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Abstract

Ensuring stabilization of imaging equipment onboard unmanned aerial vehicles is a critical factor
for the quality of aerial photography and spectrometric measurements, while objective comparative assess-
ment of the effectiveness of various damping suspensions under real flight conditions remains a method-
ologically challenging task. Aim of this work was an experimental evaluation of the damping suspensions
for UAV payloads effectiveness using integrated analysis of IMU data and computer vision. Studies were
carried out on a system based on the Matrice 300 RTK unmanned aerial vehicle and a Raspberry Pi data
logger. Damping suspensions operating in compression and tension were compared with rigid mounting.
Methods used for video stream analysis to determine the amplitude-frequency characteristics of the im-
aging system orientation angles were described. Data processing methods from the inertial measurement
unit to obtain information on the dynamics of orientation angles are indicated. A method for integrated
processing of camera and IMU data is disclosed, which allows combining the low-frequency accuracy
of optical flow with the broad bandwidth of inertial sensor measurements. The effectiveness of different
types of damping suspensions was investigated at drone flight speeds from 1 to 7 m/s. It was found that
the best performance was exhibited by a suspension with silicone dampers operating in compression,
which reduced the energy of vibration processes by up to 77 % in the range from 0 to 85 Hz.
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Obecniedenne cTabMIM3aud ChEMOYHON armmapaTypsl Ha OOPTy OCCIMIIOTHBIX JIETATCILHBIX alllia-
paToB SBISETCS KPUTHYESCKUM (DPAaKTOPOM KauecTBa adpo(OTOCHEMKH M CHIEKTPOMETPUYCCKIX U3MEPEHUH,
IIPH OTOM OOBEKTHBHAS CpAaBHHUTEIbHAS OlleHKa 3(()EKTUBHOCTH PA3THMYHBIX AEMII(PEPHBIX MTOJABECOB B pe-
ANBHBIX YCJIOBHSIX TOJETa OCTa&TCsl METOJIUYECKU CIOXKHOM 3amadeil. Llenbio paboThl SBISIACH DKCIIEPH-
MEHTallbHas OIIeHKa 3PPEKTUBHOCTH AeMIT(pEepHBIX TIOBECOB JIJIs MOJIE3HOW HATPY3KH OCCIUIOTHBIX JIeTa-
TCJIBHBIX allImapaToB € MCIIOJb30BAHUEM KOMIUICKCHOT'O aHa/IM3a JaHHBIX WHEPIHUAJIBHOI'0O U3MEPUTEIHLHOTO
MOJYJII U KOMIBIOTEPHOTO 3peHus. lcciieoBaHusi BBIMOJIHEHB HAa KOMIUIGKCE C OCCIHIJIOTHBIM
neTaTeNbHBIM amnmapatoM Matrice 300 RTK m perucTpatopoM TaHHBIX Ha Raspberry Pi. lemndepHbie moa-
BECHI, padoTalolye Ha C)KAaTHE U pacTshHKeHUE, CPAaBHUBAIHCH C JKECTKUM KperuieHueM. ONUCHIBAIOTCS MC-
MOJIb30BaHHBIE METOBl aHAIIN3a BUEOMOTOKA ISl ONPEICICHUS aMIUTUTYIHO-YaCTOTHBIX XapaKTePUCTUK
YIJIOB OpHUCHTALIUN CbEMOYHOM CHCTEMBI. YKa3bIBAIOTCS METOAbI 06pa6OTKI/I JaHHBIX MHCPUUAJIBHOTO H3-
MEPHUTEIBHOTO MOJYJISl JIIsl TIOTy4YeHUsT WHGOPMAIMK O TWHAMHUKE YIJIOB OpHEeHTaIuu. PackpeiBaercs me-
TOAMKA KOMIUIEKCHOW 00pabOTKHM JaHHBIX KaMepbl W WHEPIHAIBLHOTO OJIOKA, MO3BOJIAIONAsS O0HEIMHHUTD
HU3KOYACTOTHYIO TOYHOCTH ONTHUYECKOI'O IMMOTOKA W HIMPOKOIIOJIOCHOCTH H3MepeHHI7[ WHEpUUAJIbHBIX JaT-
gyrkoB. [IpoBoammuck uccnenoBanus 3PpPEeKTUBHOCTH padOTHI TUTIOB IeMII(EPHBIX MOIBECOB Ha CKOPOCTSIX
nosi€ta ApoHa ot 1 10 7 M/c. YCTaHOBJICHO, UTO Jiyuiieii 3((eKTUBHOCTHIO 00JIaJaeT TIOJIBEC C CUITMKOHO-
BBIMH jemMIipepamu, pabOTaIOIIMMU Ha C)KATHE, KOTOPBIM TO3BOJSET YMEHBIIATh SHEPTHUI0 BUOPAIIMOHHBIX
MpOoIIeCCOB Ha BenmnunHy 110 77 % B auanazone ot 0 mo 85 I'm.

