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USING BROADBAND SIGNALS FOR STRUCTURAL CHANGE DETECTION
IN METAL DETAILS

Purpose. Realization of engineering structures in industrial and household spheres is based on materials that provide required
strength, integrity and reliability during all period of exploitation. However, due to various reasons, most often excessive or cyclic
load, metal changes its structure, which may lead to destruction of the structure. This situation creates need for improvement of
existing components of system diagnostics and development of new ones. In particular, this refers to the part of formation and
processing of signals in information-measuring channels which provide control in operating conditions. Thus, expansion of func-
tional capabilities of information-measuring channels of diagnostics systems is relevant problem in the area of ensuring reliability
requirements and exploitation safety.

Methodology. Analysis was performed using the method of spectral transformation of signal, integral locked loop of frequency
and methods of approximation.

Findings. The result of this study is the non-dimensional coefficient of relation of bringing harmonics frequency (RBHF), abso-
lute value of which indicates loss of energy in metal during oscillations and serves as an estimate of change in the structure of metal.

Originality. Proposed Methods for forming and digital processing of wideband signals based on the RBHF for diagnostic de-
tection of changes in the metal structure which provide invariance to temperature fluctuations by using the signal frequency ratio.
This allows increasing reliability and stability of information measuring channel of diagnostics system.

Practical value. While implementing the proposed method, we developed a procedure and hardware-and-software solutions

for detecting structural changes in metal constructions based on changes of the RBHF coefficient.
Keywords: wideband signals, diagnostic, structure changes, metal details, digital processing

Introduction. Traditionally, the implementation of various
engineering structures, both in the industrial and domestic
spheres, is based on using metals. Such materials provide the
appropriate durability, rigidity, reliability, and others through-
out the life of the operation. However, due to various reasons,
often excessive or cyclic loading, metal changes its structure,
which can lead to destruction.

This situation leads to the need to improve the existing and
to develop new diagnostic system components. In particular,
this refers to the formation and signals processing in the infor-
mation-measuring channels, which provide diagnosis in the
operating conditions. Thus, the actual problem in the field of
providing reliability and operational safety is the problem of
expanding the functionality of measurement channels of diag-
nostic systems.

The object of study is processing of diagnosis signals based
on the relative bringing harmonica frequency, which contain
information about the state of the object.

The subject of study is methods and tools for digital pro-
cessing of broadband diagnostic signals which will allow for an
effective evaluation of the changes in metal elements of struc-
tures based on oscillations of the string sensor.
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Purpose. To improve stability and functionality of the da-
ta-measuring channel of a system for diagnostics of engineer-
ing constructions.

Problem statement. The implementation of automated
computer information and measurement systems for non-de-
structive testing is most often based on indirect methods for
measuring mechanical parameters [1]. Practically, analysis
methods of such mechanical parameters are widely used, be-
cause of their influence on oscillatory processes in the investi-
gated details.

One of the most common sensor implementations used for
the formation and processing of diagnostic signals are stretched
strings. The strand forms the oscillatory system with the inves-
tigated detail. The components’ mechanical properties of this
system affect the oscillation of the string sensor. Thus, the initial
data in the signals processing, based on the relative harmonics
frequency (RBHF), is: the relative change in the higher mode
frequency, depending on the elastic-plastic properties of the os-
cillatory system, the constituent part of which is a string sensor.

Literature review. Traditionally, the implementation of
various engineering structures in the mining industry, such as
metal frame mounting in mining, pipe structures and trans-
portation systems of energy resources, etc., are based on the
use of metals, providing adequate strength, rigidity, reliability,
etc. operation. However, the metal changes its structure due to
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a variety of reasons, most often by excess or cyclic loading.
These changes can lead to destruction.

Studies on stress concentrations in the surface layers by ana-
Iytical exact [1] and approximate [2, 3] methods, as well as by
experimental [4] method, limit equilibrium analysis of thin-
walled structures with crack-like closing [5] and filled [6] defects,
strength of the coated cracked shells [7] and material testing in
order to determine their deformation [8, 9], strength and wear
options [10, 11] give the opportunity to reliably predict the re-
sidual life of steel structures by their actual technical condition.

This situation stipulates necessity to improve the current
and existing components of systems and develop new ones for
diagnosing elements of metal structures of increased risk, in
particular structures for mining. One of the current trends in-
volves the methods and means of signal generation and pro-
cessing in information-measuring channels, which provide
diagnostics in operational conditions.

Implementations of automatic non-destructive computer-
ized information-measuring systems are most often based on
indirect methods for measuring mechanical parameters. Prac-
tically, methods of analysis of such mechanical parameters are
widely used due to their influence on oscillatory processes in
studied components.

