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Abstract

This study presents the results of an ongoing collaboration to identify the vibration modes of drone
propulsion systems (motor and rotor) using optical techniques. The research consortium first applied Phase-
Based Motion Magnification (PBMM) and Digital Image Correlation (DIC) methods to investigate a
stationary drone propulsion system subjected to rectilinear excitation via an electrodynamic shaker and
torsional excitation via the propulsion system's brushless DC motor. The resulting vibration mode
identification and classification have provided a baseline for the untensioned, non-rotating condition. Next,
the PBMM and DIC methods have been applied to the same system while rotating. Both PBMM and DIC
have constraints that make their application to rotating specimens difficult, with the experimental setup
posing additional challenges. The paper presents the applied measurement methodologies and discusses the
challenges, advantages, and disadvantages of each.

1 Introduction

Drone noise has caught the attention of both the scientific and environmental protection communities. As
the number of drone applications has increased, so has the number of drones in the sky, and the resulting
noise has become an increasingly significant problem [1,2]. Therefore, time and resources have been
invested in better understanding the noise sources of drone propulsion systems to mitigate noise levels [1,2].
Many investigations focus on the dominant noise sources, studying the root causes and the effects of
parameters such as Reynolds number [3], axial velocity [3], RPM [4], and the size and spacing of various
elements [4].

A segment of the low Reynolds number acoustic investigations has focused on profile vortex shedding, i.e.,
the coherent structures that can be generated by airfoil profiles [5-9]. The classic description of profile vortex
shedding, consistent with the works of Tam [10] and Wright [11], attributes it to a self-excited acoustic
feedback loop. According to this description, an unstable laminar boundary layer on the airfoil surface
produces Tollmien—Schlichting instability waves that propagate downstream toward the airfoil's trailing
edge. There, sound scattering occurs, with acoustic waves propagating back upstream to the origin of the
Tollmien—Schlichting instability waves in the unstable laminar boundary layer. These acoustic waves can
drive the instabilities if the phase conditions are appropriate, thereby closing the feedback loop. Avoiding



profile vortex shedding is important because it can result in a periodically fluctuating force normal to the
airfoil chord, which is cited as a primary source of acroacoustic noise in the low-speed axial-flow fan
literature [6,9]. Other investigations, such as the work of Ausoni et al. [12] on hydrofoils, state that the
frequency of periodic vortex shedding may be influenced by periodic vibrations occurring at resonant
frequencies, which could result in the periodic vortex shedding being coupled to the resonant frequencies of
the given body, which could differ from those that would be calculated according to vortex shedding theories
and models.

In the aeroacoustics community, many acoustic investigations of drones are conducted using single
microphones (as in [13]) or linear microphone arrays (as in [4]). The microphone time signals are processed
to provide Sound Pressure Level (SPL) frequency spectra. If linear arrays of microphones are processed,
information can be extracted from the spectra regarding the directivity of the sound components. Using such
investigative methods, one can determine the occurrence of profile vortex shedding and its influence on the
sound field, based on models that predict the expected Reynolds number range and frequency content [5-8].
At the same time, investigations can be found in the literature that examine the vibrations of drones [14] and
their propellers [15], with only a limited number of articles appearing that investigate the possible
connections between the natural frequencies of the drone propulsion systems (motor and propeller pair) and
the resulting acoustic field [16-18].

