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Abstract

The aim of the work was to establish a correlation between structural, clectrical and thermoeclectric
properties of the disordered tin oxide films to study the possibility of their further applications as materials
for thermoelectric converters. Disordered multiphase tin oxide films were synthesized by magnetron sput-
tering of tin onto glass substrates in argon plasma and subsequent two-stage annealing in air. The structural,
electrical and thermoelectric properties of the films were varied by changing the temperature at the 2™ stage
of annealing in the range of 350-450 °C. It was found that the films synthesized at a temperature of 350 °C
during the 2™ stage of annealing procedure have an amorphous structure and are characterized by the highest
value of specific electrical conductivity ¢ = 28.5 S/m. Samples fabricated at temperatures 400 and 450 °C
during the 2™ stage of annealing are characterized by polycrystalline multiphase structure with both stoi-
chiometric (SnO, SnO,) and non-stoichiometric (Sn,0, and Sn,0,) phases of tin oxides in their composition
(with prevailing of SnO, phase for the samples annealed at 450 °C). It was found that these samples are char-
acterized by a higher value of the Seebeck coefficient S (=156 pV/K and —163 pV/K, respectively) compared
to the amorphous films, for which the value §=-90 pV/K. It was found that the electrical conductivity of
both amorphous and polycrystalline tin oxide films in the temperature range of = 80-300 K can be described
within the frame of a model that assumes the activation of electrons from impurity levels in the band gap asso-
ciated with oxygen vacancies in different charge states. It was demonstrated that for all types of the samples,
the Pisarenko’s formula can be applied to evaluate the relationship between the Seebeck coefficient S and the
position of the Fermi level £} if the parameter » <-2.

Keywords: magnetron sputtering, tin oxide films, electrical conductivity, thermal activation, thermoEMF
coefficient
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enp paboTBl — YCTAHOBJICHWE B3aMMOCBSI3M MEXIY CTPYKTYPHBIMH, OJCKTPHUECKUMH U
TEPMO3JIEKTPUUECKHMHU CBOMCTBAMH HEYHOPSIOYEHHBIX IUIEHOK OKCHIOB OJIOBA JUIA OIpENeNICHUs
BO3MOXXHOCTU JajbHEHIEr0 MX IPUMEHEHHs B KAayecTBE MATEpPUaloOB sl TEPMO3JIEKTPHUUCCKHUX
npeoOpazoBaresneil. Heynopspouennsle MHOrodasHble IUIEHKH OKCHIOB OJIOBA CHHTE3MPOBAHBI METOJIOM
MarHeTPOHHOTO DACHbUICHUSI OJIOBAa Ha CTEKJSHHbBIE IOJUIOKKHM B IUIa3ME aproHa ¢ MOCIETYIOUIMM
JIBYXCTaAUHHBIM OTXKHIOM Ha BO3ayxe. CTpyKTypHBIE, 3JIEKTPHUECKHE M TEPMODJIEKTPUUECKUE CBOHCTBA
TUIEHOK BapbHPOBAINCH TIOCPEACTBOM H3MEHEHHUS! TeMIlepaTypbl Ha 2-H CTaAMM OTKHMIa B JUAara3oHe
350-450 °C. VYcraHoBieHO, 4TO IJIEHKH, CHUHTE3MpoBaHHbIe Npu Temneparype 350 °C nHa 2-# craaun
OTXHTa, HIMEIOT PEHTTEHOAMOP(HYIO CTPYKTYPY M XapaKTEepHU3YIOTCS HauOOJbIICH BEJIWYMHOW yIeNbHON
ANEKTPONPOBOAHOCTH G ~ 28,5 Cm/M. CTpyKTypa 00pasiioB, MONy4YeHHBIX ipu Temnepatypax 400 u 450 °C
Ha 2-U CTaMM OTXKHUTA, SIBISETCS TOJIMKPUCTALTMYECKOH MHOTo()a3HOW, ¢ HAlMYMEeM B MX COCTaBE Kak
crexuomerpudeckux (SnO, SnO,), Tak n Hecrexmomerpuueckux (Sn,O; um Sn;O,) ¢da3 oxcunoB onoBa
(c npeobnananuem ¢assl SnO, npu omxkure npu 450 °C). Ilpu 3ToM 3T 00paslbl XapaKTEPU3YIOTCS
Oompriet BemmumHON Kod(pdummenta 3ecdeka S (—156 MxB/K m —163 MxB/K cooTBeTcTBEeHHO) IO
CpaBHEHHUIO C PEHTTeHOAMOP(HBIMU TUIEHKAMH, I KOTOpeIX BenmuuHa S =-90 MxB/K. YcraHnosieHo,
9TO 3JIEKTPONPOBOJHOCTh KaK aMOpQHBIX, TaK M MOJUKPUCTAUINYECKUX IUIEHOK OKCHIOB OJIOBA
B nuana3one Ttemmeparyp ~ 80-300 K Moker OBITh OmmcaHa B paMKax MOJENH, Mpeanojararomnei
AKTUBALMIO JIEKTPOHOB C NPUMECHBIX YPOBHEH B 3amlpeIléHHON 30HE, CBSI3aHHBIX C KHUCIOPOAHBIMU
BaKaHCHAMHU B Pa3JIMUHBIX 3apsIOBBIX COCTOsHUX. [lokazaHo, UTO Ui BCEX MCCIICAOBAHHBIX OOpa3loB
JUISL OLICHKH B3aMMOCBSI3M Mex1y Kod(p¢uuueHtoMm 3eebeka S u nojoxenueMm ypoBHs Depmu Ep MoxeT
ObITh IpuMeHeHa (opmyia [TucapeHko npu ycaoBuy, 9To napamerp » < —2.
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Introduction

Thermoelectric (TE) generators are used for
recovery of electrical energy from waste heat. Re-
search in this field has grown significantly over the
past decades due to fossil energy resource depletion.
Solid-state thermoelectric energy converters are used
as sources of electricity in portable devices, as well
as in electronic, medical, scientific equipment, on
spacecraft, etc. [1, 2].

The efficiency of TE devices is estimated by the
dimensionless parameter of thermoelectric figure of
merit:

ZT = S°c T/, (1)

where S, ¢ and « are the Seebeck coefficient, electri-
cal and thermal conductivity of the TE material, re-
spectively; T is the operating temperature or average
temperature (7', + T,)/2 of the TE converter; 7' and
T, are the temperatures of its hot and cold contacts,
respectively [3].

Parameters of Seebeck coefficient S and elec-
trical conductivity ¢ in the numerator of Eq. (1)
are determined only by the electronic properties of
materials, therefore they are often combined into
the quantity PF = S%c, called "Power factor". The
value of thermal conductivity k in the denominator
of Eq. (1) can be considered as a sum of 2 terms [3]:

2

where «; and «, are the contributions from the lattice
and electronic component of heat conductivity.

According to (1), it is obvious, that for high effi-
ciency of heat to electricity conversion TE materials
should have a high electrical conductivity o, a high
Seebeck coefficient S, and a low thermal conductiv-
ity k.

Increasing the value of thermoelectric figure of
merit of thermoelectric materials is a rather compli-
cated task, requiring the fulfillment of contradictory
conditions (increasing electrical conductivity while
simultaneously reducing thermal conductivity).

In order to achieve maximum figure of merit
value highly doped semiconductors and semimet-
als are usually used as a thermoelectric materials
due to optimal relations between values of electrical
conductivity o, thermal conductivity k and Seebeck
coefficient S in them [4]. However, non-degenerate
electronic materials can be characterized by high fig-
ure of merit value as well [4].

Possibility of high values of Seebeck coeffi-
cient and figure of merit in disordered materials near

K=K, T K,

metal-insulator transition is demonstrated in [5]. In
such materials electrical conductivity is explained by
transfer of localized electrons in the vicinity of the
Fermi level.

The disadvantage of using non-degenerate semi-
conductors as TE materials is related to their low
electrical conductivity. From the other side these ma-
terials are characterized by higher value of Seebeck
coefficient S and low value of electronic term of the
thermal conductivity k,. For these materials value of
lattice term of heat conductivity k, can be compara-
ble or even higher than the parameter «,. That is why
one of the efficient methods to increase the figure of
merit of TE materials is to reduce their lattice term of
the thermal conductivity k,, characterizing the trans-
fer of heat energy by phonons.

One of the most successful strategies for fabrica-
tion of TE materials with low value of the lattice ther-
mal conductivity is the synthesis of structurally inho-
mogeneous samples [3, 6, 7]. Nanostructured mate-
rials (quantum wires, quantum dots, quantum wells)
as well as materials with different types of nanoscale
inclusions can be used as a materials with low «;
value. For example, it was found that «; value of Si
nanowire is much times less than lattice thermal
conductivity of bulk Si 2WmK vs 87.3 WmK
respectively) [8]. However, for the fabrication of
ordered low-dimensional structures a complicated
and expensive technological equipment is required.
Therefore, technologies based on the synthesis of
non-homogeneous semiconductors as well as on the
introducing of different types of point, linear and pla-
nar defects into the film and bulk semiconductors are
considered as effective methods for the fabrication
of TE materials with low lattice thermal conductivity
value [9]. Mean free path of phonons can be reduced
due to the scattering by point defects, dislocations,
crystallite boundaries and nanoparticles of various
phases [9]. It was found, for example, that nanocrys-
talline Si have much lower value of k; = 6.3 W/m'K
in comparison with the bulk Si [10].

Widely used at present time commercial TE
generators contain either expensive (Bi, Te, Ag and
Se) or toxic (Pb, Hg) elements [11-13]. Besides
that, chalcogenides are unstable in air and can be
decomposed at relatively low temperatures. There-
fore, protection from the influence of atmosphere
for TE generators based on chalcogenides is re-
quired. As a result, manufacturing technology of
such devices becomes more complicated and their
price is increased.
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As one of possible alternative to chalcogenides
the metal oxides are considered [14, 15]. These ma-
terials are characterized by low cost, wide availabil-
ity, environmental friendliness and stability at high
temperatures. This explains their wide application
in optoelectronics, photovoltaics, sensorics etc. One
of the most widely used metal oxide is tin dioxide
SnO,. In the stoichiometric composition SnO, is a
wide band gap (E, = 3.6 ¢V) semiconductor charac-
terized by very low electrical conductivity o [16].
Increasing of parameter ¢ can be achieved not only
by doping, but by means of introducing of oxygen
vacancies as a source of electrons during synthesis
process. It is known that oxygen vacancies introduce
shallow donor levels in the band gap of SnO, [17].
It is possible to synthesize tin dioxide samples with
high concentration of electrons only by means of
variation of technological procedure parameters
resulting in fabrication of electrically degenerate
semiconductors without need for additional atomic
doping [18]. Tin oxide thin films have advantages in
comparison with bulk oxide materials due to possi-
bility to tune concentration of necessary defects by
more controllable way.

Previous studies of thermoelectric proper-
ties of tin monooxide SnO [19-21] and tin dioxide
SnO, [20-26] films have shown that these materi-
als can be considered as perspective candidates for
development of thermoelectric converters on their
basis. A major challenge in producing efficient ther-
moelectric generators using these materials is their
high lattice thermal conductivity (x, ), arising from
the strong ionic bonds in oxides and the low atomic
mass of oxygen atoms.

Analysis of thermoelectric properties of tin
monoxide and tin dioxide was carried out in [21]. In
particular, the similarity of the electronic vibrational
states of SnO and SnSe (characterized by high value
of ZT = 2.6 at 923 K) was noted. Such high value of
ZT in SnSe can be explained by extremely low value
of the electron component of thermal conductivity
K, = 0.23 W/m-'K due to strong lattice anharmonic-
ity caused by the bound chemically active electron
pairs arising as a result of the interaction of the
Sn(5p) state and the antibonding state Sn(5s)-Se(p)
[27]. Similar to selenium, oxygen is also in group 6
of the periodic table, which suggests that SnO con-
tains a similar bound electron pair as found in SnSe.
As a thermoelectric material, SnO presents several
advantages compared to SnSe, particularly consider-
ing selenium’s high toxicity and limited production

volumes. Research [20] shows the feasibility of de-
veloping thermoelectric touch sensors using p-type
SnO, films.

It should be noted that amorphous tin oxides
show promise as potential thermoelectric materi-
als [15]. These materials exhibit high electron mo-
bility due to the overlapping of spherically symmet-
ric Sn 5s orbitals. Consequently, amorphous SnO,
samples can achieve higher electrical conductivity
o compared to their crystalline counterparts. More-
over, the disordered structure of amorphous samples
results in lower thermal conductivity k than that ob-
served in crystalline materials of identical chemical
composition.

While the thermoelectric parameters and their
relationship with electrical conductivity in crystal-
line materials are described by well-known formu-
las [28], structural disorder significantly affects both
the electrical conductivity and the Seebeck coeffi-
cient S of thermoelectrical materials. Our efforts in
this work were focused on the investigation of the
electrical conductivity and Seebeck coefficient S
of undoped tin oxides films with different disorder
degree and various phase composition. Previously,
we developed a method of fabrication of tin oxide
films [29-33] that allows control over their crystal-
line structure (ranging from amorphous to polycrys-
talline, including various stoichiometric and non-
stoichiometric phases) and electrical conductivity o
spanning from near-insulating values to those char-
acteristic of degenerate disordered semiconductors
and disordered metals.

The aim of this work was to establish the cor-
relation between the structural properties, electrical
conductivity ¢ and Seebeck coefficient S in disor-
dered tin oxides films and to test the feasibility of
the relationship between thermoelectric and electri-
cal parameters inherent for crystalline materials for
the case of tin oxide based semiconductors with a
disordered crystalline lattice.

Experimental details

AC magnetron sputtering of tin target (with pu-
rity 99.99 %) in argon plasma followed by two-stage
oxidative annealing in air of deposited onto the glass
substrate tin films was used for synthesis of disor-
dered tin oxide films [34]. The following parameters
were used during magnetron deposition process: the
tin target diameter was 10 cm, the target-substrate
distance was 4 cm, the voltage applied to the target
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was 380 V, the pulse repetition rate of AC power sup-
ply was 70 kHz. Two-stage oxidative annealing of
the deposited tin films was carried out at 200 °C for
2 hours at the 1% stage, followed by an increase in
temperature to 350, 400 or 450 °C and isothermal an-
nealing for 1 hour at the 2nd stage. The temperature
of the 2™ stage of annealing was varied in order to
change the structure, electrical conductivity ¢ and
thermoelectric coefficient S of the films.

The structural properties of disordered tin oxide
films were characterized by X-ray diffraction analy-
sis using an Ultima IV RIGAKU X-ray diffractom-
eter in a sliding beam geometry (o = 3°) using mono-
chromatic CuKa copper radiation (A = 0.154178 nm)
and a high-speed D/teX X-ray detector.

The Raman spectra of tin oxide films were mea-
sured using a spectral-analytical system Nanofinder
HE with excitation by a laser with a wavelength
A =532 nm. Measurements were carried out at room
temperature in the backscattering configuration. The
resolution of spectrometer was 3 cm ', the diam-
eter of the beam spot was about 1 um, and the input
power was about 0.6 mW.

Indium contacts were soldered to the samples
using an ultrasonic soldering for possibility to study
the electrical and thermoelectric properties of the

films. The temperature dependences of the electrical
conductivity o(7) were measured in the nitrogen ves-
sel in the temperature range of =~ 80-300 K using the
four-probe measurements technique. The Seebeck
coefficient S measurements were carried out at tem-
peratures in the range 298-300 K in a thermoelec-
tric power cell with a temperature gradient varied
from 0.2 to 7 K between the cold and hot ends of
the film.

Experimental results and discussion

The influence of the 2™ stage annealing tem-
perature on the crystalline structure and phase com-
position of synthesized tin oxide films was studied
using X-ray diffraction analysis and Raman spectros-
copy [34]. The XRD patterns of the tin oxide films
samples fabricated at various 2™ stage annealing
temperatures (350, 400 and 450 °C) are shown in
Figure 1.

The diffraction patterns of the studied samples
demonstrate that the applied synthesis method al-
lows the formation of amorphous or polycrystalline
multiphase films of tin oxides (including tin monox-
ide SnO of tetragonal structure, tin dioxide SnO, of
tetragonal structure of the rutile type, as well as non-
stoichiometric phases Sn,0O, and Sn;0,) [30, 33-36].

Intensity (arb. units)

0_

* SnO,

20 40

T
60

20 (degrees)

SnO, 110] 101] 200] 111

211] 002] 310] 112] [301

SnO 101] 110 002]

200  [112 [211

Figure 1 — XRD patterns of the tin oxide films deposited by magnetron sputtering of tin onto glass substrates in an
argon atmosphere, followed by two-stage annealing in air: at 200 °C for 2 hours (1* stage) and at 350 °C (1), 400 °C (2)

or 450 °C (3) for 1 hour (2™ stage)
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In particular, as one can see from Figure 1, films
fabricated at 350 °C are characterized by amorphous
structure. Tin oxide films synthesized at the tempera-
ture 400 °C on the 2™ stage of the annealing proce-
dure exhibited a polycrystalline structure containing
both stoichiometric (SnO, SnO,) and nonstoichio-
metric (Sn,0;, Sn;0,) phases. X-ray diffraction pat-
terns of these films showed predominant reflections
corresponding to the SnO, phase. The most intense
peaks near 26.6°, 33.9° and 51.8° can be assigned to
the X-ray reflections from the (110), (101) and (211)
planes of the SnO, tetragonal rutile structure, re-
spectively. The peaks observed around 29.9°, 33.3°,
50.7° and 57.4° correspond to the reflections from
the (101), (110), (112) and (211) planes of the te-
tragonal structure of tin monoxide SnO, suggesting
incomplete oxidation of tin films annealed at 400 °C.
Increasing of the annealing temperature to 450 °C
leads to the formation of tin oxide films with pre-
vailing of SnO, tetragonal rutile structure. However,
broadening of the peaks near 26.6°, 33.9° and 51.8°
related to the X-ray reflections from (110), (101)
and (211) planes of this structure indicates the for-
mation of more disordered crystalline structure.

The sizes of SnO, crystallites for films annealed
at 400 and 450 °C were estimated from the full-
width at half-maximum (FWHM) intensity of the
observed peaks using the Debye—Scherrer equation
in the form [35]:

D = KA/Bcosh, 3)

where K is the shape factor which is usually equal
to 0.89; A is the radiation wavelength of CuKa equal
to 0.154178 nm; 0 is the Bragg diffraction angle;
B is the full-width at half maximum (FWHM) of dif-
fraction peak. It was found that crystallites sizes for
films annealed at 400 °C are ranging from 10.4 to
13.6 nm, approximately twice the size of crystallites
in films annealed at 450 °C (5.6-6.9 nm).

Thus, XRD analysis demonstrated that increas-
ing of the temperature on the 2" stage of the anneal-
ing procedure leads to the essential change of the
crystalline structure of the synthesized samples. By
means of variation of this technological parameter we
can fabricate both amorphous and polycrystalline tin
oxide films. Moreover, content of SnO, SnO,, Sn,0,
and Sn;O, phase and crystallites size can be tuned as
well by adjusting the 2" stage annealing temperature.

Strong influence of the annealing tempera-
ture on the structural properties of the synthesized
tin oxide films is confirmed by the Raman spectra
of the samples shown in Figure 2. Raman spectra

of films prepared during the 2" annealing stage at
350 °C showed no characteristic peaks associated
with the vibrational modes of either stoichiometric
(SnO, SnO,) or non-stoichiometric (Sn,0;, Sn;0,)
crystalline tin oxide phases. Only two broad bands
are observed in the Raman spectra of these samples.
It is possible to distinguish only some low-intensive
lines, for example, near 76, 172 and 470 cm’! (re-
lated to the pairs of 4, and B, vibrational modes
of Sn;0,), near 204 cm ' (related to the 4, vibra-
tional mode of SnO), near 299 cm ' (related to the vi-
brational modes of Sn,0,) [16, 34, 36, 37]. For films
obtained at temperatures of 400 and 450 °C at the 2™
stage of annealing, the Raman spectra exhibit charac-
teristic lines of stoichiometric phases SnO (near 204
and 350 cm ') and SnO, (near 630 cm ), as well as the
non-stoichiometric phases Sn,O; (near 76, 299 and
470 cm™") and Sn,0, (near 172 and 700 cm ') [37].
These features of Raman spectra correlate with the
XRD patterns typical for amorphous and polycrystal-
line structures, confirming significant structural dis-
order of these samples.

It was found that the temperature of the 2nd stage
annealing procedure of the samples affected not only
their structural but also the electrical properties. The
measurements of electrical conductivity ¢ demon-
strated that the highest value 6 = 28.5 S/m is inherent
to the amorphous tin oxide films. This fact can be ex-
plained by high mobility of charge carriers p due to
the overlap of spherically symmetric Ss orbitals of Sn
atoms [15] and by high concentration of oxygen va-
cancies [ 18], which form donor energy levels in the
forbidden band of SnO, phase, the most electrically
conductive phase of the samples. The lowest value of
o, equal to 2.1 S/m, observed for films synthesized
at 450 °C is associated with the low concentration
of oxygen vacancies due to more effective oxidation
processes at high temperatures. Structural analysis
further confirms that these polycrystalline films are
characterized by small crystallite sizes, which en-
hances electron scattering at grain boundaries.

It should be noted that all types of the samples
are characterized by n-type of electrical conductivity
as indicated by the negative sign of the Seebeck coef-
ficient measurements. Polycrystalline films annealed
at 400 and 450 °C during the 2™ annealing stage ex-
hibit higher Seebeck coefficients (S =-156 uV/K and
—160 puV/K, respectively) compared to the most con-
ductive sample annealed at 350 °C (S'=-90 pV/K).

Temperature dependences of the electrical con-
ductivity of all 3 types of the films are shown in Fig-
ure 3 in the scale 6(1/7). As one can see in Figure 3,
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in spite of the differences in the values of specific
electrical conductivity ¢ of the samples synthesized
at different temperatures at the 2" stage of the an-
nealing procedure, the temperature dependences of
the electrical conductivity of all films can be approx-
imated using the same standard equation that takes
into account the presence of two donor levels in the
band gap of films [38, 39]:

o(T)= A-exp(—kg—lT]+B-exp(—k8—2T}
B B

where 4 and B are temperature independent pa-
rameters; ky is Boltzmann constant, €, and ¢, are
the energy of activation of electrons from the donor
levels.

4)

500+

400+

Table below lists the key electrical and thermo-
electrical parameters of the tin oxide films: specific
electrical conductivity (o), Seebeck coefficient (S),
activation energies (g, and &,), and power factor (PF).
Activation energies g, and &, in our samples can be re-
lated to the donor impurity levels formed by oxygen
vacancies in two different charge states in SnO, [40].
Based on the analysis of the o(7) dependences of tin
oxide films, we can conclude that the primary mecha-
nism of electrical conductivity in both amorphous and
polycrystalline samples within the temperature range
of approximately 80-300 K is the thermal activation of
electrons from impurity levels. These levels can be as-
sociated with oxygen vacancies in two different charge
states within the SnO, structure.