One of the most common implementations of the sensor
used to generate and process diagnostic signals is stretched strings
[12]. The string forms an oscillatory system with the part which
was studied. The mechanical properties of the components of
this system affect the oscillations of the string sensor. The dy-
namics problems for one-dimensional structures immersed in
medium with non-linear properties have been studied by ana-
Iytical [13], numerical-analytical [14, 15] and numerical [16, 17]
methods. The urgent task is to improve the existing and develop
new methods of digital processing of diagnostic signals, which
will allow providing an effective assessment of the change in the
structure of metal structural elements by the vibrations of the
string sensor. The input data for signal processing, at the relative
harmonic frequency (RHF), are relative change in the frequency
of higher modes, depending on the elastic-plastic properties of
the oscillatory system, a component of which is a string sensor.

Processes that take place in metal parts during their opera-
tion are of interest, too. Structure changes cause changes in
strain energy redistribution, the consequences of which can be
observed by changing the relationship between mechanical
stresses and deformations.

Method of formation of wideband diagnostic signals. A sen-
sor string is an elastic element whose transverse vibration pa-
rameters depend on the force of tension, the elasticity of the
string material and the mass of the oscillating sensor part. To
excite oscillations in the system, the string is fixed between two
points of the investigated part. That is, to the metal plate 2 be-
tween the pillars 3, which are rigidly fixed on the surface of the
plate, sensor string 1 is stretched. Transverse string fluctuations
through the supports 3 are transferred to the base (Fig. 1, a).

The transverse wave propagation process in a string is de-
scribed by the wave equation of the form [17]

0%y _ 2 0%

or? ox?’

where y is transverse coordinate; x is transverse coordinate; v is
phase propagation velocity; ¢ is time interval.

From the equation solution, we get a dependence which
describes the eigen frequencies of transverse oscillations for an
ideal elastic string, which has a fixed size, with a small ampli-
tude of oscillations multiplied by its length

o, =2k, (1)

where ¢ is mechanical stress in a string; p is seamless string
density; k, =27 - n/A is the wave number; A — the wavelength

~
— |-

Fig. 1. The metal base deformation during the fluctuation of the
strained string:
a — the scheme of the experimental installation; b — the kind of
bending deformations that arise in the basis, | — sensor string; 2 —
tested plate; 3 — pillar

is equal to half'the length L of the stretched string; z is the mod
number.

The string oscillation, in general, is the sum of fluctuations
of different modes. The oscillation frequency of real strings in
higher modes does not correspond to (1). They can be calcu-
lated by the formula

mﬁz%-ijr(x-k,‘,‘, Q)

where o is positive constant due to its own stiffness of the string.

The string movement in a transverse direction is accompa-
nied by a change in the force F in the longitudinal direction.
During the oscillating cycle, the sensor string, deviating from
its original position, deforms the base by bending it (Fig. 1, b).

The string is returned to the initial position under the force
action of counteracting the base. The relaxation processes in the
base metal affect the resistive force speed. Therefore, the resul-
tant oscillations of the string, stretched on the elastic-plastic ba-
sis, depend on its mechanical properties. The base oscillations
cause frequency modulation of the string mod, and its plastic
properties vary in a variety of modes with different numbers.

The oscillating system, which consists of strings stretched
on an elastic-plastic base, is modeled on the basis of the sub-
stitution scheme (Fig. 2, a). The scheme is based on the elec-
tromechanical analogies principles. In addition, for the model
simplification, only two modes are considered. The properties
of two string modes are modeled by the parallel-connected
links L;, C; and L,, C,. The elastic-plastic base properties are
simulated in parallel-connected L, G.

On the basis of the proposed model, the spectral properties
of the current flowing to the common line are investigated.
The electric model current is equivalent to the force applied to
the base. Spectral current density found as a result of a nu-
merical experiment is shown in Fig. 2, b. From the above sim-
ulation results, we can see that the oscillation spectrum for
each mode is symmetric relative to o, and ©,.

This is typical of frequency-modulated signals. The band-
width occupied by the mode depends on L, — that is, on the base
elastic properties. The L, decrease, which is equivalent to the
increase in the base stiffness, leads to a narrowing of the band
around the central spectral components at frequencies o; and
,. The conductivity G, decrease, which is equivalent to reduc-
ing the plasticity of the material, leads to changes in ®; and ®,.

