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Abstract: This paper aims to conduct an acoustic analysis through noise measurements of a hybrid
propulsion system intended for implementation on a drone, from which the main noise sources
can be identified for further research on noise reduction techniques. Additionally, the noise was
characterized by performing spectral analysis and identifying the tonal components that contribute to
the overall noise. The propelling force system consists of a micro-turboshaft coupled with a gearbox
connected to an electric generator. The propulsion system consists of a micro-turboshaft coupled
with a gearbox connected to an electric generator. The electric current produced by the generator
powers an electric ducted fan (EDF). The engineturbo-engine was tested in free-field conditions for
noise generation at different speeds, and for this, an array of microphones was installed, positioned
polarly around the system and near the intake and exhaust. Consequently, based on the test results,
the acoustic directivity was plotted, revealing that the highest noise levels are at the front and rear of
the engine. The noise level at a distance of 1.5 m from the turboengine exceeds 90 dBA at all tested
speeds. Spectral analyses of both the far-field acoustic signals (measured with a polar microphone
array) and the near-field signals (microphones positioned near the intake and exhaust) revealed that
the primary contributors to the overall noise are the micromotor’s compressor, specifically the gas
dynamic phenomena in the fan (BPF and 2x BPF). Thus, it was determined that at the intake level,
the main noise contribution comes from the high-frequency components of the compressor, while
at the exhaust level, the noise mainly originates from the combustion chamber, characterized by
low-frequency components (up to 2 kHz). The findings from this study have practical applications
in the design and development of quieter drone propulsion systems. By identifying and targeting
the primary noise sources, engineers can implement effective noise reduction strategies, leading
to drones that are less disruptive in urban environments and other noise-sensitive areas. This can
enhance the acceptance and deployment of drone technology in various sectors, including logistics,
surveillance, and environmental monitoring.
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1. Introduction

Interest in unmanned aerial vehicles (UAVs) has significantly increased thanks to tech-
nological progress, as UAVs can now perform complex and hazardous tasks that are chal-
lenging for manned aerial vehicles. Their ease of use, enhanced safety, cost-effectiveness,
and reduced environmental impact make UAVs suitable for a variety of long-duration
missions in both military and civilian fields. These attributes have positioned UAVs as a
vital and rapidly expanding sector in the aerial vehicle market [1,2]. Consequently, drones
and UAVs are now integral to many fields, undertaking essential missions for society [3].
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UAVs are generally composed of several key components: a flight structure, a propul-
sion system, an onboard electrical system, a mission-specific payload, a control system, and
a communication system. Among these, the propulsion system is particularly critical, as
it provides the necessary power for the UAV and plays a pivotal role in mission success.
UAV propulsion systems typically include energy sources and power units, which can be
either conventional engines or electric engines [4,5].

In terms of energy sources, UAV propulsion systems can be divided into three types:
fuel-based, hybrid (combining fuel and electricity), and fully electric systems. Electric
propulsion for UAVs can utilize various energy sources, such as lithium batteries, fuel
cells, supercapacitors, and solar power. It is well known that electric propulsion systems
in UAVs often use high-energy-density permanent magnet engines as their power output
devices [6].

One major challenge for electric engine-powered UAVs is their limited range. To ad-
dress this, several methods are being explored to extend their operational range, including
the use of fuel-based thermal propulsion systems or hybrid systems that combine electric
power with fossil fuel-based propulsion [7].

Fossil fuel propulsion systems can be categorized into two main types: piston engines
and turbine engines. These propulsion types offer benefits such as high payload capacity,
extended range, and quick refueling capabilities [8].

UAVs with piston engines typically include a fuel supply system, an engine, a me-
chanical transmission, and a propeller. The engine serves as the energy converter and
power source. Due to propeller limitations, most piston engines are suited for low-speed,
low-altitude UAVs [9].

For UAVs requiring higher speed and altitude, turbine engines are more appropriate,
making them the preferred power units for UAV propulsion systems [10]. However, both
piston and turbine engines have the drawback of generating higher noise levels compared
to electric engines.

Purely electric propulsion systems face the primary limitation of battery energy density.
Hybrid propulsion systems, which combine electric propulsion with internal combustion
engines, offer a solution by providing fuel consumption savings over purely combustion-
engine systems. Hybrid propulsion systems for UAVs can be classified into parallel, series,
series—parallel, and complex configurations, based on whether the engine directly provides
thrust [11].