400+

300+

2007

Intensity (arb. units)

100

400+

300+

200+

400

600 800

Raman shift (cm™)

Figure 2 — Raman spectra of the tin oxide films deposited by magnetron sputtering of tin onto glass substrates in an
argon atmosphere, followed by two-stage annealing in air: at 200 °C for 2 hours (1* stage) and at 350 °C (1), 400 °C (2)

or 450 °C (3) for 1 hour (2nd stage)
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Table

Values of specific electrical conductivity o, Seebeck coefficient S, activation energies €, and ¢, and power factor
PF of the tin oxide films deposited on glass substrates by magnetron sputtering of tin in argon atmosphere with
the following annealing in air at 200 °C for 2 hours at the 1% stage and at T, = 350, 400 and 450 °C for 1 hour at
the 2" stage

T,°C Crystalline structure o, S/m S, pV/K g, meV &, meV  PF, mW/mK?
350 Amorphous 28.5 -90 4.7 34.6 2.31-107
400 Polycrystalline 11.5 —-156 30.3 84.6 2.80-107*
450 Polycrystalline 2.1 -163 39.9 97.2 5.6:107°

c (S/m)

1000/7 (1/K)

Figure 3 — Temperature dependences of the electrical conductivity in the scale o(1/7) of the tin oxide films deposited
by magnetron sputtering of tin onto glass substrates in an argon atmosphere, followed by two-stage annealing in air:
at 200 °C for 2 hours at the 1% stage and at 350 (1), 400 (2) or 450 °C (3) for 1 hour at the ond stage. Solid lines are the
results of the approximation of the experimental data by Eq. (4)

It is known that for crystalline semiconduc- gy. For crystalline semiconductors with a dominant
tors with activation type of o(7) dependence the mechanism of electron scattering on acoustic pho-
relationship between the Seebeck coefficient S and  nons, the parameter » = —1/2.

the position of the Fermi level £} in the forbidden The Fermi level position calculated using Eq.
band is described by the Pisarenko’s formula [28, (5) with » = —1/2 was found to be inconsistent with
41, 42]: the measured temperature dependence of electrical

i conductivity o(7) for our multiphase films. For ex-
S = —?B(r +5/2-m), (5)  ample, for a film annealed at 350 °C, the Fermi level

should be located above the bottom of the conduc-
where ky is the Boltzmann constant; e is the elemen-  tion band according to Eq. (5). The best correlation
tary charge; n = Ep/kgT is the reduced Fermi ener- between the results of measurements of the o(7)
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dependences and the Seebeck coefficient was
achieved with parameter values » < —2.

The calculated values of the Fermi level posi-
tion in the band gap of our samples were found to
be equal to —13.6, —32.7 and —34.8 meV in the case
of parameter » = —2 and Seebeck coefficient S (mea-
sured at temperature 7= 300 K) equal to =90, —156
and —163 pV/K for the tin oxides films annealed at
350, 400 and 450 °C, respectively. These Fermi level
positions determined within the band gap of our sam-
ples show good agreement with the results obtained
from electrical conductivity measurements. We as-
sume that parameter 7 in Eq. (5), for amorphous and
polycrystalline tin oxide multiphase samples with
prevailing of SnO, phase, may differ from that of
crystalline tin dioxide films due to additional charge
and heat scattering mechanisms beyond acoustic
phonons scattering.

Conclusion

The possibility of synthesis of disordered tin
oxide films with amorphous and polycrystalline
structure characterized by various values of elec-
trical conductivity ¢ and Seebeck coefficient S by
changing the annealing temperature during fabrica-
tion procedure was demonstrated.

Activation of electrons from impurity levels as-
sociated to the oxygen vacancies in different charge
states in the band gap of tin oxide films was proposed
as main charge transport mechanism both in amor-
phous and in polycrystalline samples. The activation
energy of electrons from these impurity levels was
estimated. It was demonstrated that for all types of
the samples, the Pisarenko’s formula can be applied
to evaluate the relationship between the Seebeck
coefficient S and the position of the Fermi level Ep
if the parameter » < -2.

These results can contribute to the develop-
ment of thermoelectricity theory in disordered and
heterogeneous materials, as well as to the design of
thermoelectric energy converters utilizing disordered
semiconductors.
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CoBpeMeHHBIE TEXHOJIOTHM 3axBaTa ABM)KEHUS M aHAIU3a €ro IapaMeTpoB, OCHOBaHHBIE Ha HC-
MOJIb30BaHUM MHEPLUHAIBHBIX U3MEPUTEIbHBIX MOyJIeH, HaX0AAT Bcé Oosiee MHUPOKOe MPUMEHEHHUE B pa3-
JUYHBIX 00JacTsIX: OMOMEIUIMHCKAsT MHKEHEPUsl, CIIOPT, MOHUTOPUHT (PU3NYECKONW aKTUBHOCTHU, PTOHO-
MUKa, HayYHbIE MCCIIEOBAHUS JABWKEHUS M CMEXHbIE AMCUMIUIMHEL. Llenp ucciaenoBanus 3akirodanach B
pa3paboTKe U IKCIEPUMEHTANBHOW MPOBEPKE aNrOpUTMa aBTOMATHYECKOTO MMOJ00pa YaCTOTHBIX XapaKTe-
pUCTUK (QUIBTPOB U TOpora oOHAapy>KeHMs JUIsl MOBBIILICHUS TOYHOCTH M HAAE&KHOCTH OOHapyxeHus (asz
mara. JlanHas 3agada uMeeT MPUHUIUIHANBHOE 3HAYEHHE HE TOJBKO Uil OOBEKTHUBHON peaObWiuTaluyd M
MOHHUTOPHHTA JBUTATEILHON aKTUBHOCTH, HO W AJIS 3a7a4 CIIOPTUBHON aHAJMTUKHU, S3PTOHOMHKH, UTPOBBIX
1 MHKEHEPHBIX pa3paboToK, a Takke Hay4HBIX MCCIEAOBAaHHMU JOKoMouuu. B pabore mpexacraBieH aBTo-
MaTH3UPOBAaHHBIN MOAX0J K ONTUMH3ALUH TIapaMeTpoB OOHapykuTesis (a3 mara Ha OCHOBE JAaHHBIX TPEX-
OCEBOTI'0 aKCENEPOMETPA, 3aKPEIUIEHHOT0 Ha cTore. Peann3oBaH 3BOIIOIMOHHBINA allTOPUTM HCKYCCTBEHHOTO
MHTEJUIEKTa, UMUTHUPYIOIINH MPOLIECCH €CTECTBEHHOIO 0TOOpa, KOTOPBIA 00ecleunBaeT aBTOMAaTHYECKHH
MONCK ONTHMAIBHBIX MApaMEeTPOB OOHAPYKUTENS mara myTéM MUHUMHU3ALUH OLIMOKH MEXIy BOCCTAHOB-
JICHHOW € TIOMOUIBbIO MHEPUHUAIBHBIX U3MEPUTEIbHBIX MOYJIEH M STaTOHHOU (ONTUYECKOH) TpaeKTopueH,
nony4yeHHoi ¢ cuctemoit OptiTrack. [TogpoOHO onmcaHbl MeXaHU3MBl (OPMUPOBAHUS M HBOJIOLUH IOITY-
JSIIMK [IapaMeTpoB, MOCTPOCHHUE 11eJICBOM (YHKLIUM M METOJbl KOMIIEHCAluu Apeiida mpu nHTErpupoBa-
HUU YCKOPEHHA. DKCIIEPUMEHTHI C IBUKEHUEM 0 3aMKHYTOMY KBaJIpaTHOMY MapIIpyTy MOJTBEPIMIN BbI-
COKYIO TOYHOCTh M YCTOWYMBOCTH IMpPEJIaraéMoro MeTo/a: COBIAJACHHE ONTHUMHM3MPOBAHHON TPAEKTOPHUU
C JTAJIOHHOH yKa3bIBaeT Ha MPAaKTUYECKYI0 MPUMEHUMOCTh MTOAX0/a /Il TOYHON PEKOHCTPYKLUHU JIOKOMO-
UMM B Pa3JIMYHBIX YCIOBUSAX. MeTOMKa JIETKO alaTUPYETCs K MHANBUAYaIbHBIM 0COOCHHOCTSIM JIBHKECHHH
1 MOXeT OBITh HHTETPHPOBaHa B COBPEMEHHBIE HOCHMBIE CEHCOPHBIE CUCTEMBI ISl HIMPOKOTO CIIEKTpa Ha-
YUHBIX W MIPUKJIQJHBIX 3a]1a4.

KioueBbie ciioBa: OOHapyXXEHHE IIara, HWHEPUUATBHBIA HW3MEPUTEIbHBIH MOMAYINb, aKCEIEePOMETD,
SBOJIFOLIMOHHBIE AITOPUTMBI, 3aXBaT JIBU)KCHHUSI
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Abstract

The aim of this study was to develop and experimentally validate an algorithm for automatic selection
of filter frequency characteristics and detection threshold in order to enhance the accuracy and reliability
of gait phase detection. This challenge is crucial not only for objective rehabilitation and monitoring
of motor activity, but also for sports analytics, ergonomics, gaming and engineering applications, as well
as studies of human locomotion. An automated approach for optimizing the parameters of a gait phase
detector based on data from a three-axis foot-mounted accelerometer is presented. This work implements
an evolutionary artificial intelligence algorithm that mimics natural selection processes, providing automatic
search for the optimal gait phase detector parameters by minimizing the error between the trajectory ob-
tained from inertial measurement units and the reference (optical) trajectory acquired using an OptiTrack
system. Details are provided regarding the formation and evolution of the parameter population, design
of the objective function, and drift compensation methods utilized during acceleration integration.
Experiments involving walking along a closed square path confirmed the high accuracy and robustness
of the proposed method: the match between the optimized and reference trajectories demonstrates
the practical applicability of the approach for precise gait reconstruction under different conditions.
The proposed methodology is easily adaptable to individual movement characteristics and can be integrated
into modern wearable sensor systems for a wide range of scientific and applied tasks

Keywords: step detection, inertial measurement unit, accelerometer, evolutionary algorithms, motion capture
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BBenenue

CoBpeMeHHBIE TEXHOJIOTHH 3aXBaTa JIBMKCHUS
W aHalM3a €ero IapamMeTpoB, OCHOBaHHBIE Ha
WCTIONIb30BAHUY  MHEPIMAIBHBIX U3MEPHUTEIBHBIX
MOJIyJIel, HaXOJAT Bce 0oJiee IMIMPOKOE MpUMEHE-
HUC B pa3JIMYHbIX 00JACTAX: OHOMEIUIIMHCKAS
WHXCHEPHS, CIOPT, MOHUTOPUHT  (DU3HUCCKOM
aKTUBHOCTH, OJPrOHOMHKA, HAydHBIE WCCIIEI0BA-
HUS JIBIDKCHHUS W CMEXKHBIE JUCHUILIMHBL [1-4].
brnarogapss oObeIMHEHHIO B OJHOM KOpITyCe
TPEXOCEBBIX AKCEeJIePOMETPOB, TUPOCKOIIOB
M 4YacTO  MarHeTOMETpPOB, TaKUE  MOJIYJIU
0o0ecreunBaOT aBTOHOMHYIO, BBICOKOYAaCTOTHYIO
W BOCIPOW3BOJUMYIO PETHUCTPAIUIO JIBHKCHHH
BHE J1a0OpaTOPHBIX YCIIOBUH, OTKpBHIBas HOBBIC
BO3MOXKHOCTH Ui ~ KOMIUIGKCHOTO  aHalu3a
JIBUTATEJIbHOM aKTHUBHOCTH ueioBeka [2, 4—6].

OpHa W3 KIIOYEBBIX M CJIOXHBIX  3ajau
B 3TOH 00JIACTH — aBTOMAaTHUYECKOE BblieacHHE (a3
mara, KOToOpoe HeoOXOAWMO Ui TOYHOTO pacdéra
MIPOCTPAHCTBEHHO-BPEMEHHBIX M KHHEMATHYECKUX
XapaKTePUCTUK TOXOJKH: JJIMHBI IlIara, TeMIIa,
CUMMETPHUH, aHallu3a TPACKTOPUN U TATTEPHOB
JIBUTaTEJIbHOH  AKTUBHOCTH B  €CTECTBEHHBIX
ycnoBusix [3,4,7,8]. Ha mnpaktuke mapameTpsl
(bumpTpanK W TOPOTOBBIC 3HAYCHHUS I OOHa-
pyxeHus (a3 1Iara 4Yacto yCTaHABIMBAIOTCA
BPYYHYIO, YTO CHUKAET BOCIPOHM3BOJINMOCTb aJro-
PUTMOB, BIHSET Ha JOCTOBEPHOCTH IOJYYaeMbIX
JAHHBIX U MOXET MPUBOJUTH K JIOTIOJIHUTEIILHBIM
omrOKaM IMpH JUTUTEIBHOM MOHUTOpHUHTE [7, 9].

CoBpeMeHHBIE HCCIIEZIOBaHUS  TOKa3bIBAIOT,
YTO aBTOMATH3MPOBAHHAs ONTHMH3AIMA I1apa-
METpPOB OOHapyxxeHust (a3 mara TO3BOJSIET
3HAYUTEJILHO TOBBICHTH TOYHOCTh M YCTOMYHUBOCTH
paboThl  aJIrOPUTMOB KAaK B CHOPTHBHBIX H
OMOMEIMIIMHCKUAX TMPWIOKEHUAX, TaK W TpHU
OIIEHKE OHPrOHOMHKH pabodWx TPOILECCOB U
W3YYCHHH  3aKOHOMEPHOCTEH  YeJIOBEYECKOIrO
nBwkeHus [4, 6, 8, 10].  DddektuBHbIT  criocod
pelieHusT TOJO0HBIX ONTHMH3AIMOHHBIX —33j]ad
MPEJCTABIICH SBOJIIOLIMOHHBIMH METOJIAMH HCKYC-
CTBEHHOI'O MHTEJUICKTa, B YaCTHOCTH I'€HETHYECKH-
M{ alITOPUTMaMH, KOTOpBIE, HApAAy C Tpaju-
IMOHHBIMH TIOAXOJaMH MAIIMHHOTO OOYyYeHWs,
MO3BOJISIIOT HAXOJUTh ONTHMAJbHBIE PEIICHUS B
CJIOKHBIX, MHOTOMEpPHBIX U cllabo Qopmanusye-
MBIX IIPOCTPAHCTBAX MmapameTpos [4, 7].

Jannas paboTa MOCBSAIICHA MPUMEHEHHUIO 3BO-
JIOIMOHHOTO aJTOPUTMa HCKYCCTBEHHOTO WHTEJN-
JeKTa Il ABTOMAaTU3WPOBAHHOW ONTHUMH3AIHH
napameTpoB (QWIbBTpaMM W OOHapyxXeHHus ¢a3

mrara Mo JaHHBIM C TPEXOCEBOTO aKcelepoMeTpa,
3aKperui€HHOro Ha crome. B uccnenoBanun
paccMOTpEHBI 0cOOeHHOCTU UCTIOJIb3yEMBbIX
CUTHAIILHBIX TMPH3HAKOB, METOJbl KOMIICHCAIIUH
opeifida YCKOPEHMS aKCEJIEpPOMETpa, a TaKkKe
peanu30BaHbl MOAXOAbl K aBTOMAaTH3HPOBAHHOMY
nogdopy mapaMeTpoB C  LENbIO  MOBBILICHUS
TOYHOCTH W BOCHPOHM3BOJMMOCTU OOHAPYKCHUS
¢a3 mara. [{nsg oObEKTHUBHON BalMAalluN pe3ylib-
TaTOB TIPOBEAEHO CpPaBHEHHWE C OTAJOHHBIMH
TPAEKTOPUSIMHU, MOJIYYEHHBIMH C IIOMOLIBIO BBICO-
KOTOYHOW ONTHYECKOH CHCTEMBI 3aXBaTa JIBHXKCHUS
OptiTrack. IlomyueHHble pemieHus! aKTyalbHBI IS
HIMPOKOTO CHEKTpa 3ajad aHaju3a 4YeJOBEYECKOTO
JBWKEHHSI — OT CIOpTa W HAYYHBIX HCCIICJTOBaHUN
JI0 MOHHUTOPHHIA AaKTUBHOCTH, DJPrOHOMHKH U
aBTOMATU3MPOBAHHBIX CUCTEM OLIEHKH ITOXOKH.

Llenp paboTbl — pa3paboTaTh U 3KCIEPUMEH-
TAJIBHO TPOBEPUTH AJITOPUTM ONTHMHU3ALMM Iapa-
METpOB OOHapyKeHHs (a3 I1ara Ha OCHOBE JAHHBIX
TPEXOCEBOI0 aKCEJIEPOMETPA CTOIIBI C IPUMEHEHUEM
9BOJIIOLIMOHHOI'O  QllOPUTMa  HMCKYCCTBEHHOTO
UHTEUICKTAa HA  OSKCICPUMEHTAIBHBIX  JaHHBIX
C OTAIOHHBIMHU TPACKTOPHUSIMH.

®a3pl Iara U 0CO0EHHOCTH UX 00HAPYKEeHUS
10 JaHHBIM aKceJepoMeTpa

HccrnenoBanne  MOXOJKM — 4eloBeKa  Tpa-
JTUIIMOHHO OCHOBBIBA€TCA Ha pa30WeHWu 1ara
Ha OTJeNbHbIe (a3pl — OMOPHYI0 W TMEPEHOCHYIO
(Takke BcTpedaroTcss Ooliee AeTaTM3UPOBAHHBIC
nondaspl: HaYaIbHBIM KOHTAKT, CTOMNA IJIOCKO Ha
3emiie, OTPBIB IISTKH, IMEPEHOC, CM. PUCYHOK 1).
Uétkoe BhIZICIICHUE 3TUX (a3 TO3BOJISICT 00BEKTUB-
HO OLICHUBATh JMHAMUKY HArpy3Kd, KOOPIAMHAIIMIO
¥ BO3MOXXHBIC HAPYIIECHUS TTOXOAKH [1].

B pamkax wHacrosmeii paboTBl  OCHOBHOU
WHTEpEC TPEICTABISUIO  BBIJIEJICHHE MOMEHTOB
cMeHbI (hasbl Onopsl Ha a3y MepeHoca CTOMbI IpU
xonp0e. st aBTOMaTM4YecKOro BbIAeTeHUs a3
mara WCIIOJIb30BaJICS aKCEIePOMETp, 3aKperieH-
HBI HEMOCPEJCTBEHHO Ha CTOME HCIBITYEMOTO.
Takoe pa3menieHre oOecreurBaeT HAMITYUIIYIO
MH(OPMATUBHOCTbD, MOCKOJIBKY MMEHHO B 00JacTd
CTOIBI JIMHAMMKA Ilara MPOSBISCTCS MaKCUMallb-
HO BBIpaXeHHO [2, 11]: Ha »TOM ywacTke UYETKO
BUJIHBI MOMEHTBI Tiepexojia OT (a3bl OMOphI K (ase
MepeHoca, a aMIUINTyAa CHUTHAJIOB 3HAYUTEIHHO
BEIIE 10 CPaBHEHHWIO C JIPYTEMH YacTAMHU
KOHEYHOCTH. Pa3melnieHue naryvka Ha TOJICHH WA
Oenpe Takke BO3MOXKHO, OJTHAKO COTPOBOXKIAETCS
CHI)KEHHEM TOYHOCTH OOHapykeHus (pa3 mrara n3-3a

100



Tpubopul u memoowt usmeperutl Devices and Methods of Measurements

2025. T. 16. Ne 2. C. 98-108 2025;16(2):98-108
IT.A. Xmapckuii P.A. Khmarskiy
CITIAXKUBAHUSA XApPAKTCPHBIX IIMKOB W IIOBBIIICH- O6Hapy>l(eHI/Ie (1)3.3 mrara peajan30BbIBAIOCH
HOTO BJIUSHHSI IITyMOB [2]. 0 CcXeMe, IMPEACTABICHHOM Ha  PHUCYHKe 2.
®asp1 mara / Step events — — R CurHans!
! : i i : ' ~__ rHpockona
® A . Gyroscope
; signals
\ % Curnans
- — aKkcenepomerpa
Hauanbhblii  Cpennss ®Dasa KoHeuHbli 1 : ! e Accelerometer
KonTakr (CTaUMOHAPHOCTB) KoHTakT i g ‘ i : i signals
Initial Mid Stance Terminal
Contact (stationary) Contact

PucyHnox 1 — @a3pl mmara 1 CUTHaJIBI JATYNKOB HHEPIIMAIGHOTO H3MEPUTEIBHOTO MOy IS

Figure 1 — Phases of gait and signals from inertial measurement unit sensors

OOGHapy KUTEJb MIara Mo JAHHBIM TPEXOCEBOTO aKCEJIePOMETPa
Step detector based on three-axes accelerometer data

JlgyemoporHas dunempayus
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o
0 I A s F . S S T o T L
0 5 N C A 2031 b s
bbb ! BpeM}I ¢/ Time, s A
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PucyHnok 2 — CtpykTypHass cXemMa M BPEMEHHBbIC JuarpaMMbl OOHAPYXUTENsl Iiara MO JaHHBIM TPEXOCEBOrO
akceJepomMerpa, 3aKp€HHéHHOFO Ha CTOIIC

Figure 2 — Structural diagram and time diagrams of the step detector based on a three-axis accelerometer mounted
on the foot
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B kauecTBe HCXOMHOM BEIMYUHBI HCITIOIB30Ba-
Jach HOpPMa YCKOPEHHS, BBIUHCIAEMas MO TPEM
Kak|a,|=n, +n, +n,.

OCiAM aKCeJICpoOMETpa
I[anee 9TOT CHUT'HaJI npoxoaui quepes3
MOCJICAOBATCIIbHY IO (bHJ'ILTpaLU/IIO C IIOMOIIBIO

JBYX JIMHEHHBIX QUIbTpoB [12]: ¢unbTp BepxHUX
YacTOT HCIOJIB30BAJICS Ul yNAJICHUs MEIJICHHO
HU3MEHSIOIMXCS. TPEHAOB U I'PaBUTALMOHHOTO
npeiida; GUIBTP HIWKHUX YacTOT  ITOJABIISLI
BBICOKOYACTOTHBIE IIIyMbI, COXpaHss IMHAMUYEC-
KM€ KOMITOHEHTHI, 00yCIOBJIeHHbIEe I1aroM. B oOHa-
pyXHTeNe TPUMEHSIETCS JIBYyCTOPOHHSS  (Drib-
Tpauus KOTJla CHUTHall TIPOITyCKaeTcsl dYepes
¢uIbTp cHauvasa B MPSAMOM, a 3aTeM B OOpaTHOM
HampasieHUH. Takol MOAXOA MO3BOJISET TOJIHOC-
THIO UCKIIIOYHTH (ha30Bble MCKAXKEHUS M o0ecredn-
Ba€T KOPPEKTHYK0 BPEMEHHYIO JIOKAJIN3aLUI0
BCceX COOBITHH (OTCYTCTBHE 3ama3]bIBaHUs 10
Bpemenn). Ha 3aBepmaroriem stare 00pabo-TaHHBIH
CUTHall IIOCTYIIaeT Ha IOPOroBOE€ YCTPOMCTBO:
€CclM 3HAuYeHHE CHUTHaja IMPEBbIIACT 3a/JaHHbIN
nopor, (ukcupyercs MOMEHT JBUXKEHHUS CTOIIbI;
€CIIM OITyCKaeTcsd HI)KE IOPOrOBOTO 3HAYEHHUS —
omnpeensercs (pasza cTalOHApPHOCTH (01opa).
BbiOOp 3HaueHHMII YACTOTHBIX TIOJIOC (PUIIETPOB
(BepXHMX M HIKHHX 4acTOT) U YPOBHS MOpOra UMeEeT
pellaroiiee  3HauYeHWe: CIMIIKOM IIUpOKas WM
y3Kas monoca (uiIbTpa MOXKET MPUBECTH K IOTEpe

WM MCKHKEHHWIO Iara, a HEeNpaBWIBLHO BHIOPAHHBIH
Topor K OWHMOOYHBIM WIM  IPOITYILEHHBIM
obHapyxkeHusiM (a3 miara. OOBIYHO ATH TIApaMeT-
pbl HA3HAYAIOTCS BPYYHYIO, YTO CHWJKAeT BOCIIPO-
W3BOAMMOCTb U HETaTHBHO CKa3bIBACTCSl HA TOYHOCTH
OIpEZIENIEHNs] CTPYKTYphI I1ara, OCOOEHHO Ha peajlb-
HBIX KIMHUYECKHX W PEaOWIUTAIOHHBIX JIAHHBIX.
[losToMy B jaHHON paboTe 0CO00E BHUMAHHUE YIEIs-
JIOCh  aBTOMAaTH3UPOBAHHOW ONTHMH3AIMN TapameT-
POB (HIIBTPAIMH ¥ TIOPOTOBOTO YPOBHSI, YTO TIO3BOJIMIIO
TIOBBICHTH HAAEKHOCTB pabOThI OOHApyXuTes (ha3 ma-
ra ¥ y4ecTb MHIUBUIyaIbHbIE OCOOCHHOCTH MOXOMIKH.