It is well-known [ 18] that relaxing processes that are sensi-
tive to the metal structure appear differently in different ways
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Fig. 2. Electromechanical model of the oscillatory system:
a — Electromechanical model scheme of oscillatory system; b —

signal spectral density is proportional to the oscillation amplitude of
the tensioned strand stretched on a plastic-elastic basis

at different frequencies. The frequencies of all modes, in pro-
portion to their number, depend on the physical dimensions of
the oscillatory system elements. Accordingly, an integral part
of such a system is the string sensors and the investigated de-
tail. With slight fluctuations in temperature, it affects only the
change in geometric sizes and also changes all mode frequen-
cies proportionally. Thus, it is advisable to consider the oscil-
lation frequency of the first mode taken as a reference. The
deviation of the higher mode frequencies from the frequency
multiplicity of the first mode indicates various deformation
energy losses in the oscillatory system in the case of applying
an effort with different frequency. The deviation degree can be
estimated using a coefficient that determines the relative bring-
ing harmonics frequency (RBHF) by the formula

" Opase
)

3)

n
(O]

n
where n is the mode number; ®,,, is the I* mode oscillation
frequency; o, is the n” mode oscillation frequency.

For an ideal tensioned string whose ends are fixed, this ra-
tio will be equal to 1. In real sensor strings, whose stiffness is
determined not only by the tension force but also by the own
stiffness of the material taken into account in (2), g, will be less
than 1. Changes in the metal structure, which lead to the de-
formation energy redistribution of the elastic-plastic base,
have a different effect on the sensor string tension. In the pres-
ence of significant losses of deformation energy associated
with the metal plastic properties on which the string is ten-
sioned, the coefficient ¢, will be greater than 1.

To find the RBHF, which is estimated by the coefficient g,,,
a pilot installation was developed and manufactured. The in-
stallation functional scheme includes a mechanical unit, an
electronic unit for maintaining oscillations, as well as a unit for
determining the frequency modulation ratios of the first mode
harmonics, Fig. 3.

The sensor string / is stretched between the supports 3,
which are firmly fixed on the investigated basis 4. The string
part is in a magnetic field, which creates a permanent mag-
net 2.

As a result, the sensor oscillation in one plane, which is
supported by oscillation support unit (OSU), is formed. In the
case of transverse vibrations of a string, consisting of a vibra-
tional system formed by the string, supports and the base, a
signal s(7) is formed.

Next, the signal enters the error detection unit (EDU),
which generates a control signal of a voltage controlled oscilla-
tor (VCO). The VCO is tuned to m harmonics of the first

s(1) n
osu BPF
*sn(t)
Jnd®d | epy rRe MU
1
Jn(?)
VCo

Fig. 3. Structural scheme of the installation to determine the
RBHF estimation:

1 — sensor string; 2 — magnet; 3 — pillar; 4 — tested plate

mode. The signal fud(?) is obtained by dividing the VCO fre-
quency by m, equal to the sensor’s first mode frequency, which
is taken as the reference. The microprocessor unit (MU) se-
lects the harmonic for research and displays the corresponding
signals at the unit input VCO and band-pass filter (BPF). In
this case (BPF), the signal from the input signal emits a mode
sn(f), and the generator generates a harmonic signal of the ref-
erence frequency fi(¢) with the corresponding number. The
reversing counter (RC) calculates the difference in the pulses
number of these two signals, and the MU seeks the frequencies
ratio by the difference of CNT.

The string sensor excitation provides a source of broad-
band signal, which actually forms its initial displacement. The
sensor electrical impedance depends on its own frequencies.
Using a string sensor in the feedback loop of the amplifier, a
self-oscillating system was obtained. That is, the signal is
formed by moving the sensor in a magnetic field at natural fre-
quencies of the oscillatory system. The functional scheme of
the unit for maintaining the oscillation is shown in Fig. 4.

The broadband exciting signal source 6 provides a current
in sensor /, which leads to its displacement [19]. The sensor
oscillation in a magnetic field leads to the appearance of an
EMEF at its ends. The received EMF is amplified by the unit 3
and after the transformation into current, current source 2, it
returns to the sensor string, supporting its oscillations at natu-
ral frequencies of the oscillatory system.

The amplitude of the amplified EMF at the unit 3 output
is evaluated by the auto-amplification system 4, and at reach-
ing the given level, the gain of block 3 decreases. Due to the
auto-amplification system, the string oscillation amplitude re-
mains stable. Thus, in the signal there are only frequency com-
ponents associated with the modes of the sensor as part of the
oscillatory system.

