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Two-Dimensional Ray Mathematical Model of Mechanoelectric Transformations
Method for Location of Macrodefects Identification in Solid Dielectric Structures

Method of mechanoelectric transformations can be applied to determine both horizontal position and the
depth of a defect in solid nonconductor samples. The method is based on phenomenon of electromagnetic
emission in sources of mechanoelectric transformations, such as cracks, voids and impurities of sample struc-
ture. It has been shown that method can be used to evaluate integrated stress-strain state of solid dielectric
materials. The method is also capable of finding defects is the sample volume, but the robust methodology
has to be developed. To develop a methodology of the proper scanning process the experimental setup was
created. This work represents ray model of this setup. The model allows us to research pulse characteristics of
the response signal considering a variety of excitation signal parameters, defect locations and depths.
The model includes dimensions of real sample. Pulse characteristics for response signals of single-period ex-
citation waves with 100 kHz, 300 kHz, and 600 kHz frequencies were obtained. It is shown that increasing
the frequency of excitation increases the accuracy of estimating the depth of macrodefects. Time-response
characteristics of the signal are most informative.

Keywords: mechanoelectric transformations, acoustic control, nondestructive testing, mathematical model,
solid dielectric structures, defectoscopy, response signal, excitation wave.

Introduction

Acoustic methods are widely used to search and control macrodefects in structures. Most of them are
based on pulsed excitation of the test object by the acoustic wave and the following study of response char-
acteristics associated with a macrodefect [1-5].

Numerous acoustic methods of searching defect coordinates have been developed [6-8].

The disadvantage of these methods is the requirement of reliable acoustic contact between the receiver
and the object of control. The response signal may be distorted due to heterogeneity of the surface mechani-
cal properties of the sample, which leads to instability in the transient characteristic of the contact.

However, there are methods, which do not require reliable surface contact, for example, the method of
mechanoelectric transformations (MET). It is found that in solid dielectric under certain conditions like stress
electromagnetic emission appears on the surfaces of cracks and defects [9]. Double electric layers at the inter-
faces of dissimilar materials are sources of MET, as well as natural piezoelectric inclusions (quartz sand in con-
crete, for example). The method of electromagnetic emission can be informative to determine stress-strain state
of materials, but the method is considered passive. Further investigations have shown that it is possible to in-
duce an electromagnetic response by acoustic excitation of the sample [10—13]. Studies indicate that the MET
method is suitable for defectoscopy of solid dielectrics. First, there were investigations on registration of re-
sponse signals for samples made of epoxy resin with addition of sand, which contained lots of quartz [14].
To determine whether results of studies are redundant, statistic methods were utilized, for instance, those based
on Students t-distribution [15]. These methods utilize integrated response characteristics to evaluate bulk and
surface defects [16]. The response signal received from the surface area above defect is distinguishable from
those signals received from areas without defects since correlation drops dramatically in «defected» areas.

During ultrasonic testing, acoustic energy is being transferred to an electric signal in a localized acous-
tic transducer. Unlike that, transducers in MET method are located in the sample itself, so that the response
signal is the superposition of signals from all the MET sources. As a result, a response signal is being re-
ceived right after excitation and clearly carries no information about defects whatsoever. The excitation wave
than reaches the defect and reflects back to the surface, creating the useful response signal that sums up with
the parasitic one. Later on, the wave reflected from further boundaries if the sample also contributed to the
integrated signal.
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It is also possible to utilize the reverberation effect to enhance the MET method. The main advantage of
reverberation is the repeated intersections of the excitation zones of inhomogeneities by acoustic waves, that
is displayed in response parameters. The reverberation makes it possible to accumulate distortions of wave-
fronts [17, 18].

The aim of this work is to evaluate the most suitable parameters of excitation and response signals to
localize the defect.