[locne oOHapyxeHHs (a3 mara ciegylouM
9TArlOM SIBJISIETCSI BOCCTAHOBJICHHE TPACKTOPUH U
ckopocteit crombl. Hambonee mpocToit crmocob —
JIBOWHOE WHTEIPUPOBAHUE YCKOPEHHUS IO OCSIM.
OmHako TpH €ro MPUMEHEHUH HEN30€XHO BO3HU-
KaeT BBIpaKEHHasi ONIMOKA M3-32 HAKOTUICHHS Ma-
JNeWIMX IIYMOB W cMelleHui (mpeiida), mpuBo-
JSIasi K HEKOPPEKTHOMY BOCCTAHOBJIICHHIO CKO-
poctelf MU KoopAHMHAT. DTO XOpPOIIO BHUIHO Ha pH-
CyHKe 3: BepXHHUH rpaduk — UCXOIHBIE («CBIPBIE»)
YCKOpEHHs 10 OCSIM B MHPOBOH CHCTEME; Cpe-
HUM — BBIAETICHUE cTaryca cranuoHapHocTH (a3
nrara); HIKHUH — CKOPOCTH, MOJYYEHHBIE MTPOCTHIM
MHTETPUPOBAHUEM: OTYETIMBO BHMIHA TEHACHLMS
«apetia» Bcex TPEX KOMIIOHEHT CKOPOCTH 110 Mepe
BPEMEHH.

ChIpble yCKOPEHHs TPEX0CEBOro akcenepoMerpa (B MUPOBOH cHCTEME)
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By
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2
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WA hd m
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Pucynok 3 — K mpobieme apeiida qaHHbIX TPEXOCEBOT0O akceaepoMeTpa

Figure 3 — On the problem of drift in three-axis accelerometer data
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Hus ycrpaHeHMs — HakOIUIEHMs — OIIMOKM  (CTaTMYHOCTH),  BBIABISIEMOM  OOHapyXKHTEJIeM
npumensicst  anroput™M  Zero Velocity Update mara (pucynok 4). Takoil mogxox mo3BOJSET
(ZUPT) [11]. Ero cytb 3akmiouaercs B perylsipHoM  3(GQEKTHBHO  KOMIIEHCHPOBaTb  HAKOIUICHHBIN

O6HYJ'I€HI/II/I paC‘IéTHBIX CKOpOCTeﬁ B T€ MOMCHTEI,
Korga CTolla HaxXxoAUuTCd B COCTOAHHUHU  ITOKOs

Ipeiid M CymecTBEeHHO MOBBICUTH TOUYHOCThH OIICH-
KH TPAEKTOPHBIX MapaMeTpoB aABHxkeHus [11].

CKOpOCTb TIOCIIe HHTETPHPOBAHUA (0e3 KoppeKIu npetida) /

Velocity after integration (without drift correction))

i
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Pucynok 4 — K nosicuenuto anroputma ZUPT

Figure 4 — Explanation of the ZUPT algorithm
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Ha pucynke4 mnpenacrtaBieHbl pe3ysbTaThl
npuMmeHenus anroputma ZUPT 1 xoppexkuuu
npeiida ckopocTel, BO3HUKAIOIIEIO NPU ABOHHOM
WHTETPUPOBAaHUM  YCKOPEHHH  aKceJIepoMeTpa.
Xopo110 BUAHO, UTO MIPU OTCYTCTBUHM KOMIIEHCAIUH
CKOPOCTH IOCTENEHHO «YIUIBIBAIOT» OT UCXOAHOTO
YPOBHS 10 BCEM OCSM, a TakKE HaKallJIUBaeTcs
Ipeiip — mocnenoBaTesibHAas —CHCTEMaTHUECKast
omwuoOka. [locne mnpumenenus anropurma ZUPT,
peaIN3yIOUIET0 PETYIISPHYI0 KOPPEKIMIO CKOPOCTEN
B MOMEHTBl CTallMOHAPHOCTH CTOIIBI, BEJIWYHMHA
Ipeiia NPaKTHYECKH MOJHOCTBIO YCTpaHSETCS:

BOCCTAHOBJICHHBIC CKOpOCTH MNEpUOANICCKN
C6paCBIBaIOTC$I K HYJIIO IpU KaXAOM HIare, 4To

oOecrieunBaeT  ropasno  0Oomee  JIOCTOBEpHOE
oInpeseeHre KHHEMaTHYECKUX rapameTpoB
JIBHDKEHHUSL.

Jis MOBBILICHUS TOYHOCTH BbLAETCHUS (a3
mlara M, Kak CIIEACTBHE, BCEH IOCIEeAyIOmEH
KUHEMAaTHYECKOW  PEKOHCTPYKIMH B  padote
peanu3oBaH MOIYJb ONTHMH3ALUHK IapamMeTpoB
oOHapyxwurtens mara. Ha pucynke 5 npeacrasie-
Ha CTPYKTYpHas CXeMa B3auMOJCHCTBUS BCEX
KJIFOUEBBIX KOMIIOHEHTOB aJITOPUTMA.

TTonpaeku 1o Kypey ot
KaJIHOPOBOTHOTO MOIYIIA
»

. . ~
Heading corrections from
the calibration module

—
[PRRI

KoppektupoBka
0 YTy Kypca
Heading angle

correction

TpaexTopHbIii
> H3MEPHTENID >
Trajectory estimator

n

*

_ | Anroputm ZUPT
" | ZUPT algorithm |x. .z T, 15, 1. A Ay Az
Daspr A Step
mara | phases dfi pr.
dfl‘—lPFr <
3D akcenepomeTp OGHapyKHTEH Hopo- Monynb <
Ha cToIe > mara wsholg | ONTHMH3ALIIN
3D accelg‘ometer .. N, N Optimization DranonHkle KoopauHatel ¢ Optitrack
on foot » T T Step detector module
Reference coordinates from Optitrack
Pucynok 5 — Cxema ontuMu3aniy 0OHapyKUTENS Iara
Figure 5 — Step detector optimization scheme
ChIpble JJaHHBIE TPEXOCEBOTO aKCEIepoOMeTpa, HMHTHUPYET TMPOIECcChl  €CTeCTBEHHOIO OTOOopa,

3aKpEIUIEHHOTO  HA  CTONE, IOCTYHNAalT  Ha
070K OOHapyXuTelsl Imara, TIJe OIpeaeNseTcs
MoJIO’KeHUE CTombl ((a3pl OMOPHl M IepeHoca),
YTO HEIMOCPEACTBEHHO BIMAET Ha JAIbHEHIIYIO
00paboTKy maHHBIX. [lomydeHHass WHpOpMAIHS
ncnonb3yercs B anropurme ZUPT g perynsipHoi
KOPPEKLUU CKOPOCTEH.

s TOBBIMIEHUS TOYHOCTH PEKOHCTPYKIUH

TPACKTOPHH 10 JIAaHHBIM HWHEPITHAITBHOTO
U3MEpUTENbHOro Moaynst wmetonoM ZUPT B
pabote peann3oBaH ABTOMATU3UPOBAHHBIN

MOJAX0J K TMoadopy mapaMerpoB (UIbTpaIUu
U TmoporoB oOHapyxeHHs (a3 mara B MOJIYyJe
OTITHMU3AITUH. LenTpanbHbIM 3JIEMEHTOM
METOJIa BBICTYNAeT D3BOJIONHMOHHBIA  alTOPUTM
HMCKYCCTBEHHOTO  MHTEJJIEKTa M3  ceMeicTBa
TCHETHYECKUX  QJITOPUTMOB [4, 7], TpUMEHEHUE
KOTOpPOTO OOYCIIOBJIIEHO BBICOKOH Pa3MEpPHOCTHIO
W BBIPAKEHHON HEIMHEWHOCTHIO 3aJlau, a TaKXkKe
CIIOXXHBIMH B3aUMOCBSI3SIMH MEXIy IMapaMeTpaMu
¢unpTpanyn, 0COOEHHOCTSIMU CUTHAJIA M TOYHOCTHIO
BbIJIeJIeHHsT (a3 1Iara. DBOJIIOLMUOHHBIN aITOPUTM

MOATAITHO YJTy4Ilasi PEICHUs] HA OCHOBE MPUHIIUIIOB
CEIICKIUH, CKPEIIUBAHUS, MYTAIllMid W BBDKHBaHUSI
Haubosee mpuUcIocobIeHHBIX ocobeil. Dopmupyer-
Cs  TOMyNALUUS  CIy4allHO  CTeHEpUPOBAHHBIX
HaOopoB mapameTpoB (K03 UIMEHTH (UIbTpa-
UM, OKOHHBIC MapaMeTpbl CTIAXKHBAHUS, MMOPOTH
obnapyxenus). nsa kaxmoro Habopa MPOBOIUIICS
MONHBIA ~ aHanu3:  QUIbTpalys  YCKOPCHHH,
obHapyxxenust ¢as Iara, BOCCTAHOBIICHHE TpacK-
TOPUHM METOJIOM JIBOMHOTO WHTETPUPOBAHUS U
pacu€T meneBoi (YHKIUUA — CPEeTHEKBAJAPATUIHON
OIIMOKU MEXJy BOCCTAHOBIIEHHOW M 3TaJOHHOU
TpaeKTOpHel Mo JaHHBIM cHucTeMbl 3axBaTa Op-
tiTrack. Ilo pe3ynbTary OMMOKH BBIYHCISAIACH
«rpucnocobnenHocte»  (fitness), u  criexyroiee
MOKOJIEHHE (POPMHUPOBATIOCH W3 JYYIIHX PEHICHUH
C TIOCJIETYIOIIMMHU TeHETHYECKUMHU OTEpalusIMU.
[IpenmyIiecTBO  3BONIOIMOHHOTO  TIOAXOMA —
BO3MOXHOCTh 3(P(PEKTHBHO HCCICIOBATh OOIINP-
HOE MPOCTPAHCTBO IAapaMeTPOB C YYETOM UX
B3aMIMO3aBUCUMOCTEH, B OTIMYME OT TPAJAMIINOH-
HBIX METOJIOB. AITOPUTM HE TPEOyeT CIeHnaaIbHON
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¢dopMbl 1eNeBOM (YHKLHUH, JIETKO aJarnTHPYeTCs
0]l KOHKPETHYIO 33/1auy W OTpaHHUYEHMsI IapaMeT-
poB. Takoe pelieHHEe aBTOMAaTH3UPYET HACTPOMKY
oOHapyXuTeJil  I[Iara, MOBBIIAET  TOYHOCTD
JUHAMHMUYECKOTO aHaju3a IOXOAKM M co37aéT
OCHOBY Ul TMOKMX W HMHAMBUIYaJIN3UPOBAHHBIX
CHUCTEM aHaJu3a JBWKCHUH, aJanTUPYIOLIUXCS
K 0COOCHHOCTSM  00OpylOBaHUSI W  Lelei
HCCIIEZIOBAHUS.

JKCIepUMEHTAJIbHOE HCCiIel0BaHue U
aHaJIN3 pe3yJIbTaTOB

OKCIEPUMEHT BBITIOJIHSIICS B CIICIUATH3UPO-
BaHHBIX JIADOPATOPHBIX yCIOBHsIX. VcmbITyeMmbie
BBITIOJHSUIM  CBOOOJHYIO XOAb0y 1O 3apaHee
pa3MEYeHHOMY MapIIpyTy, BKIIOYAIOIIEMYy Kak
MpSIMOJIMHEWHBIC, TaK W TOBOPOTHBIC YYaCTKH,
C ©CTECTBEHHOW Ui ce0s CKOPOCThIO B TCUYCHHE
3aJJaHHOTO UHTEPBaJIa BPEMECHHU.

Jis  peructpanyu  mapaMeTpoB  JIBHIKCHHSI
WCIOJB30BAIMCh WHEpUUANbHbIe Monayian [CM-
20948 (InvenSense), ocHamiéHHBIE TPEXOCEBBIMHU
aKCeJIepOMETPOM, THPOCKOIIOM M MarHUTOMETPOM.
OTH  MOaynu O0ECICYMBAIOT OJHOBPEMEHHYIO
PETUCTPALIMIO JaHHBIX 10 BCEM KaHajlaM C dYac-
totoit mo 11251 gns akcenepomeTpa U TH-
pockoma, o0JagarT HU3KUM YPOBHEM IIIYMOB
U DHEPromoTPeOJICHUs, a TaKkKe KOMIIAKTHBIMU
rabapuTaMu, YTO JOMYCKAET WX HCIOJb30BaHUEC
BHE JIaDOpaTOpHBIX YCIOBHU. B kaxkmoMm ciydae
JATYMKA PA3MEIIAINCh Ha KIHOYEBBIX CErMEHTaX
HIDKHMX KOHEYHOCTEH B COOTBETCTBUU C THUIIOBOI
aHATOMUYECKOW CcXeMoW i cOopa MJaHHBIX O
KHMHEMaThKe JBIkeHUs (pucyHok 6). Ha Horu
HCIBITYEMOT'0 JIOMOJHUTEIBHO KPEIMUIUCh MapKe-
pBl CHUCTEMBI OINTHYECKOTO 3axBaTa JIBHIKCHHS
OptiTrack  ans  Baimpganuu — AaHHBIX,  YTO
WJUTIOCTPUPYETCS Ha PUCYHKE 0.

Mapkepnt
OLTHUYECKOH
CHCTEMbI 3aXBATA 4/
) ~

aeuxcHusA Optitrack
Optitrack markers

HuepunamtsHbe
H3MEPUTEILLIbIE
MOLYJIH

Tnertial
measurement
units

Pucynok 6 — Pazmenienre MHepUUATbHBIX U3MEPHUTEINb-
HbIX MOJYJIEH Ha HOrax C ONTHYECKUMH MapKepamu
Optitrack

Figure 6 — Placement of inertial measurement units on
the legs with OptiTrack optical markers

DKcIepuMeHTa IbHAS ILIOIIAAKa (pucy-
HOK 7) OblIa OCHAIllCHa CHCTEMOM 3axBaTa JIBHIKE-
nus  OptiTrack, oOecneunBaiomeil BBHICOKOTOY-
HYI0 PETHUCTPALMI0 TIepEeMEIIeHU Ui BepuQuKa-
uun anroputMoB. Komeke Bkimouyaer 12 xamep

(1,3 MII, 240 kampoB/c), pa3MemEHHBIX IO
MepuMeTpy J1abopaTtopuu JUis MaKCHUMAaJbHOTO
OXBaTa. Cucrema obecrieunBaeT OINOKY

U3MCPCHUSA TIOJIOKCHUA ONTHYCCKUX MapKEpPOB
He Oojee lMM, 4YTO IIO3BOJISICT HCHOJIB30BaTh €&
B Ka4YCCTBC «30JIOTOTO CTaHAapTa» IPU CPaBHCHUU
C MHCpHUAJIbHBIMU aJII'OpUTMaMHU. Ha ojry OTMme-
YCHBI YCTBIPC KOHTPOJIbHBIC TOYKH, (bOpMI/IpyIO-
e 6330By10 TPACKTOPUIO JABUIKCHUSA UCHBITYEMO-
ro. Taxon Ioaxonq obecrieynBaeT CUHXPOHHYIO
perucTpanuro 1 HOI[pO6HI>II71 CpaBHHTCJ’ILHLIﬁ aHa-
JIN3 JaHHBIX MHEPLUUATIBHBIX U ONTUYCCKUX CUCTCM.

Kamepnb1 Op U[l‘ﬁ&;

Optitrack car

Tas

Pucynok 7 — Cxema mpoBeieHUS SKCIIEPUMEHTA

Figure 7 — Experimental setup scheme

[lapamerpsl,  mopOupaBmMecss B XOAE
ONTUMM3ALUU COIJJACHO CXEME Ha PHUCYHKE 5,
BKJIIOYAJIM 4YacTOThl cpe3a dfypr U dfipr, YPOBEHb
nopora ajsi onpenesneHus (a3 mara. DBOIIOLUOH-
HBI aJrOPUTM HauyMHAJI C 3apaHee ONpelesEHHOM
nonyjasiuud  u B mpomecce S50  MOKOJIEHUI
9BOJIIOLIMOHMPOBAI K HAWIy4LIEeMy pELICHUIO,
MUHUMHU3UPYSI OIIMOKY MEXAY PacCUMTaHHBIMU
U DTAJIOHHBIMH KOoOpIuMHaTamMu. B pesyibrate
ONTUMM3ALMU  OBbUIM  HOJYyYEHBl  CIEAYyIOLIUe
napametpbl:  dfypr = 0,002133,  dfipp=2,04 u
ypoBeHb Topora paBHbii 0,0444, cpenHss ommoOKa
no3uunoHupoBanus AX cocrasuia 0,1281 m.

Ha pucyake 8 mnpeacraBieHbl KIIIOUYEBBIC
pe3yabTaThl MPOBEICHHOM onTuMu3auuu. JleMoH-
CTpUpyeTCs OBICTPOE CHW)KEHHE OIIMOKHU (pHUCy-

HOK 8a) — yxke K 17 TIOKONEHWIO JOCTHUTaeTCs
IU1aTO c ONTUMAIIbHBIMH napameTpamu,
noAaTBepxkaass  d(PPEeKTHBHOCT, W OBICTPYIO
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cXoAMMOCTh MeTrona. Kapra Ha pucyHke 8/ MUHUMH3UpPYETCS omuoKa BOCCTaHOBIICHUS

HaIJISAHO — TIOKa3bIBaeT OOJAcTH  ONTHMAIBHBIX — ITOJIOKEHHUS, YTO MOAYEPKUBACT KIIIOYEBYIO POJIb
YaCTOTHBIX XapPaKTEPUCTUK (DUIBTPOB, IPU KOTOPHIX  (PUIBTPALUN CUTHAJIOB.

3aBHCHMOCTE OIMAOKH HO3I/ILH/IOH_]’I]JC_PBEIHHJ[ Ag OT HaCTOTHBIX
, Dpomouus omudky / Evolution of the error napameTpos (dfier o dfipr) / Positioning crror Ay vs. frequency Ay,
parameters (dfuper and dfier) M
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Pucynok 8 — DPPeKTHBHOCTE ONTHMHU3AIINH TTAPAMETPOB: ¢ — SBOJIIONNS MUHIMAaJIBHOI ONTHOKU B Tporiecce padoTh
aNITOPHUTMa ONITUMH3AINY; b — KapTa BIMSHHS YaCTOTHBIX IIapaMeTPOB (GHIbTPALNH HA OIIMOKY H3MEPEHHS MOJIO0KCHHS

Figure 8 — Optimization efficiency: a — evolution of the minimum error during the optimization algorithm; » — map of
the effect of filter frequency parameters on position error measurement

B 3aBepmenue, OS(QQPEKTHBHOCTh  aBTO- MH3AIHUK TPACKTOPUU H OTAIOHHBIX KOOPHMHAT,
MaTH3UPOBAHHOTO  [MOA0Opa  IMOIATBEPIKAACTCsS  3aperucrpupoBaHHbiXx cuctemor OptiTrack (cwm.
CpPaBHEHHMEM TIOJYYEHHON B pe3ylbTare ONTH- PHCYHOK 9).

CpaBHEHHE 3TaJTOHHOW, ONTUMU3UPOBAHHON U HEOTITUMU3HPOBAHHBIX TPAEKTOPHIA /
Comparison of reference, optimized, and non-optimized trajectories)

3r Dranonnas tpaekropus (Otitrack) /
Reference trajectory (Optitrack)

ONTUMI3HPOBaHHAS TPACKTOPHS /
Optimized trajectory

TpaeKkTopHs IPU HEONITHMAIEHOM Topore /
non-optimal threshold

TpaekTopus Ipu HEONITUMATBEHOM dff pr /
non-optimal dff pr

TpaekTopusi Ipu HEONTUMAIBLHOM dfjipr /
non-optimal dfypp

-1 0 1 2 3 4

Pucynok 9 — [IprMep onTUMU3NPOBAHHOMN 1 ATAJIOHHON TPACKTOPUN

Figure 9 — Example of optimized and reference trajectory
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CoBrnazieHne ONTUMHU3UPOBAHHOW M OTaJIOH-
HOW  TpaekTopuii  (pUCYHOK 9) moATBEp)KAaeT
BBICOKYIO TOYHOCTb aBTOMAaTU3UPOBAHHOTO
METOJa M €ro MpPaKkTUYECKyl0 IPUMEHHMOCTb
JUIsL 3ajad PEKOHCTPYKIMM IOXOJKH M APYTUX
BUJOB JIOKOMOLMH IO JIaHHBIM HHEPLHAIbHBIX
MonyJell. IIpoBeieHHBIE SKCIIEPUMEHTHI MTOKa3ajH,
YTO MHTErpanys dSBOJIIOLMOHHOIO  aJrOpUTMa
HUCKYCCTBEHHOTO  MHTEJUIEKTa C  ONTHYECKOH
CHUCTEMOM CYIIECTBEHHO IIOBBIIIAET TOYHOCTH
BOCCTAHOBJIEHUS TPaeKTOPH, o0ecrieunBas
MUHUMAJIBHBIE PACXOXKIEHHUS JlaXKe Ha CIO0XKHBIX
ydacTkax Mapuipyta. IlomyueHHble pe3ynbTaThl
MOJATBEPKIAIOT  MEPCHEKTUBHOCTh METOAA  JUId
AKTUBHOH peaOunuTanuu, HEHPOMHKEHEPHU, MO-
HUTOPHUHTA JIBUraTEJIbHOW AKTUBHOCTHU M JEJIAIOT
€ro YHHUBEpCaJIbHBIM HMHCTPYMEHTOM MJIs 3ajad
OMOMEXaHUKU M MEIULMHBI JBIKCHHS.

3akjarouyeHue

Pazpaborana u JKCrepHUMEHTaJIbHO anpoOu-
poBaHa cHCTeMa aBTOMATHYECKOH ONTHMHU3AIHMN
napameTpoB (uIbTpaluK W OOHapyXeHHus Qa3
nrara 1Mo JaHHBIM TPEXOCEBOTO aKCeIepOMETpa,
3aKperIEHHOro Ha ctome. KiroueBbIM 3JeMEHTOM
MOJIX0J]a CTaJl0 HCMOJIb30BAaHUE H3BOJIOIMOHHOIO
aNropuT™Ma HMCKYCCTBEHHOTO HMHTEIUIeKTa, obec-
MEYMBAIOIIETO  ABTOMATH3MPOBAHHBIM  TOAOOD
YPOBHS TIOpOTra W YacTOTHBIX MapamMeTpoB Ha
OCHOBE CpPaBHEHMsI BOCCTAHOBJICHHBIX TpPacKTOPUI
C DJTAJOHHBIMU JIaHHBIMH, MOJIYYCHHBIMH C TIO-
MOIIBIO OIITHUYECKOM CHUCTEMBI 3aXBaTa JIBMIKECHUU
OptiTrack. Pe3ynbTarhl mokasanu, uTO BHEAPCHHE
SBOJIIOIIMOHHOTO TIOWCKA CYIIECTBEHHO CHUXKAET
omnOKy BOCCTAHOBICHHS TPACKTOPHH IIAroB IO
JIAHHBIM ~MHEPIHUATIBHBIX H3MEPUTEIBHBIX MOJY-
Jiel, TOBBINIAET TOYHOCTH OOHAPYKCHHUS IIara u
obecrieynBaeT OBICTPYIO CXOIUMOCTH aJIrOPHUTMa
K ONTHMAJIbHBIM PEIICHUSIM.