KaoueBble cjoBa: yrinoBas BHOpalysi, CIEKTPalbHBI aHaIW3, a’po(oToChEMKA, HWHEPLHUOHHBIC
M3MEpEeHUs, KOMIIBIOTEPHOE 3pEHHE
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Introduction

In the last decade, there has been a notable
increase in the use of unmanned aerial vehicles
(UAVs) in science and industry [1, 2]. Lower risks
to personnel and reduced operational costs compared
to traditional methods allow unmanned systems to
be effectively used in smart city concepts and emer-
gency situations [2]. One catalyst for this develop-
ment is the use of artificial intelligence models for
controlling both the aircraft itself and for solving ap-
plied tasks [1, 2]. The integration of deep learning
technologies with mobile platforms and data collec-
tion sensors is now enabling predictive management
in various areas of human activity. However, the si-
multaneous use of UAVs and scientific equipment in
such complex systems requires mitigating the mu-
tual interference between components. Vibrations
generated by aircraft operation can cause significant
disturbances to sensitive scientific equipment [3, 4].
Vibration compensation systems are generally clas-
sified into active and passive types [4]. This work
focuses only on passive solutions.

The stability of spectrometric systems installed
onboard UAVs is critical for measurement qual-
ity [4, 5]. Therefore, selecting the most effective vi-
bration isolation scheme is important for a new hy-
perspectral automated flight system currently under
development. Some studies have calculated damp-
ing device parameters based on experimental modal
analysis [6]. However, that approach requires ad-
ditional equipment and expertise. Furthermore, the
present study aims to identify the vibration dynamics
caused by UAV operation at different flight speeds.
Accordingly, it was decided to evaluate the effective-
ness of different damper suspension types based on
field test results.

The classical approach for experimental as-
sessment of vibration characteristics and intensity
involves using an inertial measurement unit (IMU)
mounted directly on the carrier UAV or its payload.
However, low-cost IMUs, typical for commercial
UAVs, exhibit high levels of intrinsic noise and
drift [7], which masks the useful vibration signal.

Optical flow from the UAV’s onboard camera
offers an alternative approach for assessing changes
in the orientation of the UAV or its payload over
time. Data obtained via computer vision algorithms
are drift-free, thus providing better measurement re-
peatability. However, the frame rate of optical sen-
sors (30-60 Hz) is substantially lower than that of
IMUs (hundreds to thousands of hertz), narrowing

the spectral range available for analysis. Moreover,
according to previous studies, the main natural vi-
bration modes of a UAV with a suspended platform
exceed the 15-30 Hz analysis bandwidth available
from optical flow alone (in accordance with the Ny-
quist—-Shannon sampling theorem) [6].

When IMU and computer vision methods are
used together, the weaknesses of one technology
can be compensated for by the strengths of the other,
paving the way for a more accurate assessment
of different vibration isolation schemes. The
aim of this study was to experimentally evaluate
the effectiveness of various damper suspension
types for UAV payloads using a multi-sensor ap-
proach.

