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The object of this study is the process of monitoring the
technical condition of an aircraft gas turbine engine (GTE).
One of the most dangerous causes of accidents is damage
caused by foreign objects, in particular small metal parti-
cles, hailstones, bolts, fuselage fragments, etc., entering the
engine turbine during flight or during takeoff and landing.

The task addressed was to improve the methods of
gas turbine engine vibroacoustic diagnostics, which would
increase its sensitivity to small changes in diagnostic sig-
nals caused by the ingress of small foreign objects into the
engine turbine. To solve this problem, it has been proposed
to use multi-level processing of vibration signals obtained as
a result of physical modeling of the rotating system (RS) and
simulation of the ingress of small foreign objects.

Multi-level processing combines the use of time-fre-
quency, bispectral, and fractal analysis methods to deter-
mine the quantitative integrated diagnostic indicator -
Minkowski dimensionality. The following average values of
Minkowski dimensionality were obtained for the estimates
of the bispectral modulus: without external influence -
1.075; ingress of small foreign objects — 1.01; friction of the
blades against a foreign object as a result of its ingress into
the RS turbine - 1.21.

It has been established that an increase in the Minkowski
dimensionality indicates the development of an operational
disturbance caused by the ingress of foreign objects, even very
small ones.

This paper reports experimental confirmation of the
effectiveness of using multi-level processing of vibration
signals for diagnosing operational disturbances due to the
ingress of foreign objects into RS.

It has been established that multi-level processing makes
it possible to detect hidden trends in a noisy signal that are
difficult to detect using conventional processing methods
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Aviation gas turbine engines (GTEs) are complex rotating
systems operating under constant dynamic loads. One of the
key factors in ensuring reliability and flight safety is contin-
uous monitoring and diagnostics of the engine’s technical
condition [1]. However, despite the high level of development
and implemented measures to ensure flight safety, aviation ac-
cidents continue to occur. Over the past year alone, more than
75 such incidents have been recorded. According to statistics,
most aviation accidents occur during landing or takeoff. One
of the most common causes of such accidents is the formation
and development of crack-like damage in the rotating ele-
ments of GTE such as the shaft, turbine blades, and compres-
sor, during operation [1, 2]. These damages can cause non-lo-
calized engine failures and have catastrophic consequences.

No less dangerous and common operational violations are
the ingress of foreign objects (IFOs) [3]. Foreign objects (FOs)
such as birds, fuselage debris, hail, etc., can enter the engine
turbine during flight, causing potential malfunctions. How-

ever, it is much more common for FOs to enter the turbine
during takeoff or landing on the runway. These may include
landing gear components, tire fragments, cleaning rags, cloth-
ing, tools, etc. [4]. There is also a risk of very small objects
such as gravel, small stones, metal bolts, hail, sand, etc. enter-
ing the turbine [4].

In the case of IFOs, early diagnosis of such operational
violations is critically important for ensuring safe and effi-
cient engine operation. This allows for timely detection of
IFOs in the engine turbine and making operational decisions
to prevent possible aviation incidents. Modern onboard GTE
condition monitoring systems implement the principles of
structural monitoring and use an integrated approach involv-
ing various diagnostic methods [1]. In particular, vibration,
vibroacoustic, and thermodynamic monitoring are used to
detect IFOs in the engine turbine. Vibration and vibroacoustic
monitoring have such advantages as ease of signal conver-
sion into electrical form, high information content, and the
possibility of application during operation, which provides
automated diagnostics [5-9].




For real-time vibration monitoring and detection of oper-
ational damage to GTE components, diagnostic information
is obtained from several vibration sensors that monitor the
level of vibrations in different parts of the engine (compres-
sor, turbine, etc.) [8]. The obtained diagnostic information is
represented in the form of noise-like multicomponent signals.
Such signals are difficult to analyze by conventional process-
ing methods to detect the slightest changes and diagnostic
signs caused by the appearance of operational disturbances of
GTE or damage to its rotating elements. Therefore, improving
the methods of vibroacoustic diagnostics to increase the ef-
ficiency of detecting the ingress of small foreign objects into
GTE by using multilevel signal processing is a relevant task.

