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Abstract

The European Union is aiming for significant green-
house gas reductions in aviation. In the course of this,
electrified drive concepts are becoming increasingly
important, resulting in new challenges with regard
to the noise emission of electric machines. In order
to gain a better understanding of the generation of
noise, a coupled drive train consisting of two perma-
nent magnet axial flux machines connected in series
was investigated experimentally. The rotational speed
and torque as well as the sound pressure level in the
far field and surface velocity of the structure were
measured at various stationary operating points and
run-up scenarios using triaxial acceleration sensors,
microphones and the information provided by the in-
verter. In order to draw conclusions about the excita-
tion sources, spectral maxima of the measured quanti-
ties are compared with characteristic frequencies from
theory. In addition, information from product data
sheets, such as the number of pole pairs of the ma-
chine, is used as input parameters for this calculation.
The method compares the spectra of different load-
dependent test setups simulating a multitude of flight
scenarios, which, considering the potential sources of
the local maxima, may enable the design of low-noise
concepts.

Keywords: aircraft noise, electrified aero engines, vibra-
tion, structure-borne sound

1. Introduction

Reducing anthropogenic greenhouse gas emissions is
a key challenge in the transport sector [1]. Against
the backdrop of the EU target of climate neutral-
ity by 2050, technological innovations are also seen
as a key lever for reducing emissions [2]. Electrified
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drive concepts are becoming increasingly important
as they have the potential to reduce energy consump-
tion, noise and pollutant emissions [3]. In this paper,
the vibro-acoustic properties of such an electric drive
train will be analysed. The basis is a data set from
a measurement campaign together with the aircraft
manufacturer Pipistrel, in which two coupled axial
flux permanent magnet synchronous machines (AF-
PMSM) were experimentally investigated [4]. The
measurements include modal analysis of individual
components, airborne sound pressure and torque mea-
surements as well as operational vibration analyses of
the entire system.

The aim is to identify the most critical excitation
mechanisms that cause structure-borne noise depend-
ing on different load conditions or simulated flight
scenarios. In order to speed up the evaluation of the
extensive measurement data sets, an algorithm was
used to automatically identify tonal structure-borne
sound components. It is based on comparing calcula-
tions from the literature with the measurement results
and filtering out the main contributors of the exci-
tation spectrum. For this purpose, signal processing
methods, the relevant excitation mechanisms and their
spectral signatures are analysed. The different spectra
of various test cases and physical quantities are then
compared to one another with the aim to identify
differences across those states.

2. Measurement Object

The investigated drive train seen in Figure 1 comprises
two AFPMSM of type Emrax 268 MV+42% driven
individually by two 2-level voltage source inverters.

Each motor can generate a maximum output power of
112kW and 250 Nm of torque [5]. The maximum rota-
tional speed is 4.500 rpm. However, the specific blade
pitch limits the mission target speed at 2.300 rpm to
avoid flow separation. The motors each have 10 pole
pairs p and are cooled both by air and a water cooling
circuit driven by a pump [5]. The inverters were devel-
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Figure 1: View of drive train consisting of two coupled
Emrax 268 MV+42% connected by stator cage.

oped in-house by Pipistrel. They run on three-phases
with a switching frequency of 16 kHz. The modulation
method used is space vector pulse width modulation
(SVPWM). The calculated number of stator slots Qs
was found to be 60.

3. Setup

3.1. Experimental Modal Analysis

In order to differentiate between tonal components
related to the rotational speed and the influence of
structural properties of the motor, experimental modal
analysis (EMA) was conducted on the accessible com-
ponents of the drive train. For this purpose, the
measured frequency response functions (FRF) were
obtained using triaxial accelerometers. The FRFs de-
scribe the relationship between a defined excitation
force and the structural response of the system in
the frequency domain [6]. The natural frequencies
of the system occur at the resonance points of these
complex transfer functions [7]. The method used for
the experimental determination of the modal parame-
ters is Roving-Hammer. The method involves striking
the structure successively with an impulse hammer at
different excitation points while recording the struc-
tural response at defined measurement points on a
grid representing the structure, where the response
can be the displacement, velocity or acceleration of
the surface.

In order to reduce random measurement deviations,
each excitation point was struck three times, with the
average of all three hits being calculated. To further
decrease the influence of random noise, a multiple-
input-multiple-output approach was chosen, i.e. the
excitation of each point was recorded simultaneously
at different points. The measurement of the signal in
all three spatial dimensions enables the detection of
coupled complex eigenmodes, consisting of a number
of composite degrees of freedom [8].

