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Abstract 
Vertical take-off and landing and reduced emissions are some examples of the great possibilities that electric 

propulsion offers and how it could disrupt air travel. However, important regulatory barriers still need to be 

overcome. One aspect of particular attention is the impact on environmental noise. Aero-elastic stability is 

another essential element to reach aircraft certification. This paper offers an overview of the experimental 

techniques required for the assessment of the vibro-acoustic performance of an all-electric light aircraft. The 

actual impact of electric propulsion on exterior radiated noise and cabin comfort has been quantified using 

two variants of the same airplane (conventional piston engine vs. electric motor). Results clearly highlight 

the different footprints of the two types of propulsion. In addition, structural dynamics performance of the 

all-electric aircraft was also investigated. The manuscript reports about the setup and execution of the test 

campaign; it describes the processing of the acquired data and discusses the major findings. 

1 Introduction 

Electric propulsion for aircrafts brings many new possibilities for more efficient, more flexible and greener 

air transportation. New concepts, such as flying taxies, based on all-electrical or hybrid propulsion are been 

studied to support urban air mobility in the future [1]. However, next to the many technological challenges 

associated with such new concepts, important regulatory barriers still need to be overcome to make flight in 

urban areas come true and one aspect of particular attention is the environmental noise impact. Air traffic is 

also expected to continue its unstoppable growth, not without damaging consequences on the environment. 

Beyond CO2 emissions and greenhouse effect, it is the noise pollution caused by air transportation, 

especially in the vicinity of airports, that is a source of concern. Thanks to electric propulsion systems, 

aircraft noise pollution could be significantly reduced. With lowered engine noise and improved sound 

quality, a passenger’s flight experience could also become significantly more enjoyable. 

Very few detailed experimental analyses have been performed so far to assess the impact of aircraft electric 

propulsion on exterior radiated noise and cabin comfort. Earlier work, see for instance [2] and [3], essentially 

concentrated on design and performance of propulsion systems but with no focus on the noise impact. 

Interesting work was recently performed by Rizzy [4], on the annoyance to noise produced by a distributed 

electric propulsion system. However, this analysis is based on simulated data only and does not contain 

experimental comparisons. 

The objective of this paper is to experimentally assess the actual impact of electric propulsion on exterior 

aircraft noise and cabin comfort in the case of light aircrafts. The approach proposed here consists in 

comparing the acoustic performance of two variants of the same aircraft equipped with two different 

propulsion systems: in one case with a conventional piston engine, in the other case with an electric motor. 

To the authors’ knowledge, this is the first time that such comparison is made. Both in-flight and on-ground 

measurements are performed to determine the acoustic footprint of the aircrafts and to get insight into noise 

generation mechanisms. Structural dynamics analysis of the all-electric aircraft is then performed based on 
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ground and in-flight measurements. The objective is to present the testing methods available to identify the 

main resonant modes of the aircraft, to be used for flutter prediction and to verify that the modes can also 

be correctly identified during flight.  

The investigated airplane is the Magnus Fusion aircraft. The Magnus Fusion 212 is a multi-purpose 2-seater 

aircraft, see Figure 1. It has a length of 6.7m, height of 2.4m, and a wingspan of 8.3m including winglet, 

whereas the wing area is 10.59m². The eFusion is the all-electric version of the Fusion aircraft, first all-

electric aerobatic training aircraft in the world. It is powered by a 60kW Siemens electric drive system. The 

aircraft is entirely battery-powered and has an endurance of approximately one hour. The aircraft has an 

empty weight of 410kg and a maximum take-off weight of 600kg. The stall and maneuvering speeds of the 

aircraft are 35kn and 104kn, respectively. The aircraft has a maximum range of up to 1,100km and a service 

ceiling of 12,000ft. 

 

 

Figure 1: Magus Fusion aircraft tested with a conventional and all-electric propulsion system. 