Fig. 4. Structural scheme of the oscillation maintenance block:

1 — sensor string in a magnetic field; 2 — current source; 3 — volt-
age amplifier with controllable gain; 4 — automatic amplifier recti-
fier; 5 — RBHF assessment unit; 6 — broadband excitement signal
source
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Method for processing diagnostic signals to detect struc-
tural changes in metal constructions. To estimate the first mode
frequency, which is modulated by bending fluctuations of the
base by frequency, it is proposed to use the VCO. The first
mode signal occupies a certain frequency band, so initially the
VCO is tuned to the first mode central frequency. After setting
the VCO, a deviation of its frequency is found multiplied by
the studied mode number from the mode frequency for this
number. The basis of the auto-tuning VCO frequency subsys-
tem is the forming of an error signal unit. The signal from the
oscillation support unit output enters the band-pass filter,
which allocates the frequency band with the first mode . This
signal is used to adjust the VCO frequency to the middle of the
first mode band.

The error signal used for control (CVG) is determined by
the heterodyne transfer of spectrum at the frequency axis be-
ginning.

For this purpose, sampling is used by two auxiliary im-
pulse signals generated using the VCO. As a result, the input
signal spectrum becomes periodic with the discrete pulse se-
quence period. The frequency of one pulse signals must be
known to be lower than the central frequency of , and the fre-
quency of another is higher. Thus, the spectrum of sampled
signals and will shift to zero frequency, Fig. 5. In addition,
spectrum will be mirrored, but with symmetry of the input sig-
nal spectrum this does not matter.

The spectral components Sy, and 5, are at a distance of
Aw, and Aw, from zero. For the condition Aw; = Aw,, the fre-
quency o, Will be between Sp; and Sp,. Setting VCO error to
frequency ®,,, is Am = Aw; — Aw,. To search Asi(¢), which is
proportional to Aw, a low frequency filter with a amplitude-
frequency characteristic of the near-incident line is used.
A unit that generates signal amplitude that is inversely propor-
tional to the frequency increase is a low frequency filter. By
subtracting the signals amplitude that have passed this filter,
we obtain the error signal of symmetry ,; and o, relative to
Wpeee- The structural scheme of the frequency auto-adjusting
subsystem VCO to the basic harmonic of the sensor first mode
signal is shown in Fig. 6.

For the sampling signals ®p; and wp, with a frequency
higher and lower than the frequency fnd(f) VCO, which are
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Fig. 5. Method for receiving a VCO configuration signal:

a — change in input signal spectral density after sampling with dif-
ferent frequency; b — amplitude-frequency characteristic of the
integral estimation unit; bS — signal processing band limit
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Fig. 6. The structural scheme of the auto-adjustment subsystem
VCO to the diagnostic signal central frequency

precisely shifted to a fixed value, a modulator (MD) with am-
plitude balanced modulation was used. The modulated signal
is fnd(¢) and the modulating signal is OA(?). The signal OA(?) is
generated by the frequency delta generator OA. The modulated
signal sm(#) contains only two frequency components, which
are symmetric relative to the carrier frequency. Formation of
the lower and upper frequency signals of sampling  ,;, and ©p,
is completed by digital filters, respectively, LF and HFE. The
cutoff frequencies of digital filters are set to fu(¢). The input
signal with the selected lane of the first mode s,(7) enters the
sampler (#) and then evaluates the spectrum difference A.

Frequency control VCO is carried out by a signal propor-
tional to the discrepancy between discrete oscillation frequen-
cies Asi(f). Depending on the sign Asi(?7), the frequency fu(r)
will increase or decrease. When reaching the value at which
Jfn(?) after dividing by n coincides with the central input signal
Asi(t) frequency approaches 0. The signal at the output of the
control unit (#/~) controls VCO so that it approaches 0. As a
result of the integrated estimation of the spectra of the sam-
pled signals, the integral equality of their spectral components
is maintained, Fig. 7.

In order to increase the accuracy of the processing of the
input signal, the frequency of the generator OA decreases. This
leads to a decrease in the difference between the signal fre-
quencies ®,; and o,, also reduces the requirements for the
symmetry of the input signal spectral density and improves the
accuracy of setting VCO to the reference frequency.

If the generator OA frequency will depend on the voltage,
then the width of the processing band can be changed during
the setup. The initial setting is fnd(f) VCO at the spectral den-
sity middle. After the VCO frequency setting, the error signal
decreases to 0.

This delay signal module is used to control the frequency-
OA. With a significant deviation VCO of ®,,,,, frequency OA is

S
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Fig. 7. Effect of bandwidth processing on accuracy of setting
VCO with asymmetric spectral density of the input signal:

a — wide gate; b — narrow gate
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also high. By reducing the deviation with delay, the frequency
will decrease by OA. This will reduce the frequency band of the
input signal processing and increase the accuracy of VCO set-
ting. The structural scheme of frequency OA control subsys-
tem is shown in Fig. 8.