2. Literature review and problem statement

In works [9, 10], multilevel processing of vibroacoustic
signals was proposed for early identification of such opera-
tional violations of the gas turbine engine as a small imbal-
ance and crack-like damage to the blade at the initial stages of
occurrence, respectively. The use of multilevel processing for
early diagnosis of this type of damage was effective. However,
in [9, 10], experimental studies were not conducted for diag-
nosing especially small FOs.

In paper [11], experimental studies of IFOs in gas turbine
engines were conducted. An analysis of the impact of damage
as a result of IFO was conducted and it was found that even
small FOs provoke the appearance of microcracks, which,
with development, can cause serious consequences. It was
shown that the degree of damage depends on the speed and
angle of contact of FOs with the engine turbine blades. How-
ever, in [11], it is not disclosed which diagnostic features can
be used for early diagnosis of IFOs in the engine, which is
important for the development of an automated system.

The research reported in [12] is aimed at designing sys-
tems for detecting FOs in turbofan engines. Information from
various sensors of the on-board engine condition monitoring
system is used. However, the work practically does not pay at-
tention to vibration methods of engine condition diagnostics,
which are important for diagnosing IFOs. Also, the types of
damage are not sufficiently detailed.

In [13], an experimental study on the influence of IFOs
on the technical condition of the gas turbine engine, namely
the occurrence and appearance of cracks in the engine com-
pressor blades, is reported. A model for predicting the growth
of fatigue cracks in titanium alloy blades is proposed. It is
established that the relationship between the impact force
of FOs on the blades and the development of fatigue cracks.
However, in [13], diagnostic indicators of crack development
that could be used to design automated systems were not
determined. It would be useful to define numerical threshold
values for the width or depth of the crack.

In [14], the application of time-frequency analysis methods
for diagnosing operational failures of aircraft engines was
considered. The paper substantiated the advantages of this
method, such as increased sensitivity to nonlinear changes in
the signal and the possibility of detailed analysis of the vibra-
tion structure. However, in [14], a solution to the problem of
interpreting the obtained results in cases with a strong noise
background was not proposed.

In [15], the vibroacoustic signals emitted by the engine tur-
bine during stationary excitation of vibrations were simulated
for situations when all turbine blades are free of defects and

one blade has a small fatigue crack. Bispectral analysis is used
to process the diagnostic information. It is shown that the ap-
pearance and evolution of a fatigue crack in the blade changes
the intensity of global and local extrema of bispectral modules.

At the same time, in [15], issues regarding the processing
of the results of bispectral analysis remained unresolved, in
particular, the establishment of a quantitative integrated indi-
cator that would make it possible to automate the diagnostic
process. Along with this, the use of a probabilistic neural
network, which is proposed for recognizing the technical con-
dition of blades, requires high computational complexity with
a large amount of data.

In [16], an analysis of dynamic models of cracks in GTE
blades, in particular "breathing” cracks, was conducted. Vibra-
tion characteristics that can be used to diagnose the technical
condition of the engine were shown. However, in [16], such
operational violations as IFOs were not considered. There
are no recommendations for processing vibration signals to
identify IFOs.

In [17], methods for analyzing nonlinear responses of
a system with damage are considered, but they are not speci-
fied. The paper proposes combined statistical features that
characterize nonlinearities and the use of neural networks
for damage classification. However, the dynamic system given
in [17], on the example of which this is considered, is not rotat-
ing, although it is oscillatory with various disturbances (very
approximate). Another drawback of the work is that the sen-
sitivity to early damage was not assessed.