Sources [12,13] describe parallel and series hybrid systems briefly. In a parallel hybrid
setup, the engine and electric engine generator jointly drive the propeller through a me-
chanical transmission. The electric engine generator ensures the engine operates optimally.
Excess engine power is converted to electrical energy by the generator and stored, while
insufficient engine power is supplemented by stored electrical energy. In a series hybrid
system, the engine drives a generator to produce electrical energy, which then powers an
electric engine to rotate the propellers. During flight, the electric engine drives the propeller
for thrust during takeoff and landing, while a gas turbine generates electrical energy during
high-altitude cruising to extend range.

The series—parallel hybrid configuration combines elements of both series and parallel
setups, with the power unit consisting of an engine and an electric engine. Hybrid-propelled
drones face the challenge of noise generation. While electric-propelled drones are relatively
quiet, producing noise mainly from propellers and engines, hybrid systems also generate
noise from piston or turbine engines [14,15].

The noise produced by drones is significant for both human perception and certain
detection missions. Minimizing drone noise is essential for specific operations to avoid
detection by acoustic methods [16,17].

Current aircraft noise levels, including drones and airplanes, are discussed in [18]. This
source shows that the A-weighted maximum noise level at 400 ft for small to medium-sized
UAVs ranges from 50.1 to 64.1 dBA. The vehicles measured include the Skywalker X-8, DJI
M200, Yuneec Typhoon, and GD28X, with noise levels recorded during a fast, level flyover.
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According to the Aircraft Noise and Performance (ANP) database [19,20], the average
LA, max at 400 ft for a conventional Airbus A320 (CFM56-5A1 engine) and a Boeing
737-8MAX (CFM Leap1B-27 engine) is 95.6 dB(A) and 90.1 dB(A), respectively.

Source [18] also compares two civil aircraft with two UAVs, noting that small to
medium UAVs emit significant high-frequency noise. Conventional fixed-wing aircraft
experience high-frequency noise attenuation due to atmospheric absorption over long
distances. As highlighted in [21], a critical difference between UAV and conventional
aircraft noise is the concentration of acoustic energy in high frequencies. UAVs produce
primarily tonal noise with multiple complex tones at the harmonics of each rotor’s blade
passage frequency (BPF) [22-24].

Since hybrid propulsion in drones involves acoustic elements specific to both electri-
cally powered UAVs and aircraft equipped with turboengines, this paper aims to conduct
an acoustic analysis of a system composed of a microturbine engine coupled with a gen-
erator to produce electric current that drives an EDF (electric ducted fan)-type consumer.
The entire assembly is designed to be installed on drones to enhance flight autonomy for
drones powered by EDF systems.

2. Materials and Methods

The tests from the present study were performed in a free field and under normal
atmospheric conditions, so the sound could propagate freely without any reflections,
diffractions, or other interferences from surfaces or objects. This idealized condition allows
for the accurate measurement of sound characteristics and the behavior of sound sources
without the influences introduced by echoes or reverberations. For these tests, the stand
was placed in a free, large area, on grassy land, and far from buildings, ensuring that
reflections do not interfere with the direct sound waves. The acoustic measurements
were performed using the multi-channel acquisition system DEWEsoft SIRIUS® (company
Dewesoft d.o.o., Trbolvje, Slovenia) DualCoreADC®, which employs double 24-bit ADCs
for each channel, enabling a 160 dB dynamic range across time and frequency domains and
a 130 dB signal-to-noise ratio with sample rates up to 200 kS/s per channel and integrated
anti-aliasing filtering. The data acquisition system offers over 70 kHz alias-free bandwidth
measurements. The acoustic sound pressure signal was recorded with 10 pcs. %" 40AE
microphones (mounted on a GRAS %-inch Preamplifier Type 26CA, which has a frequency
range between 2 Hz and 200 kHz) manufactured by G.R.A.S. (Holte, Denmark). This
high-precision condenser microphone, designed in compliance with IEC 61094-4 standards,
is engineered for accurate sound measurement in free-field environments and is able to
measure sound pressure levels ranging from 3.15 Hz to 20 kHz, reaching up to 148 dB. The
entire measurement line was calibrated using a Sound Calibrator Type 42AB, manufactured
by G.R.A.S., which generates 114 dB (re. 20 uPa) & 0.2 dB at 1 kHz, IEC 942 (1988) Class 1.