Fly-over noise levels, as used for aircraft noise certification, are first compared. Sound quality metrics are 

then used to highlight the differences between the two propulsion systems in terms of perceived noise and 

annoyance. Detailed acoustic analysis is performed using advanced sound source localization techniques. 

Finally, the ground vibration and flutter test results are presented. 

2 Acoustic performance 

2.1 Exterior noise 

The objective of this first section is to compare the overall noise levels measured during fly-over, as typically 

used for noise certification of small aircrafts. The LASmax – maximum A-weighted noise level measured 

with slow time weighting – was computed according to the prescribed standard ICAO Annex 16 [5] using 

the Simcenter Testlab software [6]. The test set-up consists of a Simcenter SCADAS portable data 

acquisition system recording data from the ground microphone and from the adjacent weather station. A 

single microphone with wind protection positioned on the ground on a reflective plate is used for this 

measurement. The position of the aircraft is tracked in time to validate the trajectory and make sure that the 

two aircraft variants are measured in the same conditions. 

Noise comparison results are shown in Table 1 for 2 different flight speeds. Significant noise reduction is 

observed in the case of the electric propulsion, especially at higher speeds (90 knots) and low altitude where 

the aircraft with combustion engine is particularly noisy. Noise reduction is also observed at high altitude 

but absolute noise levels are rather low in this case. 
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LASmax  

Magnus Fusion 212 

with combustion 

engine 

Magnus eFusion 

with electrical 

motor 

Noise 

reduction 

60 knots – low altitude (50 feet) 80.1 78.2 1.9 dB 

90 knots – low altitude (50 feet) 84.4 80.8 3.6 dB 

60 knots – high altitude (1000 feet) 57.6 56.5 1.1 dB 

90 knots – high altitude (1000 feet) 61.7 51.4 10.3 dB 

Table 1: LASmax noise levels measured during fly-over for the Magnus Fusion Aircraft. 

Sound quality metrics are used to quantify the differences in the perceived sound and annoyance. We will 

refer to the aircraft equipped with a piston engine propulsion with the names Fusion or Standard Aircraft in 

order to differentiate it from the one powered by an electric propulsion called eFusion or e-Aircraft in the 

text below. The flyover has been divided in three phases (Figure 2 (left)): 

A. Aircraft approaching the ground microphone 

B. Aircraft above the ground microphone 

C. Aircraft leaving 

The comparison between eFusion and Fusion Specific Loudness spectra reveals that the main loudness 

contributor for the eFusion aircraft is the aerodynamic noise induced by the propeller – Bark 1: 0-100 Hz – 

(Figure 2 (left)). Such a noise component is prominent in phases A and B, while it is severely reduced in 

phase C. In the Fusion case, besides the propeller aerodynamic noise, the main noise contributor is the piston 

engine, whose harmonics influence the specific loudness spectrum up to 5 kHz during phases B and C. The 

radar plot in Figure 2(right) reports the ratio between the metrics computed on the eFusion and on the Fusion 

during the phases A, B and C of their flyover at 50 ft altitude and at nominal speed of 90 kn. A value <1 

means that the corresponding metric assumes a lower value in the case of the eFusion. The psychoacoustic 

attributes of the e-aircraft sound are systematically, and in the three phases, lower than the corresponding 

standard aircraft’s ones. The absence of the piston engine noise, in fact, implies a dramatic reduction of 

roughness and tonality. Loudness is drastically reduced during phase C as well. 

 

 

Figure 2: Comparison between the most salient psychoacoustic metrics computed during eFusion and 

Fusion flyover at 50 ft altitude and at nominal speed of 90 kn. (left) Specific Loudness spectra. (right) 

Ratio between the metrics computed on the eFusion and on the Fusion.  