Study [18] examines in detail the typical signs of damage
to the blades of compressors of various types of gas turbine
engines caused by impacts on various solid objects. However,
the authors do not consider the change in engine parameters
at the ingress of small-scale FOs.

n [19], a promising method for detecting IFOs and diag-
nosing the technical condition of GTE blades is proposed. The
method is based on the analysis of statistical characteristics of
vibration signals. Although the use of such methods has been
shown to be effective, it is difficult to draw an unambiguous
conclusion about the statistical reliability of the proposed ap-
proach due to the small sample of results. The disadvantage
of the work is also that the studies were conducted under
laboratory conditions and additional investigation is needed
for its widespread implementation. Additional studies are
also required for the interpretation of diagnostic images. The
diagnostic method proposed in [19] can respond well to sin-
gle impacts of FOs on the blades but be less sensitive to slow
accumulating damage (for example, friction of FOs on engine
blades). The gradation of changes in the diagnostic sign with
the development of damage caused by IFOs is not covered.

In [20], numerical modeling methods and experimental
studies are used to analyze the impact of IFOs. The study
includes an analysis of the vibration characteristics of signals
emitted systemically at IFOs. The shortcomings include the
fact that the paper does not provide detailed information
about the numerical methods and modeling parameters
used, which makes it difficult to reproduce the results. Also,
the work uses the influence of only a certain type of FOs for
analysis, which also makes it difficult to establish a universal
diagnostic sign of IFOs.

In [21], a study of the impact of FO impacts on the com-
pressor blades of a gas turbine engine was conducted. An
experimental testing method was presented, which includes
measuring the vibrations of the blades when they collide with
various objects. It was shown that the analysis of vibration



characteristics makes it possible not only to detect the fact of
the impact itself but also identify the characteristics of FOs
that collided with the blade. The main achievement of [21] is
the use of measurements of blade tip vibrations for accurate
identification of the object and modeling the mechanism
of its impact. However, the disadvantage is the orientation
mainly on experimental tests without a thorough analysis of
the application of early diagnostic methods under real operat-
ing conditions. In addition, the study does not pay sufficient
attention to methods of automated processing of the received
vibration signals, which is important for integration into air-
craft engine condition monitoring systems.

One of the promising areas is the use of machine learning
to detect various malfunctions of rotating systems. In [22],
an approach to processing vibration signals using machine
learning methods is reported. It is shown that classification
algorithms can improve the accuracy of foreign object diag-
nostics. Along with this, the study has a number of comments,
in particular, the complexity of training models and the need
for a significant amount of data for their proper functioning.

In [23], the use of deep learning methods for detecting
small FO ingress into GTE was proposed. To improve the diag-
nostics of IFOs and increase the accuracy of FO identification,
the work used an approach that combines visual data analysis
with the use of neural network algorithms. The advantage of
the study is the use of artificial intelligence methods, which in
the future would allow for the effective detection of FOs even
of small sizes. The disadvantages of study [23] include the fact
that the use of visual diagnostic methods has limited effective-
ness when FO is outside the visibility zone of the cameras. In
addition, the possibility of combining visual analysis with vi-
bration signal processing methods, which could significantly
increase the efficiency of diagnostics, is not considered.

Our review of the literature [9-23] demonstrates that al-
though modern methods of processing vibroacoustic signals
allow the detection of damage to gas turbine engines caused
by FO ingress, most methods either do not provide sufficient
sensitivity to small signal changes or require significant com-
puting resources. The relationship between the change in
the diagnostic feature and the degree of damage caused by
the IFOs is not sufficiently revealed. There is also a problem
with the interpretation of complex results of vibration signals,
bispectral analysis, or statistical analysis in order to establish
a quantitative integrated indicator of damage.

All this gives grounds to argue that it is advisable to con-
duct research aimed at improving the methods of vibroacous-
tic diagnostics of GTE, which would increase its sensitivity to
small changes in diagnostic signals caused by the ingress of
small foreign objects into the engine turbine.

3. The aim and objectives of the study

The aim of our research is to improve the efficiency of de-
tecting small foreign objects in GTE by expanding the methods
of vibroacoustic diagnostics through the use of multi-level
signal processing. This will make it possible to determine
a quantitative integrated indicator for the technical condition
of the rotating system to detect damage caused by foreign
objects before significant deformations of the rotating engine
elements appear.