This investigation examines a drone propulsion system that has been utilized on a drone aeroacoustic and
aerodynamic test bench at the Budapest University of Technology and Economics. This has been a T-Motor
P15*5 Propeller and T-Motor MN4010 drone motor. Beyond the investigation of a single isolated drone
motor and propeller, as presented herein, the test bench has been designed to investigate simplified drone
configurations to better understand the noise sources resulting from basic modifications in drone layout and
operating conditions, such as the effect of RPM, rotor position phase angle, axial distance between counter-
rotating and co-rotating rotors, and in-plane spacing of distributed propulsion configurations, to name only
a few. To truly understand the results of the aeroacoustic investigations and to draw general conclusions, a
basic understanding of the periodic vibration properties resulting from the structural natural frequencies of
the drone propulsion system must also be attained. In a first approach, as discussed in [17], rectilinear and
torsional modal analysis methods [19,20], coupled with Phase-Based Motion Magnification (PBMM)
optical modal analysis techniques, have been applied to identify the structural resonant frequencies and
associated vibration modes of the drone propulsion system under investigation. The stationary drone
propulsion system has been excited in the axial direction using a shaker, while the propulsion system’s
brushless DC motor has been used to excite it in the azimuthal direction. The investigation in [17] has
provided a baseline dataset for studying the untensioned, non-rotating drone propulsion system and has
demonstrated that the methods in [19] and [20] can be applied to drone propulsion systems. From another
perspective, it has been deemed necessary to continue the investigation, as stationary drone propulsion
systems are not in a prestressed state, as would naturally occur during rotation. Such a prestressed state can
shift the resonant frequencies to higher values and even influence the mode shapes [21]. The literature
provides methods for calculating the frequency shift, often based on Southwell’s equation, assuming
sufficient information is available about the system and the vibration modes under investigation [21]. From
a measurement technique perspective, investigating a rotating system is inherently challenging, as
examining a rotating drone propulsion system using optical modal analysis methods requires precise
measurements and/or specialized equipment. This investigation presents the continuation of the
measurement campaign in [17] by measuring the prestressed rotating drone propulsion system using optical
modal analysis techniques. The paper discusses various aspects of the applied optical modal analysis
investigation methodology, which have been examined to ensure that the resonant frequencies of rotating
drone propulsion systems can be successfully identified. The paper compares PBMM to Digital Image
Correlation (DIC) methods, both of which play relevant roles in the literature, for the baseline stationary
drone propulsion system discussed in [17], and the rotating drone propulsion system introduced herein. The
goal is to determine which combination of available measurement and post-processing methods should be
used to investigate the propulsion systems of rotating drones.



2 Noncontact modal analysis methods

The literature on modal analysis methods is rather diverse. There are numerical and measurement methods
described in detail and successfully utilized in the literature. This investigation considers only measurement-
based methods, further narrowing the choice to noncontact optical modal analysis methods, as attaching
accelerometers to the body of a thin, light structure, such as a drone rotor, would alter the body's structural
dynamics and thus distort the results. Within these categories, PBMM and DIC are examined and utilized
herein.

2.1 Phase-based motion magnification (PBMM)

Motion magnification can amplify subtle motion in video sequences, making them easier to examine. This
is achieved by manipulating motion in the video, either by tracking the trajectories of moving objects
(Lagrangian methods) or by manipulating motion at fixed positions (Eulerian method [22] and phase-based
method [23]). Phase-based motion magnification [23] decomposes each frame of a video sequence into a
multiscale, multi-orientation pyramid of spatial frequency bands. The local phase of each band, which
contains information regarding sub-pixel positional information, is extracted and passed through a temporal
band-pass filter tuned to the frequency of interest. By amplifying the filtered phase signal and reconstructing
the frames, a magnified visualization of the motion at a specific frequency can be obtained. This approach
enhances sensitivity to sub-pixel vibrations while attenuating uncorrelated noise and lighting changes,
making it well-suited for structural dynamics applications. The extracted qualitative results often provide
invaluable insights. The use of PBMM for quantitative results is not as common as it requires careful
calibration and certain considerations regarding the underlying methods and mechanics. The PBMM code
utilized herein is based on the literature and the publicly available implementation described in [23]. The
code has been translated into Python and has undergone various minor modifications, none of which change
its original behavior in any significant manner.

2.2 Digital Image Correlation (DIC)

Digital image correlation is a versatile, Lagrangian, non-contact, optical method used to measure full-field
displacement and strain. DIC tracks the motion of random surface patterns, often resulting from the
application of a speckle pattern, across the entire region of interest. The fundamental basis of DIC is the
analysis of pixel brightness intensity (gray value) to recognize movement. It involves matching pixel subsets
between a reference, undeformed image and a deformed image by minimizing the correlation coefficient.
By analyzing changes in gray value intensity, DIC provides dense displacement fields for strain analysis in
experimental mechanics [24]. Subpixel registration can be performed by fitting a curve to the integer pixel
correlation coefficients and using the peak of this curve to determine the subpixel displacement [25]. This
method, when combined with integer pixel correlation calculations in the Fourier domain, is relatively fast
but does not provide the highest accuracy. Alternatively, subpixel displacements can be determined
iteratively using a root-finding method such as Newton-Raphson. This approach involves interpolating the
subset and calculating the correlation until the desired convergence is reached. Although the Newton-
Raphson method enhances accuracy, it requires more processing time [26]. DIC has its own advantages.
The basic method is used to determine the displacement between two frames. Hence, two consecutive
images can be processed, and the solid-body rotation can be removed from the results. According to the
literature, DIC is often applicable for rotations up to approximately 7° [27], which opens up multiple options
for processing the data collected with a high-speed camera. The DIC code utilized herein is based on the
literature and the publicly available implementation described in [28]. The code has been further modified
in the version used herein to extract additional information from the data, but this has not changed the basic
functionality of the code and therefore does not influence the outcome of the investigations.



