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Abstract. The article is devoted to the improvement of data processing and analysis methods in automated vi-
broacoustic diagnostic systems for structures. The aim of the study is to develop and test digital data processing models
for automating vibroacoustic damage diagnostics and safety assessment of structures. Methods: analysis of scientific
sources on vibroacoustic data processing; laboratory studies of signal filtering; modeling of digital filters; software-based
data processing methods. The analysis showed that methods and algorithms for automatic processing of vibroacoustic
signals are still underdeveloped, particularly those capable of effectively interpreting resonance characteristics under
conditions of noise and complex geometry of inspected objects. Structures and Mathcad models of low- and high-pass
digital filters of the second, third, and fourth degrees were developed. The response of the proposed models to typical
inputs—step, sinusoidal, triangular, and “sawtooth” signals—was determined. The functionality of the developed models
was confirmed, including the behavior of transient processes and the phase shift depending on the filter degree. It was
established that the application of the proposed digital filter models ensures: suppression of noise generated by acoustic
wave reflections from randomly distributed crack systems; extraction of the useful frequency range; smoothing of signals
for identifying dominant and most hazardous cracks. The novelty of applying the developed models with filters of various
degrees for vibroacoustic damage detection and safety assessment of structures lies in the fact that the filter degree can
automatically adapt to a specific task or change dynamically. During data processing, filters of different degrees are
combined to eliminate non-informative noise without introducing significant distortions into the instrumental control data
of the object. The developed models can be applied in practical research for processing vibroacoustic diagnostic signals
of structure damage and its safety assessment using computers in automated systems and digital instruments for real-
time monitoring.
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1. Introduction

The problem of ensuring the reliability and safety of structures is particularly im-
portant. A significant part of the infrastructure has been in operation for decades, ex-
periencing natural wear, temperature fluctuations, flooding, as well as additional
loads and damage caused by dynamic impacts from earthquakes and explosions.
Many defects in the form of microcracks or hidden damage cannot be visually detect-
ed, but they may pose a serious threat to the stability of structures and the safety of
people. Under such conditions, there arises the need to apply control methods that
allow the assessment of structure condition without its destruction or dismantling.
Vibroacoustic diagnostics occupy a special place among such methods. This ap-
proach is based on the registration and analysis of acoustic and vibration signals that
occur during the operation of a structure or under its purposeful excitation by impact
loads. Such an approach makes possible to detect even small defects due to its high
sensitivity to crack growth processes and local failures [1, 2]. An important ad-
vantage of the method is the possibility of continuous non-destructive monitoring of
structure conditions in real time, which is especially relevant for high-risk objects
(tunnels, dams, industrial and energy facilities).

The relevance of applying vibroacoustic diagnostics is determined by a combina-
tion of factors. First, there is the need to ensure control of damaged infrastructure,
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where traditional inspection methods may be insufficient [3]. Second, there is a high
level of development of the national scientific school in the field of acoustic emission
and vibroacoustic monitoring [4—6], confirmed by the development of standards and
specialized instruments. However, the effectiveness of the vibroacoustic method de-
pends on the degree of its automation. Currently, methods and algorithms for signal
processing that are able to effectively interpret resonance characteristics under condi-
tions of noise and complex geometry of inspected objects remain underdeveloped [7—
10]. At the same time, the development of digital technologies allows significant im-
provement in noise filtering, extraction of useful frequency ranges, and automatic da-
ta interpretation, which provides more accurate and reliable determination of struc-
ture damage. Therefore, one of the main tasks is the automatic detection of anomalies
and resonance modes in the received signal, which requires further scientific research
and appropriate engineering implementation.

The aim of this study is to develop and test digital data processing models for the
automation of vibroacoustic diagnostic systems for damage detection and safety as-
sessment of structures.

2. Methods

The research methods cover the analysis of scientific sources, laboratory studies,
digital filter modeling and software methods for processing vibroacoustic monitoring
data.