To achieve the goal, the following tasks were set:

- to conduct physical modeling of the rotating system and
simulation of small foreign objects;

- to conduct multi-level processing of measured vibro-
acoustic signals and evaluate its effectiveness for identifying
the impact of IFOs in the rotating system based on experi-
mental data.

4. The study materials and methods

The object of our study is the process of monitoring the tech-
nical condition of an aircraft gas turbine engine. The subject of
the study is methods of multi-level processing of vibroacoustic
signals for diagnosing the ingress of foreign objects into the gas
turbine engine and detecting operational disturbances.

The principal hypothesis of the study assumes that the
use of multi-level processing of vibroacoustic signals could in-
crease the sensitivity to small changes caused by the ingress of
foreign objects into the gas turbine engine and provide more
accurate identification of operational disturbances.

The assumptions accepted in the work are:

1.1t is believed that the main source of changes in the
characteristics of vibroacoustic signals is the IFOs in the
turbine of the rotating system, even if they are small in size.

2. The ingress of foreign objects into the turbine of the
gas turbine engine leads to changes in the structure of the
vibroacoustic signal, which can be detected using multi-level
processing.

3.1t is assumed that the damage caused by FO ingress
is not accompanied by a significant increase in the level of
overall noise or signal energy in the early stages but causes
a change in its structure.

4. The signals being analyzed may contain a significant lev-
el of noise; however, the use of multi-level processing methods
makes it possible to identify the necessary diagnostic features.

The simplifications adopted in the work:

1. The design features of different types of GTE are not
taken into account - the study is carried out on a generalized
model of a rotating system.

2. Other sources of changes in vibroacoustic character-
istics are not considered, except for the ingress of foreign
objects (for example, bearing wear, unbalance, etc.).

3. All experimental measurements were carried out under
the same conditions, with a constant rotation frequency, the
same position of the sensors, a stable ambient temperature,
and the same recording modes. This allows for correct com-
parison of signals in cases with and without damage.

4.1t is assumed that the analysis of changes in the signal
within a limited frequency range (0-10 kHz) is sufficient to
identify the main diagnostic features associated with FO ingress.

Diagnostic information is represented in the form of low-fre-
quency vibrations and acoustic noise in the range of 0-10 kHz [1].
Processing of such noise-like signals is complex, which compli-
cates their interpretation, comparison, and isolation of diagnostic
features. Therefore, most modern on-board vibration monitoring
systems use diagnostic signal processing methods that allow for
the approximate identification of defects and deviations in the
operation of GTE. However, these methods only determine the
engine states at which the parameters approach the permissible
limits but do not provide for the detection of FO ingress, espe-
cially small ones, until the moment when damage to the rotat-
ing components of GTE becomes significant. To improve the
efficiency of diagnostics of operational damage, it is necessary
to expand the methods of vibroacoustic diagnostics capable of
detecting the ingress of small FOs into the GTE turbine before
significant deformations of its rotating elements occur.



The most informative for detecting changes caused by op-
erational disturbances in the normal operation of the engine
are the vibration velocity spectra at the rotor harmonics [1].
However, in the case of small FOs, such as sand or metal
particles, entering the engine, the vibration or vibroacoustic
signals usually do not undergo significant changes. This is ex-
plained by the fact that such objects do not cause an increase
in the engine speed or significant mechanical deformations of
its rotating components.

This can be explained by the fact that damage at the initial
stage does not lead to a significant increase in the total level
of radiated vibrations or acoustic noise or individual spectral
components. However, the structure of the signal changes,
that is, the ratios between its individual components change
or new components appear [1].