2.3 Temporal Aliasing

High-speed cameras are often required for measuring a sufficient frequency range for certain optical modal
analysis methods. To ensure a smooth temporal representation of the resonant frequency oscillations, certain
methods, including PBMM, require that the camera’s sampling rate exceed ten times the resonant frequency.
In the drone propulsion system measurements, a high-speed Phantom VEO 640 camera has been used, which
supports up to 20,000 frames per second (fps) at a resolution of 1920 x 200. Although this is a high-speed
camera, this limitation still limits investigations to direct measurements of modes below 2,000 Hz.
Techniques, such as controlled aliasing, have been provided in the literature for recording temporally aliased
signals and reconstructing the original signals with minimal information loss [29]. These techniques extend
the measurable bandwidth, enabling the investigation of resonant frequencies beyond the Nyquist limit, as
the measured frequencies translate down to a lower baseband without overlap and with minimal information
loss, provided the measurements are well designed.

3 Stationary rotor test case

The first investigation presented herein has already been introduced in [17]. In this investigation, rectilinear
and torsional modal analysis measurement methods described in [19,20] have been applied to the stationary
drone propulsion system (T-Motor P15*5 Propeller and T-Motor MN4010 drone motor). First, a three-phase
Schréder multisine current [30] has been used to excite the drone propulsion system while recording the
radiated nearfield sound pressure with a %4” measurement microphone (GRAS 40 PP 10 type) and a National
Instruments DAQ card (NI-9234), as seen in Figure 1. The stationary drone propulsion system has been
excited in the axial direction using an electrodynamic shaker and in the azimuthal direction using the
propulsion system’s own brushless DC motor. It should be noted that the measurements have been carried
out in the nearfield, as being in close proximity to the rotor blade helped bring out the peaks in the spectrum.

Figure 1: Stationary drone propulsion system nearfield noise measurement. Drone propulsion system (1),
microphone (2), electrical excitation (3) [17].

After processing the nearfield microphone data, frequency peaks have been identified, indicating resonant
frequencies that warrant further investigation. These frequencies have been individually excited, providing
an opportunity to investigate their resonant frequencies using the Phantom VEO 640 high-speed camera and
controlled aliasing methods. Figure 2 presents the measurement setup used to measure the resonant
frequencies of the stationary drone propulsion system with a high-speed camera. As described in the section
on temporal aliasing, controlled aliasing has been used to investigate the rotor at frame rates below the
Nyquist limit. If the signal of interest is narrowband, the camera’s frame rate can be taken as a fraction of
the excitation frequency (1/N, with N being a whole number), as a result of which, the frame rate captures
a repetition of the phenomena in the same phase for every Nth repetition of the cycle. Then, deliberately
offsetting this undersampled frame rate to approximately 0.9 times its frequency aliases the motion to a
much lower baseband frequency while meeting the 10x oversampling requirements. This is effectively a
form of undersampling, where the high-frequency oscillation is shifted (“folded”) into the baseband. By
ensuring a short exposure time and precise shutter control, each frame captures a sharp snapshot of the



motion in a different phase. Over many periods, this produces a slow-motion sequence that can be analyzed
as if recorded at a much higher sampling rate.
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Figure 2: Stationary drone propulsion system high-speed camera measurement setup [17].

As can be seen herein, the project is running along two threads, with one portion of the team using PBMM
and another using DIC. In [17], only PBMM results were presented; therefore, the test case has been
revisited herein to highlight basic similarities and differences between the PBMM and DIC evaluations. The
reason for using both methods is that we see relevant advantages in each, making it necessary to test them
further. Figures 3-4 present the first out-of-plane bending mode of the propeller at 177.25 Hz. In Figure 3,
the PBMM results are presented by simultaneously displaying three overlapping layers: the static propeller
geometry and two displacement maxima, shown using two semi-transparent, differently colored layers.
Although information can be extracted from the figure, it is relatively hard to see details, such as whether
there are any nodes along the rotor span. On the other hand, the magnified videos created with PBMM
provide a quick and intuitive way to understand the various components of rotor motion. It should be kept
in mind that this method magnifies the rotor's motion without necessarily extracting quantitative
displacement information. In comparison, the DIC results presented in Figure 4 show the rotor with a black
reference (equilibrium) curve that extends along the span, along with the maximum (red) and minimum
(blue) displacements of that curve. This information can be easily extracted from the quantitative data
obtained for each point of the investigated object using the DIC method. In the case of the first out-of-plane
bending moment, the advantage of this presentation mode is not immediately apparent. The second out-of-
plane bending mode of the propeller is shown in Figures 5-6. Here, the advantage of the DIC presentation
mode is evident, as the node positions are clearly identifiable. The presentation mode of the PBMM results
can be ambiguous in such cases. It should be reemphasized that the magnified videos obtained with PBMM
remain very useful for understanding the modes. This is especially true when the mode is complex. The
usefulness of the DIC results is rather limited when objects move in and out of the investigation plane. In
such cases, the magnified PBMM videos are more useful.