The turbogenerator and the entire system, as shown in Figure 1a, are designed to
replicate the operating conditions on a UAV. The system was controlled using a system
with two throttles: one for the microengine’s fuel flow and another for power, as shown in
Figure 1b.

Regarding the acoustic measurements, the entire test setup with microphones arranged
around it is shown in Figure 2.

Eight microphones were evenly distributed in a semicircle from the intake axis to
the rear of the test stand, at a distance of 1.5 m from the center of the microengine, all
positioned at the central axis level of the microengine. The microphone placed at the
0-degree position is microphone M1, and the one placed at the 180-degree position is
microphone M8. Two additional microphones were placed near the intake and exhaust
at a distance of approximately 300 mm. During the testing campaign, the ambient air
temperature was 6.5 degrees Celsius, the humidity was 70%, and the atmospheric pressure
was 1008.5 mbar.
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Throughout the acoustic measurement campaign, the microengine, part of the tur-
bogenerator unit, was operated across a range of speeds, from idle to a safe upper
speed below the maximum. The tests were conducted at an idle speed of approximately
56,000 RPM, then at 75,000 RPM, 90,000 RPM, 103,000 RPM, 115,200 RPM, 123,600 RPM,
and 131,640 RPM. These speeds were determined by the load on the consumer. During
the tests, the generator’s voltage was consistently maintained at 48 V, corresponding to
a generator speed of 2800 RPM. The consumer’s load was increased from 0 to approxi-
mately 1700 W, and at each load increment, the engine was stabilized for about 30 s to
record acoustic data. Functional parameters of the stand, such as the voltage and current
produced by the generator, were also recorded during the tests to determine the generator’s
output power.

Throttler for fuel Throttler for power

(b)

Figure 1. The testing bench configuration (a) and the throttler controller (b).



Acoustics 2024, 6 702

Figure 2. The test bench with microphones arranged around it.

3. Results and Discussions

Following the completion of the experiments, Table 1 presents the acoustic pressure
level for each microphone used in correspondence to the rotational speed of the turbo-
compressor group of the microengine. The acquisition rate of the recording device was
set to 50 kHz, allowing a frequency analysis up to 20 kHz. The overall noise values were
computed in the frequency domain from 16 to 20,000 Hz.

Table 1. The acoustic pressure level for each microphone used.

Speed [RPM]
56,000 75,000 90,000 103,000 115,200 123,600 131,640
Microphone Electric Power-Generator [W]
93.2 715 1020 1245 1325 1660 1707
Sound Pressure Level [dB]
M1 97 101 107 102 104 105 107
M2 112 113 113 105 107 107 108
M3 106 106 104 102 103 103 105
M4 104 99 102 102 105 105 107
M5 92 93 97 97 99 102 102
M6 92 95 98 99 100 103 104
M7 91 95 98 101 103 102 106

M8 91 101 104 106 109 109 110
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Based on these values, graphs with the directivity were made on the microengine-
electric generator and fan assembly. Thus, Figure 3 shows the acoustic directivity depending
on the speed of the microengine.

309
Speed [RPM]
— 56,000
— 75,000
— 90,000
103,000
- = 115,200
- -123,600
— 131,640

283 77

103

129

206 154

180

Figure 3. Sound directivity pattern depending on the microengine speed.

From the directivity plot presented in Figure 3, the engine noise radiation is graphically
represented. As highlighted in a previous paragraph, at low speeds, the noise is mainly
radiated through the engine intake, while the noise from the backside of the test bench
has low amplitudes. As the speed increases, the noise directivity tends to become uniform.
At an idle speed of 56.000 RPM, at the microphone located at the back of the stand, the
global acoustic pressure level is visibly lower than in the other operating modes because,
in this mode, the EDF does not start but will enter into function at the next regime. Next,
in Figure 4, the overall noise values in the frequency domain of 16-20,000 Hz for all
microphones and for all engine regimes are presented.

OASPL vs Speed for Different Angles
115

110 |

105

-
100 —Angle: 0°

- - ——Angle: 26°

- - Angle: 51°
————————— ~Angle: 77°

o L . Ve Pt -l _- — Angle: 103°

, - - Angle: 129°

P - - - Angle: 154°
— - - -7 — Angle: 180°

- Averaged
920 1 1 1 1 1 1 1 I
6 7 8 9 10 11 12 13

Overall sound pressure level RMS [dB](p,ref. 2.0e-05Pa)

Speed [RPM] w10

Figure 4. Acoustic pressure level variation for each microphone depending on the speed.
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This graph shows the analysis of the noise variation at each measurement point,
depending on the speed. The main observation is that there are certain speeds at which the
noise decreases; however, with the increase in speed, a general trend of increasing noise of
10 dB is observed for microphones placed from 103° to 180°.