K  OCHOBHBIM  mWpenMyIIecTBaM  METOJa
OTHOCSITCS: BBICOKAass TOYHOCTb M YCTOHYMBOCTH
Onarogapsi aBTOMAaTWYeCKOW ajanTanuyd —mapa-
METpOB  (QuIbTpalMd W  oOHapyxeHHs (a3
nrara, 49ro TO3BOJSICT CHIDKATh MOTPEIIHOCTH;
BOCIIPOM3BOJIUMOCTD 32 CUET MCKIIOUYCHUSI PYYHOTO
noxbopa MmapaMeTpoB; THUOKOCThH aITOPUTM
aJanTHPYETCsl K Pa3HbIM THUITAM YCTPOWCTB.

Hayunast HOBH3HA HCCIIEIOBaHUS 3aKII0YACTCS
BO BHEJPEHUH TIOJHOCTHIO aBTOMATH3HPOBAHHOTO
npolecca ONTHMHU3AIMKA TMapaMeTpoB OOHapyxe-
HUs (a3 mara ¢ MPUMEHEHHEM SBOJIOLHOHHOTO

HUCKYCCTBCHHOI'O HWHTCIIJICKTA, 4qTo IIO3BOJIACT
HaJEXKHO peuarb 3aga4uu MOHUTOpPHUHTA
,Z[BI/IFaTGHLHOfI AKTUBHOCTH n 00BEKTUBHOMN

OLIGHKM IapaMeTPOB IMOXOJKH BHE JIAOOPATOPHBIX
ycinoBuil. llomyuyeHHble pe3yabTaTbl OTKPBIBAIOT
HOBBIE BO3MOKHOCTH JJISl MHTETPallMd TEXHOJIOTHH
B CHCTEMbl HMHIUBHIYyaJbHOM peabumiuranmuu,
JUCTaHLIMOHHOTO KOHTPOJII COCTOSIHUSA, CIOpTa,
a TaKkKe 3HAYUTENBHO paCIIUPSIOT IOTEHIHAT
HOCHUMBIX CEHCOPHBIX CHCTEM W HWHTEJUICKTYallb-
HBIX MEJUIMHCKUX KOCTIOMOB JJIs1 OMOMEIMIIMHCKIX
1 IIPUKJIAZHBIX UCCIIEIOBAHHMN.
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Abstract

Increasing the efficiency of ultrasonic diagnostics and objects with curved surfaces, including cylindrical,
spherical, etc., is an important scientific and technical task. The aim of the work was to develop a technique
and experimentally investigate the excitation of surface rotating waves on cylindrical and spherical samples
in contact with a metal substrate (support) using the proposed remote sounding method, where the substrate
serves as an acoustic delay line for transmission-reception of signals between transducers and the object of
investigation. The acoustic path of the suggested measuring scheme operating in shadow and echo modes
has been analyzed and the dependences of the amplitude and velocity of the surface rotating waves excited
in cylindrical steel and dural samples on their radius 7, wave frequency v and the number of revolutions 7 of
the wave, while varying the angular wave number in the range p = 2m/A = 20—125 have been experimentally
revealed. The quasi-linear growth of the wave attenuation coefficient from the sample diameter at frequen-
cies v = 1-5 MHz has been experimentally established. The growth of the distance travelled by the wave is
accompanied by a drop in the amplitude of the wave according to a law close to the exponential law, reaching
the greatest attenuation with a decrease in . The change in the surface rotating waves velocity in the specified
range of variation p did not exceed 1.5-2 %, increasing with decreasing sample radius and wave frequency.
The obtained experimental data on the peculiarities of changes in the parameters of acoustic impulses during
the passage of surface rotating waves through the crack and the model coatings of the specimens indicate the
possibility of using the proposed method for the control of objects of the specified shape.

Keywords: distant acoustic control, surface rotating waves (SRW), wave scattering (SAW) and coefficients of
their passage and reflection, acoustic load body (ALB), wave amplitude and velocity
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JAMCTAHIIMOHHOE BO30Y:K/ACHUE BPAIIAKOIIAXCSH
MOBEPXHOCTHBIX BOJIH B TeJIaX ¢ HMJIUHAPUYECCKON U
chepryeckoil NOBEPXHOCTHIO IPUMEHUTEIbHO

K YJIbTPa3ByKOBOMY KOHTPOJIIO

A.P. Baes, A.B. Bopob6eii, A.JI. Maiiopos, M.B. Acaguas, H.B. /lesienkoBcKuii

Hnemumym npuxnaonou pusuxu Hayuonanvhoti akademuu nayk benapycu,
vi. Akademuueckas, 16, e. Munck 220072, Berapyce

Tocmynuna 24.04.2025
Ipunama k newamu 17.06.2025

[loBbimieHre  3PGEKTUBHOCTH  YIBTPA3BYKOBOW JHMAarHOCTUKH OOBEKTOB C  KPUBOJUHCHHOUN
MOBEPXHOCTHIO, BKIIIOUAs IIITUHIPUIECKYIO, CPEPUUECKYIO U JP., SIBISETCS BaKHOH HAYYHO-TEXHUYECKON
3amaueid. llenp paboTel cocTosna B pa3paboTKe METOAMKH U AIKCIEPUMEHTAIBHOM HCCIIeTOBAaHUH
BO30YKACHUS TMOBEPXHOCTHBIX BPAIIAIONINXCS BOJH HA KOHTAKTHPYIOUINX C METALUTHYECKON IMOIIONKKON
(omopoif) 00pa3max NUIMHIPHYECKON U ChepuIecKor (POPMBI, HCTIONIb3YS MPEIOKEHHBIA JUCTAHITMNOHHBIN
crocod TPO3BYYMBaHWS, T/ TIOJUIOKKA CIY)KHT B KauecTBE JIMHUMA aKyCTHYECKOW 3a/IepPiKKH
JUTSI TIepeIauk-IIpréMa CUTHAJIOB MEXK 1y IIpeoOpa3oBaTesiMu 1 00beKTOM UcciieoBanus. [[poanan3upoBan
AKyCTUYECKUU TPAaKT MPEITI0KEHHON M3MEPUTEIBHON CXeMbl, pabOTaroIIel B TEHEBOM H X0 peXKUMaXx, U
OKCIICPUMCHTAJIBHO BBISIBJICHBI 3aBUCUMOCTU aMIUIMTYAbl U CKOPOCTHU Bo36y>1<):[aeme B HUJIMHAPUYCCKUX
CTAJIBHBIX W MIOPaJieBBIX O00pa3lax MOBEPXHOCTHHIX BPAIIAIONIUXCA BOJH OT HX pajnyca 7, YacTOTHI
BOJIHBI V W 4YHcia OOOpPOTOB 7 BOJHBI, TPW BapbUPOBAHWU YTIIOBOTO BOJHOBOTO YHWCIIO B JIHAaNa3zoHe
p =2nr/A=20-125. DKcriepuMEeHTAIBHO YCTAHOBIIEH KBAa3WJIMHEHHBIH POCT KO3(QHIMeHTa ocrabIeHus
BOJHBI OT nauaMerpa obOpasma Ha dbactorax v=1-5 MI1. PocT mpolimeHHOTO BOJHOW pPacCTOSHUS
COIPOBOXK/IAETCS TMAJICHHEM aMILTUTYIbl BOJHBI 110 3aKOHY, OJIM3KOMY K AKCIOHEHIIUAIBHOMY, OCTUTAS
HauOOJBIIET0 OCNA0JeHHsI C YMEHbIICHHEM 7. MI3MeHeHHe ke CKOPOCTH MOBEPXHOCTHBIX BPAIAFOIIUXCS
BOJIH B YKa3aHHOM JIMAINa30HE BAPHUPOBAHUS p HE MpeBhICKIIO 1,5-2 %, Bo3pacTas ¢ yMEHBIIICHUEM payca
06pa3ua 1 49aCTOTHI BOJIHBI. HOJ’Iy‘-ICHHBIe OIIBITHBIC JOAaHHBIC 00 0COOEHHOCTSIX M3MEHEHHS rnmapamMeTpoB
aKyCTHUYECKUX HMITYJIbCOB TPHU TMPOXOXKICHUU IMOBEPXHOCTHBIX BPAMIAIONIMXCS BOJH HYepe3 TPEIUHY H
MOJIETHHBIE TIOKPBITHST 00PA3I0B CBUIETEIHCTBYIOT O BOSMOKHOCTH NMMPUMEHEHHS TIPEUI0KEHHOTO CIIoco0a
JUTSL KOHTPOJISE OOBEKTOB YKa3aHHOU (pOpMEI.

KuroueBble cjioBa: TUCTaHIIMOHHBIN aKyCTUYECKHI KOHTPOJb, OBepXHOCTHRIE BOJHBI (ITAB), BKIOUas
Bpammatomtrecs ([ IBB), paccessaue BotH v K03 PUIIMEHTHI KX POXOIKACHUS K OTPAKEHUS, TEJIO aKYCTHUECKOM
Harpy3ku (TAH), aMmuintya u CKOpoCTh BOJTHBI
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Introduction

A significant number of objects of modern
industrial production have curvilinear surface, in-
cluding cylindrical, spherical, etc., non-destructive
testing of which can be carried out by electromag-
netic, current-vortex, ultrasonic and other methods,
including visual and thermal [1]. So, the solution of
a number of problems associated with the establish-
ment of physical and mechanical properties of the
surface layer of the object subjected to surface hard-
ening [ 1], the presence of sinks, cracks, both emerg-
ing on the surface and located under it, as a rule, is
carried out by placing the primary transducers near
the object of control. Then the transducers move
or scan the surface of the object, which affects the
quality and reliability of control, its productivity.
In particular, this applies to quite effective acous-
tic contact or immersion methods of control, using
weakly damped Rayleigh surface waves (RW) or
similar to them (in structure) as probing and excited
by transducers with the angle of the piezoelectric
transducers (PETs) prism B = arcsin(C/Cy), where
C and Cy are the velocities of the longitudinal wave
in the PET prism and Rayleigh wave in the sub-
strate, respectively [1].

In addition, in some works carried out both
abroad [1] and in Institute of Applied Physics of
the National Academy of Science of Belarus, small
aperture PETs have been successfully used for
wave scattering (SAW) excitation-reception [1].
With their help it is possible to determine the qual-
ity of the layer hardened by thermal or chemical-
thermal treatment or its depth regardless of the ra-
tio of SAW velocities in the base of objects having
curved surfaces, as well as to assess the degree of
damage to metals, the quality of coatings, etc. us-
ing correlation characteristics. Nevertheless, the
disadvantage of the mentioned methods and means
of control is that at "local" movement of the above
transducers on the curved surface of the object the
productivity and reliability of control is not high
enough due to the need to ensure quality acoustic
contact, orientation of the transducers, etc., as well
as the need to ensure the quality of the acoustic
contact. Despite the successes achieved through the
use of new techniques and devices, including, for
example, phased arrays [2, 3], as well as methods
of mathematical processing of scattering fields on
the defective structure, the expansion of technical
capabilities and efficiency of SAW for the control

of a wide range of objects with curved surfaces
is an important scientific and technical task.

Note also that the application of non-contact
methods of control, including electromagnetic-
acoustic and pulse-laser [5, 6], also have limita-
tions due to the properties of the object and the
complexity of the application of measuring instru-
ments, for example, when coating the product, sol-
dering, welding, hardening of the surface layer,
etc. [5]. In this paper we suggest the idea of con-
trolling objects with curved surfaces using surface
rotating waves (SRW) by their distant excitation by
Rayleigh waves. The latter are transmitted through
a sound-conducting substrate (base) serving as a de-
lay line between PETs and the object under inves-
tigation, which is an acoustic load body (ALB). It
should be noted that a similar sounding scheme was
previously applied by us to study the peculiarities
of SAW passage through the boundary of sliding
and rigid contact of the substrate surface and prism
(also ALB) having different angles of inclination of
side faces [7]. We studied the peculiarities of the in-
fluence of boundary conditions on the acoustic path
with respect to the process of joining materials and
showed that the shape of the prism has a significant
influence on the function of SAW passage through
the sliding contact region of these bodies and their
"reflectivity" determined by the ratio of reflection
coefficients from the above mentioned ALB contact
boundaries.

In addition, scattering of SAW on the men-
tioned boundaries is accompanied by the appear-
ance of SAW fluxes propagating along the side
surfaces in the vertical plane of the prism towards
each other. As it is supposed, a similar effect should
appear in the case considered below — at the contact
of a substrate with ALB having the form of a cylin-
der and a sphere. This area of acoustic contact in the
main plane of section is similar to a liquid wedge.
And one of its surfaces is curvilinear, which, natu-
rally, should affect the amplitude parameters of
scattered waves.

Thus, the results of our earlier studies concern-
ing mainly the SAW passage through the sliding
boundary of the substrate with ALB in the form of a
prism [7, 8], as well as other works, for example [9,
10], aimed at studying the SAW propagation on a cy-
lindrical surface with a source and receiver of waves
located on it, served as a basis for the development
of the proposed method of remote ultrasonic control
of objects with a curved surface.
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Experimental study setup and schemes

The scheme of experimental studies for model-
ling the distant method of excitation of rotating waves
in objects with cylindrical and spherical surfaces for
use in ultrasonic control is shown in Figure 1, where
as sources and receivers of RW used PETs with a
prism angle § = 65°. For this purpose the shadow or
echo method of object sounding can be used. So, in
the first case for carrying out researches on a steel
substrate 4 cm thick two PETs directed towards each
other and operating at frequencies v, MHz =1, 2.5
and 5 are installed. To increase the reliability of
acoustic contact and orientation of the PETs, they are
held by a pair of magnets installed on both sides of
the PETs. The samples serving as ALBs of cylindri-
cal shape are placed symmetrically with respect to
the acoustic axis, which is perpendicular to the main
axis of the sample. Their orientation is achieved by
using special stops, including magnetic ones. In this
case, the surfaces of the samples are processed to
the roughness class Ra not more than 1.6 um, and
machine oil is used as a thin sound-conducting layer
providing acoustic contact between the contacting
bodies.

The electronic part of the scheme of the experi-
mental setup contains as a source and receiver of
SAW electric pulses the blocks of a standard flaw
detector, including a generator with a pulse repeti-
tion rate of 1 kHz, their amplification block with the
output of both undetected and detected informative
signals on a RigolDS7024 device with a sampling
frequency of 200 MHz and measurement of time
intervals with an error up to = 5 ns. As it was men-
tioned above, at realization of echo-mode of sound-
ing the reference signal created by reflection of RW
from the SAW reflector developed for this purpose
in the form of a prism of a special form, installed
in opposition to the source-receiver of SAW, be-
tween which the object of control is placed [7], It is
also very important to note that at preparation of the
measuring process it is necessary to pay attention to
creation of acoustic contact between a substrate and
ALB for transfer of RW energy to ALB and back,
which is made through a thin layer of liquid. In this
application of the sound conductive layer, rotating
waves are excited. In this case, by analogy with the
data obtained by us earlier, we should expect some
peculiarities of the transfer of the RW flow energy
into the energy of rotating modes, depending on a
number of factors, including the contact layer of the
liquid.

PG Os Am

Figure 1 — Experimental scheme explaining the method
of excitation by Rayleigh wave of rotating waves on ob-
jects with cylindrical and spherical surface (a) and pecu-
liarities of Rayleigh wave propagation through the area of
acoustic contact of contacting bodies (b). a: 1 — substrate;
2 and 3 — emitting and receiving transducers; 4 — research
object or body of acoustic load of cylindrical, spherical
or other similar shape; PG — pulse generator; O, — oscil-
loscope; 4,, —amplification unit of the received signal.
b: 1 —acoustic load body; 2 — steel substrate; 3 — contact
lubricant layer; surface wave amplitudes resulting from
Rayleigh wave scattering with amplitude 4, at the contact
boundary of the bodies: amplitudes of the passed (4,,) and
reflected (4,,) modes of the Rayleigh wave's, 4; and 4, —
excited surface rotating waves, rotating counterclockwise
and clockwise, respectively

The studies will be carried out in the following
way. At first, the PETs are installed in opposition to
each other, achieving optimal conditions of RW pas-
sage between them, if the sounding mode is shadow.
In the other case, the PET, combining the function of
an emitter and a receiver of RW, is orientated relative
to a special reflector of surface waves, the principle of
which is described in the paper [7], and then the ALB
is installed to study the object according to the data of
amplitude and time characteristics of the signal.
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In order to study the possibility of excitation
of SAW on spherically shaped objects, a similar in-
stallation to the one mentioned above was used as
a basis, improved in order to study the amplitude
and angle characteristics of scattered SAW, which
is explained in Figure 6. As research objects dem-
onstrating the possibilities of the method of control-
ling the defectiveness of objects of cylindrical shape
were used metal samples with cracks and imitators
of coatings and in the form of different thicknesses,
made on a polymer base and covering half of the
surface area of the samples with thicknesses from
22 t0 430 pm.

The results of experimental studies and their
discussion

The main results of experimental studies devoted
to the study of the acoustic path and possibilities of
remote control of objects with cylindrical and spheri-

cal surfaces with the help of SRW are explained in
Figures 2—8. Thus, Figure 2 shows a characteristic
oscillogram of a series of SRW pulses excited as
a result of Rayleigh mode pulse scattering when it
passes the area of acoustic contact of a cylindrical
sample with a substrate. The peculiarities of changes
in the amplitude characteristics of the SRW mode
from the sample radius, wave frequency, number of
revolutions, and distance travelled are illustrated in
Figures 3 and 4.

Data on the influence of the angular wave num-
ber p = 2mr/A on the change of the SRW velocity in
steel and duraluminium samples are shown in Fig-
ure 5, where A is the Rayleigh wavelength. In Fig-
ure 6 shows the amplitude-angle dependences of the
SAW scattering field of a spherical shaped sample,
the surface of which is bypassed by the SRW in dif-
ferent directions. Figures 7 and 8 illustrates the pos-
sibility of detecting surface cracks remotely by both
shadow and echo methods.

Figure 2 — Characteristic oscillograms of surface rotating wave pulses excited by the proposed "distant" method by
Rayleigh wave on cylindrical samples in contact with steel substrate; sample diameter 15.08 mm, operating frequency
of transducers v = 1.8 MHz; signs 1, 2 and 3 — correspond to pulses of the surface rotating wave with numbers — 1, 2
and 3, and sign 0 — corresponds to the reference signal received in the shadow mode of object sounding

Amplitude characteristics of the surface rotating
waves

Experimental investigations were carried out
on steel and dural samples of cylindrical and spheri-
cal shape depending on their diameter d = 6.98—
25.1 mm and PET operating frequency v, MHz =1,
1.8, 2.5 and 5 MHz. So the main range of variation
of the angular wave number was p = 2mr/A = 20—125,
which allowed to reveal a number of features of both
excitation and propagation of SRW. Thus, in the
whole investigated range of wave number variation,

the RW passing through the contact boundary of an
object or ALB with the substrate is accompanied by
the excitation of two surface rotating waves (modes)
directed towards each other, which is illustrated in
Figure 1a). In the direction of the source propagates
reflected from the region Ax,<x*<x;+Ax, mode
with energy WK, . Thus, the formula for describing
the energy balance is as follows:

AW=WyW,.=W(1-K,) = WK+ Kol tK,0), (1)

where W, is the energy of the RW mode passed
through the contact region of the bodies; K| and
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K, are the conversion coefficients RW—SRW for
rotating modes clockwise and counterclockwise;
K, and K,  are the corresponding coefficients of the
RW mode passage and reflection by energy from the
specified region.

Kq

2,5

2,0

15

1.0

0,5 . . . . . .
0 5 10 15 20 25 30 d, mm

Figure 3 — Dependence of the attenuation coefficient of
the relative amplitude of the rotating mode pulse ampli-
tude K, = A4, /4, , on the cylinder diameter at the piezo-
electric transducer operating frequency v, MHz =5 (1);

1(2)

4,dB

-25

0 100 200 300 400 500 L/A
Figure 4 — Relative change of the surface rotating waves
pulse amplitude propagating on the surface of steel cyl-
inders depending on the traveled distance determined by
the number of revolutions and the cylinder diameter: de-
pendencies obtained atv =1 MHz at d, mm = 25.1 (1) and
15.08 (2), and at v =5 MHz at d, mm = 25.1 (3), 15.08 (4)

and 6.98 (5)

It should be noted that, under certain conditions,
the amplitude of the scattered RW modes, includ-
ing SRW, can be influenced by the contact layer of
the liquid, whose profile is similar to a wedge with
a changing curvature of one of the surfaces. In this
case, in the first approximation, the profile of the
contact layer is determined by the surfaces limiting it
—z=0 and z = z(x*), dimensionless height of which

By, = h(h,) " = r(h,)  T1-[1-(Ax)1*), 2

where A, is the length of excited elastic waves. In the
case when Ax/r << 1, then h, =~ Ax*(A, 7). Thus, when
optimizing the conditions of acoustic measurements it is
necessary to take this parameter into account in order to
reduce the noise background and increase the stability of
measurements.

AC/Cr, %

1,60 -

1,20 A

0,80 -

0,40 -

0,00

0 20 40 60 80 100 120 p

Figure 5 — Variation of the velocity of the rotating surfac-
tant according to the data of the time it circles the surface
of a cylindrical sample as a function of the angular wave
number p = 27tr/A; sample material steel (1) and dural (2)

It has been experimentally established that at
achievement of optimum conditions providing the
minimum noise background at maximum ampli-
tude of SRW impulses circling the ALB surface and
maintenance of a certain ratio between amplitudes,
stability of readings, it is the mode rotating counter-
clockwise that prevails. In most cases its amplitude
A, exceeds the amplitude of 4;; by 5 and more times.
Experimental estimation of 4; and A, was carried out
by using developed small aperture and miniature in-
clined PETs placed directly on the surface of ALB
or near its substrate. At realization of the mentioned
conditions, Figure 2 serves as a confirming example,
where an oscillogram of SRW mode impulses regis-
tered by the receiving PET at making the next turn
and passing of waves through the area of contact be-
tween ALB and substrate is given.

It should be noted that similar oscillograms are
observed in the case when steel spheres serve as
ALBs. However, as it is established, there is a dif-
ference between them caused by inversion of the
wave phase by the value Ap—n when a cylinder
serves as a ALB. If the object is a sphere, on the
other hand, there is no shift. Obviously, it is neces-
sary to take this into account when making measure-
ments using the phase characteristics of the probing
signal.
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The investigations of amplitude dependences of
SRW on the ALB diameter (Figure 3) and the passed
distance (Figure 4) at the operating frequencies of
1 and 5 MHz allowed to establish the following.
First of all, the amplitude of impulses of the rotating
mode depending on the traveled distance L =2mrn
decrease according to the law close to the exponen-
tial one, which is illustrated by dependences 1-5 in
Figure 4, where 4 is the normalized amplitude and
A is the RW wavelength.

Note also, the measured wave amplitude at-
tenuation coefficient as a function of diameter is a
linearly increasing function, i.e., K;=4,/4, | ~d,
or K,/d = const at operating frequencies of 5 and
1 MHz. Moreover, as can be seen, the attenuation
of the wave amplitude with lower frequency is sig-
nificantly lower, by ~50-80 %. From the analysis of
the mechanism of energy losses (formulas 1 and 2)
and experimental data, it should be concluded that
the amplitude of the surface wave that has passed
the path L = 2nrn, having made n revolutions, can be
represented in the form:

4,~ Aons[f[ann],
n=l

where 4, and D, are the RW amplitude emitted by
the PET and the coefficient of its passage of the ALB-
substrate contact boundary when moving along x to
the receiving PET, respectively; € is a correction fac-
tor characterizing the peculiarities of the mechanism
of transferring part of the RW energy to the rotat-
ing wave directly when the initial RW pulse moves
along the substrate; D, is the coefficient of passing
by the rotating wave of the acoustic contact area of
X cx,* Ax, bodies, and f, is the coefficient of attenu-
ation of the wave amplitude caused by the wave front
divergence during the n" rotation. It follows from (3)
that K, =D, f,.