For digital processing of vibroacoustic monitoring data, the analog continuous re-
sponse signal recorded by the instrument’s receiver must be converted into a se-
quence of discrete samples of the current signal levels {x(tu)} using an analog-to-
digital converter. As a result, a digital sequence of numbers is obtained, which de-
scribes the instantaneous values of the output signal in time. These samples are fed
into a filter, where digital data processing (filtering) is performed. In this case, the
filter implements a given digital transfer function. The transfer function of a low-pass
filter, in the general case, can be written as

A A
W (p)= A(P)= e =D )
l+c P+, P +..+c¢ P +..+c,P" 1+ ,¢P
where Ay - is the filter amplification coefficient; cy, ¢z, ..., ¢, ... ¢, — are positive real
coefficients.

As a result, at the output a new sequence of samples {y(tn)}is formed, which pos-
sesses the necessary frequency properties for processing the vibroacoustic signal. The
most important processing tasks for vibroacoustic monitoring data are: suppression of
noise arising from reflections of acoustic waves from randomly distributed crack sys-
tems; extraction of the useful frequency range for the most effective monitoring;
smoothing of the signal, which is necessary for identifying dominant and most haz-
ardous cracks. During further processing, the sequence {y(tu)}is used in digital form
for data analysis and interpretation.
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The type of filter is determined for a specific diagnostic task. Specifically, the
Butterworth filter provides minimal amplitude distortion in the passband, while the
Bessel filter provides minimal phase distortion. The criteria of optimality assume
minimizing the root-mean-square or phase errors. Digital filters are implemented in
accordance with developed Mathcad models based on general-purpose microcontrol-
lers with the 8-bit MCS 51 architecture and the 32-bit ARM STM32 architecture.
Modeling of certain specific filter implementations is performed using the Filter De-
sign Toolbox and Simulink extensions for the Matlab mathematical package. These
technical tools make it possible to implement filters with the parameters required for
solving vibroacoustic diagnostic tasks.

3. Results and discussion

In the course of the research, digital filter structures were obtained, and Mathcad
models of low- and high-pass filters of the second, third, and fourth degrees were de-
veloped in order to preliminary verify their performance and compliance of their
characteristics with analog prototypes.

The software blocks of the models are presented in Fig. 1 (the vertical line de-
notes the body of an integral program unit, such as a module or loop). The figure
shows: |k — the operator of filter transformation of degree k; X — the formal parame-
ter of the program block used to transmit the vector of current input signal values;
Nel — the formal parameter of the program block used to transmit the number of ele-
ments in the input signal vector; 1 — the integer index variable; R10, R10 ,..., Rk0 —
the initial values of the corresponding internal coordinates R11, R11i ,..., Rki, which
are the input signals for the delay elements of the digital filter structural scheme; Y0—
the initial value of the output signal Y1 of the filter; Y — the formal parameter of the
program block used to transmit the vector of current output signal values.

13(X Ny)=|ie1 14X Ng)=|ie1
(Rlg« 0 R2p« 0 R35«0) (R1p¢-0 R20<-0 R35<-0 Rép<0)
YO «— 0 YO «— 0
q while 1 < Ng
while 1 < Ny

Y; « D4-X; + R4j_1
Y; « D3-X; + R3;_1

RI; < DO-X; — CO-Y;

Rl; « DO-X; — CO-Y;

R2; « DI'X; - C1-Y; + Rlj_1

REG < DIX-CLYi+ Rl R3; « D2-X; - C2-Y; + R2;_,

1 1 1—

R3; < D2-X;-C2Yj+R3 R4; « D3-X; — C3-Y; + R3;_1

1< 1+1 1e1+1

a) 0)
Figure 1 — Software models of third-degree (a) and fourth-degree (b) low-pass filters

Inside the program block model, a “while” loop with the index variable 1 is orga-
nized, in which the vector of current input signal values is scanned, and new current
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values of the output signal Y1 and internal coordinates R1i, R1i,..., Rki are calculat-
ed.