The just described overall psychoacoustic behavior of the two aircrafts during flyover can be further detailed 

by analyzing time-varying metrics related to loudness, tonality and modulation attributes. Figure 3 reports 

the comparison between the two aircraft versions in terms of loudness-related metrics. Such an analysis 

reveals a larger value of maximum loudness in the case of the piston engine aircraft flyover. Sharpness 

values are very similar in the two cases during phases A and B. eFusion maintains a higher sharpness in 

phase C. This can be attributed not to an actual increase of high frequency noise components in the case of 

e-motor propulsion, but rather to the fact that low frequency range noise produced by the piston engine 

remains loud also during phase C (Figure 2 (left)). 
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Figure 3: Loudness-related metrics. Comparison between: (left) eFusion and (right) Fusion. 

 

Despite the fact that a larger value produced by the aircraft equipped with a piston engine is clearly observed, 

Loudness is not the main differentiator of the two variants. The absence of the internal combustion engine 

propulsion is even more clearly reflected on tonality and modulation-related sound quality aspects. As 

depicted by Figure 4, in fact, the Standard Aircraft flyover is perceived in all phases (and especially in 

phases A and B) as more tonal and reveals the appearance of distinguishable pitches. This is due to the 

presence of a large number of piston engine harmonics in the sound spectrum. In the eFusion case, instead, 

the e-motor noise contribution is not audible and the main noise source is represented by the propeller, 

mainly visible at the Blade Passing Frequency and its second harmonic. 

The presence of the many harmonics of the piston engine propeller implies the Fusion sound to be rich of 

tones whose prominence makes the phase A of the Fusion noise characterized by a pitch at around 350 p.u. 

eFusion tonal noise, instead, is dominated by the Blade Passing Frequency (BPF) contribution at around 

110Hz, but this does not impact pitch and tonality of this noise. 

 

 

Figure 4: Tonality-related metrics, comparison between eFusion (left) and Fusion (right) in terms of 

Prominence Ratio, Pitch and Tonality.  
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The piston engine noise harmonics are also responsible for the appearance, in the Fusion case, of clearly 

audible modulation frequencies. The Modulation Maps reported in Figure 5 well explain such a difference 

revealing the appearance, in the Standard Aircraft case, of modulation over a large range of carrier 

frequencies. This is perceived as a combination of fluctuation and roughness. This latter metric considerably 

increases during phase B and the last part of phase A of the Fusion flyover. eFusion flyover sound, instead, 

is perceived as not rough. Such a modulation analysis can be further deepened by observing the Tracked 

Modulation Maps reporting the evolution of the modulation frequency over time, during the analyzed 

flyovers, per different carrier frequency ranges (critical bands). In the case of the eFusion flyover – Figure 

6 – modulation is very limited. In fact, modulation frequencies appear only during phase B and mostly 

affecting a singular critical band (centered in 150 Hz). Due to the presence of the piston engine noise, 

instead, the Fusion flyover is strongly characterized by modulation patterns (Figure 6). Below 1000 Hz, the 

main modulation frequency is the first order of the piston engine. For higher carrier frequencies, the Fusion 

flyover noise is also modulated by higher harmonics. 

 

Figure 5: Interaction between piston engine and propeller aerodynamic noise harmonics generates, in the 

Fusion case (right), the occurrence of multiple audible tones closely spaced in frequency. In case of the 

eFusion aircraft (left), this is not the case because of the absence of the piston engine. 

 

The flyover sound quality analysis of the two Fusion variants reveals that, despite a just exiguous reduction 

of loudness, the tonality, modulation and roughness attributes are greatly enhanced thanks to the electric 

propulsion, improving the pleasantness of the e-Aircraft flyover noise with respect to the Standard Aircraft 

case. 
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Figure 6: Tracked Modulation Maps (per critical bands in the range 50 – 2500 Hz) of the Fusion flyover. 