Figure 3: PBMM processing of the first out-of-plane bending mode of the propeller @ 177.25 Hz [17].
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Figure 4: DIC processing of the first out-of-plane bending mode of the propeller @ 177.25 Hz.

Figure 5: PBMM processing of the second out-of-plane bending mode of the propeller @ 614.5 Hz [17].
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Figure 6: DIC processing of the second out-of-plane bending mode of the propeller @ 614.5 Hz.



4 Rotating rotor test case

As discussed in the introduction, the investigation of a stationary drone propulsion system does not account
for the prestressed condition that naturally occurs under normal operating conditions. Therefore, the drone
propulsion system has been investigated under rotation. The literature on the modal analysis of rotating
objects is rather vast and diverse. Many methods exist for the experimental investigation of such systems,
some of which require expensive equipment and expertise. Herein, the goal has been to utilize the already
available and tested PBMM and DIC methods to see how successfully they can be applied in the
investigation of drone propulsion systems.

The measurement setup utilized has been similar to that presented for the stationary drone propulsion
system. The drone propulsion system has been mounted on a rigid arm to extend it away from obstacles,
thereby ensuring the aerodynamics expected of an isolated drone propulsion system. During a speed sweep,
nearfield sound pressure data have been collected using the same microphone and data acquisition system
described above, consisting of a 4 measurement microphone (GRAS 40 PP 10 type) and a National
Instruments DAQ card (NI-9234). Figure 7 depicts the measurement setup. It should be noted that the
microphone had to be placed farther from the rotating rotor than the stationary rotor for safety reasons, and
since wind noise can be significant in the close vicinity of the rotor. Being upstream of the rotor, the velocity
gradient is rather steep. Therefore, the distance required to remove the microphone from the wind has been
rather small. Multiple distances have been tested, and comparing results across distances indicates that a
relatively short distance is sufficient for removing wind noise from the microphone data. After processing
the data, spectrograms have been created that show how the radiated sound varies over time. A spectrogram
for one of the microphone positions is shown in Figure 8. It has been generated using HEAD Acoustics’
Artemis SUITE software. Here, the x-axis is time, the y-axis is frequency, and the color is the amplitude of
the A-weighted SPL. The basic orders of the phenomena (once-per-rev and its multiples) can easily be
identified as lines or bands that ramp up with RPM, but it is more difficult to localize and extract information
regarding resonant frequencies, which would be peaks that are independent of the RPM, expected to appear
as horizontal lines or bands.

Figure 7: Microphone measurement setup for the rotating drone propulsion system.



15 20 25 ys 30 35 4
T 70 UdB(A)SPL] 90 100 110
Figure 8: Spectrogram of the single microphone A-weighted SPL for the speed sweep.

At the same time, force and torque data have been collected for the drone propulsion system under
investigation using the drone aeroacoustic and aerodynamic test bench of the Budapest University of
Technology and Economics, shown in Figure 9. The goal has been to obtain spectrograms of the vibrations
associated with the drone propulsion system. The drone propulsion system is mounted on a shaft housed in
a pipe with bearings, allowing the shaft to move freely. Figure 10 presents a zoomed-in view of the force
and torque measurement systems at the other end of the long shaft, which constrain the shaft's movement.
The spectrograms derived from the force and torque data are shown in Figures 11 and 12, respectively. In
the diagrams, the speed sweep is followed by a constant-speed section and then by a deceleration section.
These spectrograms provide information regarding the vibration frequencies of the drone propulsion system.

Figure 9: Drone aeroacoustic and aerodynamic test bench.
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Figure 11: Force spectrogram for the speed sweep data.
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Figure 12: Torque spectrogram for the speed sweep data.

In this investigation, we aim to determine whether the PBMM and DIC methods can be used to examine
rotating drone rotors. Therefore, the spectrograms have been used herein to identify an appropriate operating
point for conducting the high-speed camera measurements. Looking at the force and torque diagrams,
various orders related to the once-per-rev are visible. These are the lines that ramp up with RPM, then flatten
out at constant RPM and ramp down as the motor decelerates. It can also be seen that Pulse-Width
Modulation (PWM) produces upper and lower sidebands around the PWM carrier frequency. These
sidebands appear in the order maps as positive and negative modulated orders, with the positive ones
ramping upward and the negative ones ramping downward. The diagrams also contain horizontal
lines/bands, which are the resonant frequencies of the drone propulsion system.