Study instruments

The primary instrument for the research was
an unmanned aerial spectrometry complex [5].
It was based on a DJI Matrice 300 RTK UAV',
with a video-spectral system running on a Raspber-
ry Pi 4 Model B? as the payload. The surveillance
camera included in the system (a standard Rasp-
berry RGB camera) recorded video at a resolution
of 19201080 pixels with a frame rate of 30 Hz.
The camera’s angular resolution was approximately
0.02°, and its field of view was 15°x26°. Due to the
specific nature of the task, spectral measurements
were not used in this work.

An MPU-6050 sensor’ was connected to the
Raspberry Pi via the I?C interface to serve as the
IMU. This chip integrates a 3-axis accelerometer and
a 3-axis gyroscope, and includes an embedded digi-
tal motion processor. The module was mounted in
the same housing as the RGB camera, enabling joint
data analysis from the two sensors. The ADC resolu-
tion of both the gyroscope and accelerometer was 16
bits. The sampling rate for the experiment was set to
170 Hz. Immediately before the experiments, static
IMU measurements (duration > 20 s) were taken to
calibrate the sensor bias and determine the scaling
factor.

Various suspension designs were used. The
base structures were printed on an FDM 3D printer.

"UAV DJI Matrice 300 RTK: https://www.dji.com/
matrice-300

ZRaspberry Pi  4: https://www.raspberrypi.com/
products/raspberry-pi-4-model-b

> IMU MPU-6050: https://product.tdk.com/en/search/
sensor/mortion-inertial/imu/info?part no=MPU-6050
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To evaluate vibration loads without vibration
compensation, a rigid mount of the payload to the
UAV airframe was used (Figure 1a). The data ob-
tained under this configuration served as the baseline
for comparing the effectiveness of different stabiliser
configurations. These configurations can be divided
into two types: those operating "in compression" and
those operating "in tension".

Figure 1 — Configurations of rigid equipment mounting
(a) and two types of damping suspensions: with silicone
dampers (b) and petal-type (¢)

In the design that exploits physical principles
to resist compression (Figure 15), silicone dampers
were used to compensate for vibrations. The size and
stiffness of the dampers were selected empirically
from commercially available products. In the design
based on resistance to tension (Figure 1¢), special-
ised petal-type dampers were developed. These were
manufactured using filament 3D printing (PETG as
the material). The study investigated a petal-type de-
coupling design in which each of the four dampers
had four flexible faces (petals).

Experimental data processing methods

The video stream processing algorithm con-
sists of several interrelated steps. The raw video is
processed using the Lucas—Kanade optical flow al-
gorithm [8], which tracks the displacement of key
points between consecutive frames. To detect these
points (300 points per frame, with outlier rejection
using RANSAC [9]), the Shi-Tomasi corner detector
was employed [10]. Based on the obtained point dis-
placements, an affine transformation between frames
is computed, from which three key parameters are
extracted: linear shifts along the X and Y image axes
(corresponding to roll angle y and pitch angle ) and
the rotation angle y (yaw). Pixel displacements are
converted to angular values using the flight altitude
and the camera's spatial resolution:

vy =arctg(dX R/ );

0, = arctg(dy'%),

where Ay and A6 are the changes in roll and pitch
angles derived from the video stream, dX and dY
are pixel shifts along the image axes, R is the spatial
resolution per pixel (m/pixel), and H is the flight al-
titude (m).

To remove the constant component caused by
the UAV's horizontal motion, the mean value was
subtracted from each time series of angles. This al-
lows focusing on the vibrational component of the
oscillations.

To obtain Euler orientation angles from IMU
data, sequential processing of accelerometer and gy-
roscope signals is required. Their combined process-
ing yields accurate angular orientations.