2.2 Cabin comfort 

Fusion and eFusion in-cabin noise was also studied adopting interior sound recordings acquired by a 

binaural headset worn by the co-pilot and the installation of accelerometers located in the proximity of the 

engine frame connection with the aircraft cabin body in order to capture the engine-induced vibrations 

transferred to the interior. Hereafter we report the results of the psychoacoustic analysis carried out on the 

two aircraft variants at cruising conditions and at two different nominal speeds: 60 knots and 90 knots. 

The comparison between the eFusion and Fusion in-cabin noise Specific Loudness reported in Figure 7(left) 

reveals that the interior sound of both variants is dominated by the propeller noise, influencing the low 

frequency range (Bark 1 and Bark 2: 0-100 Hz and 100-200 Hz respectively). At higher nominal speed (90 

kn) it is registered an increase of the eFusion specific loudness in the frequency range 2-10 kHz, while 

propeller noise contribution to the total loudness decreases. Such a behavior is not observed in the same 

conditions for the Standard Aircraft. The radar plot shown in Figure 7(right) reports the ratio between the 

metrics computed on the eFusion and on the Fusion aircrafts in the two speed conditions. A value <1 means 

that the corresponding metric assumes a lower value in the case of the eFusion. It can be observed that the 

two aircrafts interior sound performance do not differ in terms of overall loudness and speech-related 

metrics. On the contrary, the absence of the piston engine noise induces a drastic reduction of roughness at 

lower speeds (60 kn) in the eFusion in-cabin noise. The two aircrafts interior noise becomes very similar in 

terms of psychoacoustic behavior at higher speeds (90 kn). In this speed regime, in fact, it is observed a 

substantial equivalence between the two cases. As deductible from the specific loudness curves, the increase 

of sharpness of the eFusion sound with respect to the Fusion case at 90 kn is due to a reduction of the 

contribution of the propeller noise to the total loudness and an increase of the Turbulent Boundary Layer 

(TBL) noise contribution at higher frequency. 

 

Figure 7:  (left) eFusion and Fusion Specific Loudness spectra. (right) The radar plot reports the ratio 

between the metrics computed on the eFusion and on the Fusion aircrafts in the two speed conditions.  
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The spectrograms of the eFusion and Fusion in-cabin noise reported in Figure 8 show that the interaction 

between the piston engine and the propeller noise determines, in the Fusion case, the appearance of a large 

number of piston engine and propeller-related harmonics. These noise attributes, responsible for the increase 

of modulation phenomena and roughness in the case of the Standard Aircraft, are almost absent in the e-

Aircraft in-cabin sound. Higher speed regimes imply a dramatic increase of the TBL excitation. Such a 

broadband noise contribution  partially masks the higher harmonics of the Fusion interior noise. At higher 

speeds, therefore, results in Figure 8 confirm that the equivalence between the two aircrafts interior noise 

attributes increases. 

 

Figure 8:  Spectrograms of the eFusion and Fusion in-cabin noise in stationary conditions. 

Similarly to the fly-over case reported above in this paper, the analysis of tonality-related metrics reveals 

that the most prominent tones perceived in the eFusion cabin are the BPF and/or its first harmonic. Pitch 

perception is registered only in the 60 kn speed regime in the case of the Fusion in-cabin noise. At higher 

speed regimes the higher harmonic tones of the Fusion interior noise are partially masked by the more 

prominent TBL broadband noise. 

 

Figure 9:  (left) eFusion and Fusion in-cabin noise Prominence Ratio, computed for two constant speed 

regimes: 60 kn and 90 kn, reveals the prominence of the BPF and/or its harmonics. (right) Pitch perception 

is registered only in the 60 kn speed regime in the case of the Fusion in-cabin noise 

 