Testing showed that the digital implementation of the developed Mathcad models
based on microcontrollers ensures the required calculation accuracy depending on the
bit depth of the data representation and the calculated frequency characteristics de-
pending on the ratio of the microcontroller clock frequency to the selected filter de-
gree.

The response of the developed models to typical input signals - step, sinusoidal,
triangular, and sawtooth signals (Fig. 2) - was determined with different values of
coefficients of the analog prototype filters, in particular for filters with critical damp-
ing, Bessel, Butterworth, and Chebyshev type 1 with ripple characteristics of 0.5 dB
and 1 dB. Figure 2 presents the graphs of the transient function (a) and the response
to a sawtooth input signal (b) of low-pass filters (left) and high-pass filters (right)
with critical damping of 2nd, 3rd, and 4th degrees, for which the coefficients were
chosen according to [11].

The analysis of the oscillograms of the filter responses to typical inputs confirms
the operability of the developed Mathcad models: the nature of transient processes,
the phase shift depending on the filter degree, and the steady-state values of the out-
put signal correspond to their analog prototypes. In particular, for a linearly increas-
ing input signal, we observe a linear increase of the low-pass output signal with the
same rate, while for the high-pass filter the output signal stabilizes and is maintained
at a level corresponding to the rate of change of the input signal (Fig. 2). In the
steady-state mode, the low-pass output signal stabilizes at the level of the input signal
(in relative units normalized to the unity gain coefficient AO=1), while the high-pass
output signal decays to zero and remains stabilized at that level.

data processing at low frequencies data processing at high frequencies
Al
rel. units
1 1
0.5 0.5
1] 1]
B0 100 120 140 B0 100 120 140
discrete sample number discrete sample number

Figure 2 — Simulation of the response of developed digital filters to a step change
of the input signal

Using a test harmonic signal with linearly increasing frequency, amplitude-
frequency characteristics were constructed for the obtained filter models, where am-
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plitude is plotted as a function of the normalized current frequency relative to the
sampling frequency (Fig. 3). The figure shows the corresponding graphs for low-pass
and high-pass filters with critical damping, within the frequency range from 1 rel.
units (LF) to the frequency at which the effect of input signal distortion (aliasing) be-
gins to manifest significantly. For better visualization and simplification of analysis,
the graphs are plotted in logarithmic scale. The obtained characteristics qualitatively
and quantitatively correspond to the characteristics of analog prototypes, which con-
firms the functionality of the developed digital filter models.
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Figure 3 — Amplitude-frequency characteristics of filters in logarithmic scale

The difference between filters of various degrees is one of the key aspects of digi-
tal data filtering. The degree of a filter determines the number of coefficients in the
digital transformation. The higher is the degree, the more strongly the filter “cuts off”
frequencies outside the working band. A first-degree filter produces a gradual spec-
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trum roll-off, a second-degree filter produces a steeper roll-off, and so on. Thus, the
use of filters of different degrees allows selecting a compromise between the quality
of acoustic data filtering and the complexity of implementation (flexibility). In par-
ticular, in simple sensors, a first- or second-degree filter is sufficient to suppress
noise. A low-degree filter performs fewer operations and conserves microcontroller
resources. A high-degree filter performs more operations but provides greater accura-
cy. Figure 4 illustrates the influence of filter degree on the shape of the amplitude-
frequency characteristic. The parameters and transient characteristics of the devel-
oped models also correspond to the prototypes, whose characteristics are presented
in[11].
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Figure 4 — Amplitude-frequency characteristics of digital filters of different degrees in logarithmic
scale within a narrowed frequency range
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In a short fragment of the oscillogram with an expanded discrete-time axis
(Fig. 5), the input signal and the signal after processing by digital filters are present-
ed. The performed processing of vibroacoustic monitoring data demonstrated that the
use of digital filters ensures effective suppression of noise generated by the reflection
of acoustic waves from randomly distributed crack systems. The useful frequency
range is extracted, which improves the efficiency of diagnostic monitoring, and the
signal is smoothed, enabling the identification of dominant and most hazardous
cracks.
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B input signal, @ second degree filter, M third degree filter, ® forth degree filter