Methods and materials

A new method of nondestructive testing has been developed in Tomsk Polytechnic University — meth-
od of mechanoelectric transformations (MET). Acoustic impulse of a given form excites dielectric sample.
The excitation wave interferes with MET sources, which partially transfer acoustic energy to weak electro-
magnetic field. The capacitance sensor located close to the surface then transforms electromagnetic signal to
current, which is then registered. Sources of MET include double electric layers at the interfaces of dissimi-
lar materials and natural piezoelectric inclusions (quartz sand in concrete, for example). The main advantage
of MET method over other acoustic methods is that MET method does not require reliable surface contact.
This method can require no physical contact with a sample at all if laser beam is used as an excitation
source [19].

Studies indicate that the MET method is suitable for defectoscopy of solid dielectrics.

During ultrasonic testing, acoustic energy is being transferred to an electric signal in a localized acous-
tic transducer. Unlike that, transducers in MET method are located in the sample itself, so that the response
signal is the superposition of signals from all the MET sources. As a result, a response signal is being re-
ceived right after excitation and clearly carries no information about defects whatsoever. The excitation wave
than reaches the defect and reflects back to the surface, creating the useful response signal that sums up with
the parasitic one. Later on, the wave reflected from further boundaries if the sample also contributed to the
integrated signal.

To describe received electric signal from sample with distant MET sources ray mathematical model was
developed [20].

The full biasing current / over the segment of the detector is determined as following:
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Q — is a bound charge of a single MET source; S, — is a square of a MET source; #) — is a width of a
source H — is a distance between MET source and the receiver.; 7(z) — is the length of the radius vector be-
tween the element of MET source and the element or receiver surface, considering reflections from bounda-
ries of the sample.; ds, — elementary surface of the reciever; ds, — the element of surface area of MET
source. Time indexes for H, 4 and r are left out.

Derivatives with respect to 4 and H are obtained from the equation for longitudal deformation &/ and
its connection to mechanical normal stress o in elastic area.

Since the mechanical stress is not uniform in space, when calculating the deformation between two
points, it is necessary to summarize the instantaneous elementary deformations, within which the mechanical
stress can be considered unchanged. When calculating the strain rate across the width of the probe, the in-
stantaneous mechanical stress can be considered constant due to the small value of h and the expression for
the vertical component of the derivative h with respect to time has the form:

dh cgj(t_‘:‘)'rhz'h

k-0,
dt E*.

where k£ — is the coefficient having a length dimension equal to the distance from the center of the spherical
wave to the region of tension formation c,, which is equal, in a first approximation, to the ratio of the impact
force to the contact area of the spherical surface of the excitation source with the sample;
7 — radius vector from the region of impact formation to a given point, taking into account reflections from

7|

the control object boundaries; 77,,| — the radius vector module from the point of impact to the given point of

the MET source, r,, — is the projection of the specified radius vector on the vertical axis; F(t-r/v) — equa-
tion of the excitation wave; v — is the speed of sound in control object.
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When calculating the expression for the vertical component of the derivative with respect to H, it is
necessary to take into account the heterogeneity of the mechanical stress, therefore, it has the following form

dH k-o, 't g v’ =
= . I Y ‘ dZ
dt E P
where 7, — is the vertical component of 7, 77Z| — is the radius vector module from the point of impact to

the point of the given line connecting the point on the MEP source with the point on the receiver plate. The
vertical component of the induction vector is calculated along this line.

where is the vertical component, is the radius vector module from the point of impact to the point of the
given line connecting the point on the MEP source with the point on the receiver plate. The vertical compo-
nent of the induction vector is calculated along this line.

As can be seen from expression above for the bias current, the response signal consists of two compo-
nents. One component is associated with a change in time of the width of the MET source, (component h);
the other component — with a change in the distance between the surface elements of the MET source and
the signal receiver (component H). From this expression it follows that each of these components can change
its sign at certain angles between the vertical axis and the direction of the radius vector from the MET source
to the receiver surface element. Therefore, the total response signal can be either a result of either arithmetic
summation of the two components, or subtraction. Moreover, depending on the size and position of the sur-
faces of the MET source and the receiver, we can get a common signal as the sum of elementary responses,
where not all components have the same sign.