The comparison, reported in Figure 10, of the Auto-Power Spectra of pressure and vibration signals – 

computed respectively by: in-cabin microphone and accelerometer placed on the engine mounts (connection 

of the engine frame with the aircraft cabin) – discloses useful information for a first assessment of the 

mechanism of propagation of the exterior noise towards the interior of the aircrafts cabins. Observing Figure 
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10(left) , in fact, it can be noticed that e-motor excitation is limited to the frequency related to its rotational 

speed and a few harmonics. The e-Aircraft microphone spectrum reveals that its in-cabin noise is mainly 

influenced by airborne noise contributors due to the aero-acoustic sources generated by the propeller blades 

and to the TBL aerodynamic excitation, while only a minor part is transferred to the cabin through the engine 

frame mounts. The Fusion vibration pattern, instead, is composed by a large number of piston engine 

harmonics. Such harmonics are visible also in the in-cabin microphone spectrum suggesting, in this case, a 

major role of structure-borne noise transmission paths. 

 

 

Figure 10:  Comparison of the Auto-Power Spectra of pressure and vibration signals computed 

respectively by: in-cabin microphone (left channel of the binaural headset worn by the co-pilot)  and 

accelerometer placed on the engine mounts (connection of the engine frame with the aircraft cabin). (left) 

eFusion. (right) Fusion. 

 

Modulation maps reveal the presence of modulation phenomena – due to the interaction of piston engine 

noise and propeller noise – in the Fusion in-cabin noise. This is not the case for the eFusion interior noise, 

in which modulation patterns are almost not present (Figure 11). 

 

Figure 11:  Modulation maps of the eFusion and Fusion in-cabin noise in stationary conditions. 

 

From the in-cabin sound quality analysis of the two Fusion variants it can be concluded (confirming the 

results obtained in the flyover case) that the interior noise loudness levels are equivalent in the two variants, 

at the two analyzed speeds, while, on the contrary, modulation and roughness attributes are greatly improved 

thanks to the electric propulsion. It was moreover observed that the engine-related structure-borne excitation 

is drastically reduced in the eFusion case in which a major role is played by the aero-acoustic noise 

contributors such as propeller tonal noise and TBL broadband excitation. 
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2.3 Sound source localization 

Sound source localization technique can help getting a better understanding of the main aircraft noise 

sources and how they are changing with electric propulsion. Results are presented below for the eFusion 

exterior radiated noise based on acoustic array measurements performed with the aircraft on the ground and 

also during flight. 

In order to capture all aircraft noise sources including aerodynamic effects, the best is to measure the sound 

while the aircraft is flying. This requires to deploy an acoustic array with a large number of microphones on 

the ground and to synchronize the measurements with the position of the aircraft in-flight.  

In this case, a relatively small array consisting of 100 microphone in a 5-arm star configuration with 10 

meter diameter is used, as shown on Figure 12. This array is used to get a quick assessment of the source 

localization in flight. A larger array is typically required for obtaining detailed source localization and 

quantification during fly-over. Figure 12 also shows the Simcenter SCADAS data acquisition placed at the 

center of the array. This system is used to acquire and transfer the data from all microphones to a remote 

computer. 

    

Figure 12:  Ground array measurement set-up for source localization during fly-over (top and side view). 

 

Simcenter Testlab software is used to process the microphone data. Beamforming and CIRA deconvolution 

techniques, see [7] and [8], are used to produce the source localization maps with improved spatial resolution 

and dynamic range. For this measurement, the aircraft is flying at an altitude of 50 feet at a speed of 70 

knots.  

 

Figure 13 shows a comparison of the two aircraft variants for the low frequencies, from 200 to 800 Hz, 

where most of the energy is concentrated. As expected, a dominant source is identified at the engine 

propeller in the case of the electric aircraft, whereas it is located at the engine exhaust in the case of the 

combustion engine aircraft. 

 

 

Figure 13:  Source localization map on the eFusion all-electric aircraft (left) and Fusion combustion 

engine aircraft (right) at low frequency (200 to 800 Hz). 
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Figure 14 concentrates on noise at higher frequencies, from 800 to 1200 Hz. It is interesting to note that in 

the case of the piston engine aircraft, two dominant noise sources are identified, one at engine exhaust and 

one at the engine front part/propeller. This corresponds to the dominant sources also identified on the 

ground, as shown in next section. Results on the electric aircraft are more difficult to interpret, but also 

exhibit a noise source near the front landing gear attachment point to the fuselage. 