On the other hand, overall noise values measured in microphones from 0 to 77° present
a distinct character. Up to 103,000 RPM, the overall noise levels are higher than at other
revolutions. Beyond this speed, the noise curves follow the trend of those from the other
microphones. To explain this phenomenon, the spectral analysis of each acoustic signal
was computed. To better understand the acoustic phenomena presented in Figures 5-12, a
detailed analysis of the noise at the level of the microphone at all speeds was carried out.
In each figure, the value in degrees for each microphone is shown at the top.

00
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Figure 5. Comparative noise spectral analysis for the M1 microphone (0°) as a function of speed.
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Figure 6. Comparative noise spectral analysis for the M2 microphone (26°) as a function of speed.
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Figure 7. Comparative noise spectral analysis for the M3 microphone (51°) as a function of speed.

77°
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Figure 8. Comparative noise spectral analysis for the M4 microphone (77°) as a function of speed.

To get a comprehensive idea, the overall noise values (in the frequency domain from
16 to 20,000 Hz) for each RPM were averaged, resulting in the curved (purple) curve. It can
be seen that the noise has the lowest value at a speed of 103,000 RPM.

The spectral analysis presented in Figures 5-12 explains the distinct character of the
noise measured with microphones from 0° to 77°. Up to 103,000 RPM, the overall noise
values from microphones from 0° to 77° are produced by the high-frequency components
generated by the compressor impellers, with noise propagating outside from the engine
intake. As the engine speed increases, these high frequencies exceed the upper frequency
domain of 20 kHz, causing the overall noise level to drop to 103,000 RPM. On the back side
of the test band, the noise has a linear increase from the idle regime to the maximum with
no particularity.
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Figure 9. Comparative noise spectral analysis for the M5 microphone (103°) as a function of speed.
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Figure 10. Comparative noise spectral analysis for the M6 microphone (129°) as a function of speed.

Based on the acoustic signals recorded close to the intake and exhaust, a detailed
analysis of the main spectral components generated by the engine is further presented.

The second part of the study measures the sound pressure levels at the intake and
exhaust of the turboshaft engine. This is crucial because observations indicate that the
noise level produced by the entire assembly is quite high. Therefore, technical solutions are
being sought to reduce the noise. Table 2 presents the global noise values measured at the
positions of the microphones mounted near the intake and exhaust devices.
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Figure 11. Comparative noise spectral analysis for the M7 microphone (154°) as a function of speed.
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Figure 12. Comparative noise spectral analysis for the M8 microphone (180°) as a function of speed.

Table 2. Global noise values at a distance of 300 mm from the intake/exhaust.

Speed [RPM] OASPL [dB]
Intake Exhaust
56,000 123 o1
75,000 125 104
90,000 130 108
103,000 116 o
115,200 118 T
123,600 119 113

131,640 120 114




Acoustics 2024, 6 708

The noise variation curves as a function of speed for both measurement points have
been graphically represented; the results are shown in Figure 13.

OASPL vs Speed for Intake & Exhaust
P

130
T T

- Intake
- Exhaust

Overall sound pressure level RMS [dB](p,ref. 2.0e-05Pa)

Speed [RPM]

Figure 13. Variation in the global noise level near the intake and exhaust zone, depending on the
speed of the microengine.

Regarding the exhaust noise, which is directly related to the speed [RPM], increasing
the speed [RPM] leads to an approximately uniform increase in noise; from 101 dB at idle
to 114 dB (that is, a 13 dB increase) at 131,640 RPM.

At the intake level, the noise is strongly influenced by the operating regime of the
microengine; up to the regime of 90,000 RPM, the noise increases constantly (with a
maximum value of 130 dB). This phenomenon occurs due to gas-dynamic phenomena and
the operating regime of the compressor and turbine at these speeds, which generate noise
at frequencies outside the recording spectrum of the microphones. After this point, the
noise registers a sudden decrease (—15 dB) at the speed of 103,000 RPM, and finally, the
noise increases linearly up to the maximum speed (120 dB). To better highlight the noise
sources and the cause of the large differences in noise at low versus high regimes, spectral
analyses of the acoustic signals near the intake device (Figure 14) and the signals from the
exhaust area (Figure 15) are presented below.
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Figure 14. Comparative spectral analysis of the noise at 30 cm to the intake, depending on the speed.
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Figure 15. Comparative spectral analysis of noise at 30 cm from the EXHAUST, depending on
the speed.