When choosing diagnostic signal processing methods, the
following requirements must be taken into account:

1) high sensitivity to small changes in useful informa-
tion under conditions of significant additive and multiplica-
tive noise;

2) the ability to identify local non-stationarity of the mea-
sured signal caused by the appearance and development of
damage (or the ingress of small FOs into the engine turbine);

3) suitability for processing significantly non-stationary
signals (at transient operating modes);

4) unambiguousness in interpreting the analysis results.

Methods that meet these requirements include the analysis
of higher statistical and spectral characteristics [13], time-fre-
quency transformations (spectrogram) [12], time-scale trans-
formations (wavelet transform), and fractal analysis [24, 25].
Such methods are often combined to solve specific problems
of multi-class diagnostics [9, 10].

Methods of time-frequency analysis and spectral analysis
of higher orders (bispectral analysis) are used to process vibro-
acoustic signals for the purpose of early detection of damage
to rotating components of GTE [1]. Time-frequency analysis
of signals makes it possible to determine how spectral compo-
nents change over time [12].

Bispectral analysis is a higher-order method for analyz-
ing nonlinearities and phase relationships in a signal, which
makes it possible to detect hidden patterns that may be inac-
cessible to conventional spectral methods [13]. The effective-
ness of higher-order characteristics is explained by their ability
to suppress noise components, in particular Gaussian ones, in
measured signals, identify statistically related segments of the
spectrum, and detect combined or modulation frequencies.

Wavelet transform is an effective method for analyzing
non-stationary processes, and wavelet filtering is used for
pre-processing complex signals [1].

The application of fractal analysis methods to the results
of time-frequency or bispectral analyses makes it possible
to obtain a quantitative integrated assessment of signal
fragments, which can be used as a diagnostic feature for
determining the technical condition of the engine [10]. The
combination of these methods or their sequential application
for processing vibroacoustic signals under both stationary and
non-stationary modes of operation of the gas turbine engine
expands the functional capabilities of diagnostic methods for
detecting the ingress of small FOs and identifying operational
violations [26].

To improve the efficiency of detecting damage caused by
the ingress of small FOs, multi-level processing was applied
to the measured vibroacoustic signals, which implemented
a comprehensive approach to analyzing changes in the

technical condition of RS. The processing consisted of three
main stages:

- first stage: time-frequency analysis (construction of
spectrograms);

- second stage: bispectral analysis;

- third stage: fractal analysis of images - bispectral esti-
mation modules.

The first stage included time-frequency analysis, the re-
sult of which are three-dimensional plots — spectrograms for
full-length signals (covering the entire operating cycle of the
rotating system). The Hamming function was used as a win-
dow function. This stage solved the problem of localizing
a potential defect in time and forming target signal fragments
for in-depth analysis.

At the second stage, bispectral analysis was applied to the
selected signal fragments and bispectral spectra were obtained,
represented in the form of full-color contour images. The use
of bispectral analysis made it possible to detect nonlinear re-
lationships between the frequency components of the signal,
invisible during standard spectral analysis. Bispectral images
were obtained for different technical states of RS: standard
operation mode without external influences; during small FO
ingress and during blade friction as a result of IFOs. The result-
ing diagnostic images demonstrated the presence of differences
in energy distribution, but these differences were difficult to
classify. Thus, the second stage implemented the task of con-
structing an integrated diagnostic image of the system state.

At the third stage, fractal analysis was applied. In order
to quantitatively assess the changes caused by damage, the
Boxcount algorithm was used to calculate the Minkowski
fractal dimensionality (Dy) [9, 10]. That made it possible to
move from visual analysis to quantitative interpretation of the
complexity of the signal structure.

The interpretation of the Minkowski dimensionality is
related to the complexity and density of the analyzed image.
The value of Dy approaches 2 in the cases of higher image
density, indicating its more complex and irregular structure,
while it tends to 1 in the cases of lower image density, reflect-
ing a more uniform and less confusing pattern [12, 25].

To conduct the study, a physical simulation of the rotating
system was performed, vibroacoustic signals were measured,
and the measured signals were processed using the proposed
multilevel processing methods. The vibroacoustic signals
measured during the study were processed in the MATLAB
program. The HOSA (Higher-Order Spectral Analysis) func-
tion library was used to calculate and graphically visualize the
estimates of the bispectrum magnitude.