 

 

Figure 14:  Source localization map on the eFusion all-electric aircraft (left) and Fusion combustion 

engine aircraft (right) at higher frequency (800 to 1200 Hz). 

 

For these next measurements, the aircraft is maintained on the ground at a fixed position and an acoustic 

array is placed at a few meters from the engine, which allows to focus on the propulsion-related sources. 

The LMS sound camera, a high-quality acoustic array with 118 digital microphones, is used to localize and 

quantify the noise sources on the full frequency range, as shown in Figure 15(left).   

Figure 15 shows a comparison of a measurement performed on the two aircraft variants for similar 

conditions (1000 RPM in the case of the combustion engine aircraft vs. 1150 RPM for the electric motor 

aircraft). It is interesting to note that most of the noise is radiated from the exhaust in the case of the 

combusting engine whereas propeller blade tip is the dominant noise source for the electric motor. 

Secondary sources appear at the air intake in the case of the electric aircraft and the front engine part for the 

conventional aircraft. 

 

   

Figure 15:  Measurement set-up for near-field sound source localization on the eFusion aircraft (Left). 

Sound source localization results with electric motor (middle) and conventional combustion engine (right). 

 

There appears to be a strong interaction between the propeller wakes and the front landing gear leading to 

strong noise radiation. This is confirmed on Figure 16 where a dominant noise source is identified for 

most frequencies at the bottom part of the blade tip circle. This phenomenon is also observed on the 

conventional aircraft – although not shown here. This gives clear indication for potential noise reduction 

solutions. 
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Figure 16:  Sound source localization from the front for the eFusion Magnus aircraft. 

3 Structural dynamics performance 

3.1 Ground Vibration Testing 

Ground Vibration Test (GVT) is part of the certification process and its purpose is to measure the aircraft 

dynamic characteristics (natural frequencies, mode shapes, structural damping coefficients and generalized 

mass). These results allow to update of the FEM (Finite Element Model) model of the structure used for 

flutter prediction.  

Recently, more complex aircraft design raised additional testing requirements which are related to the 

increased use of composite materials, active systems and the need to quantify non-linear behavior. At the 

same time, a high time pressure exists on the test schedule due to limited availability of the fully assembled 

physical prototype aircraft so late in the design cycle. 

In the past years, the so-called Normal Mode Testing has been almost exclusively used for GVT on aircrafts 

since this technique is very well suited for separating very closely spaced modes. Essentially it uses an 

excitation tuned at single frequency lines in correspondence of the modes of the aircraft. In this manner the 

vibration response only contains a contribution from the mode of interest. However this testing procedure 

is very time consuming and it has been replaced in the last years by techniques based on the estimation of 

modal parameters from broadband Frequency Response Functions (FRFs). Many excitation signals can be 

used to experimentally determine the system FRFs: periodic signals, stepped sine, burst random, swept sine. 

Recently swept-sine excitation received a lot of attention, as it represents a good compromise between 

magnitude of excitation level needed for large aircraft and testing time [10]. 

As the FE model is calculated supposing free-free boundary conditions, it is necessary to simulate the same 

boundary conditions during the test. For this purpose several alternatives are possible at this stage: bungees 

suspension system, deflated tires, pneumatic suspension. 