In general, the described mathematical model shows that with a uniform distribution of the MET
sources over the sample, those sources located near the signal receiver make the greatest contribution to the
electrical response. Nevertheless, under certain conditions of the distribution of MET sources, the electrical
response, which in this case can be called parasitic, begins to form almost without delay at the moment of
excitation of the sample. After the acoustic wave reaches the surface of the defect, the response reflected
from the microdefect of the wave begins to mix with the already existing response. Over time, acoustic
waves reflected from the boundaries of the sample begin to influence the response.

To identify criteria of the defects, which can be found and assessed with MET method the experimental
setup was created [21, 22]. Figure 1 shows the scheme of the setup.

A coordinatograph allows positioning the sending-receipt unit (SRU) above the specific place of the
sample surface. The SRU consists of piezoelectric transducer and differential capacitive probe. The trans-
ducer emits a series of acoustic impulses. The shape and length of each impulse is determined by concerns of
specific experiment and controlled via special software. The measurement input of the probe is located sev-
eral millimeters above the surface of the sample. It receives electric component of electro-magnetic signal,
which consists of both noise and informative signal. The generation and digitizing device (GDD) is based on
multifunction Data acquisition device NI USB-6356. The output of GDD is connected to the high-voltage
amplifier (HA) to amplify the signal before it comes to transducer. Multiple excitations are used to improve
signal/noise ratio. Up to 256 measurements are summed up and averaged.

E|

oc , ADC |6
GDD | SRU
/
HHAI
DAC // N
“sampe )
2 USB Coordinatograph

Figure 1. The experimental setup
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The setup was used to find out what kind of defects can be found with MET method.

The sample is a 100 mm thick concrete block with holes. Three holes have a diameter of 25 mm and
depths 40, 60 and 75 mm.

It turned out that parasitic response signals are significantly affecting the response signal as a whole, so
that it is difficult to choose optimal criteria for defects, which could be localized my MET method. For the
same reason it is impossible to estimate suitable parameters of excitation waves right away.

The aim of this work is to show in a two-dimensional mathematical model that takes into account the
ability to set the dimensions of the surfaces of the acoustic excitation source, macrodefect and the electrical
response receiver, as well as the coordinates of the macrodefect, which excitation and response parameters
are most effective for determining the coordinates of macrodefects in solid dielectrics.

Let us consider the following system: the source of the signal, receiver and defect, all located on plain
surface (Figure 2). Here a depicts the source; b is the receiver; c is the defect.

i Il_rl I
a I:b.

Figure 2. The scheme of experimental setup for studying electromagnetic responses when a sample is excited by an
acoustic pulse of a given shape, where a is acoustic wave emitter; b is response signal receiver; c is the defect

Dashed lines portray rays which contribute to response signal formation. The model considers real di-
mensions of emitter, receiver, defects and their locations.

The length of emitter is 10 mm, receivers is 6 mm.

The source of the signal emits an acoustic excitation wave from each point of the surface of the emitter.

The surface area is defined as a site with a linear size 0/ =0t -V, where v is the speed of sound in a concrete
sample (3200 m / s); ot is the digitization interval.

The rays fall on the surface of the defect and are emitted into the region of the sample located in the
immediate vicinity of the surface of the receiver. In this area, the level of the electromagnetic signal due to
mechanoelectric transformations is the greatest.

The program sums up all the elementary responses from each ray emitted by the surface of the defect,
which, in turn, is a superposition of rays from each point of the source of the acoustic signal.