The following aspects of the noise can be observed: The spectral components cor-
responding to the speed have reduced amplitudes but are visible by performing an FFT
zoom; analyzing the acoustic spectra and excluding the peaks, it is found that the noise
increases with increasing speed, indicating a direct relationship between noise and speed;
global values are strongly influenced by those tonal spectral components.

The interpretation of the spectral components with large amplitudes is as follows: For
the speed of 56,000 RPM, the rotational speed component corresponds to a frequency of
933 Hz; from the spectrum, at the frequency of 5600 Hz, a BPF component can be observed,
which corresponds to the number of compressor blades (6 blades); at the frequency of
approximately 11,200 Hz (varying due to the inability of the automatic system to maintain
a constant speed), there is a 2x BPF component. In the case of the speed of 75,000 RPM,
the same BPF and 2x BPF components are observed, this time at higher frequencies,
approximately 7560 Hz and 15,120 Hz, respectively; at the speed of 90,000 RPM, the BPF
and 2x BPF components are at frequencies of approximately 9400 Hz and 18,800 Hz,
respectively. For the other speeds, these components do not disappear, but due to the high
speed, they move into the ultrasound domain, which is why the global noise values show
significant decreases.

Figure 15 presents the spectral analysis of the noise at the exhaust level. In this area,
the previously identified spectral components either have low amplitudes or are not visible,
which supports the idea that those tonal components originate from the intake area.

Furthermore, in Figure 16, graphs are created for each speed, presenting the spectrum
at the intake level compared to the acoustic spectrum at the exhaust level, thus highlighting
the influence of intake noise on exhaust noise.

From Figure 16, it is primarily observed that the noise produced at the exhaust level
contains low-frequency components (0-2000 Hz). The tonal components mainly originate
from gas dynamic phenomena occurring in the compressor, with the noise propagating
either directly to the exhaust or through the interior of the microengine, exiting through
the exhaust. The spectral components of the turbine were not identified.
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Figure 16. Spectral analysis of intake and exhaust noise for all tested speeds.
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4. Conclusions

In this article, we made an acoustic analysis of a hybrid propulsion system developed
to be implemented on a drone, which consists of a micro turboshaft coupled with a gearbox
connected to an electric generator. The tests were performed in free-field conditions,
far from other buildings, and on grassy land to avoid the influence of reflections and
reverberation. For signal acquisition, an array of microphones was placed polar around
the stand.

Regarding the current stand configuration, the analysis of the directivity curves does
not provide significant information regarding the noise generated by the engine micro-
engine. The noise generated by the whole set of acoustic sources has no prominent acoustic
lobes, and up to 103,000 RPM, the noise levels have higher amplitudes in the front (intake
region), reaching 113 dB, while in the back side (toward the fan), the noise reaches 97 dB.
After this speed, the noise linear increases by 4 dB, from 103 dB at 103,000 RPM to 107 dB
at 131,640 RPM.

Based on the spectral analyses performed for both the far-field acoustic signals (mi-
crophone polar array) and the near-field signals (microphones located near the intake and
exhaust), it was found that the main sources with significant contributions to the overall
noise come from the microengine compressor (gasodynamic phenomena in the fan -BPF
and 2x BPF).

Thus, it was found that at the intake level, the main contribution to noise comes from
the compressor’s high-frequency components. In contrast, at the exhaust level, the noise
primarily originates from the combustion chamber, which has low-frequency components
(up to 2 kHz).

The results obtained in this study indicate that the noise level of a hybrid propulsion
system for a drone is high, and solutions for noise reduction are required. Therefore,
in future studies, noise attenuators will be designed for the intake and exhaust of the
microturboengine-engine. Thus, reactive acoustic structures such as acoustic liners de-
signed for high frequencies can be implemented for the intake, while other structures
designed for low frequencies must be developed for the exhaust. These reactive structures
must be designed to minimize weight as much as possible.

Another research direction is the compacting of the system and its implementation on
a drone, a study that, among other things, will involve the acoustic analysis of the drone in
various situations.
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