In this paper the structural dynamics performance of the all-electric aircraft Magnus eFusion was 

investigated. The GVT campaign was performed at the Magnus facility in Hungary. The airplane’s tires 

were deflated in order to reproduce the ideal free-free boundary conditions and two electrodynamic shakers 

were used in order to excite the system. They were placed at intermediate wing points as shown in Figure 

17. The response accelerations were measured by using two Simcenter SCADAS systems in a Master-slave 

configuration. 58 monoaxial accelerometers and 11 triaxial accelerometers were used for a total of 91 

measurement channels. The triaxial ones were distributed as follows: left and right wing tips (front node), 

left and right ailerons tips, front node of the fuselage, left and right tips of the horizontal tail, left and right 

elevators tips, front nodes on the top of the vertical tail and on the rudder. 
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Figure 17:  GVT measurement setup 

At first burst random tests were carried out at different force levels. In a second stage, logarithmic sine 

sweeps were used to excite the aircraft. Different sweep rates (0.3, 0.6, 1.2 and 2.4 oct/min), directions 

(sweep up and sweep down) and several force levels (10N, 15N, 20N) were used. Table 2 shows all 

performed tests. 

Force (N) Sweep Rate (oct/min) 

slow (0.3) medium (0.6) fast  (1.2) very fast (2.4) 

3 - Up - -  

10 - up/down up/down, +- 10 deg  - 

15 Up up/down up/down up/down 

20 - Up - - 

Table 2: Test conditions performed during the Ground Vibration Test (GVT) campaign. 

 

Several runs were performed in order to understand the different behavior at different force levels, which 

can be considered as an indicator for non-linear effects. The same is true for sweep-up and sweep-down 

tests which are commonly used in literature to identify the distorted FRF peaks due to the presence of non-

linearity effects.  

 

Mode # Natural frequency [Hz] Damping ratio (%) Mode shape description 

mode 1 11.185 1.38 1st wing bending 

mode 2 15.377 1.75 tail torsion 

mode 3 16.162 3.45 1st fuselage/wing bending 

mode 4 17.224 3.22 aileron asymmetric 

mode 5 18.348 1.80 tail bending 

mode 6 20.436 1.84 1st horizontal tail bending 

mode 7 21.764 4.98 ailerons symmetric 

mode 8 23.230 1.70 rudder 

mode 9 26.473 1.41 2nd wing bending  

mode 10 27.416 1.65 vertical tail bending 

Table 3: List of natural frequencies, damping ratios and mode shape descriptions for all modes up to 30 

Hz 

Table 3 shows the list of the identified natural frequencies and damping ratios of the first ten modes up to 

30 Hz. A brief description of the identified modes is also given next to them. These modes have been 
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obtained by performing the conventional Multiple-Input-Multiple-Output (MIMO) method for FRFs 

estimation. The well-known Polymax modal parameters estimator has been used. 

 

Figure 18 shows one of the Driving Point FRFs, where the Driving Point is the acceleration measurement 

channel placed next to the shaker excitation point. The sweep rate effect is considered by plotting the same 

FRF for the same force level (15 N) and with all the different sweep rates (as shown in Table 2). Increasing 

the sweep rate, the peaks have lower amplitude and become broader. Furthermore, a shift to higher 

frequency can also be highlighted. 

Figure 19 shows the effect obtained by changing the force level from 3 N up to 20 N. If the system was 

linear, the same FRFs should be obtained, but some non-linear effects are present and for this reason a shift 

of the peaks towards higher frequencies can be underlined, especially around 20 Hz. This has also been 

confirmed from a further non-linear investigation by using innovative excitation techniques. 

 

Figure 18:  Driving Point FRF: sweep rate effect 

at constant force level (15 N). 

 

 

Figure 19:  Driving Point FRF: force level effect 

at constant sweep rate (0.6 oct/min).

 

Figure 20 shows two of the main global modes of the eFusion aircraft, respectively mode #4 (aileron 

asymmetric) and mode #10 (vertical tail bending). 

 

 

Figure 20:  Ground Vibration Test modes: aileron asymmetric (mode #4, left); vertical tail bending (mode 

#10, right). 