The distances that each beam travels between the surface of the source and the macrodefect, as well as
the surface of the macrodefect and receiver, were calculated. The response signals from each ray falling into
the same time were summed. Each elementary response signal was calculated based on the sphericity of the
acoustic wave, i.e. acoustic attenuation was taken into account inversely with distance. The delay time of the
arrival of the rays to the receiver was also calculated to form the integral time dependence of the response.
The resulting dependence is the impulse characteristic of the response signal for a given configuration of the
emitter — defect — receiver system.

The program also calculated the impulse response characteristics when the source — receiver system
was shifted relative to the defect, which simulated the scanning system for the sample.

Impulse characteristics were calculated for three depths of macrodefects: 25 mm, 40 mm and 60 mm.
In addition, the impulse response characteristics were calculated upon reflection of the excitation pulse from
the bottom of the sample (100 mm).

Figure 3 shows the impulse response characteristics at a defect depth of (25, 40, 60) mm and with no
defects respectively, under conditions when the sensor system is above the corresponding defect. The abscis-
sa shows the relative distances that the acoustic rays travel.
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Figure 3. Impulse response characteristics at a defect depth when the sensor system is
above the corresponding defect, a) 25 mm; b) 40 mm; c¢) 60 mm; d) without defect

As can be seen from the figures, for the given linear dimensions of the receiver, defect, and emitter, the
range of distances that the rays of the acoustic excitation wave propagate at a defect depth of 25 mm is
6 mm, at a depth of 40 mm — 4 mm, and at a depth of 60 mm — 3 mm. When the excitation signal is re-
flected from the bottom of the sample, the interval of the impulse response is 18 mm. In this case, there is a
strong surge of the signal at the beginning of the impulse response. Figure 4 shows the impulse response
characteristics at a defect depth of (25, 40, and 60) mm and with no defects underneath, respectively, under
conditions when the sensor system is 10 mm shifted relative to the defect.

When the SRU is shifted relative to the defect, the response signal decreases and the impulse response
expands. The range of distances for depths 25, 40 and 60 mm is 12, 8, and 6 mm, respectively.

Figure 5 shows the calculations of the maximum levels of the impulse response as a function of the bias
and bias offset relative to the defect.
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Figure 4. Impulse response characteristics when the sensor system is 10 mm shifted
relative to the corresponding defects: a) 25 mm; b) 40 mm; ¢) 60 mm; d) without defect
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Figure 5. The maxima of the impulse response levels when the SRU is shifted relative
to the corresponding defect depth: a) 25 mm; b) 40 mm; ¢) 60 mm; d) without defect

As can be seen from Figure 5a, the maximum response when the acoustic excitation wave is reflected
from the bottom is in fact independent of the displacement of the emitter and receiver assembly with respect
to the defect. The vertical dashed line corresponds to the position of the SRU over the defect.

Studying the impulse characteristics, it is possible to calculate the responses when a pulse of a given
shape is applied to the sample.

A rectangular radio pulse u(?) was used as an excitation pulse in the model.

On the graphs of impulse responses along the ordinate axis, the intensities are plotted. Therefore, to ob-
tain the response res(?) when an acoustic pulse of a given shape is exposed to a sample, it is necessary to per-
form the convolution operation of its time dependence with the corresponding impulse response

res(t) = Zt:imp(r) -u(t—r1)

where imp (¢) is the impulse response; u« () is the time dependence of the excitation pulse.
To solve the problem of determining the location of a macrodefect, as well as a possible assessment of
its linear dimensions, we consider the responses at various frequencies and durations of the excitation pulse.
The presented responses are shown upon excitation of a sample with a rectangular radio pulse with a
frequency of 100 kHz for a period of 1 period in Figure 6.

Level, rel.

Time, Y5

Figure 6: The responses when a sample was excited by a rectangular radio pulse with a frequency
of 100 kHz for a period of 1 period in the zones of defects with a depth of 25 mm (dots), 40 mm
(dashed line), 60 mm (dashed-dotted line) and the shape of the excitation pulse (solid line).
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As follows from the figure, there is an increase in the duration of the response with a decrease in the
depth of the defect. Figures 6 and 7 show that with increasing frequency, the degree of increase in duration
increases.