Figure 5 — Result of processing vibroacoustic diagnostic data
(input and digitally filtered signals on a short fragment of the oscillogram with an expanded
discrete-time axis are shown)

The novelty of applying methods with filters of different degrees for vibroacous-
tic monitoring of structure damage and safety lies in the fact that the filter degree can
be adapted to a specific task or dynamically adjusted. In adaptive filters, the degree
may change depending on the spectrum of the input signal, data transmission condi-
tions, or quality requirements. During data processing, filters of different degrees can
be combined in order to, on the one hand, eliminate non-informative noise, and on the
other hand, avoid significant distortions of instrumental monitoring data of the object.

So, the developed models meet the adequacy criteria and can be used in practical
researches for processing vibroacoustic diagnostic signals — both using computers in
automated systems and digital instruments for real-time monitoring. Thus, the appli-
cation of the developed models and implementations of digital filter provides broad
opportunities for controlling frequency response and eliminating distortions during
response processing at automated vibroacoustic monitoring of structure damage and
safety. Moreover, modern software methods make possible dynamic or combined use
of filters to achieve reliable monitoring results.
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4. Conclusions

1. Processing of vibroacoustic monitoring data showed that the use of the devel-
oped digital filter models ensures effective suppression of noise generated by the re-
flection of acoustic waves from randomly distributed crack systems. At the same
time, the useful frequency range is extracted, which improves monitoring efficiency,
and the signal is smoothed to identify dominant and most dangerous cracks.

2. As a result of the research, structures and Mathcad models of low-pass and
high-pass digital filters of the second, third, and fourth degrees were obtained. The
response of the developed models to typical inputs—step, sinusoidal, triangular, and
sawtooth signals—with different values of analog prototype filter coefficients was
determined. Analysis of the filter responses to typical inputs confirmed the operabil-
ity of the developed models: the nature of transient processes and phase shifts de-
pending on filter degree. The steady-state values of the output signals correspond to
their analog prototypes.

3. The scientific novelty of this study lies in the possibility to adapt the filter de-
gree to specific vibroacoustic damage and safety monitoring tasks, or to change it in
dynamics. In adaptive filters, the degree can be changed depending on the input sig-
nal spectrum, data transmission conditions, or quality requirements. During data pro-
cessing, a combination of filters of different degrees is used, allowing, on the one
hand, to eliminate uninformative noise and, on the other, to avoid significant distor-
tions in the instrumental monitoring data of the object.

4. The developed models can be applied in practical studies for processing vi-
broacoustic diagnostic signals of structure damage and assessing its safety using
computers in automated systems as well as digital instruments for real-time monitor-
ing.
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PO3POBKA TA ANPOBALIS MOOENEX LUM®POBUX DINbTPIB ANS ABTOMATU3AL|II BIEPOAKYCTUYHOIO
KOHTPONA | OLIHKK BE3MNEKK CNOPY[
Cnauwos .M, benikos A., Jeamspsb K., Anarcekutl O., Xap4erko B., IkoHHikog M.