5. Results of vibroacoustic signal processing
for diagnosing rotating system disturbances caused
by foreign objects

5.1. Physical modeling of the rotating system and
simulation of small foreign objects

Physical modeling of vibroacoustic processes during IFOs in
arotating system (RS) was carried out by experimental studies of
vibroacoustic signals emitted by the physical model of RS under
both stationary and non-stationary oscillatory disturbances [26].

An air starter (supercharger) was used as a physical model
of RS to start an aircraft engine, which has 14 blades made of
titanium alloy (Fig. 1). The air supercharger was driven by
a DC motor with a regulated speed and a power of 1 kW, with
a maximum speed of up to 6000 rpm.



Fig. 1. General view of the physical model
of a rotating system

The measuring system used for the study consisted of the
following components:

- dynamic microphone (Soundking EHO002 series) with
an amplifier that provides a linear response in the frequency
range from 10 Hz to 50 kHz;

- tachometer;

- dual-channel digital oscilloscope ISD205A;

- personal computer with appropriate software.

The first channel of the oscilloscope was fed with a signal
from the microphone amplifier, and the second channel was
fed with a signal from the tachometer.

Experimental studies were conducted at a turbine speed
of 3000 rpm under a stationary mode. The implementations of
vibroacoustic signals were obtained with a sampling frequen-
cy of 16 kHz. The drive mechanism is switched on and off in
such a way that during the observation time interval the ac-
celeration modes, stationary operation with a constant speed
and coasting mode are simulated. A sample of the measured
vibroacoustic signals is shown in Fig. 2.
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Fig. 2. Example of a vibroacoustic signal generated
by a physical model of a rotating system

At the next stage of the study, a simulation of FO ingress
into the engine turbine and blade friction as a result of IFOs
was carried out.

To simulate the ingress of small FOs in the turbine com-
pressor, 31 aluminum foil balls were used. The mass of each ball
was approximately mi=0.17+10 % g, diameter di=0.009-0.01 m.

According to the devised methodology, experimental
studies were conducted both under normal operating condi-
tions (without external influence) of the system and with the

introduction of two groups of small balls during stationary
engine operation. In the first experiment, 17 balls with a total
mass of 3 g were introduced into the turbine compressor, and
in the second, 14 balls with a total mass of 2.5 g.

For simulation modeling of turbine blade friction due to
IFOs, a suitable procedure was devised. At the first stage, the
reference signal was measured (without disturbances under
the operating modes of RS). The blade friction was simulated
using a rectangular sheet of cardboard (300170 mm), which
was slightly pressed against the turbine blades during RS oper-
ation. In the first experiment, the blade friction was simulated
during the entire system operation cycle, and in the second -
only during the stationary mode of the rotating system.

5.2. Multilevel processing of vibroacoustic signals
measured during physical modeling

Fig. 3 shows the results of time-frequency analysis in
the form of three-dimensional plots. Analyzing the obtained
spectrograms, the time interval corresponding to the impact of
the balls into RS turbine was determined, and a fragment of
the signal containing the moment of impact of the balls was
selected for further processing. In the case of blade friction, as
aresult of IFOs, signal fragments covering the friction process
were also selected for processing. All selected signal fragments
were of the same length (30,000 samples).

As shown in Fig. 3, a, b, the impact of small balls caused
an increase in the intensity of the signal components in the
measured vibroacoustic signal, especially in the high-frequen-
cy range (f>2 kHz), precisely during the time interval of the
experiment when the balls were thrown (time interval: 9-10 s).
The level of intensity of the signal components depends on the
direction and force of the balls hitting the blades.