3.2 Flutter Analysis 

Flutter is included in the broader term aeroelasticity, i.e. the study of the static and dynamic response of an 

elastic airplane. Since flutter involves the problems of interaction between aerodynamics and structural 

deformation, including inertial effects, at subcritical as well as critical speeds, it really involves all aspects 

of aeroelasticity [11] [12]. As already stated, the GVT results are used to perform flutter prediction by using 
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the correlated FE model of the aircraft. Despite all the efforts in developing flutter prediction tools, the only 

definitive method for clearing aircraft for flutter is flight testing. Aircraft certification procedures require 

that aerospace constructors demonstrate that the flight envelope of a new aircraft is clear of flutter with a 

high safety margin. Several possibilities exist for exciting the structural modes and performing a flutter test. 

In the eFusion case, the pilot was asked to impulsively excite the control surfaces and then bringing them 

back to zero position. Theoretically it is supposed to be a perfect impulse which should be able to excite all 

the structural modes, but practically it becomes difficult to excite high frequencies. Once the excitation is 

applied, the aircraft structure’s response is measured at several locations. The aircraft was instrumented by 

means of 12 accelerometers as shown in Figure 21. 

   

Figure 21:  Aircraft instrumentation for flutter testing: Accelerometers placed on the left wing (left 

picture), Simcenter SCADAS XS measurement system in the cockpit (middle) and accelerometer inside 

the horizontal tail plane (right picture). 

 

The Simcenter SCADAS XS system has been used in-flight to record 12 measurement channels which were 

placed at the same locations as during the GVT tests. Six different flights with different flight points (speed-

altitude levels) were measured and the post-processing analysis allowed to identify some of the aircraft 

modes. The wing bending mode is plotted in Figure 22 (left picture) in which all measured points are 

represented by a sphere. On the right for comparison purposes it is reported the same mode measured during 

the GVT campaign where many points were measured on the ground. We can see that the 2 mode shapes 

correspond well. 

 

Figure 22:  In-flight 1st wing bending (left picture) vs GVT 1st wing bending (right picture) 

4 Conclusions 

This paper aims at characterizing the vibro-acoustic performance of an all-electric aircraft. Acoustic 

performance was compared for two aircraft variants : one equipped with a conventional combustion engine, 

the other with an electric motor. Overall sound levels measured during fly-over show a significant reduction, 

with up to 10 dB difference measured. Sound quality metrics also help to prove that flying electric is not 

only quieter, but it also sounds more pleasant, both in fly-over conditions and in-cabin. Modulation 

(roughness and fluctuation) as well as tonality are greatly improved thanks to the electric propulsion system 

and the absence of low frequency engine order noise. Detailed sound source localization was also performed 

on the ground and during fly-over to pinpoint the dominant noise sources and understand how noise 

generation actually happens. As expected, engine intake and exhaust noise are the dominant noise sources 

in the case of conventional combustion engine whereas most noise is produced by the propeller and its 

interaction with the front landing gear in the case of the electric aircraft. Ground vibration testing allowed 
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to identify the main resonant modes of the aircraft structure. Different testing strategies were evaluated and 

non-linear phenomena were identified, especially by using different sine sweep parameters and by varying 

the excitation levels. In-flight vibration measurements were also performed to prepare for the flutter 

analysis. Corresponding mode shapes were identified from the ground and in-flight measurements.  

Only a preliminary analysis of the GVT and flutter results is presented here. It is intended to present a more 

extensive analysis of the results in future publications. Future steps involve the development and validation 

of techniques to allow a better post-processing and modal parameters identification for Ground Vibration 

Test (GVT). Further studies will be conducted concerning the non-linearity issue underlined during the GVT 

tests. An estimate of the stability of each flight condition can be obtained if the damping ratio (related to a 

certain mode) is plotted against the dynamic pressure. Flutter plots can be drawn by analyzing different 

flight points acquired during an extensive measurement campaign. The damping ratio trends will be finally 

plotted for the critical modes in order to determine the flutter conditions which consist in a sudden drop of 

the damping ratio. 
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