AHorauis. CtatTa NpUcBSYEHa BOOCKOHANEHHIO METOAIB 0OpO6KM | aHanisy AaHuX B CUCTEMax aBToMaTum3auii Bib-
POaKyCTUYHOI AiarHocTukm cnopya. Meta poboTu nonsrae B po3pobui Ta anpobalii mogenein LmdpoBoi 06pobkn aaHnx
ANa aBTOMaTtu3aLii cucTem BibpOaKyCTUYHOI [iarHOCTUKM MOLIKOZXKEHOCTi i OLiHKM 6e3nekn cnopyd. Metoau: aHania
HayKoBUX mxepen woao 06pobku aaHux BiGPOakyCTUHHOIO KOHTPOMIO; nabopaTopHi AochimKkeHHs inbTpaLlii curHanis;
MOJENIOBaHHS LpoBMX (inbTpiB; nporpamHi Metoan obpobku faHux. AHania nokasas, WO HeJoCTaTHLO PO3BUHYTO
MeTOAM Ta anropuTMK aBToMaTUYHOI 06pOBKK BIGPOAKYCTUYHMX CUrHanIB, SKi 3gaTHi eCheKTUBHO IHTEPNpeTyBaTh peso-
HaHCHI XapaKTepuCTWKM B YMOBaX LUYMIB Ta CKnagHoOi reomeTpii obctexyBaHux 06'ekTiB. Po3pobneHo CTpykTypu i
Mathcad-mogeni LupoBux GinbTpiB HU3bKMX Ta BUCOKMX YacTOT ApYroro, TPETbOro Ta YeTBEPTOro nopsakis. BusHave-
HO peakLilo po3pobneHnx MoAenern Ha TUNOBI BNMBW: CTYNIHYACTUN, CUHYCOIAANBHN, TPUKYTHUN CUTHAMM Ta CuUrHan
TMny «nunay. MigTBepakeHa npavuesgaTHiCTb po3pobneHnx Mogenein: xapakTep nepexigHnx npowecis, (asosuii 3cyB B
3anexHoCTi Big nopsaky dinbtpa. BCTaHOBNEHO, WO 3aCTOCyBaHHS po3pobneHnx Mogenen ungposux inbTpis 3abes-
neyye: NPMAYLLIEHHS LWYMIB, SIKi BUHWUKALOTb MPY BiABWUTTI aKyCTUYHOI XBUNI Bif Xa0TUYHO PO3TALLOBAHWX CUCTEM TPILLMH;
BMAINEHHS KOPUCHOMO [dianasoHy 4acToT; 3rnafpKyBaHHA CUrHamny s MowlyKy OOMiHYHUMX i Hanbinbw HebesneyvHux
TPilUMH. HoBM3HA 3aCTOCYBaHHS po3pobneHnx Moaenen 3 QinbTpamm pisHOro NOpsAKY ANs BiGpOakyCTUYHOTO KOHTPOIO
NOLLIKODKEHb Ta Be3nekn cnopya nonsrae B TOMY, WO NOPSAOK QinbTpa MoXe aBTOMaTUYHO aganTyBaTues Mif KOHKpeT-
He 3aBgaHHs abo AnHaMiYHO 3miHtoBaTmUCS. [pn 06pobLi AaHMX KOMOBIHYIOTECS (INbTPX Pi3HUX NOPSAKIB, OB YCyHYTH
HeiH(POPMaTHBHI LLYMW, ane i He BHOCUTU CyTTEBUX BUKPUBMEHD B IHCTPYMEHTAnNbHI JaHi koHTponio 06'ekTa. Po3pobneHi
MoZeni MOXyTb 3aCTOCOBYBATWCS B MPAKTUYHUX AOCTIZKEHHAX Ans 0Bpobku curHanis BibpOakyCTUYHOI AiarHOCTHKM
MOLKOZKEHOCTI i OLiHKM Be3nekun cnopyg 3a AONOMOrOK KOMM'KOTEPIB B aBTOMATM30BaHKX CUCTEMAX i B LIMPOBUX NpK-
najax onepaT1BHOTO KOHTPOTIO.

KntouoBi cnoBa: 6e3neka exkcnnyatadii cnopyg, BibpoakyCTU4HWIA KOHTPOMb, aBTOMaTK3allis, 06pobka AaHuX, uu-

(bpoBi GinbTpy.
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