Since the gravity vector is constant, roll and
pitch angles can be estimated from accelerometer
readings:

a
Ve =arctg[ //ﬁ}
a, +a;
0, =arctg / — |
1 [ay +a;

where vy, is the roll angle from the accelerome-
ter; 0, 1s the pitch angle from the accelerometer;
a,, a,, a, — are the triaxial accelerometer readings.
The atan2(y, x) function was used to correctly handle
the signs of numerator and denominator, returning
an angle in the range (-, 7).

The classical approach for joint accelerometer—
gyroscope processing is the Kalman filter [12, 13],

(1

(€))
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which compensates for gyroscope drift using ac-
celerometer data. However, in the present work, we
deliberately avoided such filtering, as it may distort
the amplitude—frequency spectrum of the vibrations
under study. Instead, orientation angles from IMU
data were obtained by direct integration of the gyro-
scope signal without any accelerometer correction.
Consequently, in the low-frequency range (0—15 Hz),
the IMU results contain drift and low-frequency
noise, making them less reliable than the drift-free
optical flow data.

A distinctive feature of this study is that we do
not need to determine the orientation of a non-uni-
formly moving UAV at every time instant with high
precision. Since the ultimate goal is to evaluate the
performance of damping suspensions during UAV
flight at a given speed, it is sufficient to obtain the
amplitude-frequency characteristics (AFC) of the
Euler angle oscillations. It is important to note that
without any filtering to remove IMU measurement
noise, the AFC will contain low-frequency noise
components due to sensor drift. Such noise can be
compensated by using data from video stream analy-
sis algorithms. Given the video frame rate, this anal-
ysis provides the most accurate Euler angle data in
the 0—10 Hz range. The intrinsic noise of the IMU
sensors will also contribute to the AFC, but this will
be broadband background noise common to all ex-
perimental measurements, allowing relative compar-
isons among all results. Moreover, since no filtering
is applied during pre-processing, there is no risk of
losing informative frequencies characteristic of vi-
brations. Additionally, the described approach does
not require precise temporal synchronization of the
IMU and camera readings — with an accumulation
time of about 60 s, synchronization to within a few
seconds is sufficient, because the spectral character-
istics analyzed are time-shift invariant under station-
ary signal conditions.

To obtain the AFC from both video and IMU
data, a time series of the angular deviation magni-
tude (excluding yaw) is first constructed:

v (1)+0%(¢).

This scalar quantity characterises the intensity
of the optical axis deviation from the vertical and is
directly related to the image shift magnitude. The
yaw oscillation plane is orthogonal to the effective
damping suspension direction, so including yaw in
the current analysis would only add noise.

M(t) (3)

Next, a windowed Fourier transform (Welch’s
method) was applied to the time series calculated
with (3). A Hann window of 1024 samples with
50 % overlap was used for IMU data, and 256 sam-
ples with 50 % overlap for video-based data. Since
IMU and video data have different amplitude scales,
they must be brought to a comparable level. For this
purpose, a reference frequency range where both
methods are considered sufficiently reliable (e. g.,
5-10 Hz) was chosen. The median amplitude ratio in
this range is computed as:

S, (f)
SIMU (f )
where S, (f) is the AFC from video stream data;
Sivu (f) 1s the AFC from IMU data; [f,, f,] is the ref-
erence frequency range.
A composite evaluation metric is then formed
as:

S(f)=o(f) S, (f)+(1=(f))-C-Spy (1),
"J(f):%Jr MR T

with transition frequency f, and steepness coef-
ficient k; C is the average scaling factor from (4) over
all experiments.