3.2. Open Field Experiment

In order to investigate the vibration signal of the drive
train, an operational deflection shape (ODS) analysis

7.5m

Figure 2: Schematic setup of the experiment with micro-
phones (blue) in the motor plane and accelerometers (red)
placed on the stator cage.

Table 1: Equipment used for the measurement campaign.

Type Amount
Triaxial accelerometer, Kistler 8764B 4
Microphones, Microtech Gefell M380 4
MG

Impact hammer, PCB 086C03 1
Data acquisition unit Dewesoft Sirius

X

was carried out to characterise the behaviour of the
structure under real operating conditions [9]. The
ODS thus provides the data basis for analysing the
harmonic orders in relation to the shaft speed. For
the measurements, the sensors had to be placed on
the stator cage. Because of the out-runner configu-
ration of the motor, measurements on the housing
were not possible. In addition, as shown in Figure
2, the sound pressure was measured at three posi-
tions, each 7.5 m away and at an angle of 30 ° between
the microphones. The motors and microphones were
mounted at a height of 5m. The quantities measured
by Pipistrel, such as torque, were transmitted by a
CAN bus. All signals were recorded through the same
data acquisition system listed in Table 1 at a sampling
frequency fs of 50.000 Hz. Sensor signals of the same
type were energetically averaged. The same applies
for the spatial dimensions in radial coordinates of the
accelerometers. This was done to obtain a single value
for the vibrational data for demonstrative purposes.
The reference values were chosen to be 1076 m/s? for
the acceleration, 2x107° Pa, for sound pressure and
1 Nm for torque.

3.3. Test Cases

The measurement addressed various flight scenarios
for the coupled drive train. Table 2 shows the combi-
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Table 2: Investigated flight scenarios with torque contri-
bution of motor M1 and motor M2, load condition and
corresponding scenario name.

M1 M2 load name
50 % 50 % propeller | m1-m2-p
50 % 50 % no load ml-m2-np
100 % 0% propeller | m1-0-p
100 % 0% no load m1-0-np
0% 100 % propeller 0-m2-p
0% 100 % no load 0-m2-np
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Figure 3: Torque over rotational speed for m1-m2-p
(blue) and m1-m2-np (red).

nations in which the motors were tested. With the aim
of simulating mission conditions, the target rotational
speed was set to 2.300 rpm and consistent ramp-up
speed across the measurements. The use of a single
motor simulates the failure of the other one. Thus,
the lack of torque provided by one motor has to be
compensated for by the other one.

Figure 3 shows the difference in torque provided by
one of the two motors during a run-up depending on
the presence of a load. It can be seen that mounting
the propeller stabilizes the torque, resulting in less
ripple which would translate to lower levels of high-
frequency noise. As a consequence, the amplitude of
the torque ripple is small compared to the median,
which in this case is around 125 Nm, corresponding
to 30kW of mechanical power. On the other hand,
in the no-load case the amplitude of the ripple may
be larger than the median rated torque. The median
torque shown was calculated by averaging all samples
within a span of 10 rpm. Given f; and a ramp-up
speed of 100 rpm/s, this results in 5.000 samples per
data point in this figure. This downsampling was used
just for visualization purposes.

4. Identification of Structure-Borne
Sound-Inducing Components

The identification of potentially significant structure-
borne sound-inducing frequency components is a three-
step process. First, a number of theoretical motor or-
ders compiled from theory is calculated. Then, along
each order line within a search band the power spectral
density (PSD) is averaged. Finally, only the calcu-

Table 3: Formulas used to calculate the respective fre-
quencies of an integer slot wound electrical machine.
Source Formula
Electrical frequency felec = Dfmech
Blade passing frequency fBPF = bfmech
Stator-stator force wave [10] | fss = 2|V felec
Rotor-rotor force wave [10] for = 2|l feree
Stator-rotor force wave [10] | fo = |V + sp felec
Cogging torque [11] Jeog = Qslfmech
Torque pulsation [11] JT = 2nmph felec
PWM [11] Sowm = nfeEo felec

lated orders with the highest amplitude along their
trajectory are depicted. Although not physically cor-
rect, the levels are averaged arithmetically. Knowing
the most critical eigenfrequencies from the EMA, this
approach was chosen to slightly mitigate the influence
of resonances when compared to calculating the en-
ergetic sum along the spectral trajectory of a given
order due to the logarithmic nature of the Decibel
scale.