The results of the time-frequency analysis of the vibration
signals measured during the friction of the turbine blades of
the RS are shown in Fig. 3, ¢, d. As can be seen, the signals
have a higher noise level compared to those measured during
the simulation of the ingress of small FOs. The structure
of the signal measured during the friction of the turbine
blades under the stationary mode of operation of RS (time
interval 7-8 s) contains increased vibration levels. However,
during acceleration, transient mode, and advance, the vibra-
tion level does not increase.

At the second level of processing, bispectral analysis was
applied to the selected signal fragments, which represent the
operation of the system before and during the impact of the
balls, as well as before and during the friction of the turbine
blades. Accordingly, the bispectral values were determined.
Examples of the results of bispectral analysis of the measured
vibroacoustic signals are shown in Fig. 4.

From the results of bispectral analysis it is clear that the
estimates of the bispectral modulus for selected fragments of
vibroacoustic signals differ. However, on the basis of such im-
ages it is difficult to distinguish a diagnostic feature sufficient
for classifying the state of the rotating system and identifying
the IFOs.

Therefore, for the obtained images it was proposed to de-
termine the Minkowski fractal dimensionality Dy using the
Boxcount algorithm [26]. The calculation of the Minkowski
dimensionality makes it possible to obtain a quantitative inte-
grated measure for the geometry of the isolines.

As a result of multilevel processing of the measured
vibroacoustic signals, the average values of Minkowski di-
mensionality for the estimates of the bispectral modulus were
obtained. The results are given in Table 1.
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Table 1

Average values of Minkowski dimensionality for estimates
of the bispectrum modulus

Technical condition of the rotating system

Minkowski dimensionality, Dy,

No external influence (normal operation of the

rotating system) 1075
Ingress of small foreign objects 1.01
Friction of blades against a foreign object as a 121

result of its entry into the rotating system turbine

As can be seen from our results, there
is a clear change in the Minkowski di-
mensionality: its value increases as the
damage progresses. This indicates that an
increase in the D), value can serve as an
indicator of the development of a defect
caused by the ingress of small foreign
objects. Thus, the Minkowski dimension-
ality is an effective diagnostic indicator
for detecting operational violations and
monitoring the technical condition of the
gas turbine engine.




6. Discussion of results based on the multi-level
processing for the diagnosis of rotating system
disturbances caused by foreign objects

The result of our study is the physical modeling of RS,
the general view of which is shown in Fig. 1. In addition,
simulation modeling of a small-sized IFOs and blade friction
as a result of IFOs was carried out. Measured vibroacoustic
signals were used for multi-level processing (an example of
measured signals is shown in Fig. 2).

The results of time-frequency analysis, shown in Fig. 3,
demonstrated that the ingress of a small-sized FOs causes an
increase in the intensity of components in the measured vibro-
acoustic signal. Thus, a potential defect was localized in time
and target signal fragments were formed for further processing.

An integrated diagnostic representation of the system
state was obtained at the second level of multi-level process-
ing from the results of bispectral analysis shown in Fig. 4.
The results demonstrated a change in the technical condition
of RS. However, based on such representations, it is difficult
to distinguish a diagnostic feature sufficient for categorizing
the state of RS and identifying the IFOs. Therefore, it was pro-
posed to determine the Minkowski fractal dimensionality Dy,
for the obtained representations.

Thus, as a result of multi-level processing of vibroacoustic
signals, a quantitative integrated indicator was established —
Minkowski dimensionality; the average values for operation
of the system without external influence and with the devel-
opment of damage caused by IFOs are given in Table 1.

The features of our results, which make it possible to
improve the methods of vibroacoustic diagnostics of GTE, are
explained by the establishment of an integrated-numerical in-
dicator (Minkowski dimensionality). A tendency was revealed
for the value of the Minkowski dimensionality of estimates
of the bispectrum modules to increase with the increase in
operational damage caused by IFOs of a small size (Table 1).

That is, the use of Minkowski fractal dimensionality as an
integrated quantitative indicator makes it possible to assess the
nature of processes occurring in the engine and identify trends
that may lead to failure. The application of fractal analysis
makes it possible, using small hardware computing capabili-
ties, to increase the sensitivity of vibration diagnostics to small
changes in signals caused by the ingress of small-sized FOs.