The uncertainty of the angular estimate from
video is =0.02°, while the integrated gyroscope drift
reaches =0.6° over 60 s, an order of magnitude larger
than the amplitude of real low-frequency vibrations.
Thus, the form of (5) is justified: video data provide
a reliable estimate in the 0-15 Hz band, whereas
angles obtained by integrating the IMU gyroscope
are less reliable up to 10 Hz due to zero drift. The
transition frequency was set to f, = 7.5 Hz (the mid-
point of the video data informative interval), and the
steepness coefficient £ = 1.2. With these parameters,
a smooth transition from full reliance on video to full
reliance on IMU occurs in the 5-10 Hz band. Before
merging, the video-based data are interpolated onto
the IMU frequency grid. It is emphasised that above
15 Hz only IMU data are used; nevertheless, the pro-
posed approach allows consistent scaling and avoids
discontinuities at the band boundary.

To compare different suspension types at vari-
ous UAV flight speeds, integral energy indicators
were calculated in selected spectral sub-bands using:

4)

C=median {

)

is a weighting function

Jmax

£= S s ©
S Jmin
where f, ;. and f, .. are the lower and upper frequency

bounds of the analysis band.
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The frequency range up to the Nyquist frequen- (Band 3, B3), and very-high-frequency (Band 4,
cy of the IMU data (85 Hz) was divided into con- B4). The integral energy characteristics were com-
ventional sub-bands: low-frequency (Band 1, B1), puted according to (6) for each sub-band. The de-
medium-frequency (Band 2, B2), high-frequency fined sub-bands are listed in Table.

Table
Frequency ranges for integral energy characteristics analysis
JuamazoHsl / ranges B1 B2 B3 B4
Jonin- T, HzZ 0 15 40 60
Snaxs T, HZ 15 40 60 85
Experiment and results this work are the AFCs at a flight speed of 5 m/s, as

this is the optimal speed for the intended payload.
Therefore, it is important to qualitatively assess how
the AFCs change for different mounting types,
which can be seen in the corresponding graphs
(Figure 3).

As canbe seen in Figure 3, both damping suspen-
sion designs attenuate vibrations in the B3 sub-band
quite effectively. However, in the B1 sub-band, the
silicone damper configuration suppresses oscillation
peaks substantially better than the petal-type suspen-
sion. Moreover, in the Type B plot, the average am-
plitude spectrum level decreases across all spectral

cal issues, flight data for the petal-type suspension sub-bands, indicating the overall effectiveness of this

at speeds of 1.5 m/s and 2.5 m/s could not be vali- dampmg suspension design. It is worth no’.ting that
dated. the scaling factor used to form the composite spec-

trum via Equation (5) was the same for all three ex-
(amplitude-frequency characteristics) calculated periments, ensuring the validity of the comparison

using Equation (5) for the rigid mounting of the described above. .
equipment on the UAV at different flight speeds. "ljo quantltatwt.:ly compare the eﬁ"f:ctlvepess of
This information is essential for determining the (1€ different damping suspension designs, integral
baseline conditions for evaluating the effectiveness ~c1ergy indicators were calculated using Equation (6)
of the two damping suspension designs. As seen for each UAV flight speed. A graphical representa-
in Figure 2, the characteristics exhibit pronounced tion of the vibration energy dependence on UAV
peaks in the B3 sub-band. At lower UAV speeds speed in the Bl. B2, combined B3+B4 sub-bands,
(1.5 and 2.5 m/s), the maxima occur near 45 Hz, and over the entire 0-85 Hz spectral range is shown
while at higher speeds (5 and 7 m/s) the peaks shift in Figure 4.
to frequencies around 55 Hz. Additionally, peaks ap- The analysis of the graphs in Figure 4 should
pear in the B1 sub-band, whose amplitudes increase ~ begin with Figure 4c, which shows the total energy
with UAV speed. This may be attributed to changes in the B3 and B4 sub-bands. These two sub-bands
in the UAV rotor operating modes and to the in- Wwere combined because the observed dependen-
creased influence of wind load on the experimental ~ cies exhibited similar behaviour. In this spectral re-
results at higher flight speeds. gion, the silicone damper configuration is the most
Once the oscillatory behaviour for the rigid effective, reducing vibration energy by 52 % (at
mounting case was understood, the next important 7 mv/s) to 87 % (at 5 m/s). The petal-type suspension
step was to compare the AFCs obtained with dif- also demonstrates some effectiveness, but the maxi-
ferent damping suspensions at specific UAV flight mum energy reduction achieved was only 26 % (at
speeds. The most interesting for the purposes of 7 my/s).

