature list.
Consequently, the features Slot Width Bottom, Air Gap
height, Stator Lamination Length, Line Current (rms),
Motor Constant and Cogging Frequency were removed in
advance (and are therefore not shown in Table 1). No-
tably, some features that are not typically interdependent
are correlated due to the pre-design tool. For instance,
the software calculates the height of the air gap d between
the rotor and stator as:

B Cl +C’2-P0-4

0 1000

(1)

This implies that the height of the air gap is a function of
the required power and the parameters C1 and C2, which
are in turn dependent on the number of pole pairs. Since
the output power and number of pole pairs are already
included as features in the model, the air gap height pa-
rameter was deemed redundant and removed from the
initial list. Furthermore, the data was manually ana-
lyzed to identify any anomalies and dependencies that
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Figure 3: Feature importance for the parameters used in the final model, categorized by type:

Shaft Torque

Fundamental
Frequency
GCD(Sn,Pn)

Armature Conductor
Current Density
Pole Number
Slot Depth
Slot Number
LCM(Sn,Pn)
Cogging Period
Rated Speed
Magnet Thickness
Space Order
Fundamental
Winding Factor

red (geometrical parameters),

green (input parameters used in the pre-design tool), and blue (other parameters).

may not have been captured by the model or the corre-
lation matrices.

Application of the model and results of the
study

This section discusses and analyzes the results of the sen-
sitivity study. One of the initial findings is that a signif-
icant number of the designed motors exhibit a torque
ripple exceeding 10%, which is likely due to specifica-
tions of the pre-design tool. Furthermore, it is notable
that machines with two winding layers tend to be louder
than those with a single winding layer. However, the cor-
relation matrices revealed a counterintuitive relationship
for these machines, where the torque ripple correlates
negatively with the radiated sound power. This means
that, contrary to expectations, higher torque ripple is
associated with lower noise levels in these cases. The un-
derlying reason for this phenomenon is currently unclear
and warrants further investigation. The correlation ma-
trices for machines with two winding layers indicate that
the fundamental winding factor has the most significant
influence on the noise level, which in turn is positively
correlated with the machine volume but negatively cor-
related with the torque ripple. This may provide an ex-
planation for the observed results. In contrast, the fun-
damental winding factor has no impact on the volume
for machines with a single winding layer. Based on these
findings, it was decided to exclude machines with two
winding layers from the current random forest model.

As illustrated in Figure 3, the most significant influences
on the analytically determined radiated sound power for
these machines are the Slot Width Top (i.e., the width of
the slot near the air gap) and Electrical Loading. Above a
certain threshold, these parameters substantially increase
the ERP of the motors, as evident from Figure 4 and Fig-
ure 5. It is expected that a larger slot width would lead
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Figure 4: Partial dependence plot using the Slot Width Top
given in mm as input.

to a noisier machine, which is consistent with previous
studies, such as [6]. The reason for this is that a larger
slot width generally results in a higher air gap permeance,
leading to increased harmonic forces. However, further
research is necessary to confirm the significance of this re-
sult. Additionally, as anticipated, a higher torque ripple
is associated with a noisier machine, as shown in Figure 6.
The only parameters that exhibit a negative correlation
with the radiated sound power are the current density of
the armature conductor, the yoke thickness, the relative
armature length, and the flux density in the air gap. In-
creasing these values leads to quieter machines, with the
yoke thickness also having a significant impact on the
output power of the machines. A larger yoke increases
the stiffness of the structure, thereby reducing vibration
amplitudes, while simultaneously decreasing iron losses
in the lamination, which in turn leads to a higher output
power. In contrast, the parameters magnet thickness,
shaft speed, air gap thickness, and winding factor have a
negligible influence, with a significance of less than 0.003.
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Figure 5: Partial dependence plot using the Electrical Load-
ing given in A/m as input.
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Figure 6: Partial dependence plot using the Torque Ripple
in % as input.

Another notable finding is that for several design param-
eters, including power, torque, and rated speed, the in-
fluence on motor noise is relatively moderate. Moreover,
it is evident that motors exhibiting the zeroth mode, also
known as the pulsating mode, as the dominant mode for
maximum sound power level are, on average, 5% louder
than those with a different mode. This phenomenon has
been previously analyzed in other studies [7]. Addition-
ally, the frequency of the pulsating mode is generally sig-
nificantly higher than that of other machines, making it
more unpleasant for the human ear. Furthermore, a gen-
eral trend is observed where motors with a higher time
order tend to be louder, which is also confirmed through
manual examination using Excel.

Summary and Conclusion

This study conducted a sensitivity analysis to identify
parameters that have the most significant impact on the
radiated sound power of the investigated electrical ma-
chines. To achieve this, a database of 1200 distinct motor
designs was generated using an open-source pre-design
tool. The designs were subsequently simulated in Ansys
Motor-CAD, and the resulting data was analyzed using
a random forest model, complemented by partial depen-
dency diagrams and correlation matrices.

The results that were obtained using the random for-
est model approach showed that the equivalent radiated
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power of the investigated machines is strongly influenced
by the slot width in the vicinity of the air gap, the electri-
cal loading of the armature and the torque ripple. How-
ever, the current findings should be treated with caution
and require further investigation. It is necessary to con-
firm and validate the applicability of the feature impor-
tance score as an indicator of the most relevant parame-
ters affecting noise levels.

In future studies, it is recommended to select parameters
independently of each other and remove more redundant
features to improve the model’s accuracy. Additionally,
revisiting and expanding the database to include a wider
selection of machines may provide a more comprehen-
sive understanding of the relationships between parame-
ters. Furthermore, utilizing other machine learning mod-
els, such as Extreme Gradient Boosting, could help verify
the results and potentially improve their quality, as these
models are better equipped to handle correlated param-
eters.
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