Our results are consistent with the previous findings re-
ported in [9, 10]: the emergence of damage creates additional
nonlinearities in vibration signals and forms the emergence
of a certain trend, which is so well revealed by fractal analy-
sis methods.

Unlike study [15], in which the use of time-frequency
analysis is limited by difficulties of interpretation in the cases
with a strong noise background, the proposed approach pro-
vides an unambiguous change in the indicator, which increas-
es its informativeness. One of the advantages of our study is
also low computational requirements for the algorithm for
calculating Minkowski dimensionality, which makes it suit-
able for use in automated systems for monitoring the techni-
cal condition of GTE.

Practical application of these research data will make it
possible to automate the process of diagnosing vibration or vi-
broacoustic signals for early detection of damage to GTE and
its rotating components caused by IFOs in the engine turbine.
Also, the devised diagnostic methodologies could be program-
matically adapted to existing on-board control systems, which
are currently used for AI-450 engines [26].

The limitations in this study relate to the problem of
reproducibility of the results. There is a need to improve the
methodology to ensure its reproducibility on different types
of engines and under different operating conditions. Only
then can it be confidently stated that the results could be
reproduced in other settings. Currently, the methodology can
be adapted only for specific types of engines, which limits its
applicability in a wide range of real operating conditions.

One of the important limitations of the study is that Min-
kowski dimensionality would increase in the case of the emer-
gence and development of an RS imbalance. In turn, IFOs can
cause the emergence of an imbalance. Therefore, it is necessary
to expand the classes of diagnosed operational disturbances
of GTE, especially under non-stationary operating modes.

The main drawback of our study is that the analysis of
Minkowski fractal dimensionality was carried out only on
a limited sample of vibroacoustic signals emitted by RS. Al-
though the measurement was carried out a sufficient number
of times, taking into account the various design features of
different types of engines, it is necessary to expand the re-
search sample. Also, the disadvantages include the fact that
other parameters of RS operation (temperature, pressure, etc.)
were not taken into account during physical modeling. The
study does not cover the calculation of the adaptive threshold
value of Minkowski dimensionality for different types of GTE.

Future research may focus on expanding the diagnostic
dataset to confirm the statistical reliability of multi-level
processing for steady-state and non-steady-state operating
conditions of GTE. A large diagnostic dataset is also needed
to establish the physical parameters of FOs and its potential
damage to GTE.

Continuation of our studies may involve designing an
automated system by using deep learning and implementing
artificial intelligence methods to improve the efficiency of
early identification of IFOs in the GTE turbine.

7. Conclusions

1. Physical modeling of the rotating system and sim-
ulation of various operational disturbances caused by the
influence of foreign objects on its operation have been carried
out. The simulation included the impact of 31 aluminum foil
balls and modeling of blade friction using a cardboard sheet.
A measuring system was used to record the signals, which
included a dynamic microphone, a tachometer, a two-channel
digital oscilloscope, and a personal computer with appropri-
ate software. Vibroacoustic signals were obtained at a sam-
pling frequency of 16 kHz.

2. Multilevel processing of vibroacoustic signals has been
proposed and substantiated, which includes a combination of
frequency-time analysis, higher-order spectral analysis (bispec-
tral analysis), and fractal analysis. Multilevel processing of
measured signals makes it possible to obtain a quantitative
integrated estimate - Minkowski dimensionality for estimates
of the bispectral modulus - and can be used to identify small-
sized IFOs in the engine turbine and make decisions on the
technical condition of the gas turbine. It was established that
Minkowski dimensionality is a valuable diagnostic feature for
detecting operational disturbances in the engine, as a result of
the ingress of especially small-sized FOs. The D, value for the
system operation without operational disturbances was 1.075,
when small foreign objects hit it — 1.01, and when the blades
rub against a foreign object — 1.21. Thus, a clear trend has been
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