As can be seen from all the figures, the waveforms of the responses are distorted to one degree or an-
other with respect to the excitation pulse. It follows from a theory that the response duration is the sum of the
duration of the initial pulse (in our case, the period of the corresponding frequency) and the duration of the
characteristic with which the convolution is carried out. Therefore, the response duration is delayed with re-
spect to the initial pulse [21-23].

The duration of the impulse response in the ray approximation of the propagation of an acoustic wave
depends both on the depth of the defect, on the surface of which the excitation wave is reflected, and on its
linear dimensions, as well as on the sum of the linear dimensions of the excitation source, receiver, and the
gap between them.

Therefore, in general, the difference between the duration of the response and the duration of the excita-
tion pulse is an indicator of the depth of the location of defects [24, 25].

The response signal is generated in a special way when the acoustic excitation wave is reflected from
the bottom of the sample, which is due to the relatively large surface from which the acoustic excitation
wave signal is reflected.

Level, rel.

Time, P15

Figure 7. The responses when a sample was excited by a rectangular radio pulse with a frequency
of 300 kHz for a period of 1 period in the zones of defects with a depth of 25 mm (dots),
40 mm (dashed line), 60 mm (dash-dotted line) and the shape of the excitation pulse (solid line)

Figure 7 and 8 show the given responses for frequencies of 300 kHz and 600 kHz.
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Figure 8. The responses given when a sample was excited by a rectangular radio pulse with
a frequency of 600 kHz for a period of 1 period in the zones of defects with a depth of 25 mm (dots),
40 mm (dashed line), 60 mm (dashed-dotted line) and the shape of the excitation pulse (solid line)

Consider the response behavior in the spectral region. Figure 9 shows fragments of the amplitude-
frequency characteristics (up to the first bend) of responses under the influence of a pulse with a frequency
of 100 kHz for defect depths (25, 40, 60) mm, as well as the frequency response of the excitation pulse.
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As can be seen from the Figure 9, at a frequency of 100 kHz, all frequency response lines almost merge.
At the same time, it is seen that the response frequency response when reflected from the bottom of the sam-

ple has a feature that is probably due to the manifestation of interference due to the superposition of acoustic
waves whose path lengths exceed the coherence interval.
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Figure 9. The amplitude-frequency characteristics of responses when reflected from defects
at defect depths of 25 mm (dashed line), 40 mm (dots), 60 mm (dashed-dotted line), from the bottom
of the sample (thin solid line) and the excitation pulse (thick solid line) at a frequency of 100 kHz

Figures 8 and 9 show the frequency response of the responses and the excitation pulse for the same depths
for the frequencies 300 kHz and 600 kHz.
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Figure 10. The amplitude-frequency characteristics of responses when reflected from defects
at defect depths of 25 mm (dashed line), 40 mm (dots), 60 mm (dashed-dotted line), from the bottom

of the sample (thin solid line) and the excitation pulse (bold solid line) at a frequency of 300 kHz
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Figure 11. The amplitude-frequency characteristics of responses when reflected from defects
at defect depths of 25 mm (dashed line), 40 mm (dots), 60 mm (dashed-dotted line), from the bottom
of the sample (thin solid line) and the excitation pulse (thick solid line) at a frequency of 600 kHz

It follows from Figure 10 that, at a frequency of 300 kHz, the maxima of the frequency response of the
responses relative to the frequency response of the initial excitation naturally shift to the low-frequency re-
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gion with a decrease in the depth of the defect. The nature of the response from the bottom of the sample be-
comes more complex.

And finally, in figure 11, at a frequency of 600 kHz, the manifestation of the displacement of the maxi-
ma of the frequency response increases significantly.