Analyzing peculiarities of the mechanism of
interaction of the rotating mode at passing the area
of acoustic contact of ALB-substrate, it should be
assumed that the most significant mechanism of at-
tenuation of the wave amplitude is caused exactly by
dissipation of its energy at passing each time the area
of acoustic contact of ALB with substrate. And the
more turns the wave makes, the more these losses
are, which follows from formula (3).

3)

On the change of the surface rotating waves velocity

To study the possibility of using as an informa-
tive parameter the velocity C of SRW propagation

using the proposed remote sensing method
and to compare these data with the known (mainly
theoretical) data [11], the shadow mode of sound-
ing at frequencies v, MHz =1, 2.5 and 5 MHz,
and varying the angular wave number almost 6
times — p = 2nr/A = 20—125 was used. The material
of the samples was steel and dural. The experimen-
tal scheme shown in Figure 1 was used for mea-
surements, where the object was placed between
the emitting and receiving PETs. Moreover,
the signal reception and processing was performed
with the help of RIGOLLS7024 device with in-
tegrated electron beam tube. Figure 5 presents
the results of the study of the SRW velocity es-
timated from the data of the time Af between the
pulses received by the PET when the wave makes
one or several revolutions of the cylinder surface.
In this case, each time the wave velocity was mea-
sured 3—4 times, and it was determined by the for-
mula: AC = L/At~C,, where C, is the Rayleigh
wave velocity measured on a flat sample with
an error not worse than 0.2 %. It was found that
8 =AC/Cy is an increasing function with decreas-
ing numerical parameter p for both steel and dural
samples.

However, the value of & did not exceed 1.5—
2 %, which qualitatively agrees with the theoreti-
cal conclusions of work [11], where it is shown
that the additional change (growth) of the velocity
AC/Cp ~ p2~2%r? measured by us is due to the effect
of wave dispersion.

According to known theoretical data [11],
it was found that when propagating along a con-
vex cylindrical surface, SAW has dispersion — the
dependence of velocity on frequency. In [11], a
theoretical analysis of the dependence of phase
and group velocities is carried out and states
their dependence on the angular wave number
p =2nr/h (r is radius of the cylinder; A is length
of the ultrasonic wave). According to [11], a Ray-
leigh-type surface wave propagates along a con-
vex cylindrical surface, and when the diameter of
the convex surface tends to infinity, the phase and
group velocities tend to the Rayleigh wave veloc-
ity, all particle displacements are also identical.
Accordingly, as the frequency increases, the phase
and group velocities also tend to the Rayleigh wave
velocity. In the first approximation, the phase veloc-
ity of a propagating ultrasonic wave on a convex
cylindrical surface is proportional to 1/(kgr), where
kpis the wave number.
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Surface rotating waves in a spherically shaped sample  not only amplitude, but also amplitude-angle char-
acteristics of 4,(¢) in the plane of the substrate sur-
face z =0 waves, where the index n coincides with
the pulse number of the investigated rotating mode

rotating along the spherical surface excited by Ray- circling the sphere surface. The studies were carried
leigh waves in steel balls. As it was found, in con-  Out by shadow method, and the change of the angle
trast to the case of excitation of a surface mode on  Of reception was achieved by moving the PET with
a cylinder, no phase shift for the spherical surface an operating frequency of 2.5 MHz along a circular
rotating mode was detected. To investigate the scat- ~ trajectory, directing its plane of wave incidence to
tering field of SRW excited on a spherical surface, the point of contact of the sphere with the plane of
the setup was modified (Figure 6a). In this case, we  the substrate x = x,. So the distance between the PET
studied the features of the formation of the scattering  and the point x, was s = 55 mm. The angular depen-
field of such modes, the rotation trajectory of which  dence of the reference signal 4,,(¢) obtained at n = 0
has a significant difference from those studied earli-  is also plotted. So the path traveled by the SRW when
er. The difference consists in obtaining and analyzing  receiving the n™ pulse of the wave will increase.

Experimental studies carried out according to
the previous scheme (Figure 1) also allowed us to
establish the high efficiency of excitation of waves

o

A L L L
i e

Figure 6 — Schematic diagram of the experimental setup for studies of the scattering field of surface waves scattering
by a steel sphere (@), amplitude-angle dependences of the amplitude of pulses of waves 4,(9) (b) and oscillograms of
the surface rotating wave pulses on the spherical sample (¢). a: 1 and 2 — emitting and receiving transducers; 3 — steel
sphere; b: curves 1, 2, 3 and 4 correspond to the values of the number n of the surface rotating wave impulse sequentially
traveling around the sphere surface; 5 — dependence obtained in the absence of Rayleigh wave rounding of the sample
surface; c: signs 1 and 2 correspond to surface rotating wave pulses with numbers 1 and 2 registered by the receiving
transducer, sign 0 corresponds to the reference signal obtained in the shadow mode of object sounding; sphere diameter
25.44 mm, operating frequency of transducers v = 2.5 MHz
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The studies have shown that the shape of the
oscillograms of the fixed pulses when changing the
angle of signal reception from zero to ¢ =20-30°
and varying the number of the pulse number #, coin-
ciding with the number of the wave rotating on the
sphere surface, is similar to that for the SRW modes
illustrated in Figure 2. At the same time, they differ
in the absence of wave phase inversion for adjacent
pulses, which takes place in the case of SRW excita-
tion on cylindrical samples. These data indicate the
possibility of ultrasonic diagnostics and control of
such objects, using not only the speed, but also the
amplitude of remotely excited.

As for the scattering field of n-fold waves cir-
cling the sphere surface after their exit to the sub-
strate plane in the vicinity of x—x, their expansion
and amplitude decrease are observed as n increases.
As can be seen from Figure 6, a weakly pronounced
minimum and two lateral maxima — 4., and 4, ,.,,
located in the vicinity of the angles ¢ =+(10-15°),
are found in the vicinity of ¢—0. On the other hand,
two additional field minima located in the vicinity
of ¢ =+(90-95°) were detected. At the same time,
the difference in amplitude between these extrema is
~ 17-22 dB, which is characteristic of the scattering
fields of small aperture sources [1].

The following factors can affect the course of
the indicated dependences of the scattering fields
A,(o). First, as n grows, the distance from the source
of the scattering field to the receiver will increase
significantly due to the wave's additional round-trip
distance As = 2nrn:

S, =S8, + 2nrn. 4)

Secondly, it concerns the boundary conditions
affecting the process of transferring part of the Ray-
leigh mode momentum energy to the spherical body,
where, as it is supposed, as in the case considered
above, SRW of different directions should be gener-
ated.

About detection of surface defects

Figures 7 and 8 show the results of ultrasonic
inspection of a steel cylinder with a longitudinal
crack with a depth of 0.8—0.9 mm and opening 0.03—
0.05 mm, sample diameter 15.96 mm, ultrasonic
wave frequency 5 MHz. Figure 7 shows the oscillo-
grams of pulses obtained during the control by echo
method with the use of an artificial (reference) reflec-
tor in the form of a prism, located so that the ALB is
installed between the PET and the prism. The arti-

ficial reflector provides registration of SRW pulses
rotating counterclockwise (Figure 1a). In the absence
of a crack, only counterclockwise rotating SRW puls-
es are observed (2, Figure 7a), as well as the Ray-
leigh wave pulse reflected by the substrate-cylinder
contact region (0, Figure 7a). The presence of the
crack leads to partial reflection of the SRW from its
surface, which provides pulse registration without an
artificial reflector due to the change in the direction of
the rotating mode (3 and 4, Figure 7b). The fraction
of energy that passes through the crack is registered
with the help of an artificial reflector, a decrease in
the amplitudes of the ABI pulses that passed through
the crack is observed (2, Figure 7b). The criterion for
the presence of a defect in the echo method is the ap-
pearance of a series of SRW pulses reflected from the
crack surface (3 and 4, Figure 7b), with a simultane-
ous decrease or disappearance of the series of pulses
that passed through the crack (2, Figure 7b).

Figure 8 shows the oscillograms of the pulses
obtained during shadowing (Figure 1a), with only
counterclockwise rotating modes recorded. In the
absence of a crack, there is a series of SRW pulses
rotating counterclockwise (1-5, Figure 8a), as well
as a reference pulse of Rayleigh wave propagat-
ing in the substrate and passing the area of contact
"ALB-substrate" (0, Figure 8a). The presence of a
crack leads to a decrease in the energy of the SRW
mode that passed through the crack, as a result, a de-
crease or disappearance of signals on the oscillogram
is observed (1 and 2, Figure 8b). The criterion for
the presence of a defect in shadow inspection is the
decrease and disappearance of the SRW pulses that
passed through the crack (1 and 2, Figure 8b).

The possibility of using SRW for controlling
the surface structure of solid bodies having cylin-
drical and spherical surfaces at different hardening
methods (hardening, cementation, etc.) has been es-
tablished. In this case, two objects of cylindrical or
spherical shape are used in the control: one of which
is controlled, the second is a reference used as a car-
rier of the controlled parameter (diameter, thickness
or quality of the hardened layer, etc.). It should be
noted that the SRW generated on both ALBs passes
the same path and the receiving PET, in the shadow
mode, registers their total interference pulse. If in
the object the controlled parameter differs from the
reference one, then a phase shift occurs between the
SRW pulses of cylinders (spheres), which leads to
the change of amplitude distribution in the series of
registered SRW pulses.
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b

Figure 7 — Oscillograms of pulses obtained during detection of a defect in the form of a crack by a surface rotating wave
on a cylindrical steel sample in echo-mode in the absence (a) and presence (b) of the defect: 0 — Rayleigh wave pulse
reflected by the area of contact "substrate-cylinder" and from the artificial reflector (1, 2), where 2 — pulse delayed by ad-
ditional rounding of the sample perimeter; 3 and 4 — impulses of a surface rotating wave reflected from a crack without
a crack (@) and in the presence of a crack (b); transducer operating frequency 5 MHz, sample diameter 15.96 mm, and

crack opening 0.03—0.035 mm at its depth 0.8-0.9mm

Figure 8 — Oscillograms of pulses obtained during the detection of a defect in the form of a crack by a surface rotating
wave on a cylindrical steel sample in the shadow mode in the absence (a) and presence () of the defect: 0 — refer-
ence pulse of Rayleigh wave; 1-5 — pulses of rotating mode without attenuation by the crack () and in the presence
of it (b); transducer operating frequency 5 MHz, sample diameter 15.96 mm, crack opening 0.03—0.035 mm at its depth

0.8-0.9 mm

Studies of the possibility of controlling the de-
fectiveness of cylindrical objects with cracks have
been carried out, with simulated coatings of differ-
ent thicknesses, made on a polymer base and cov-
ering half of the surface area of the samples with
thicknesses from 22 to 430 um. It was found that
the presence of the coating leads to a decrease in
the amplitude of the rotating mode pulses, and the

amplitude for the given coatings does not change
monotonically depending on the thickness. In-
creasing the thickness of polymer coatings on the
ALB surface leads to a monotonous decrease in
the rotating mode velocity. Presence of coating on
controlled objects allows to carry out their control
by SRW modes by the proposed remote method
of sounding.
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Conclusion

A remote method of sounding and control of
cylindrical and spherical objects by means of sur-
face rotating waves excited in them is proposed.
The controlled objects are placed on a metal sub-
strate, which serves as an acoustic delay line for
transmission-reception of signals between trans-
ducers and the object of study, which is a body of
acoustic load. Piezoelectric transducers with prism
angle = 65° are used as sources and receivers of
Rayleigh wave, shadow or echo method of object
sounding is used.

It has been established that as a result of Ray-
leigh wave scattering in the area of contact be-
tween the substrate and the object, surface modes
rotating in opposing directions are generated in the
latter. When the optimal mode of sounding is real-
ized, the amplitude of the counterclockwise rotat-
ing A, mode exceeds the amplitude of the 4,; wave
moving in the oppositional direction by a factor of
5 or more.

It is shown that the main parameter affecting
the acoustic path of the proposed measurement
scheme is the angular wave number p = 2mr/A. The
quasi-linear growth of the wave attenuation coef-
ficient from the sample diameter at frequencies
v =1-5 MHz has been experimentally established.
The growth of the distance traveled by the wave is
accompanied by a drop in the amplitude of the wave
according to the law close to the exponential law,
reaching the greatest attenuation with a decrease in
the radius of the cylinder (sphere). The change in
the surface rotating waves velocity in the specified
range of variation of p did not exceed 1.5-2 %, in-
creasing with decreasing sample radius and wave
frequency, which is due to the effect of wave dis-
persion.

Based on the analysis of the acoustic path
and experimental data, an expression for the de-
pendence of the amplitude of the surface rotating
mode, which has made #n revolutions on the surface
of a cylinder with radius 7, on the distance traveled
L~rn is obtained. It is supposed that in most cases
the most significant attenuation of the surface rotat-
ing waves amplitude is achieved as a result of its
energy dissipation in the area of acoustic contact
between acoustic load body and substrate.

The peculiarities of scattering fields of surface
acoustic pulses by a metallic sphere when its surface
is bypassed by a rotating mode depending on the

pulse number n and the angle of reception ¢ have
been revealed for the first time. It is established that
the scattering fields of waves rounding the surface
of the sphere after their exit to the substrate plane
expand with increasing n. Moreover, in the vicin-
ity of ¢—0 there is a weakly expressed amplitude
minimum and two lateral maxima. In addition, two
additional field minima located in the vicinity of
¢ = £(90-95°) were found.

Experimental modeling of the possibility of
control of surface cracks and coatings by rotat-
ing surface waves using both shadow and echo
methods realized with the use of surface wave
reflectors has been carried out. In this case, the
amplitude or velocity of the rotating mode prop-
agation can serve as an informative parameter
characterizing the state of the surface layer and
its defectiveness.

The methodology is developed and the pos-
sibility of distant scheme of sounding and effec-
tive control of solid bodies having cylindrical and
spherical surface for the presence of surface defects
is established. Surface rotating waves modes also
allow to control the surface structure at various
methods of hardening (hardening, carburizing, laser
thermal hardening, etc.).
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B Hactosmiee Bpems NpEeACTaBISAIOT NPUKIAJHYIO IIEHHOCTb 3aJadyd HaydaJlbHOTO OIpe/leIeHus
OpOUTBHl KOCMHUYECKUX OOBEKTOB MO MU3MEPEHHSM YTJIOBBIX KOOPAUHAT (IIPSIMOTO BOCXOXKIEHHS U CKIIO-
HEHHS) B YCJIOBHUSIX OTPaHUYEHHOTO KOJHWYeCTBa JAaHHBIX. Llenbio paboThl siBsulach pa3paboTka Oesnte-
palMHHON OIIEHKH BEKTOpa HAKJIOHHOW JAIbHOCTH HEM3BECTHOTO KOCMHYECKOTO O0BEKTa OTHOCHTEIHLHO
MyHKTa HAONIOJICHHUS B YCJIIOBHAX OIPAaHMYCHHOTO KOJIMYECTBA JAaHHBIX YIJIOBBIX ONTHUYECKHX HU3MEpPEHHH
JUIsL OTIpEJIeNICHHsT OpOUTANIBHBIX MapaMeTpoB (OOJbILas MOyOCh, HAKIIOHEHUE, SKCICHTPUCUTET, 0ITr0Ta
BOCXOJISIIIIETO y3Jia U apryMEHT HIMPOTHI) B PEKUME OJTU3KOM K peaibHOMY BPEMEHU. DTO SIBISIETCS aKTy-
IBHBIM TIPU PELICHUH 3a/1a4 ONICPATUBHOTO ONpPEEICHUSIM OPOUT HEM3BECTHBIX KOCMHUYECKUX OOBEKTOB
JUISL IPEJOTBPALCHUS aBAPUIHBIX COJNIMIKEHUH M BO3MOXKHBIX CTOJIKHOBEHUH, OCOOCHHO B YCIOBHSIX POCTa
YHCIIa 3aIlyCKAEMbIX CIIyTHUKOB M YBEJIMYEHUS MIJIOTHOCTH KOCMUYECKOTO MyCcOpa Ha HU3KHUX OKOJIO3EMHBIX
opbuTtax. [IpencTaBieH MeTo]l HAYAIBHOTO ONpeeIeHus] OpOUTHI (B OTCYTCTBUU AaHHBIX 00 OpOUTAIBHBIX
rapaMeTpax) HEM3BECTHOIO KOCMHYECKOTO OOBEKTa MO YIJIOBBIM ONTHYECKHUM M3MEPEHHUSM Ha KOPOTKOM
nyre HaOmronenud (<0,5°) B nByX oOsacTsx oOHapyxkeHwus. [IpeiokeHHbI MeTox MaéT BO3MOXKHOCTb
OLICHUTh BEKTOP HAKIOHHOHM JaTbHOCTH HEM3BECTHOI'O KOCMHUYECKOTO 00BhEKTa OTHOCHTEIBHO ITyHKTA Ha-
OJI0IeHUS] Ha OCHOBE JIaHHBIX YTJIOBBIX U3MEPEHHI U pacu€THBIX 3HAYCHUH MPOCKIINHI BETMYHUHBI CKOPOCTH
Ha IUIOCKOCTh KaJipa OIMOPHOTO CIyTHHKA (C M3BECTHBIMH OpPOUTANBHBIMU mapaMerpamu). s oueH-
KM BEJIMYHMHBI MPOCKIMH JHHEHHON CKOPOCTH Ha IIOCKOCTh KaJpa HCHOJIB3YeTCsS METOJA OOHapy>KeHHs
KOCMHYECKHX OOBEKTOB B BHCOJAHHBIX ONTHYECKOW CHCTEMbl HaOMoJeHus. B pesynbrare sKcriepuMeH-
TaJIbHBIX ONTHYECKUX HaOIIoJIeHu /JJisi 0OHApY)KEHHOH cTyneHu pakeroHocutens SL-12/RB, npoBeaeHs
YIJIOBBIE M3MEPCHUSI M PACCUUTAHBI OPOUTANILHBIE MTapaMeTpbl. AOCOMIOTHBIE OMIMOKY B ONpEICICHUH Ma-
pameTpa 00JIbIION monyocu cryrnenu paketonocuresst SL-12/RB, e npeBbicuiu 19,71 kM. AOcostoTHas
omnOKa rnapamMerpa HakJIOHEHUs1 OpOuTHI i cTyneHu pakeroHocutels SL-12/RB cocrasua 0,033°, 1oarotsl
Bocxozsmiero y3na  — 0,083° u aprymenta mmpotsl u — 0,046°.
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Initial Orbit Determination of a Space Object from Limited
Angular Optical Measurements

V.S. Baranova, A.A. Spiridonov, D.V. Ushakov, V.A. Saetchnikov
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Abstract

Currently, the problem of initial orbit determination for space objects based on angular coordinate
measurements (right ascension and declination) under limited data conditions is of significant practical
value. The aim of this work was to develop a non-iterative estimation method for the slant range vector
of an unknown space object relative to an observation site under conditions of limited angular optical
measurement data, enabling near-real-time determination of orbital parameters (semi-major axis, inclina-
tion, eccentricity, longitude of the ascending node, and argument of latitude). This is particularly relevant
for operational orbit determination of unknown space objects to prevent hazardous close approaches
and potential collisions, especially given the increasing number of satellite launches and the growing density
of space debris in low Earth orbit. A method for initial orbit determination (in the absence of prior orbital
data) of an unknown space object is presented, based on angular optical measurements over a short obser-
vation arc (<0.5°) in two detection regions. The proposed method allows for the estimation of the slant
range vector of an unknown space object relative to the observation site using angular measurement data
and computed values of the velocity projection onto the frame plane of a reference satellite (with known
orbital parameters). To estimate the velocity projection onto the frame plane, a method for detecting space
objects in optical surveillance system video data is employed. Experimental optical observations of the de-
tected SL-12/RB rocket stage were performed, including angular measurements and orbital parameter calcu-
lations. The absolute errors in determining the semi-major axis of the SL-12/RB rocket stage did not exceed
19.71 km. The absolute errors in orbital inclination 7, longitude of the ascending node €, and argument
of latitude u were 0.033°, 0.083°, and 0.046°, respectively.

Keywords: space object, optical measurements, orbital parameters

Adpec Ona nepenucku: Address for correspondence:

bapanosa B.C. Baranova V.S.

benopyccruii 2ocydapcmeennuiii yHugepcumenn, Belarusian State University,

np-m Hesasucumocmu, 4, 2. Munck 220030, Berapyco Nezavisimosty Ave., 4, Minsk 220030, Belarus

e-mail: vbaranova@bsu.by e-mail: vbaranova@bsu.by

Jna yumuposanus: For citation:

B.C. Bapanosa, A.A. Ciupuznonos, J[.B. Yiakos, B.A. Cac4HHKOB. Baranova VS, Spiridonov AA, Ushakov DV, Saetchnikov VA.
MeToz HaUaTBEHOTO ONPEACNICHHS OPOUTHI KOCMHYECKOr0 00beKTa Initial Orbit Determination of a Space Object from Limited Angular
10 OIPAHUYECHHBIM JIAHHBIM YTJIOBBIX ONTHYECKHX HU3MEPEHUM. Optical Measurements.

TIpubops! 1 METOIbI H3MEPEHUIA. Devices and Methods of Measurements.

2025.T. 16. Ne 2. C. 121-132. 2025;16(2):121-132. (In Russ.).

DOI: 10.21122/2220-9506-2025-16-2-121-132 DOI: 10.21122/2220-9506-2025-16-2-121-132

122



Tpubopwvr u memoowl usmepeHul
2025.T. 16. Ne 2. C. 121-132
B.C. bapanosa u op.

Devices and Methods of Measurements
2025;16(2):121-132
V.S. Baranova et al.