Table 3 shows the formulas used for the identification
process. Here, b is the number of propeller blades, n
and o are ordinal numbers, s is € {—1,+1} and f. is
the carrier frequency of the pulse width modulation
(PWM) of the inverter. The stator and rotor orders v
and p can be calculated as

v=1%6z,(z€N), (1)
p=1=x2y (yeN,y#0). (2)

Qs can be calculated as
Qs = 2pmphq> (3)

where my,,, represents the number of phases and ¢ is
the number of stator slots per pole per phase [12].
Without skewing, the winding factor k, can be de-
scribed as

ko = kpkq, (4)

with k, as the pitch factor and k4 as distribution
factor. Assuming a k, of 1 given a high-torque density
machine, k, and k4 also become equal to 1 [13]. In a
three phase motor, kg can be expressed as [12]

sin % . (5)
6q

kq =

gsin

Equation (5) can then be solved for ¢ to be used in
Equation (3) to obtain the number of stator slots.
The parameter [ can be described as

_ 2p
= gcd(Qs, 2p)’ (6)

where gcd represents the greatest common divisor
of stator slot number and pole number. Given the
calculated Qs in this specific machine, the frequency
of the effects of cogging torque coincide with the slot
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Figure 4: Coherence spectrogram between sound pressure
and acceleration signal of m1-m2-np over rotational speed.

passing frequency.

5. Results

First, the coherence between the vibration signal and
the sound pressure will be investigated. Therefore,
ml-m2-np is shown in Figure 4, since the dominance
of the fgpr would strongly influence the visible corre-
lation between the orders originating from the motor
or inverter. High coherence can be observed in spec-
tral areas where the motor housing is exited. The
literature suggests that this is a highly radiating sur-
face in axial flux machines [14]. This may be in part
because the radiation coeflicient is largely determined
by the structure’s ability to move air, which in turn is
influenced by the effective area [15]. The deflection of
the stator cage beams used as measurement positions
therefore might be unfavourable. Consequently, the
microphone signal will not be further investigated.
Next, Figure 5 shows the torque level difference be-
tween m1-m2-p and m1-m2-np, where negative levels
indicate that more noise was generated for the config-
uration without a propeller mounted to the coupled
motors. The higher broadband noise of the case with-
out load can be explained by the same effect that was
observed in Figure 3, where these frequencies occurred
as ripple in the time domain. Also, higher amplitudes
at multiples of fgpp in the low frequency range of
the reference signal were to be expected since only
the load case had a propeller attached. However, the
20", 40", 60*" and 120" motor order (marked in the
plot) as well as some of their side bands seem to be
emphasized without load, with the side bands being
dependant on = fiech-

In Figure 6 it is shown that apart from the vertical
lines representing the influence of low eigenfrequen-
cies (especially the eigenmodes of the housing of the
motor), the coherence between the torque and the
acceleration signal in m1-m2-np is highest at those
mentioned orders. Thus, the torque, as a result of the
tangential forces in the air gap, shares overtones of
the same time orders as the vibration signal, which
mainly originates from the radial forces [10]. This
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Figure 5: Difference of spectral torque level between
ml-m2-p and m1-m2-np over rotational speed with 0dB
indicating congruent amplitudes between the signals. Red
circles indicate relevant orders of the no-load case.
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Figure 6: Coherence spectrogram between torque and
acceleration signal of m1-m2-np over rotational speed.

hints towards both signals originating from the same
geometrical property. It is suspected that the mo-
tor’s specific stator slot - pole pair combination being
modulated by the rotational speed is the main param-
eter influencing this ripple. However, the 60 and
120" order may be attributed to the effects of cogging
torque according to Table 3.

Due to the high coherence under no-load conditions,
the vibration signal can be analysed using the iden-
tification method proposed in Section 4 in order to
determine spectral components. Also, it provides more
details due to the higher resolution of the sensor type
and thus allows to find further, less dominant sources.
Therefore, Figure 7 shows the 20 motor orders of the
vibration signal of m1-m2-np with the highest average
level (excluding the PWM spectrum) as well as their
possible causes. The prominent torque ripple indi-
cated earlier can be traced to the combined effects of
the stator, rotor and stator slot-modulated rotor force
waves, with all of them coinciding at the 20" order.
The 120" order identified in Figure 6 can be linked
to cogging torque and torque pulsation frequencies.
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Figure 7: Identification of possible excitation mechanisms
of the 20 vibrational orders of highest averaged level along
each order in m1-m2-np.