Conclusion

Based on the analysis of responses calculated using the two-dimensional ray model, the following con-
clusions can be drawn:

— the steepness of the impulse response when scanning along a sample with a defect increases with de-
creasing depth of the defect;

— the difference between the response duration and the excitation pulse duration at a given excitation
frequency is an indicator of the depth of the location of defects;

— the degree of expansion of the response increases with increasing frequency of pulsed excitation;

— increasing the frequency of excitation increases the accuracy of estimating the depth of microdefects.

The work has been done with the financial support of the Russian Science Foundation, project
No. 19-19-00178 (TPU - 5.2053.RNF.2019).
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KaTThl qudJjieKTpuKTEepAe MAKpPOAKAayI1ap/AblH OPHBIH Ta0yFa
apHAJIFaH MEeXaHO3JIEeKTPJIK TYpJeHaiprimTep diciHiH eKi
oJIeM/Ii CyJIeJIiKk MATEMAaTHKAJIBIK MO eJi

Katter oTki30€iTiH yITiepiH KeJIeHeH KYHiH Jie, aKkayIbIH TepeHIITH Jie aHbIKTay YIIiH MEeXaHOJICKTPIIK
KaiiTa Kypy oMiCiH Konjganyra 6omaasl. By MexaHOIeKTpIIik KaifTa KYpbULy KO3AepiHAeT] SIeKTPOMarHuTTiK
coylielieHy KyOBUIBICBIHA HETI3ENITeH, MBICANbL, JKapblK KYpPBUIBIMAAPHL, KYBICTap JKOHE ChIHaMa
KYPBUIBIMBIHBIH Kocniaslapbl. KepceTiren omicTi KaTThl JUAIEKTPIIK MaTepHaIgapAblH WHTETPAlHsUIaHFaH
KepHeyJi KydiH Oaramayna konjanyra Oonangsl. CoHpaii-ak, 9ic yJIri KesleMiHJAeri akaynapibl aHbIKTayFa
KabinerTi, 6ipak OHBIH CEHIMII oicTeMeciH Kypy KaxeT. CkaHepiey MPOLECiH IypbIC KYPri3y amicTeMeciH
’Kacay YIIIH 3KCIEPUMEHTTIK KOHIBIPFbI KypacThIpbliraH. JKyMbICcTa OChl KOH/BIPFBIHBIH COYJIENIK MOJei
YCBIHBUIFaH. MoJeNb KO3/BIPY CHTHAIBIHBIH OpTYPJl IapaMeTpiepiH, aKaylap/blH OpHAlacybl MEH
TEpEeHMIrH ecKepe OTHIPHIIL, >Kayall CHIHAJIBIHBIH UMITYJIECTIK CHITaTTaMaJIapbIH 3epTTeyre MyMKIHAIK Oepexni.
Monens HakTh YAriHIH emmemaepin kamtugpl. 100 k', 300 sxone 600 k' sxuinikrepi 6ap Oip Ke3eH i KO3y
TOJIKBIHJAPBIHBIH JKayall CHTHAIAAPbl YLIIH UMIYJIbCTIK CHMaTTaManap ansiradH. Ko3y Kuinmirin aprreipy
apKBUIBI  MaKpoakayJapAblH TEpeHJIIriH Oarajmay [ONIITiH JKOFapbUlaTyFa OOJATBIHBI KOPCETLIreH.
CurHanIbIH YakbITTTBIK CHIIATTaMaJIaphl €H aKIapaTThl OOJIbIN TaObLIabL.

Kinm  ce30ep: MexaHODJIGKTPIIK TYpJeHy, aKyCTHKaIblK Oakpuiay, Oy30aii Oakpuiay, CoyJemik-
MaTEeMaTHKaJbIK MOJENb, KATThl JUAJIEKTPIIK KYpbUIBIMAAp, AC()EKTOCKONHUs, jKayall CHMTHajbl, KO3y
TOJIKBIHBL.