BBenenue
B HACTOsAIIEE BpeMs IIPEACTABIISIIOT
HpI/IK.Ha)IHYIO OCHHOCTH 3a1a49u HA4YaJIBHOI'O

OTIpeICTICHs] OPOUTHI 1O HW3MEPEHUSM YTIOBBIX
KOOPJIMHAT B YCJIOBUSX OTPAHUYCHHOTO KOJUICCTBA
IaHHBIX. K yCIIOBHUSM OTpaHUYEHHOTO KOJIMYECTBA
JMAHHBIX OTHOCSITCS HAONIOACHMS, TPHU KOTOPBIX
YUCJIO TOYEK WM3MEPEHHUS YIIIOBOTO OPOUTAIHLHOTO
MOJIOKCHHUSI  KOCMHUYECKOTO  O0OBEKTa  MEHBIIE
Tpéx. Hanbomnee akTyaldbHBIMH B JaHHOW 00jacTH
SIBJSIIOTCSL  33Jla4d  ONEPATHBHOTO OOHAPY>KEHUS
HEU3BECTHBIX KOCMUYECKUX OOBEKTOB, HAIpUMEp,
00BEKTOB KOCMHYECKOTO Mycopa IOCie pacraja
WU CTOJKHOBEHHUS, & TAKXKE 3a/1a4ll OMEPATUBHOTO
ONpe/ICTICHUST TapaMETPOB OPOUT HEU3BECTHBIX
KOCMHUYECKHX OOBEKTOB I MPEAOTBPAICHUS
ABAPUIHBIX COJMMKEHUH M BO3MOXKHBIX CTOJKHO-
penuii [1]. Knaccuueckme metonbl  Jlammiaca,
l'aycca, nBoiiHON r-urepanuu, meron I'yausra,
a TaKkKe WX pa3IuyHble MOIU(HUKAIMHA T03BO-
JSI0T  HAWTH ~ yCTOMYMBOE  pEIICHUE  3aJayuu
orpeseneHuss OpOUTHI MO TPEM U 0OJIee YIIIOBBIM
ONTHUYECKUM H3MEPEHUSIM B HEKOTOPHIE MOMEHTHI
BpeMeHd [2, 3]. Kaxaplii U3 3TUX METOJOB pellaeT
OCHOBHYIO  TpoOJeMy  OINpeAeieHHs  OpOUTHI
[0 YTJIOBBIM JIaHHBIM — OTCYTCTBUE WH(pOpMAIHH
0 JTATbHOCTH JI0 OOBEKTa, UTO SBISAETCS KIFOYSBBIM
OTpaHWYCHHEM ONTHYECKUX CHUCTEM HaOIIOJCHUS,
KaK OJHHUX U3 CaMbIX Npeuu3uoHHbIX [4]. Uto ke
Kacaercsi YCIOBWIA, KOTJa KOJHMYECTBO JaHHBIX
W3MEpPeHHd HE  JIOCTaTOYHO, a  H3MEpEeHHe
JATBHOCTA OTCYTCTBYET, TO WCHOIB3YIOTCS Me-
TONBI C BEPOSTHOCTHOW CTATUCTHKOW M MOJENs-
MU peKypcuBHOH (QumbTparuu [5].  YcnoBus
OTPaHWYECHHBIX JAHHBIX XapaKTepHBI Ui PabOTHI
C acTepouJamH, a B TIOCITIEHEE BPEeMs IPeIeiIbHO
aKTyaJdbHBI B HAONIOMEHUSAX 3a O00pa30BaHHEM
KOCMHYECKOTO Mycopa W OOHapyXeHHH ITOCIIe-
CTBUH KOCMHYECKHX COOBITHH (B3PBIBBI, pacrabl,
cTtonkHOBeHMs) [6—8]. s momoOHBIX — 3amad
HallUTd TNPUMEHEHHWE MEeTOJIbl OCHOBaHHBIE Ha
ACCOTMAINK TPUKIIETOB [9], KOTOpBIE BKIIOYAIOT
MOJICIM BEPOSITHOCTHOTO aHalW3a W Ha JaHHBIN
MOMEHT AaKTHBHO BHEIPSIOTCS OTITHYCCKHE
CHUCTEMBI HaOJTFOICHIS 3a KOCMHYECKIM
npoctpanctBoMm [10, 11]. Takme wmetomsl mnpen-
CTaBIIAIOT CJOXHOCTh B TOAOOpE MapaMerpoB u
KPUTEPUECB MOJCIH BEPOSTHOCTHOTO aHaau3a |
SIBJISTFOTCSl YaCTHBIMH JIJII  OTACNBHBIX  yCIOBUH
HaOJTIOZICHUH.

B

ens MPEAJI0KEHHOTO WCCIICJIOBAHUS —
pa3paboTaTh METOJ HAdalbHOTO ONpE/CIICHUs, KO-
TOPBIA MO3BOJSIET MO YTIOBBIM U3MEPEHUSIM TOJIBKO
B JBYX 00JacTsaXx OOHapy»CHHsI HEU3BECTHOIO
KOCMHUYECKOTO OOBEKTa OJHO3HAYHO pACCUHTATh
nmapameTpbl OpOUTHI HA OCHOBE OIICHKU MPOCKIIUU
BEIMYMHBI CKOPOCTU Ha TUIOCKOCTH KaJpa.

Metoa u cpeacTBa 00HapYyKEeHHUS

B pabGore [12] nerasibHO MpPEACTaBICH Me-
TOJ OOHAapyXeHHs KOCMHYECKHX OOBEKTOB B BH-
EONAHHBIX OIITHYECKOM CHUCTEMBI HAOJIIOLEHMUS,
KOTOPBII BKJIIOYAET OLEHKY BEIWYMHBI MPOCKIHH
JMHEHHOH CKOPOCTH Ha IUIOCKOCTh Kajpa, 4YTO
B CBOIO ouepenb MAaéT BO3MOYKHOCTH OIICHHUTH
HaKJIOHHYIO AJILHOCTh HEM3BECTHOTO OpOUTAIBHO-
ro o0wvekTa. MeTon oOHapyxkeHus: (hopManu3yercs
3aja4eil yCTAQHOBIJICHUS HAIWYUS WIA OTCYTCTBHS
CUTHAJIA WHTCHCUBHOCTH KOCMHYECKOTO OOBEKTa

W 3aKiovaercss B 00pabOTKe  BHUJICOMOTOKA
C  HCHOJB30BaHMEM  Habopa  COTJIaCOBaHHBIX
¢unsTpoB. Habopsl coriracoBaHHBIX (DUIBTPOB

CTpOATCSl Ha OCHOBE cBs3H (popMbl Dypbe crekTpa
Pa3sHOCTHOTO KaJpa MW BEIMYMHBI IPOEKLUHU
JUHEMHON CKOpPOCTH JBMJKEHHS Ha IUIOCKOCTb

Habmonennst. OCHOBHOW LENbIO Pa3pabOTKH U
UCCIICZIOBAHUSl  TAKOTO  METOAa  OOHapy)KeHHs
ABJSICTCA CTPEMJICHUE CHATH OrpaHUYCHUC
C METOJOB  pEIICHHWS  33Ja4d  HadaJbHOTO

ompezeneHusl OpOUTHI, OCHOBAHHBIX TOJBKO Ha
YIJIOBBIX JIAHHBIX, TJI€¢ OTCYTCTBYET HH(pOpMAIHsI
0 JAIBHOCTH [0 KOCMHYECKOIO0  OOBEKTa.
OO0mmii anropuT™M 00padOTKH JAaHHBIX BXOIHOM
BHJICOTIOCIICIOBATEIILHOCTH IS PEIICHUS 3aJa4u
0OHapyKEeHHS MTPEICTABICH Ha PUCYHKE 1.

l‘sml Sm'.Z Sm(n-l) Smn

N

) \4
. E
= a
5 — Zl |2
Sd(:‘ >

n-1

ESEE

Pucynok 1 — Cxema anroput™Ma oO0paOOTKH JaHHBIX
BXOJHOH  BHICOMOCIEAOBATCIBHOCTH IS  PEIICHHS
3a1a9n OOHAPYKCHUS

Figure 1 — Flowchart of the algorithm for processing
input video sequence data to solve the detection problem
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CommacHo  cxeme  pHCyHKa | BXOJTHAS
MOCIIEZIOBATETFHOCTD BH/IEO MOTOKA C YHCIOM Kaj-
poB K penurbcs Ha N IMOANOCIENOBATENBHOC-
Tel. o KaXaod — MOAIOCIEAOBaTEILHOCTH
(dbopMHUpyeTcss  Pa3sHOCTHBIM Kaap BBIYMTAHUEM
HAKOIUICHHBIX CYMM k KaJipoB. Pa3HOCTHBIC Kajaphl
3THX TOATIOCIEOBATEIEHOCTEH NenaTcs Ha ONOKH
pasmMepoM mxm. 3areM Al KaKIOro OTIEIbHOTO
O070Ka  pa3HOCTHOTO  Kajpa  pPacCUYUTHIBAETCS
AMIUTUTYJHBIA  CIIEKTP. AMIUIMTYIHBIC CIIEKTPhI
OM0okOB W HAOOpBI COIVIACOBAaHHBIX  (PUIBTPOB
(Macok) HCITONB3YIOTCS U1l TIOMYUYCHHUS 3HAYCHHMA
[IPOCTPAaHCTBEHHON KOPpEILALUHU. OyHKIUs
npunsatuss  pemenuit  (DMF —  Decision-Making
Function) Ha OCHOBe MaKCUMyMa KOPPEISIHH
U OIEHOYHBIX METPUK CHTHAJIBHOM W IIYMOBOU
¢yHKIMKA Macku ¥ OOJacTH JeTeKTHPOBAHUS
YCTaHABJIMBACT MapaMeTp HAJTUYUS WX OTCYTCTBHSI
curHana. Kputepuii MHHUMaNBHOTO PaCCTOSHUS
(MD — Minimal Distance) WCTONB3yeTCS IS
OIICHKM KOPPEJSIIUOHHBIX 00pa3oB M  BBIOOpA
ONTHMAJBHOTO  pEIIeHUs, eCIM HEW3BECTHBIN
KOCMHYECKUN OOBEKT ObLI JIETCKTHPOBAH B OHOMU
U TOU ke OOJIACTH HECKOJIBKUMH COTJIACOBAHHBIMU
¢unsrpamMmun  (Mackamu). JpyruM#m  CcIIOBaMH,
METPHUKA HCKIIOYCHHUS JIOKHBIX CpalaTbiBaHWN U
OIICHKH KOPPENAIMOHHOTO 00pa3a HCIONb3yeTcs
JUTsI OTIPEJICIICHUsT HanboJee ONTUMAaILHOIO BEIOOpPA
npu OOHApPY)KEHHH HEM3BECTHOTO KOCMHYECKOTO
00BeKTa B HEKOTOpPOU oOmacth 7>1 KOIMYECTBOM
COIVIACOBAHHBIX (DUIIBTPOB.

IIpencraBneHHsbIi METO/T oOHapyXeHUs
C OLICHKOH BEJIWYHMHBI MPOCKIIMA CKOPOCTH B
TUIOCKOCTH Kajpa TIO3BOJNIMI pa3padoTaTh METOJ
HAYaJbHOTO OTpEACTCHUST OPOUTHl KOCMHYECKUX
00BEKTOB JJIsl OTPAaHMUEHHOT'O KOJIMYECTBA YTIIOBBIX
ONTHYECKUX U3MepeHuid. Mcmoms3yroTcss  niBe
00aCTH JIETEKTUPOBAHUSI U YIJIOBbIC H3MEPEHUs
B JBYX OJU3KO PACIOJIOKEHHBIX TOYKaX JIs
Kakmoi obmactu. Ilox 06yacTeio METEKTUPOBAHUS
oJipa3yMeBaeTcsi 00JIACTh HABEJCHMS ONTUYCCKON
cuctembl. CornacoBaHHas acCOLMAIUS BEIHMYUHBI
CKOPOCTH B IUIOCKOCTH KaJpa HEHU3BECTHOIO
KOCMHUYECKOTO OOBEKTa C OIOPHBIM CITyTHHKOM
M3BECTHOW OpOWTHI Aa€T BO3MOXKHOCTH BBIYHCIIHTH
JIBa PajJNyC-BEKTOpPa Ha KOPOTKOW Jyre OJHOTO
mponéra, 4ro JOCTAaTOYHO s pacyéra BeKTopa
CKOPOCTH 1 OJTHO3HAYHOTO OTIPeeNICHIS] OPOUTHI.

B KauyeCcTBe HUCTOYHHKA JTAHHBIX
WCTIONB3yeTCs MOOWIIbHAs OINTHYeCKas CHCTeMa
HaOmroneHns  benmopycckoro  rocynapcTBEHHOTO

yHuBepcuteTa [13], OCHOBHBIE AJIEMEHTHI KOTOPOH
MIPEICTABICHBI HA CXEME PUCYHKA 2.

Detection areas

|

| p

I Equatorial mount
I

Pointing control

Capture control

Processing software

Pucynok 2 — OcHOBHEBIE KOMIIOHEHTBI MOOHJIb-
HOM OIITHYECKOW CHCTEMBI HAOMIOAECHHUS 3a HHU3KO-
OpOHUTANEHBIMA KOCMUYECKUMHU 00BbEKTaMHU

Figure 2 — Key components of a mobile optical observa-
tion system for monitoring low-Earth orbit space objects

OnTudeckas CHCTEMa BKIIIOYACT — armoxpo-
MaTHYeCKHH O0OBEKTHB Mayioli ameptypbl Red-
Cat 51 APO ¢ ¢okycHsiM paccrosHueM 250 MM H
fruucnom 4,9, KOTOpBI YCTaHOBJICH Ha KOMIIBO-
TEPU3UPOBAHHOM TMOBOPOTHOM YCTPOMCTBE IKBa-
topuansHoro THHA (German Equatorial) Sky-
Watcher EQ6-R PRO ¢ makcuMaibHON CKOPOCTBHIO
mwxkenuss 4,2 °/c. B kauecTBe ONTUYCCKOIO
JlaTYUKa HCIIONB3YeTCS MOHOXPOMAaTHYECKas KaMe-
pa QHY174GPS ¢ »ddexTuBHO MIIOMIAABIO
nmonHoro kanpa 1920%1200 nwmkcenedi. B omHOM
U3  peXHMOB  pabOThl  JaHHBIE  W3MEPEHUU
HAKaIlJIMBAIOTCA B BHUJE KOPOTKUX BHUICO3AMHUCEH
¢ uacrotoii 30 kagpoB/c W OO0BEMOM TOpsIKA
1000 kazpoB ¢ skcnozunuend 30 Mc U MHTEpBaJIaMHU
Mexay 3axBaToM Kaapos 0,1 c.

OO011ee onucaHue MeTO/1a ONpe/IeSIeHUsl
OpOMTHI ¢ OLEHKOI CKOPOCTH B IVIOCKOCTH
Kajapa

Jis pelienns 3aja4i Ha4aIbHOTO ONpeIeTIeHUS
OpOHTHI TPEACTABICHHBI METON OOHapyKEeHHUs
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[O3BOJISIET 110 YIIOBBIM HU3MEPEHUSM IPSMOIro
BOCXOX/EHUS 0,; U CKIOHEHUS §,; B ABYX OIM3KO
pacmoNOKEeHHBIX To4ykax |-H wm 2-  obmactu
JETEKTHPOBAHUS  HEHM3BECTHOIO  KOCMHYECKOIO
o0beKTa HaWTH JBa PpaJnyC-BEKTOpa HAKJIOHHOM
JAIBHOCTH p,; B TOIOLIEHTPUYECKOH CUCTEME
KOOpAMHAT MyHKTa HaOJIOICHNUS 1 3aTEM J[Ba painyc-
BEKTOp IOJOXKEHHA I'y; U I'y; B T€OLEHTPHUYECKON
MHEpLUaIbHON cucTeMe KoopauHar. [eomerpuyec-
Kasg MHTEpIpeTanus TEXHOJIOTMH W IapaMeTpoB
YIJIOBBIX M3MEpeHHH Ui 2-X obnacted oOHapyxe-
HUSl ONTHYECKOW CHUCTEMOW HaOMIONeHHus Tpen-
CTaBJIEHA HA PUCYHKE 3.

slant-range vector
projection

Pucynok 3 — 'eomerpuueckas UHTEpIpETaLUs TEXHO-
JIOTHU 1 NApaMETPOB YIJIOBBIX W3MEPEHUH ISl PEIIeHHs
3aJ[a4y HA4aJIbHOT'O OIIPEAEIeHNsI OPONTHI KOCMUYECKOTO
o0bekTa

Figure 3 — Geometric interpretation of the technology and
angular measurement parameters for solving the problem
of initial orbit determination of a space object

K wucxXomHeIM [AaHHBIM METOZAa HAa4aJbHOTO
orpeesieHns: OpOUTHI HEU3BECTHOTO KOCMHUYECKOTO
00bEKTa C COINIACOBAaHHOM OLICHKOW BEIWYHMHBI
CKOPOCTH B  IUIOCKOCTH  Kagpa  OTHOCSITCS:
HayaJlbHble OpOMTANbHBIE ITapaMEeTPhl OIOPHOIO
cnyTHuKa (cmyTHuka-macku) B Qopmare TLE
WIKH B BHIE COOCTBEHHOTO BEKTOPA COCTOSIHUS,
HeoOxomuMble Uil pacuéra MOIYNIs BEKTopa
HAKJIOHHOM HalbHOCTH CIIyTHHKA-MaCKU; YIJIOBBIC
U3MEPEHHs MPSIMOr0 BOCXOXKIEHHS 0;, U CKIIOHE-
HUA O, CIyTHHKa-Macku B 1-  obmactu
JNETeKTHPOBaHUs B Todkax |1 u 2 w 2-ii obmactm
JETEKTUPOBaHUs B TOUYKaxX 3 U 4 B COOTBETCTBYIO-
M€ MOMEHTHl BPEMEHH; YIJIOBbIC HM3MEPEHUs
OPSMOIO  BOCXOXKJIEHMS O,; M CKIOHEHUS 0,

JIETeKTHPOBAHHOTO HEM3BECTHOTO KOCMHUYECKOTO
oObekTa B 1-if obnactu B Toukax 1 u 2 u Bo 2-i
obmacth B Toykax 3 W 4 B COOTBETCTBYIOIIHE
MOMEHTHI BPEMEHH.

Ha navansHoM stame, ucnons3ys SGP monens
NBUKEHUS ([UIsI HAYaJIBHOTO BEKTOpPA COCTOSHHS
B (Qopmare TLE wu3 0a3bl JaHHBIX CHCTEMBI
NORAD) nnu Moaenb BO3MYLIEHHOTO ABHMKCHUS
(mns  HAYANBHOTO  BEKTOpA  COCTOSIHHA W3
cOOCTBEHHOW 0a3bl AaHHBIX) ONPEICISIOTCS BEJH-
YUHA BEKTOpa HAKJIOHHOW JaJbHOCTH CITyTHHKA-
MacKd B TOMOIEHTPUYECKOH CHCTEME KOOpIUHAT
(CK) OX,Y,Z,: p;sgp B TOuke 1 u3 nepsoii obnactu
JETEeKTUPOBAHUA U Pygqp B TOUKE 4 U3 BTOPOIi
00acTu JIeTeKTUPOBaHMs. 3aTeM pPacCUYUTHIBAIOTCS
BEJIMYMHA BEKTOpPA CKOPOCTH B IUIOCKOCTU Kajpa
B nepBoit obnactu (Vpy,), U BO BTOpoil obmacTu
(Vp34),, AETEKTUPOBAHMS, COOTBETCTBEHHO.

Onpeoenenue senuyunbl eKMopa CKOPOCMU 8 NIOC-
Kocmu Kaopa

JHanee mpencTaBlICHO ONpPEAEICHHE BEIHMYHHBI
BEKTOpa CKOPOCTH B IUIOCKOCTH Kaapa s 1-if
obmacti JeTekTupoBaHus. lcmonb3ys ynioBble
U3MEpeHHs CIlyTHHKa-Macku B Touke 1 u 2
HnepBoil 001acTH B MOMEHTBI BPEMEHM {,,, lp,:
TOHOLIEHTPUUYECKOTO MPSIMOTO BOCXOXKICHUS 0,
0, U CKIOHEeHus 9o,,, 9,,, HAXOAUM E€IUHUYHBIE
Bekropa L, u L,,,, HanpaBiIeHHbIE BIOIb BEKTOPOB
HAaKJIOHHOM JAlIbHOCTH Py, U Py, B TOUKE 1 1 2:

cosd,, cosa,,
L, (8,.,0, )=| cosd,, sina,, [;

sing,, ()

€0s9d,,, COsa,,

2m

L,,(8,,.0,,)=| cosd,, sina,,

sing,,,

B oOmem cnyyae yrioBBIX —HW3MEpEHHMH
ennHUYHBIE BekTopa L, u L, npeacrasmnsior coboit
HanpaBJieHHE Ha KOCMUYECKUH OOBEKT I TOUKH |
1 TOYKH 2 OTHOCHUTEJIBHO OCHOBHOW OCH HaBEAEHHUs
onThyeckod cucteMbl. Kaxnas W3 KOMIIOHEHT
L, un L, sBnsercs npoekuueil eTMHIYHOTO BEKTOPA
HanpasyieHus B cpepuueckoir CK (o, §) Ha nexap-
TOBBI OCH XY, Z, TOIIOLIEHTpUYECKON cUCTEMBI [3].

3areM ompesenseM yroyl MeXAYy BEKTOpaMHU
HAKJIOHHOW JalIbHOCTH Py, U Py, CIYTHUKA-MacCKH
B Touke 1 n 2:

(B,), =arccos(Ly, -L,, ). )
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PaccunTbiBaeM BEIUUMHY BEKTOpPAa CKOPOCTH
B IUIOCKOCTU Kajpa Ui nepBoit obmactu (Vp),),,
JeTEeKTUPOBAHMS:

( _ Piscp '(Blz ),,,

b= ),

rae (Atyy),, = by, - s (Lo, > t,,,) — HHTEPBAI BpeMe-
HU MEXIY YIJIOBBIMH HM3MEPEHUSIMH CITyTHHKA-
Macku B Touke 1 u 2.

CornacHo Metony oOnHapyxenus [12], B
KOPpEJIMPYEMBIX ~ 00JaCTSIX CIIyTHHKAa-Macku |
HEM3BECTHOTO KOCMUYECKOTO OOBEKTa BEIMYHHBI
BEKTOpa CKOPOCTH B IUIOCKOCTH KajJpa HMEIOT
Omu3kue 3HadeHus. Torma, mis 1-if oOmactu
JIETEKTUPOBAHUSA BEIMYMHA BEKTOpa CKOPOCTH
B IUIOCKOCTH KaJpa HEM3BECTHOIO KOCMHYECKOTO
oovekra (Vp,); HAXOOUTCS 4Yepe3 BEIMUYHMHY
BEKTOpa CKOPOCTH B IIJIOCKOCTH Kajpa OIOpPHOTO
cyTHUKA (Vpy),,:

(Vp12)a= Vp12)me

14 (3)

P12 >

(4)

Onpeoenenue paouyc-6eKmopa noi0NCeHUs.

Hcnone3ys yrioBble H3MEPEHHs] HEU3BECTHOTO
KOCMHYECKOro 00BeKTa B Touke | w 2 mepBoi
0071acTH JETEKTUPOBAHHMS B MOMEHTHI BPEMEHH 1,
t4: TOIOLUEHTPHYECKOTO IPAMOIO BOCXOKIACHUS
0,4, Oy; U CKIIOHEHUS ,,, O,;, HAXOAUM aHAJIOIN4-
HO (1) enunuunble BekTOphl L 4(8,,, ;) H
L,4(d,;,0,,), HampaBleHHble BJIOJb BEKTOPOB
HaKJIOHHOM JaIbHOCTH Piq U Pyq B TOUKE 1 M 2 U
omnpenesseM Yrol MeEXIy BEKTOpaMH HaKJIOHHOM
JATBbHOCTH Piq U P,q, OOHAPYKEHHOTO OOBEKTA
B Touke 1 u 2:

(BIZ ),1 = arCCOS(le Ly )a Q)

rae (At,)y = tyy -t (6> t,,) — HHTEPBAIl BpeMe-
HH MEX]y YIJIOBBIMH H3MEPEHUSIMH HEHU3BECTHO-

ro KOCMHYECKOr0 OO0BeKTa TIepBOM  obnacTu
JIETEKTUPOBAHUSI B TOUKE 1 U 2.
Wcrnonmb3ys  BeNMYMHY  BEKTOpa  CKOPOCTH

B IUIOCKOCTH KaJpa HEH3BECTHOTO KOCMHUYECKOTO
oovekta (Vp,); M Yrool MexIy BEKTOpaMu
HAKIOHHOH JadbHOCTH P;q U Ppq, ONIpPEAEIACM
BEIIMYMHY BEKTOpAa HAKIOHHOM MalbHOCTH Pig
B Touke | mepBoii 00/IacTH 1eTeKTUPOBAHUS:

_ Vo), -(Ats), .
(Blz )d

ITocne storo pacCUnUTBIBAEM BCKTOPD HAKJIOHHOM
HAaJIbHOCTH Pyq B TOYKE 1, g€ €ro KOMIIOHCHTBI

(6)

1d

SBILIOTCA IPOEKLMAMU Ha IEeKapToBbl ocu X,Y,Z,
tonouentpuyeckoit CK [3]:

p,; €08d,, cosa,,

Pia =P -Lig =| Py cO88,, sina, ™
P Sind,,
OxoHYaTeNLHO ornpeacisieM paanyc-BCK-

TOp MOJOXKEHHUS KOCMHMYECKOro OOBEKTa B I€O-
neHTpudeckoi muepuuanbHoi CK ri4(x, 4 Vi 210)
B MOMEHT BPEMEHH 1,

Xid P4 CO88,, cos Ly, 75,€08(0 157,)

g =| Yia | =P + Ryg =| piycosd,, sina,, |+| rsin(0,4,) |, ()
214 PiySindy, Tk

rac r]d paauycCc BCKTOp TIIOJIOKCHUA IIYHKTa

HaObmonenus (IIH) B MomeHT BpemeHH t;;
0,5r —MecTHOE 3Be3gHoe Bpems IIH Ha momeHt
s 75 = (Cp + H)eos@ps m rg = (Cp + H)singys —
NPOEeKIMK  paauyc-Bekropa  mnojoxeHus  I1H
Ha DKBAaTOPUAJIBHYIO IUIOCKOCTh M OCh IEpIEH-
JUKYISIPHYIO 3TOW IJIOCKOCTH; ¢pg — wupora I1H;
C,=R, / J1-e; sin® @, — pasuyc KpUBU3HBI 3eMJIU
Ha Mepunuane [IH; e, = 0,081 819 221 456 —
sxcrentpucuter 3emmn; S, = C(1-¢*,) — napamerp,
XapakTepusylomui cxarue 3emiu; H — BbIcOTa
[TH [15, 16].