The presence of the 20*" order is likely to be enhanced
by an [ of 1 and the combination of the specific num-
ber of stator slots and electrical phases, resulting in
overtones of both effects occurring at multiples of 60.
Although coincidence of multiple excitation mecha-
nisms may play a role, Figure 7 reveals that higher
time orders of the stator slot-modulated rotor force
wave tend to create time orders with a generally high
vibrational amplitude compared to other sources. The
60*" mechanical order identified earlier is also part
of this frequency family. It’s strong presence may
be related to the fact that when calculating fs, and
dividing it by the electrical frequency, a large num-
ber of combinations (v, ) fall onto this third order
force wave. Apart from the visible resonances with
low eigenfrequencies, lower order harmonics carrying
more energy than higher ones can be observed. This
is to be expected since the amplitude of harmonics
of the exciting field waves decreases by a factor of
kw/v [11]. In what follows, the scenario m1-m2-p
will be shown to investigate the effects in place dur-
ing mission conditions. In Figure 8, the results are
shown together with the measured eigenfrequencies.
For demonstrative purposes, only the lowest order
harmonic among those coinciding will be shown. This
is, unless different sources share the same multiple.
Additionally, the blade passing frequency was added
to the identification method for the acceleration sig-
nal since the propeller was attached during these run
ups. It can be seen that at target rotational speed
the electrical frequency, 15¢, 2° and 5** fgpp as well
as the 15 f,, are in resonance with eigenfrequencies
of the stator cage and motor casing, resulting in high
acceleration levels. In what follows, the difference
between m1-m2-np and 0-m2-np will be investigated
as an example for the scenario simulating one failing
motor.

In Figure 9, the difference of the acceleration level
spectra is presented. It shows the five orders of each
highest and lowest absolute level differences. For
orders with coinciding sources, again only the lowest
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Figure 8: Spatially averaged acceleration level spectro-
gram with measured eigenfrequencies of the drive train
in vertical direction in black. Dashed lines represent the
10 orders with highest time averaged levels and lowest for
ml-m2-p.
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Figure 9: Spectral acceleration level difference between
ml-m2-np and 0-m2-np over rotational speed with 0 dB
indicating congruent amplitudes between the signals as
well as dashed lines representing highest and dotted lines
lowest amplitude orders.

multiple was plotted. Due to the negative level of
orders in the range between 7kHz to 8 kHz as well as
16 kHz to 18 kHz at 2.000 rpm, it can be stated that the
single motor case amplifies those orders compared to
ml-m2-np. Also, the lower orders as well as the PWM
spectrum appear stronger when coupled than in single
motor use. The presence of the PWM spectrum could
be explained by the fact that each motor was driven
by a separate inverter and in 0-m2-np, only one was
engaged. For the higher amplitude of high orders in
0-m2-np mostly multiples of feje. are observed. While
unclear as to why this occurs, it might play a role
which single motor is exciting the structure, since this
effect could not be found when investigating m1-0-np.
In Figure 9, the engine that is further from the drive
train’s mounting provided the torque. When thinking
of the shaft as a cantilever beam, the vibrational signal
may differ along with the distance to the mounting
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and the number of excitation sources, e.g. motors in
series.

6. Conclusion and Outlook

A drive train consisting of two coupled AFPMSM was
investigated with the aim to identify possible sources
of vibro-acoustic excitation in an aircraft. Expected
frequencies from literature could be found in the mea-
sured acceleration spectra. With respect to the known
spectral location of the measured eigenfrequencies, the
arithmetic averaging of the level of the harmonic or-
ders was used to show tendencies of which orders
carry the most energy. When combined with the anal-
ysis of the torque signal it could be derived that the
force wave of the stator slot-modulated rotor magnetic
field plays a significant role especially at higher speeds,
when the influence of the windings, be it by higher cur-
rents needed or the rising counter-electromotive force,
becomes more relevant. The proposed method is help-
ful in obtaining an overview of the most relevant acting
forces. The foundation of frequency families used to
match the harmonic orders seems to be working. For
the investigated drive train the specific stator slot and
pole combination turns out to be unfavourable regard-
ing the alignment of the many exciting mechanisms
at the 20" order since it dominates the signal. This
effect is amplified by the fact that a motor casing’s
eigenmode is in resonance with this order at target
rotational speed. Extensions to the current model,
such as continuos bearing fault detection frequencies,
may be added to identify further orders. Also, side
bands of certain orders are currently neglected. In the
future, the addition of modulation frequencies of the
force waves by & fiech OF & folec may be considered if
strong evidence of these side bands is found.
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