Before determining which operating point to investigate, the high-speed camera measurement setup needs
to be discussed. The basic setup is similar to that of the high-speed camera measurement setup for the
stationary drone propulsion system. A picture of the measurement setup used herein is shown in Figure 13.
The drone propulsion system has been mounted on a shaft. The motor has been equipped with a once-per-
rev sensor that provides a trigger signal for the Phantom VEO 640 high-speed camera. The rotor has been
illuminated with non-flickering spotlights.



Figure 13: Rotating drone propulsion system high-speed camera measurement setup. (Left side: front view
for in-plane motion, Right side: side view for out-of-plane motion)

Using the once-per-rev signal, the high-speed camera can be triggered once for each revolution. Within the
drone propulsion system's operating range (up to approximately 6000 RPM), the camera can easily process
and save this data. Therefore, measurements can be carried out by collecting multiple samples at one
operating point (201 samples have been processed for each operating point herein). Therefore, one picture
can be taken at the same position for each revolution. Considering the once-per-rev related orders observed
in the spectrograms and the controlled aliasing technique applied herein, the choice of operating point has
not been straightforward. Compared to the controlled aliasing used in the stationary measurements, it has
not been possible to slightly offset the sampling frequency in a practical, usable manner. Therefore, a once-
per-rev sampling frequency has been used. This results in a very low Nyquist frequency, and all once-per-
rev related frequencies translate down to a baseband frequency of 0 Hz. In other words, the once-per-rev,
its harmonics, and all modulated frequencies (i.e., all orders) translate down to 0 Hz. Therefore, the operating
point has been chosen so that no orders pass through it, to avoid translation down to the 0 Hz baseband,
since the components in one baseband cannot be separated. The choice of operating point is therefore highly
limited, as shown in the force and torque spectrograms. Further limiting factors that can be read from the
spectrograms include harmonics of the resonant frequency that could potentially fold into the same
frequency bin. For reasons beyond the scope of this investigation, the operating point to be used herein has
been further limited to low speeds.

The operating point presented herein has therefore been chosen as 1697 RPM. This operating point is
marked by a vertical dashed magenta line in Figures 11 and 12. PBMM and DIC results for this operating
point are presented in Figures 14 and 15. The data has been presented in the same manner as described
above. As can be seen, the once-per-rev data appears to correctly capture an out-of-plane bending mode of
the propeller. On the other hand, tests are still ongoing because the baseband frequencies introduce
significant uncertainty and room for error.

Figure 14: PBMM processing of an out-of-plane bending mode of the propeller.



F2: Displacement Envelope — V (Transverse) | Disp scale x8
Black = equilibrium. Red/blue = max excursion over 201 frames.

o

(=]

=]
f

1501

—__\—\__\——_

\\

w
=3
L

Chordwise position (pixels)
—
-
o

T T T
Envelope Max +V (Transverse] (16786 px)
250 500 750 1000 1250 — Reference lequilibrium} Max  {Transverse) (-2.4832 px)
Spanwise position (pixels)

=

Figure 15: DIC processing of an out-of-plane bending mode of the propeller.

5 Conclusions and outlook

This paper is the next in a series of investigations aimed at applying optical modal analysis measurement
methods to drone propulsion systems. The long-term goal of the investigation is two-fold. The first is to
better understand the noise sources of drone propulsion systems by approaching the question from a
vibroacoustic perspective. It is expected that the potential links between the aeroacoustic and vibroacoustic
noise sources will be better understood and explained on behalf of the aeroacoustic community. The second
is to introduce modal analysis measurement methods from other areas in drone propulsion system R+D, test
and confirm their applicability, and/or further develop them for use in this application area.

Following successful measurements on a stationary drone propulsion system, processed using PBMM [17],
this investigation has revisited the test case and successfully processed the data using DIC. Next,
measurements have been carried out on a rotating drone propulsion system. The data has been analyzed with
both PBMM and DIC. The results are encouraging, but further analysis is needed, as the many potential
hurdles encountered during the measurement and processing of the drone propulsion system suggest that
additional experience is needed before explicitly stating that the results can be trusted. During the
implementation and testing of the methods, many ideas have been drawn from the literature and accumulated
experience. The PBMM and DIC methods will therefore be further tested and developed to enable variations
in the measurement and processing methods.
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