AHAJIOTUYHO TPOBOJUM BBIYHMCICHUS PagUycC-
BEKTOpa  IOJIOKEHUSI ~ KOCMHYECKOro  OOBeK-
Ta B TreoleHTpuueckod uHepumansHoii CK
Y4q (X445 Vag» Z4q) B MOMEHT BPEMEHH 1.

Onpedenenue gexmopa CKOpoCcmu

Ucnonb3ys meron T'aycca [3], pemaercs 3agaya
JlamOepTa HaxXOXKICHUSI OPOUTHI TETEKTUPOBAHHOTO
CIYTHHMKa IO JIBYM H3BECTHBIM paJnyC-BEKTOpam
HOJIOKEHUs Iy, U I,,. Ilo u3BEeCTHBIM KoOpAMHA-
TaM PaaMyC-BEKTOPOB TMOJOKEHHS KOCMHUYECKOTO
00BEKTa I, U I, PACCUUTHIBAETCA PAa3HOCTh YIJIOB
UCTUHHOU aHomamuu A9=9,—9, B MOMEHTHI
BPEMEHHU t,,; U ly,:

A9 = arccos I:(xldx4d T NaVaa T 214%4a ) / (I/idr4d )] ©)

[lapameTrp opOuTel p ompenensiercs yepes
KO(pGULIUEHT 1), paBHBIH OTHOIICHHWIO IIOMIAIH
CEKTOpa OpOMTHI, 3aKIIOUEHHOTO MEXy BEKTOPaMH
Y ;U Iy, K IUIOMAIU TPEYTroJIbHUKA, 00Pa30BaHHOIO
3THUMH BEKTOpaMU U Xopaou [14]:

2
p(r0)

T

(10)
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rae:
’”o2 = (x4d —OXy )2 +(Y4d — Oy )2 +(Z4d — 0z, )2 5

_ 2
O =Ty Ty /hy.

Koadduiuent n onpenensercs uepes napameTp
S

S (1n

12

—l+&
1 11

rae S, © BcloMorarelbHble MapameTpel d U k
OTIPENEISIOTCS Yepe3 MOAM(HUIIMPOBAHHOE BpeMSs
T =\/‘Z(t3d —tld) A KOOPAUHATHI PagnyC-BEKTOPOB
TIOJIOKEHUS KOCMHYECKOTO OOBEKTa Iy, U I,, W3
COOTHOILIEHUM:

_ —l+1+4d d

227
S, = i
2

TR [6k+9(n, 7]

E

(12)
k*=2
= (rldr}d + XX T V1aVaa T 214234 )
3areM BBIYUCISIOTCS IKCIEHTPUCHUTET OPOUTHI

e, OonplIas MOJNyOCh @ M MCTHHHAs aHOMamus 9,
B MOMCHT BPEMECHH 1 ;.

e’ :(P/’”u —1)2 +[(p/rld —l)cosAS—p/rM +1]2 /sin* AS;

(13)
a = p/(l -é );
9 =
. (14)
= arctg([(p/rld —1)cosAS - p/r,, +l}/[(p/rld —1)-smA9}).
OKoOHYATEILHO OIPEACTIAOTCA HaAKJIOHCHHEC

OpOUTBHI 7, 10JIT0Ta BOCXOMALIETO y3/1a {2 U apryMeHT
LIMPOTHI U#; HA MOMEHT BPEMEHHU

X1aVaa ~ X4al1a .

i = arccos -
Kyt SINAS (15)
0= arctg(yldzw ~ ViaZia J;
X1aZ2a ~ X44%14
z-F
u, = arctg — ld_1d , . (16)
Ky sini(x, cosQ+y,, sinQ)

IIpoeknnn BekTOpa CKOPOCTH Viy vz, (Viy, > iy - Viz)
B nepureiiHoil opOuransHoii CK OX,Y,Z,, kak
[IOKAa3aHO Ha PUCYHKE 4, B MOMEHT BPEMEHU 1,
ONPEIEIISIFOTCS U3 COOTHOILIEHUM:

1
sin 9, \/Z;
p

Vi, =(e+cos9,) zt;
) p

V

1X,

(17

Vv,

12,

=0.

Space
object
Y. Space
A 2 object
orbit
Ty
X
9 P
(perigee)
u v
nodes w
i
Q
% Y Equatorial
Ascending plane
node
Pucynok 4 — Ilepureiinas opOuTanbpHast 0X,Y,Z,

U TeoleHTpuueckass wuHepuuanbHas OXYZ cucTeMbl
KOOpJIMHAT

Figure 4 — Perigee orbital OX,Y,Z, and geocentric iner-
tial OXYZ coordinate systems

OKoOHYaTeNbHO OMPEAETSAETCSI BEKTOP CKOPOCTH
V,(V\y,V,y,V,;) B I€OLEHTPUUYECKON MHEPIUATbHON
CK OXYZ, wucnone3yss TpH TOCIEI0BaTEIbHBIX
noBopora mnepureiinoii opouransuoii CK OX,Y,7,:
oTHocuTenbHO ocu OZ, Ha yron (3;,—u,), ocu OX,
Ha yrou (-i) u OZ Ha yroin (-Q):

V Vix

X 2
Vi=Vy :Ra(_Q)'Rl(_i)'R3(91_”1)' Ve | (18)

Nz "

12,

rae R,(-i), Ry(-Q2), R;(8,—u,) — Marpuisl noBopoTa
n3 opouransHoit CK OX,Y,Z, B T€OLEHTPUYECKYIO
nnepuuansayto CK OXYZ [4].

Pe3yabTaThl 00HAPY:KEHHUS U ONpeaeIeHUs
OpOMTHI HEU3BECTHOT0 KOCMHYECKOT0
o0LeKTa

C wucnonb3oBaHHEM MeTofa OOHApPYKEHHUS,
OIMCAHHOTO BBIIIEC M MOAPOOHO OMUCAHHOTO B pa-
0ote [12], modydeHBl MAaHHBIE JCTEKTHPOBAHUSI
crynenn pakeronocurens SL-12/RB (NORAD: 15772)
Ha OCHOBE COINIACOBAaHHOrO (MiIbTpa ¢ Ma-
pameTrpaMu OTIOPHOTO CIyTHUKa-MacK1
SEASAT 1 (NORAD: 10967). B xaxmoit o0Onactu
oOHapyKeHUsI ObUTH U3MEPEHBI JIBE Mapbl YIIIOBBIX
TOIOLIEHTPUYECKUX KOOPAWHAT — MPSIMOTO BOCXOXK-
JICHHSI ¥ CKJIOHCHHUSI C MHTEPBATaMHU MEXIYy H3Me-
penusaMu At,, = At;, = 0,1 c u At}, = At;, = 0,6 ¢ (pu-
cyHOK 3). OmmbOKa B MPOCKIUU BETUUUHBI MOIYJISI
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ckopoctH (Vp), Ha INIOCKOCTb Kajipa JUIsl HHTepBaja
Mmexy usmepenusmu 0,6 ¢ u 0,1 ¢ B 1-ii obnactu
obnapyxkenust (Vp,), cocrasuia 0,0115 km/c u
—0,0076 xm/c, nns 2-i oonactv (Vps4), —0,0635 km/c
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u 0,0323 xkm/c coorBeTcTBeHHO. Ha pucynke 5(a—e)
MOKa3aHbl OJIOKM Pa3HOCTHBIX KaJpOB OIOPHOTO
CIYTHHKAa M OOHAapYy>KEHHOTO OOBEKTa, a TaKkKe MX
B3aMMOKOPPEJISIHUOHHBII 00pa3 [uis ABYX 001acTei.

o
w
<
-
o
=1

250 150 200 250

d e f

Pucynox 5 —IlepBast (a, b,c) wu Bropas (d, e ¢) oOmacTd JETEKTUPOBAHUS CTYIECHHU

PAKETOHOCHUTEIIS
SL-12/RB (NORAD: 15772): (a, d) — oniopusiii ciyTHUK SEASAT; (b, €) — neTeKTHpOBaHHAS CTYIICHb PAKCTOHOCUTEIIS
SL-12/RB; (¢, /) — 006pa3 B3auMHOIN KOPPEJISALUU OIOPHOTO U ACTCKTUPOBAHHOTO 00BEKTA

Figure 5 — First (@, b, ¢) and second (d, e, ¢) detection regions of the rocket stage SL-12/RB (NORAD: 15772):
(a, d) —reference satellite SEASAT; (b, e) — detected rocket stage SL-12/RB; (¢, /') — cross-correlation pattern of the
reference and detected objects

mapamMeTpoB  OpOUTHI KOCMHYECKOTO  OOBEKTa.
B Tabnure 2 mpeacTaBieHb OMMUOKHA OMPEIeTICHUS
paamyc-BeKTOopa TIOJIOKCHHS, a TakKe BEKTOpa
CKOpOCTH CTyneHu pakeroHocutens SL-12/RB
OTHOCUTEIHHO PE3YIHTATOB, MOJIYICHHBIX B MOICTTH
nporaosupoBanusi SGP4, mna 1-it n 2-i1 obnactu
OOHApY)KEHHSI C WHTEPBAIAMH MEXIY TOUYKAMH
m3mepenus 0,1 u 0,6 c.

3HavYeHUs YIIIOBBIX M3MEPEHUH Uil WHTEpBa-
moB 0,lc mw 0,6c crymeHH paKkeTOHOCHUTEI
SL-12/RB (NORAD: 15772), a Takxke CIyTHHKa-
macku SEASAT 1 B KoppenupyembIx 00JacTsIxX
npenctaBiensl B Tabnmue 1. [IpoBoamics anamus
BIIMSIHUSL WHTEpBAJla MEXIY TOYKAMHU H3MEpEHHUsI
B OAHOH M TOH xe obnactu (At, u At;,) oOHapy-
’KEHHsS Ha 3HA4YCHHE OMIMOKH NP ONpeneTIeHHH
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Tabnuya 1/ Table 1

3HavyeHUs YIVIOBBIX ONTHYECKHMX H3MepeHHMii A JABYX o0JacTeii o0Hapy:kenusi crymenun SL-12/RB.
Hdata: 2024/08/25

Angular optical measurement values for the two detection regions of the rocket stage SL-12/RB. Date: 2024/08/25

Wntepsan 0,6 ¢ / Interval 0.6 s

Touxa / Point t o )

OGunacts / Area n m ”

Cnyrauk macka SEASAT 1, NORAD: 10967 / Reference Satellite SEASAT 1, NORAD: 10967

i=1 23:44: 45.2720 14h32m0.41s 77d06m47.85s
: i=2 23:44: 45.8763 14h32m6.58s 76d54m?23.86s
i=3 23:43: 42.6246 2h51m35.94s 75d48m11.19s
g i=4 23:43: 43.2289 2h51m43.62s 76d05m53.22s
Herextuposannas crynedb SL-12/RB, NORAD: 15772 / Detected stage SL-12/RB, NORAD: 15772
i=1 22:22:3.3194 13h0m16.92s 81d05m52.44s
: i=2 22:22:3.9237 13h0m0.02s 81d17m19.71s
i=3 22:23:17.0460 1h25m21.14s 70d30m13.43s
: i=4 22:23:16.4417 1h25m25.16s 70d46m15.56s
WuTepsan 0,1 ¢ / Interval 0.1 s
Oo6uacTh / Area Touxka / Point t o )

m m m

Cuytank macka SEASAT 1, NORAD: 10967 / Reference Satellite SEASAT 1, NORAD: 10967

i=1 23:44:45.2720
i=2 23:44:45.3728
i=3 23:43:42.6246
i=4 23:43:42.7253

14h32m0.41s
14h32.m0.86s
2h51m35.94s
2h51m43.62s

77d06m47.85s
77d04m43.19s
75d48m11.19s
75d51m13.84s

JerextupoBannsiii crryTHUK SL-12/RB, NORAD: 15772 / Detected stage SL-12/RB, NORAD: 15772

i=1 22:22:3.3194 13h0m16.92s 81d05m52.44s

i=2 22:22:3.4201 13h0m15.41s 81d07m48.01s

i=3 22:23:17.0460 1h25m21.14s 70d30m13.43s

i=4 22:23:17.1467 1h25m20.65s 70d27m30.03s
Kak BumHo w3 Ttabmmmsl 2, wu3Mepenus Hampotus, €CIM  HCIIOJIL30BaTh HU3MEPEHUS
¢ wuntepBasioM 0,6 ¢ mokaspiBaroT abcomor- ¢ uwHTepBaioM B 0O,1c B 1-H m 2-i obmactiax
Hble  OIIMOKM  KOMIIOHEHT  paJuyc-BeKTOpa OOHapyKeHHs, TO aOCONIOTHBIE OINUOKH KOMIIO-
nojoxxkeHus B - ob;mactm OOHapyKeHUs] HEHT paauyc-BEKTOpa TMOJIOKEHUS CIEAyIONIHe:
(Ax,,, A, Az,)" =(1,63; 0,47; 2,37) kM u BO 2-fi B 1-if o0nacTH (Ax,,,An,.Az, ), =(2,14; 0,61;-1,02) KM,

obmact  (Ax,,,Av,,.Az,, )" =(-0,81; —3,17; —8,05) KM,
COOTBETCTBEHHO. OTO OJKBHMBAJICHTHO OIIHMOKE B
BEJIMUMHE PaJInyC-BEKTOpA IIOJNIOKECHHUS IS 1-i
obmactu B 2,91 km, s 2-it obmactu B 8,69 KMm.

BO 2-i 0011aCTH (Ax,,,Av,,.Az,, )" =(3,03; —1,67; 3,58) KM.
DTO COOTBETCTBYET YMCHBIICHUIO OIMHOOK B
BEITMYMHE PaTNyC-BEKTOpa MOJIOKECHHS 10 2,45 KM
st 1-it obmactm obHapyxenus u a0 4,98 km
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st 2- obnactu. B cBoro odepenn, abcomtoTHas
omnOKa OINpeneNeHuss BEKTOpa CKOPOCTH OOHa-
pyXeHHOH cTynenu paxertoHocutens SL-12/RB
JUISL  YITIOBBIX I/I3MepeHI/II71 ¢ wuntepBanom 0,6 ¢
cocraBuna (A, AV, A, )5 = (0,010; —0,032; 0,066) KM/C
(9KBHBaJIEHTHO OIIMOKE B BEJIMYMHE CKOPOCTH

0,220 kM/c), 4YTO TaKXKe YCTyHaeT B TOYHOCTH
OINpeNIEeTIeHNs BEKTOpa CKOPOCTU Ui W3MEpEeHHH
¢ wunrepBaiom 0,1 ¢, rae aOcomoTHas ommOKa
cocraBuna(AV,,, AV, ,AV,,) =(0,010; —0,032; 0,066)KM/C

(4TO SKBHBAJICHTHO ONIMOKE B BEJIUYHMHE CKOPOC-
™ 0,077 xM™m/C).

Tabnuya 2 / Table 2

Pe3yJILTaT OIpeIeJICHUuslT PaauyC-BEeKTOPAa IOJOKEHUA H BEKTOpa CKOPOCTH oﬁnapymeﬂﬂoﬁ CTyIIeHHU

pakeronocuressi SL-12/RB

Results of determining the position radius vector and velocity vector of the detected rocket stage SL-12/RB

Wnrepsan 0,6 ¢ / Interval 0.6 s

Yy (xldﬁyldazld), KM

(3285.35; -1480.42; 6256.73)

err

(Ax, Ay, Az, ) kM

abs ’

(Axld’Ayld’Azld )irr %

el ’

(1.63; 0.47; 2.37) (0.02; 0.01; 0.03)

LV (x4d’y4d’Z4d )’ KM

(3747.49, -1304.61, 6020.72)

err

(Ax4d’Ay4d’AZ4d )abs » KM (Ax4d9Ay4d’AZ4d )

err
rel ?

%

(-0.81; -3.17; -8.05) (0.01; 0.04; 0.11)

V( 1X» lY’VlZ)! KM
(6.403; 2.329; -2.960)

(AVx, lY’AVIZ)ZZA’ KM
(-0.035; -0.051; -0.138)

Huarepsan 0,1 ¢ / Interval 0.1 s

Iy (x1d7y1dazld ), KM
(3285.86; -1480.28; 6253.34)

(Axld’Ayld’AZ )m KM (Axld’Ayld’AZ )err %

(2.14; 0.61; -1.02) (0.03; 0.01; 0.01)

Low (x4d’y4dﬂz4d ), KM

(3751.96, -1302.86, 6032.01)

err

(Ax4d’Ay4d>AZ ) abs ? KM

err
rel ?

(Ax4d9Ay4d7AZ4d) %

(0.04; 0.02; 0.05)

V( 1X> IY’VIZ)9 KM
(6.448; 2.348; -2.756)

(3.03; -1.67; 3.58)
]Y’AI/IZ )EW

(A 1X> abs >
(0.010; -0.032; 0.066)

Pe3ynbratel HayaJibHOIO onpenenenuss joB u3mepenuss 0,1 u 0,6 c, paccuuTaHHbIC
opoutel  crymeHu paketoHocutenss SL-12/RB ¢ ucnonw3oBanmem dopmyn (13)—(15), mpencras-
B BHUJIC OpPOWTANBHBIX MMapamMeTpPOB IS HMHTEPBa-  JICHBI B Ta0iHIE 3.

Tabauya 3 / Table 3
OpouTajabHble MapaMeTPbl 00HAPYKEHHOH cTyneHu pakeToHocuresst SL-12/RB
Orbital parameters of the detected rocket stage SL-12/RB
HNurepsan, ¢ a, km e Q.° 0,°
Interval, s
10D 0.6 7216.74 71.371 0.0173 191.568 113.870
0.1 7147.27 71.133 0.0133 192.117 113.708
Ao 0.6 19.71 0.271 0.0144 -0.632 0.208
b
- 0.1 -49.75 0.033 0.0104 -0.083 0.046
orror 0.6 0.27 0.38 - 0.33 0.18
Arel (y
0.1 0.69 0.05 - 0.04 0.04
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Kak BumHO M3 TaOnumbl 3, pe3yiabTaThl YIIO-
BOTO OIpE/ETCHHsS] HAKIIOHEHHUS OPOUTHI i, JOJITO-
Thl BOCXOJSILIEro y3aa ) ¥ apryMeHTa LIUPOTHI U
st uHTepBasia udMepenus B 0,1 ¢ mokaswpIBaroT
HaMMEHBIIIEe 3HAYCHHE AaOCOIIOTHBIX OLINOOK B
cpaBHeHUH ¢ wuHTepBaioM 0,6 c. B wactHOCTH,
s uHTepBana 0,1 ¢ abconroTHas ommOKa B
3HaueHUU HakJIoHeHUs cocraBuia 0,033°, moJrorTsl
Bocxosmero y3na — 0,083°, B 3HaueHUM apryMeH-
ta mwupoThl — 0,046°, 4TO MEHbIIIE B COOTBETCTBYIO-
mux mnapamerpax nHa 0,238° 0,549° u 0,162°,
yeM Juig uHTepBaia usMmepenui 0,6 c. Uto xe
KacaeTcsl 3HaueHHs MapaMmerpa OOJBIION TOIYOCH,
TO JUIsl UHTEpBaJla U3MEPEHUS MEXKIY YIJIOBBIMU
koopauHataMu B 0,1 ¢ pe3ynapTaT ompeneacHus
MOKAa3bIBaeT a0COMIOTHYIO OIMOKY Ha 30 KM XyXKe,
yem s wHTepBasia 0,6 c. AOconoTHas ommOka
B 3HAYCHUU DOKCLECHTPUCUTETA B 3aBUCUMOCTHU
OT HUHTEpBaJla HU3MEPEHUsI YMEHBIIACTCS HE3Ha-
yurensHo: g 0,1 ¢ ommbOka coctaBuia 0,0104,
yto Ha 0,004 MeHb1ue, yeM it untepnaia 0,6 c.