To perform the analysis using the method de-
scribed above, field measurements with a UAV were
required. The experiment was organised so that
flights were carried out sequentially with different
types of damping suspensions installed. For each
suspension configuration, flights were conducted
at four speeds: 1.5m/s, 2.5 m/s, 5m/s, and 7 m/s.
The speed range was selected based on typical
drone flight speeds at altitudes up to 200 m above
ground level. Each measurement lasted between
50 and 70 s. All measurements were taken at a flight
altitude of 150 m above the surface. Due to techni-

The first important result is the composite AFC
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Figure 2 — Complex amplitude-frequency characteristics of vibrations for the case of rigid mounting of the payload
to the unmanned aerial vehicle airframe at different flight speeds
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Figure 3 — Complex amplitude-frequency characteristics of vibrations at the unmanned aerial vehicle flight speed
of 5m/s for three payload mounting types: rigid mounting (7ype A4), suspension with silicone dampers (7ype B),
and petal-type suspension (7ype C)
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Figure 4 — Dependencies of integral energy characteristics on the unmanned aerial vehicle flight speed for different
types of suspensions in ranges B1 (a), B2 (b), B3+B4 (c), and over the entire investigated range (d)

Figure 4b presents the oscillations in the mid-
frequency range. The analysis shows that the vi-
bration level in this sub-band is quite low, and the
vibration energy for all mounting configurations
is small compared to the other sub-bands. Never-
theless, the silicone damper configuration again
exhibits higher efficiency in this sub-band, except
at 7 m/s, where all three mounting configurations
yield similar values.

As seen in Figure 4a, in the B1 sub-band the sili-
cone damper configuration reduces vibration energy
by 32 % (at 1.5 m/s) to 63% (at 5 m/s). In contrast,
for the petal-type suspension in the same sub-band,
the vibration energy increases by 33 % (at 5 m/s)
to more than 300 % (at 7 m/s). Such a substantial
increase may indicate resonant phenomena
occurring with this suspension design.

Analysis of the vibration energy over the entire
spectral range (Figure 4d) shows that the silicone

damper configuration effectively attenuates vibra-
tions induced by UAV operation. The total vibra-
tion energy is reduced by 44 % (at 7 m/s) to 77 %
(at 5 m/s) when using this configuration. For the pet-
al-type suspension, despite its effective performance
in the B3 and B4 sub-bands, the overall vibration en-
ergy increases, indicating that this damping suspen-
sion design is unsuitable for the present task.

Thus, the proposed evaluation methodology can
be used in similar studies to process data from flight
tests when standard filtering of IMU signals (e.g., for
drift compensation) could distort the spectral com-
position of the vibrations under investigation. It is
important to note that the described integrated use
of video and IMU data is not applicable in real-time
applications, as it requires processing the entire time
series. For such tasks, the classical filtering approach
for fusing accelerometer and gyroscope data remains
preferable.
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Conclusion

A method for integrated analysis of vibration
processes in UAV payloads is proposed, based on
video stream data and inertial measurement unit
sensors. This method is effective for comparative
evaluation of different payload mounting configura-
tions.

When comparing the three mounting configura-
tions (rigid mounting and two damping suspension
designs), it was found that at flight speeds up to 7 m/s,
the suspension with silicone dampers operating in
compression performs best. This suspension reduces
vibration energy by up to 77 % in the 0—85 Hz range
compared to rigid mounting. The second damping
suspension design, although it fulfills its intended
function in the high-frequency range (40-85 Hz),
is unsuitable for use due to its ineffectiveness
in the low-frequency range (up to 15 Hz).
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