With the described circuits the device is tuned to the fre-
quency within the selected band. The result of subsystems op-
eration is a signal fnd(f) with a frequency by n times higher
than the first mode frequency o,,,,. Using fnd(r) after dividing
it by turns by n/2, n/3, etc. we get a signal fu(7) with frequen-
cies equal to 2, 3, etc. first sensor mode harmonics. The input
signal s(#), which contains the spectral components of the sen-
sor (strings) oscillation frequencies, enters an additional (BF)
that alternates the frequency band in the frequency fluctua-
tions vicinity of the #n” mode sn(f), Fig. 9.

The reference frequency signal from the VCO enters the
input subtraction of the reversing counter, and the signal from
the filter output — to the addition input of a reversing counter.
At the reversing counter output, the difference signal between
the mode frequency and the reference frequency CNT = sn —
— fn is formed.

The frequency difference is used as the output information
about the mode frequency deviation and the reference signal
harmonic. At a small difference between the signal frequen-
cies, the output signal during the measurement of the frequen-
cy varies discretely, Fig. 10.

The frequency difference can be measured with a direct
reference. That is, for a certain time, one is to count impulses
fn(f) and sn(¢), and then look for their share by the formula (3).
To increase the measurements accuracy, with a small differ-
ence in signal frequencies, it is necessary to increase the fre-
quency measurement time.

The difference signal is a linear function that allows it to be
described by the dependence of the form

CNT(H) =K, + K, - 1. 4)

Coefficients K, and K, are determined on the basis of re-
gression analysis using observation of a reversing counter out-
put, which corresponds to the difference in the diagnostic sig-
nal frequency. The input sequence for monitoring the revers-
ing counter output y; = CNT(f) is determined through fixed
time intervals. This sequence, based on (4), can be presented
in the matrix form

Y=XK-FE, 5)

ASi(1) e |ASi(7)| =
e

[ASiolde T

Fig. 8. The structural scheme of the subsystem of input signal
processing frequency band control

Jn(®) -
+ | RC

CNT
s(f) BPE sn(t)

Fig. 9. The structural scheme of the unit for determining the
frequency difference of the diagnostic signal
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Fig. 10. The frequency difference signal form at the reversing
counter output

where K is the vector-column of parameters of the linear re-
gression equation with dimension 2; E is the vector column of
deviations of collected values with dimension N; Yis the value
column y;= CNT(i - At).
Expressing from (5) the vector of deviations
E=Y-XK,

according to the method of least squares, we require its mini-
mality by the formula

Se=ET-E=(Y-X-K) -(Y-XB)>min ()
i-l

Condition (6) is satisfied if the vector-column of coeffi-
cients K is found by the formula

K=(X'X)"'X"Y.

By the linear regression coefficients we find the coefficient
(3) as follows

sm— fn.=K,+ K, -i %—fni=K0+Kl~i;

4 (K0+Kl-i)+fn,.'
Adopting a factor matrix
1 1
1
X=|1 3| 7)
1
1 N

find the coefficient vector K of the regression model for N val-
ues found within the interval 7.
The RBHF ¢ coefficient sought by the formula

_ Jn
=K +N-K
O + fn

Thus, the expression (7) allows us to describe the RBHF
coefficient based on the regression model.

Experiments. In the signals study, the effectiveness of using
a regression model with the help of a numerical experiment was
evaluated, as well as testing on existing metal constructions
models. Coefficient ¢ was searched in two ways: by measuring
the reference oscillation harmonic ratio and the higher oscilla-
tion frequency, using the reference method of frequency mea-
surement; using the searching method for regression model
searching. For search, 150 observations were used, which were
uniformly determined over the studied interval. Research re-
sults of both ways for two time intervals are given in Table.

From the research results we can see that, within small ob-
servation time, the results obtained with the help of a regres-
sion model are more accurate with respect to the frequency
ratio. This is especially important for frequencies at small de-
viations for which ¢ is in area 1.

On the basis of the proposed method an information-mea-
suring channel was developed based on the primary converter
with a string sensor. Similar experimental studies were also
conducted. During the development and processing of diag-
nostic signals, test models from different mothers were used.
In particular, the pipe steel 09G2FB, structural steel C3, made
according to the recommendations. The supports are made of
a 40 x 40 x 5 beam, between which the sensor element was
fixed — a stretched metal string. The sensor oscillation, after
the excitement of a broadband signal, was supported by an os-
cillator.
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Table

The measurement results of the diagnostic signal frequency ratio

4 specified value determined by 1 s method determined by 0.5 s method
frequency ratio regression model frequency ratio regression model

1 1 1.000036 1 0.999973

1.0001 1.00049 1.000147 1 1.000059
1.001 1.00099 1.001041 1.000998 1.001003

1.01 1.009985 1.010073 1.00998 1.010021

1.1 1.100349 1.100049 1.0998 1.099967

1.5 1.50025 1.500046 1.5 1.499842

2 2 1.99997 1.99902 1.999941

Results. Using the coefficient value of the frequency ratio
obtained, it is easy to estimate the relative reduced error of
definition for the time 1s and 0.5s, Figs. 11 and 12, respec-
tively.