P.A. Jlaac, I1.H. Xopcos, A.Il. CypxuxoB, A.A. becniasibko,
A.C. I'sarasos, J1.2K. Kapabekosa, A.K. Xacenos

JIBymMepHas JiydyeBasi MaTeMaTH4YeCKasi MojleJIb METO/1a
MEXAHO03JIEKTPHYECKUX MPeodpa3oBaHuii JAJ151 MONCKA MeCTOMOI0KEHH S
MakpoaedeKTOB B TBEPAbIX IMIJIeKTPUKAX

Metoa MeXaHOAIIEKTPUUECKUX TPEOOpa30OBaHMl MOXKET OBITh NMPHMEHEH IS ONpPEACICHUS KaK TOPU30H-
TAIBHOTO IMOJIOKCHUS, TaK U TIIYOHHBI Ie()eKTa B TBEPABIX HEMPOBOAAMINX oOpasznax. OH OCHOBaH Ha SBJIC-
HUH DJICKTPOMArHUTHOTO HW3JIy4CHHs B HMCTOYHHMKAX MEXAHOJJICKTPHUYCCKHX IMPeoOpa3oBaHWil, TAKHX Kak
TPEUIMHBL, ITYCTOTHI H IPUMECH CTPYKTYphI 0Opasma. [loka3aHo, 4TO yKka3aHHBIA METO MOXKET OBITh HCIIOJb-
30BaH JIsI OLICHKHU VIHTeraJ'IBHOFO Hal'[pﬂ)KCHHO—}le(bOpMI/IpOBaHHOFO COCTOSHUSA TBep}lbIX lII/ISJ'leKTpI/IquKI/IX
marepuanoB. Kpome Toro, cmocoben oOHapyxuBaTh nedekTsl B 00beMe 00pasia, OAHAKO HEOOXOAUMO pas-
paboTaTh HAAEKHYIO METOHONOTHIO. [y pa3pabOTKKU METONOJIOTUH MPaBUIBHOTO MpoIiecca CKAaHUPOBAHUS
ObuIa Co3/71aHa SKCIICPUMEHTAIbHAS YCTAaHOBKA. DTa paboTa MpeACTaBIsAET JIy4eBYIO MOJICIb 3TOH YCTAaHOBKH.
Mogenb MO3BOJSIET HCCIEIOBATH UMITYJIbCHBIC XapPaKTEPUCTHKHA OTBETHOTO CHTHANA C yYETOM Pa3IHMYHBIX
rapamMeTpoB CHTHaIa BO30YKICHUS, MECTOTIOIOKEHHS Ie(eKTOB U TiyOnHBL. BKirouaet B cedst pa3mepsl pe-
aIpHOTO 0Opasna. [lomy4eHbsl UMITYIIbCHBIC XapaKTEPUCTHKH [T OTBETHBIX CHTHAJIOB OJTHOICPUOIHMYCCKUAX
BoJH BO30OyxneHus ¢ yactotamu 100, 300 u 600 kI'u. [TokazaHo, 4TO yBeTMUCHHE YaCTOTHI BO30OYKICHHS
IIOBBIIIACT TOYHOCTH OLICHKH l"J'Iy6I/IHI)I MaKpO)Ied)eKTOB. BpeMeHHbIe XapaKTepHCTIAKI/I CUTHAJIa ABJIAKOTCS
Hanbosee NH(POPMATUBHBIMU.
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Kniouegvie cnosa: MexaHODIEKTpHYECKHE NPEOOpa3oBaHUs, aKyCTHUECKHH KOHTPOIb, HEpaspy-
IIAIOIINIT KOHTPOJIB, JTydeBasi MaTeMaTHYecKasi MOAENb, Ae()eKTOCKONHSI, BO30YKIafOLIHI CUTHA,
CHUTHAJ OTKJIMKA, TBEPbIC JUINEKTPUIECKHE CTPYKTYPBI.
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