As can be seen from the graphs, using a regression model,
it is possible to improve the ratio accuracy of the two frequen-
cies ratio, especially if there are small frequency deviations.

In addition, as a result of experimental studies, the first
mode harmonics frequency ratio is obtained to the higher
mode frequency for the various models from the standard steel
tube 09G2FB of the standard type for the tensile fracture
study. The results of these studies are shown in Fig. 13.

Discussion. Changes in the mechanical properties of metal
components, during operation, affect the structure reliability
as a whole. As a result, many scientific studies are devoted to
the consideration of physical processes that occur during met-
al model deformations. In carrying out the above-mentioned
studies, non-destructive methods are used to detect changes in
the metal structure. In particular, these are the coercive forces
study, the propagation velocity of acoustic oscillations, chang-
es in the polarization potential of the part surface. In addition,
various destructive methods are widely used.

The proposed approach of indirect evaluation of the base
elastic-plastic properties, by excited oscillations in the metal
base with the help of supports between which the metal string

err, %
0.04 /A\
0.03 7\ 1 /’*\
0.02 / \ / N\
: / X 2 / A
0.01 / \ / AN
V4 \ [/ L AN
0 I A ——
1 1.0001  1.001 1.01 1.1 1.5 2 k

Fig. 11. The relative error in determining the frequency ratio
given at 1 s measure:

1 — fi/f>; 2 — proposed method

eI, % 1 1.0001 1.001 1.01 L1 15 . 2 k
| >\

—0.01 v o

—-0.02 J/ \/ \\ 2

-0.03
-0.04 \

-0.05 \

Fig. 12. The relative error in the frequency ratio determination
given at 0.5 s measure:

1 —fi/f; 2 — proposed method

is tensed, extends the functional capabilities of non-destruc-
tive methods. The string sensor can be integrated into a metal
structure. In particular, it is fixed on the structural elements of
bridges, supports, cranes, and others, and operates the entire
lifetime. Such an approach will allow for constant monitoring
of construction status.

The proposed automatic frequency adjustment method,
based on the variable width of the holding bandwidth the diag-
nostic signal, allows one to increase the accuracy of setting the
frequency to the middle of the spectral density of the first
string mode. Investigation of the relative reduced frequency of
the mechanical system oscillation harmonic showed that they
can be applied to multimode oscillations.

Conclusions. The scientific novelty of the research is that
for the first time it is proposed to use the coefficient of estima-
tion of the relative bringing harmonics frequency of string sen-
sor oscillation to detect structural changes in the metal details
of mechanical structures under operating conditions.

The practical significance of the obtained results is that the
appropriate structural, circuit and algorithmic solutions for
the implementation of a digital system for the formation and
processing of diagnostic signals are developed, based on the
proposed method. The main advantages of the digital system
are the functional components for generator frequency adjust-
ment of the reference generator with the processing band
width control. Given the high stability of the string sensor pa-
rameters and its low cost, the proposed mechanism of oscilla-
tion excitation extends the proposed method functionality.

Research results on the relative bringing harmonics fre-
quency of the oscillations can be used in systems with a fixed
size and distributed masses of oscillating elements, in particu-
lar beams, plates, acoustic chambers, and others. Thus, fur-
ther research can be used as basis for development of com-
puter diagnostic systems that rely on autonomous distributed
sensory modules. The work is supported by the state budget

1.003

1.002 -

1.001 -

1.000 -

0.999 -

0.998 +---

0.997 i i | i i i | i i |
1 2 3 4 5 6

Fig. 13. The values of coefficients q for different numbers of
modes:

1, 2 — models with plastic-deformed area; 3 — sample with weld
seam; 4 — sample with transverse cutouts; 5 — sample test
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scientific research project of Ivano-Frankivsk National Tech-
nical University of Oil and Gas “Scientific principles of moni-
toring distributed systems construction, control, management
and diagnostics of objects and processes of Ukraine oil and gas
complex and virtual educational spaces on the basis of modern
information technologies” (registration number
0116U006991).
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Mera. Peanizanis iHXXeHEpHUX KOHCTPYKIii y TTIPOMMUC-
JIOBIif i TOOYTOBII chepaxX IPYHTYEThCSI Ha BUKOPUCTaHHI Me-
TaJliB, 110 3a0e3Mevye BiANMOBIIHY MillHiCTh, JXOPCTKICTb Ta
HaIilfHICTh TPOTATOM TePMiHY eKcIuTyaTalii. OqHak, yHaci-
NOK Pi3HOMaHITHUX IPUYMH, HaltyacTille HAITUIIKOBOTO Y1
LIUKJTIYHOTO HABAHTAaXEHHSI, METAJI 3MiHIOE CBOIO CTPYKTYPY,
110 MOXe MIPU3BECTU 0 PYIHYBaHHS KOHCTPyKUii. Taka cu-
Tyallist TPU3BOAUTD 10 HEOOXiTHOCTI BIOCKOHAJIEHHST HasiB-
HMX i pO3pOOKM HOBUX KOMIIOHEHTIB CUCTEM JiarHOCTYBaH-
Hsl. 30KpeMa, Y yacTuHi (popMyBaHHSI Ta OTIPALIIOBAHHST CUT-
HaJliB Y iHopMalliiiHO-BUMipIOBaJIbHUX KaHalax, 110 3a0e3-
MEeYyI0Th KOHTPOJIb B eKCIUTyaTalliifHuX yMoBax. Takum 4m-
HOM, METOIO JOCIIIKeHb € BUPILLIEHHS Tpo0JeMU B 001acTi
3a0e3MnevYeHHsI BUMOT HaliifHOCTI Ta eKCIlTyaTaliiiHo1 6e3re-
KU1, 30KpeMa, po3lIUpeHHsT GYHKIIOHATbHUX MOXJIMBOCTEN
iH(hOopMaliifHO-BUMipIOBaIbHUX KaHAIiB CUCTEM 1iarHOCTY-
BaHHSI.

Metoauka. OmpailroBaHHsI peajli3oBaHO Ha OCHOBI METO-
Iy CIEKTPaJIbHOIO MEePETBOPEHHSI CUTHAY, iHTerpajlbHOTrO
ABTOHANIAIITYBAHHS YACTOTH, a TAKOX METOIIB anpoKcuMa-
1ii.

PesyabraTn. PesynbraToM DOCTiIKEHHS € 6e3p03MipHUii
KOe®IlliEHT BiIHOIIEHHS TMPUBEICHOI YaCTOTU TapMOHIKHU
(BITYT'), abcontoTHe 3HAUEHHS SKOTO BKa3ye Ha HasSIBHICTb
BTpaT eHeprii B MeTasi npu ioro nedopmallii BHaCIiA0K KO-
JIMBaHHSI Ta OIIOCEPEIKOBAHO CIYXXUTh OLIIHKOIO 3MiHU
CTPYKTYpHU METaIy.

Haykosa HoBu3HA. 3amponoHOBaHi MeToIU (POpMyBaHHS
i pOBOTO OTPAIIOBAHHS IMPOKOCMYTOBUX TIiarHOCTUY-
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Hux curHajib 3a BITUT nisg BUsIBIGHHS 3MiH CTPYKTYpPU Me-
Tajy, sIKUii 3a0e3medye iHBapiaHTHICTh A0 (IyKTyallii TeM-
nepatypu 3a paxyHOK BUKOPUCTAHHS BiIHOIIEHHS 4acToT,
1110 JI03BOJISIE MiIBUILMTU CTaOUIbHICTh iH(MOpMaLiliiHO-BU-
MipIOBaJIbHOTO KAHAJTy CUCTEMU J1ialrHOCTYBAHHSI.
IIpakTiyna 3HaYMMicTb. Y XOMi peastizallii 3amporoHoBa-
HOTro MeToy OYB po3po0JIeHU CTIOCiO i arapaTHO-TIporpaM-
Hi pillIeHHSsT JJIsl BUSBJICHHS CTPYKTYPHUX 3MiH y MeTaJieBiit
KOHCTPYKIIii i3 3MiHOI0 Koe(illieHTa 1iarHOCTUYHUX CUTHA-
JIiB HA OCHOBI BiTHOCHOI IMPUBEAEHOI YaCTOTU TrapMOHIK.
Kurouosi ciioBa: wupokocmyeosi cuenanu, diaezHocmyganus,
CmMpYKmypHi 3MiHu, Mmemanesi demani, yugpose onPaurO8aHHs:

HcnoJb30BaHKue MMPOKONOJOCHBIX CHTHAJIOB
JJIsl OOHAPYKEHHS CTPYKTYPHbIX M3MEHEHHUit
MeTANLIMYECKUX JeTallei
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eas. Peanuzanys MHXEHEPHBIX KOHCTPYKLMI B IPO-
MBIIIJICHHOM M OBITOBOI chepax OCHOBBIBAETCSI HA MCIIOJIb-
30BaHUU METAJIOB, 00ECIeUrBaeT COOTBETCTBYIOLIYIO TPOY-
HOCTb, XXECTKOCTb, M HAJIEXKHOCTb B TEUEHUE CPOKA IKCILTya-
taiuu. OIHAKO, BCJAEACTBUE Pa3JIMYHbIX TPUUMH, Yallle BCe-
ro U30BITOYHOM WJIM LMKJIMYECKOI Harpy3Ku, MeTaJlJl MEHSI-
€T CBOIO CTPYKTYPY, YTO MOXET MPUBECTU K pa3pyLICHUIO
KOHCTpyKIMHM. Takast cUTyalusi IpMBOIUT K HEOOXOIUMOCTH
COBEPIIEHCTBOBAHUSI MMEIOIIMXCS W pa3pabOTKU HOBBIX

KOMITOHEHTOB CUCTEM AUArHoCTUpoBaHus. B yactHocTu, B
yacTu (HOPMUPOBAHUS U 00PaOOTKM CUTHAJIOB B MH(MOpMa-
LIMOHHO-U3MEPUTEJIbHBIX KaHalaX, 00ecreuuBaloInX KOH-
TPOJIb B 9KCIUTYaTallMOHHBIX YCIOBUSIX. TakuM 0b6pa3om, 11e-
JIbIO UCCJIEIOBAHUI €CTh pellieHre MpodyieM B 06JacTu ode-
crieyeHus1 TpeOOBAaHUI HAAEXKHOCTU M BKCIUIyaTalMOHHOU
0e30IacHOCTH, B YaCTHOCTU, PACIIUPEHUST (PYHKIIMOHATb-
HBIX BO3MOXHOCTe! MH(GOPMALMOHHO-U3MEPUTETbHBIX Ka-
HaJIOB CUCTEM JTUArHOCTUPOBAHUS.

Mertomuka. O6paboTka peajM3oBaHa Ha OCHOBE MeToAa
CIIEKTPaTIbHOTO MPe0Opa30BaHUs CUTHAIA, UHTETPAJIbHOM aB-
TOMOACTPOIKM YACTOTHI, @ TAKXKE METOOB alllPOKCUMALIU.

Pesyabratel. Pe3ynbraTom ucciienoBaHus sBisieTcs: 6e3-
pa3MepHbIil KOa(hULIMEHT OTHOLLIEHUSI YACTOThI TApDMOHUKHU
(OITYT), abcomoTHOE 3HaYEHKE KOTOPOTO yKa3bIBaeT Ha Ha-
JInyue TMOTepb SHEPTMU B MeTajie Mpu ero aedopmanuu
BCJIEZICTBUE KOJIEOAHUST M KOCBEHHO CITYKUT OIIEHKOU M3Me-
HEHMSI CTPYKTYpPbI MeTaJla.

Hayunaa noBusna. [lpennoxeHsl metoasl ¢hopMupoBa-
HUs 1 LMPPOBOI 00pabOTKM ILIMPOKOIOJIOCHBIX TMArHOCTU -
yecKUX cUrHajaoB Ha ocHoBe OITYUI mist oOHapyXKeHUST 13-
MEHEHUM CTPYKTYpbl METAJUIMYECKUX JOeTalieil, KOTophlie
00ecreunBaloT MHBAPUMAHTHOCTD K (UIyKTyalluu TeMIiepaTy-
pbl BCJIENCTBUE MCIOJIb30BAHMSI COOTHOILIEHUS YacTOT, YTO
TT03BOJISIET TTOBBICUTH HA/IEKHOCTh PabOTHI U CTAOMIBHOCTh
MHGOPMALIMOHHO-U3MEPUTEIBHOTO KaHajla JMarHoCcTU4e-
CKOW CUCTEMBI.

IIpakTuyeckass 3HaumMocTh. B mporecce peanuzauuu
TpeIOXKEeHHOTO MeToa ObLUT pa3paboTaH crocod u arnmapar-
HO-NPOTPAaMMHBIE PELUEHUsI MJISI BBISIBICHUSI CTPYKTYPHBIX
U3MEHEHU B METAJUTMIECKON KOHCTPYKIINY C U3MEHEHUEM
Ko3bdUIMeHTa AMarHOCTUYECKUX CUTHAJIOB HA OCHOBE OT-
HOCUTENIbHON MPUBEIEHHOU YaCTOTHI TADMOHUK.

KioueBble cioBa: wiupokonosoctsie cueHanwvl, OuaeHoCmu-
poeanue, CmpyKmypHvle U3MeHeHUsl, Memaniuveckue oemant,
yugposas obpabomka
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