3aKiIoueHue

[IpencraBien MeToa HAYATHLHOTO OTPEICTICHUS
OpOWTHI HEW3BECTHOTO KOCMHYECKOTO OOBEKTa,
KOTOPBIM IO3BOJISIET OLEHUTh BEKTOP HAKJIOHHOMN
JMAIBHOCTA W OJHO3HAYHO PacCUUTATh IapaMeTph
OpOWTHI B YCJOBHAX OTPAaHMYEHHOTO KOJINYECTBA
JMAHHBIX  YTJIOBBIX  ONTHYECKUX  HW3MEpPEHHH.
Bo3MOXHOCTh  OIIEHKM  BEKTOpa  HAKJIOHHOH
JMATbHOCTH HEW3BECTHOTO KOCMHYECKOTO O0BeKTa
[0 ONTHYECKUM H3MEpPEHHUsIM oOecreunBaeTcs
pa3paboTaHHBIM METOJIOM oOHapyKeHHs
Ha OCHOBE pacy€THOTO 3HAYEHHS MPOEKINH
BETMYMHBI ~ CKOPOCTH Ha  IUIOCKOCTH  Kajpa
OTIOPHOTO CITyTHHKAa C W3BECTHBIMH OpPOUTAIBHBI-
My napameTpaMu. OCOOEHHOCTBIO pealn30BaHHOTO
METOJIa HA4aJIbHOTO OMpEeICHUSI OPOUTHI SBISET-
CSl MCIOJIb30BaHME JIAHHBIX TOJBKO ABYX oOjacteit
oOHapyxeHHs. B pamkax dKCIeprMEHTaIbHBIX
WCCIEIOBAaHUK Il OOHApY)KEHHOHW  CTyNeHH
pakeronocutens SL-12/RB  paccunranel  opowu-
TalbHbIE  TIApaMeTpbl W  TPOBEAEH  aHAIU3
TOYHOCTH WX OIpeNeJeHus OT WHTepBaja BpeMe-
HU MEXJy Mapod yTJIOBBIX M3MEpPEHHWH B 00JacTH
obHapyxeHHs. B kaxmoil o0jacTyi M3MEpPEHBI NBE
mapel  YIJIOBBIX TOMOLEHTPUYECKHX KOOPAWHAT —
MIPSIMOTO BOCXOX/ICHUSI W CKJIOHEHHS Ha KOPOTKOM
nyre HaOJIIOAEHNH, KOTOPBIE COOTBETCTBOBAIH YIITY
MEXIy BEKTOpaMH HakJoHHOW mambHOCTH 0,04°

JUIsl WHTepBana Mexnay wusMepeHuamu 0,1 c u
0,26° mist mHTepBana Mexay umepeHusmu 0,6 c.
Pe3ynbrarel nmokazanu, 4To NMPEeAIOKEHHBIA METOJ
MIO3BOJIMJI ONPENIEIIUTD YTIIOBBIE TAPAMETPhl OPOUTEHI
crynean SL-12/RB mna unrepBana B 0,1 ¢ mexmy
TOYKAMH M3MEpEHHUs] OJHOH obnactu OOHapyxe-
HUSL CO CIICAYIOIIMMH aOCOJIOTHBIMU OIUIMOKaMu:
omnOKa mapameTrpa HaKJIOHEHHs OpOWTHI I cocTa-
Buna  0,033°, [gonroTel  BOCXOASILEro  y3ia
€Q—-0,083° u aprymenta mupoTsl u— 0,046°.
YcraHoBIeHO, YTO AJisi Oosiee KOPOTKOTO MHTEpBa-
na mexay uzmepenusaMu (0,1 ¢) ommOKH BeTUUMHBI
paanyc-BEKTOpa IOJIOKEHUS, BEKTOpa CKOPOCTH,
VIJIOBBIX  MapaMeTpoB  OpOWUTHl  (HAKJIOHEHHS,
JIOJITOTBI BOCXOJSILETO y3ia, aprymMeHra
LIMPOTHI) yMEHbIIAIOTCs. AOCoIoTHas omuOKa B
OMpeJeJIeHNH 3HAa4YeHUs] OOJIBIION IOJIyOCH OKa-
3ajack MeHblle Ha 30 KM Uil MHTEpBala MEXIY
Toukamu uzMepenus B 0,6 ¢ u cocraBuia 19,71 km.
[Tony4yeHnHble pe3ynabTaThl MOOMJIBHON omTHYec-
KOl cucTeMOll OOHapyX eHUs JEeMOHCTPUPYIOT
TOYHOCTb,  COM3MEPHUMYIO  C  IOKa3aTeasIMU
HAYaJIbHOTO OINpEeSICHHs HapaMeTpoB OpOUT JOPO-
TOCTOAIIMMHM  IIMPOKOAMIEPTYPHBIMH  ONTHYEC-
KHUMH CHCTEMaMHd, TIJe OLIMOKM B HavyaJbHOM
ompelesieHUd  OOJBIIOW IOJYOCH H  YIJIOBBIX
napamMeTpoB JBHKEHHUS OOHApy>KEHHOTO KOCMHU-
4eckoro oOBbeKTa B cpegHeM MeHblie 50 KM |
He xyxe 0,5rpan, coorBercTBeHHO. CTporux
cneun(uUKaMid  TOYHOCTH B  CYIIECTBYIOLIMX
METOAaX  HayaJbHOTO  ONpenesieHust  opOuT
[0 YIJOBBIM  ONTHYECKHMM HM3MEPEHUSIM  HET
BO3MOXHOCTH  YCTaHOBUTb, IO3TOMY IPUHSTO
ONepHUpoBaTh JMAala3oHaMu OIIMOOK, KOTOpbIE
OMNpPENEIIIOTCS MHOTUMH  (DAKTOpaMH, 3aBUCSIIHU-
MH OT amnmnaparypbl, YCJIOBHH, CBEMKH, YCIOBHUI
nposiéTa M BHOUMOCTH KOCMHYECKOTO OOBEKTa.
OCHOBHBIM TIOKa3aTeJIeM YCIEIIHbIX ONTHYECKUX
n3MepeHui 1 3()(HEKTUBHOCTH METOAA HAYaJIbHOTO
ompenesieHUsT OpOUTHI  SIBISACTCS  OJHO3HAYHAs
uaeHTH(GUKAIUS ¥ TOBTOPHOE  HAOJIOAEHHUE
KOCMHUYECKHX OOBEKTOB B IIHUPOKOM JHara3oHe
YIJIOB HAa CIEAYIOIUX BHUTKAaX C BO3MOKHOCTBIO
MOJIy4YEHHUs] JIaHHBIX JUISI aJIrOPUTMOB YTOYHEHHs
opOuTaNBHBIX MapaMeTpoB. [IpemioskeHHbI MeTo
MOJTHOCTBIO COOTBETCTBYET OCHOBHBIM TPEOOBAaHUSM
TOYHOCTH U OTJIMYAeTCAd OT CYLIECTBYIOLIUX TEM,
YTO MPEJOCTABISIET BO3MOXKHOCTh OE3UTEPALIMHHOM
OIIEHKH BEKTOpa HAKJIOHHOM JaJIbHOCTH B YCIIOBHUSX
OTPaHMUYEHHOIO KOJMYECTBA JIAHHBIX  YTJIOBBIX
ONTUYECKUX  HM3MEPEHHH Uil  ONEepaTUBHOIO
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OIIpeACICHUA Op6HTaJ’ILHLIX napaMeTpoOB B PCIKUME
OJIM3KOM K pCaJibHOMY BPpCMCHHU.
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Abstract

In recent years, high-precision probe methods have been increasingly used to control the surface mi-
crostructure, mechanical and tribological properties of coatings instead of standard methods. The aim of
the work was to study the tribological characteristics of the wear-resistant coatings (using the example of
AICrBN coatings deposited with changes in nitrogen pressure, substrate bias voltage and cathode current) at
the micro- and nanolevel using the nanoscratch testing (nano-scratching) method. The nanoscratch testing
method is a non-standard method of tribotesting the wear-resistant coatings and is based on the reciprocat-
ing movement of a spherical diamond indenter with a curvature radius of 226 nm on the surface (under a
certain load). It was found that the friction coefficient decreases from 0.087 to 0.036 for coatings deposited
with an increase in pressure from 2 to 5 Pa. When the bias voltage on the substrate changes from -50 to
-150 V, the friction coefficient decreases from 0.077 to 0.041 and when the cathode current changes from 80
to 100 A, the friction coefficient remains virtually unchanged. The use of this method made it possible to per-
form multi-cycle tribotesting of the AICrBN coatings, determine the average values of the friction coefficient,
and completely eliminate the influence of microparticles (the characteristic defects for coatings deposited
by the cathodic arc method) on the measurements. Thus, the effectiveness of the nanoscratch testing (nano-
scratching) as a method for the control wear-resistant coatings is demonstrated.

Keywords: coating, microparticles, roughness, coefficient of friction, nanoscratch testing
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B mnocnennue roael Bc€ dalle NPUMEHSIOT BBICOKOTOYHBIE 30HJOBBIE METOABI IS KOHTPOJSL
MHUKPOCTPYKTYPBl TIOBEPXHOCTH, MEXAaHMYECKHMX M TPUOOJOTHYECKMX CBOMCTB IOKPBITHH BMECTO
CTaHJApTHbIX MeTomoB. llenbio paboThl OBUIO HCCIEeOBaHHUE TPUOOJOTHUECKUX —XaPaKTEPHCTHK
M3HOCOCTOWKHUX MOKpBITUH (Ha mpumepe nokpeituil AICrBN, ocakIEHHBIX NMpH W3MEHEHUH IaBIICHUS
a30Ta, HaNpPsDKEHHUs CMEIICHHUs Ha MOMJIO0XKKE M TOKa KaToAa) Ha MHUKpPO- U HAaHOYPOBHE C INPUMEHEHHEM
METOa HAHOCKPETYTECTHUPOBaHUS (HaHOUapamaHus). MeToa HaHOCKPETUTECTUPOBAHUS  SIBISIETCS
HECTAH/IAPTHBIM METOJIOM TPUOOUCIIBITAHUA H3HOCOCTOMKHMX TOKPBITUH M OCHOBaH Ha BO3BPAaTHO-
MOCTYIATEeIbHOM JIBUKEHUH I10 TIOBEPXHOCTHU (110 ONpeneNEHHON HAarpy3Koii) cepruuecKoro aiMazHOro
WHJICHTOpA C pajuycoM 3akpyrjieHus 226 HM. YCTaHOBJECHO, YTO KOA(PQHUUUEHT TPEHHUsI CHIKACTCS
¢ 0,087 no 0,036 y mokpsITuii, OcaXkAEHHBIX MpHU yBedndeHUH aasineHuu ¢ 2 po 5 [la. Ilpu mzMeneHun
HanpsDKEHUsI CMeIeHuss Ha mnoiiioxkke ¢ -50 mo -150 V. koadduument tpenus ymensmaercs ¢ 0,077
o 0,041, npu u3MeHeHuH BesMuMHBI TOKa Katoga ¢ 80 mo 100 A xoddduuMeHT TpeHUs! NPaKTUYECKH
He MeHsieTca. IIpuMmMeHeHHe Takoro Meroja IMO3BOJWIIO NMPOBECTH MHOTOLUKIOBOE TPUOOHCIIBITAHHE
nokpeituit  AICrBN, ompenenuts cpeanue 3HadeHHs KOI((QUIMEHTa TpPEHHs, a TakXe MOJIHOCTBHIO
UCKIIIOYUTH BIMSHUE MHUKPOUYACTHUL (XapakTepHBIX AE()EKTOB ISl MOKPHITUH, OCAXIEHHBIX KaTOAHO-
JIYTOBBIM METO/IOM) Ha M3MepeHus. Takum oOpa3oM mokazaHa 3()()EeKTUBHOCTb HAaHOCKPETYTECTUPOBAHMS
(HaHOLApaNaHusl) KaK METOAa KOHTPOJISI H3HOCOCTOMKUX MOKPBITHH.
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Introduction

On the surface of nitride coatings deposited
by cathodic arc evaporation method, there is a mi-
crodroplet phase (or microparticles ranging in size
from the hundreds of nanometers to several microm-
eters [1-3]. In some works, such structural units are
considered coating defects, which can act as concen-
trators of internal stresses in the coating volume and
disrupt its the structural integrity [4]. In other stud-
ies, the microparticles can contribute to the forma-
tion of a surface modified layer during the friction
tests [3]. It should be noted that the attachment of
such the microdroplets to the coatings surface is un-
stable and under the mechanical loads they usually
break away from the surface, leaving behind defects
in the form of craters and holes. This can also nega-
tively affect the quality and properties of the coatings
during operation.

The tribological characteristics of the wear-re-
sistant coatings are usually determined using macro
tests on tibomachines using the steel balls with a
diameter of the several mm [5-7]. In this case, the
tests lead to the deformation and unsuitability of the
coating for further use. Such tests participate the mi-
croparticles, which can either improve or worsen the
tribological properties. To reduce the amount of mic-
roparticles on the surface, this is achieved by chang-
ing the technological parameters of deposition [8].
Or it is possible to use methods that allow testing
on the surface completely eliminating the micropar-
ticles. Such methods include the nanoscratch testing
method [9-11]. This method eliminates the influence
of the microparticles, minimizes the deformation
area during tribotesting and allows obtaining results
much faster compared to macrotesting due to high
contact stresses.

The aim of the work was to demonstrate the ef-
ficiency of control the tribological characteristics of
the wear-resistant coatings (using the AICrBN coat-
ing as an example) at the micro- and nanolevel using
the nanoscratch testing method.

Materials and research methods

The tribological characteristics were tested using
nanoscratch testing on the wear-resistant AICrBN
coatings. The AICrBN coatings with a thickness of
4.4£0.1 um were deposited using the cathodic arc
evaporation method in a TINA 900 M setup [12]. The
Als(Cry,B,, alloy cathodes were used. The martens-
itic stainless steel 4H13 (X39Cr13 — DIN standard)

was used as a substrate. The substrates 28 mm and
32 mm in diameter and 3 mm thick were polished to
a roughness of R, 0.02 um. The deposition tempera-
ture of AICrBN coatings 350 °C. A detailed descrip-
tion of the deposition of the coatings is given in [12].
In this work, studies were carried out on coatings ob-
tained with the parameters given in Table 1.

Table 1
Deposition parameters of the AICrBN coatings

Sample Nitrogen pres- Substrate bias  Arc current
p sure pN2, Pa  voltage Uy, V I, A
1 2 Pa
-100 V 80 A
2 5 Pa
3 -50V
4 Pa 80 A
4 -150V
5 80 A
4 Pa -100 V
6 100 A

The coating morphology was analyzed using
scanning electron microscopy (SEM, LV 5500,
JEOL). The Surftest SJ-210 contact profilometer
(Mitutoyo, Japan) was used to determine the surface
microroughness and the depth of the wear tracks.
Three profiles of 2.5 mm long were evaluated on
each coating to determine roughness parameters (R,
R, R.).

The surface morphology and nanoroughness
were studied using a Dimension FastScan (Bruker,
USA) atomic force microscope (AFM) in the Peak-
Force QNM (Quantitative Nanoscale Mechanical
Mapping) mode. The standard NSC-11 silicon canti-
levers (MikroMasch, Estonia) with a cantilever stiff-
ness of 3 N/m and a tip radius of 10 nm were used.

The microtribological properties were deter-
mined using a Hysitron 750Ubi (Bruker, USA) na-
noindenter with a two-dimensional transducer for
nanoscratch testing [11]. A diamond conical indenter
with a radius of curvature of 226 nm and an angle
of 60° at the apex was used. The load function and
the scratches length during testing were set [11].
The tests were carried out in the multi-cycle tests —
100 cycles with a total length of 500 pm and a time
of 500 s (1 cycle in 5 s). Load was the 500 uN. The
scratch length was 5 um. The average value of the
friction coefficient with standard deviation was de-
termined for 100 cycles. Tribological tests were car-
ried out with reciprocating motion of the indenter.
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Results and discussion

According to the SEM study, a large number
of microdroplets are present on the surface of the
coatings deposited according to the parameters from
Table 1 (Figure 1, yellow arrows). Changing the de-

position parameters (increasing the pressure from 2

to 5 Pa, the bias voltage on the substrate from -50 to
-150 V and the cathode current from 80 to 100 A)
leads to a decrease in the number of microdroplets on
the surface (Figure 1, b, d, f).

Figure 1 — Scanning electron microscope images (insets — atomic force microscope images, 3x3 um?) of the surfaces
of the AICrBN coating applied at different parameters: at 2 Pa, 80 A, -100 V (a); at 5 Pa, 80 A, -100 V (b); at 4 Pa,
80 A, -50 V (c); at 4 Pa, 80 A, -150 V (d); at 4 Pa, 80 A, -100 V (e); at 4 Pa, 100 A, -100 V (f)
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For the nanoscratch testing, an area of the sev-
eral micrometers is sufficient. Therefore, we select
the areas on the coating surface within which there
are no the microparticles (Figure 1, green squares).
The surface structure for testing is shown in the in-
sets (AFM images) in Figure 1.

The presence of microparticles on the surface
significantly increases the coatings roughness (Tab-
le 2), which in turn affects the tribological character-

istics of the coatings. Microroughness measured with
an atomic force microscope is significantly reduced
in areas without the microparticles (Table 3).

As a result of applying nanoscratch testing on
the coatings surface without the microparticles, the
dependences of the friction coefficient on the cycles
number were obtained (Figure 2). Based on the ob-
tained dependences, the average friction coefficient
for the each coating was determined (Table 4).

Table 2
Surface roughness (from a profilometer) of the AICrBN coatings
Constant parameters ~ Changing parameters R,, um R,, pm R, um
2 Pa 0.361 +£0.044 0.500 £ 0.090 2.496 + 0.605
-100 V, 80 A
5Pa 0.236 £0.018 0.325+0.039 1.710 £ 0.264
50V 0.211+0.014 0.275+0.022 1.432 £0.147
4 Pa, 80 A
-150 Vv 0.212+0.013 0.281 +0.022 1.494 £ 0.150
80 A 0.237+0.013 0.323+£0.019 1.683 £0.074
4 Pa,-100 V
100 A 0.189£0.011 0.259+0.019 1.385+0.106
Table 3

Surface microroughness (from an atomic force microscope, on 3x3 pm?) of the AICrBN coatings

Constant parameters ~ Changing parameters R,, pm R,, pm R, pum
2 Pa 33.0+1.7 489+2.4 219.0£11.0
-100 V, 80 A
5 Pa 213+ 1.1 27.5+1.4 454+23
-50V 303+ 1.5 41.8+£2.1 98.7+4.9
4 Pa, 80 A
-150V 16.9+0.8 21.0+1.1 76.4+3.8
80 A 29.0+1.5 382+1.9 100.0 +5.0
4 Pa,-100 V
100 A 14.8+0.7 19.0+ 1.0 59.8+3.0
Table 4

Tribological properties of AICrBN coatings by nano-scratch testing and macro testing methods

Constant parameters Changing parameters CoF ;0o CoF,, .0 [12]
2 Pa 0.087 +0.006 0.67 £0.02
-100 V, 80 A
5 Pa 0.036 + 0.004 0.66 +0.02
50V 0.077+0.018 0.65 +0.02
4 Pa, 80 A
-150V 0.041 +0.003 0.77 £0.01
80 A 0.047 = 0.007 0.70 £0.01
4 Pa,-100 V
100 A 0.045 £0.003 0.72 +£0.02
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The friction coefficient values are an order of
magnitude lower than after macrotests (Table 4).
The correlation of the friction coefficient after the
nanoscratch testing with macrotests is present only
for coatings deposited at different pressures — the
friction coefficient decreases from 0.087 to 0.036.
When the substrate bias voltage changes from -50
to -150V, the friction coefficient decreases from
0.077 to 0.041. The friction coefficient remains
virtually unchanged for coatings when the cathode
current changes. Such friction coefficient values are

0.14

primarily related to the contact area during
testing [ 11]. In macrotests, the microparticles partici-
pate in friction in addition to the main coating.

Also, to determine the average friction coeffi-
cient, the values for the first 10 cycles were not taken
into account, since these cycles are significantly af-
fected by the surface topography (even without mi-
crodroplets on the surface, there is a certain surface
unevenness). The AFM images (Figure 1) show a cel-
lular structure, which forms the microrelief of the sur-
face on which the nanoscratch testing was carried out.

0.26

—2Pa — 50V
—35 Pa — 150V
0.20 A
0.10 A1
= =
o 0.14 A
O 3
0.06 4
0.08 A
e Neie,
0.02 +—om——-—v—-""—-"-—-"T—"""—""1"—"71" 0.02 +—m—m4m—mm——-—"7""—"-"—"T—-"-m—-7
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— 80 A
— 100 A
0.08 A
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c

Figure 2 — Dependences of the friction coefficient on the cycles number for AICrBN coatings applied at different pa-
rameters: at 2 and 5 Pa (a); at -50 and -150 V (b); at 80 and 100 A (¢)

The zigzag curve on each plot in Figure 2 shows
the reciprocating test pattern — the forward and re-
verse stroke of the diamond spherical indenter.

Conclusion

The tribological characteristics of the wear-re-
sistant AICtrBN coatings deposited by the cathodic
arc evaporation method have been studied. The coat-
ings were deposited with changing nitrogen pres-
sure, substrate bias voltage, and cathode current.

Tribological tests were carried out at the micro- and
nanolevel using the nanoscratch testing method.
It was found that the friction coefficient decreases
from 0.087 to 0.036 for coatings deposited with
an increase in pressure from 2 to 5 Pa. When the
substrate bias voltage changes from -50 to -150 'V,
the friction coefficient decreases from 0.077 to
0.041, and when the cathode current changes from
80 to 100 A, the friction coefficient remains virtu-
ally unchanged. The use of the nanoscratch testing
method made it possible to exclude the influence
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of microparticles on the measurements of tribologi-
cal characteristics. A comparison of the friction coef-
ficient determined by the macrotribotest and nano-
scratch testing was carried out. The efficiency of the
nanoscratch testing as a method for control the wear-
resistant coatings is demonstrated.
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Abstract

Numerical modeling of semiconductor photodiodes’ electrical characteristics is an important task at
the stage of their development and design. In this regard, it should be noted that one of the most promising
methods that can be used for this purpose is the ensemble Monte Carlo method, which allows including,
along with the dominant mechanisms of charge carriers’ scattering in the device structure, also the processes
of impact ionization, which is very important for adequate modeling of a wide class of silicon photodiodes
operating in the reverse bias mode. The aim of the work was to study the influence of the impact ioniza-
tion process on the electrical characteristics of silicon photodiodes with a p-n-junction and a p-i-n-structure
operating in the reverse bias mode under the influence of picosecond pulses of visible radiation. Using self-
consistent simulation by the ensemble Monte Carlo method, the electron ionization coefficient in bulk silicon
at a crystal lattice temperature of 300 K was calculated and compared with known experimental data. Pho-
toresponse in silicon submicron photodiodes with a p-n-junction and photodiodes with a p-i-n-structure was
calculated for different thicknesses of the undoped i-region. It was shown that use of simple models similar
to the Keldysh model with constant values of the threshold energy and other parameters for calculating the
rate of the impact ionization process did not allow obtaining values of the ionization coefficient matched with
experimental data in a wide range of electric field strengths. This result raises the question on the adequacy
of the device structures’ electrical characteristics modeling with a non-uniform electric field when using such
simple impact ionization models.

Keywords: Monte Carlo method, photocurrent, silicon photodiode, impact ionization
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UucneHHOE MOJICIIMPOBAHUE 3JICKTPUUYSCKUX XaPaKTEPUCTUK IOJIYIPOBOJHUKOBBIX (POTOIHNOIOB
SIBJISICTCS] BXKHBIM 3TAIlOM Ha CTaJMH UX Pa3paOO0TKU U MPOSKTUPOBaHUs. B 3TO CBsI3M ClelyeT OTMETHUTD,
YTO OJIHUM M3 HauOoJiee MEPCIEKTUBHBIX METOJIOB, KOTOPBIH MOKET OBITh MCIOJIB30BaH JJIsi STOU IICIIH,
SIBJISICTCST MHOTOUYACTHYHBIA MeToa Monte-Kapno. J[aHHBIIT METOJ MO3BOJISIET YYHTHIBATH U BKJIIOYATH
Hapsly ¢ JOMUHUPYIOIIMMUA MEXaHU3MaMHU PACcCesTHUS HOCUTENCH 3apsja B MPUOOPHOI CTPYKType TakkKe
U TIPOIECCHl YJapHOW WOHM3AIMM, 4YTO SBJISICTCS OYCHb BAXKHBIM IPHU aJICKBATHOM MOJICIUPOBAHUH
IIMPOKOTO KJIacCa KPEMHUEBBIX (DOTOIMOJIOB, pabOTAOIIUX B pPexKUME O0OpaTHOro cMmerieHus. Llenbro
paboThI SIBUWIOCH M3YYCHHUE BIIMSHUS MPOLECCa yAapHONW MOHHM3AIMKM Ha SJIICKTPUYCCKHE XapPaKTCPUCTHKU
KPEMHHUEBBIX CYOMUKPOHHBIX (DOTOJUOJIOB C p-N-TIEPEXOJOM W p-i-n-CTPYKTYpOMH, pabOTarolux B
pekrMe OOpaTHOrO CMEIICHUS TPU BO3JCHCTBUU MUKOCCKYHJHBIX HMITYJIbCOB H3JIYYCHUS BUIMMOTO
nuana3oHa  cnektpa. C  MOMOIIBK  CaMOCOTJIACOBAHHOTO — MOJICJIUPOBAHUS  MHOTOYaCTUYHBIM
MetojoM MonTe-Kapino mnpoBeneH pacu€T W CpaBHCHHE C W3BECTHBIMH AKCIICPUMEHTAIBHBIMU
JIAHHBIMU ~ KO3(D(UIIMEHTAa WOHU3AIMU JJICKTPOHAMH B OOBEMHOM KPEMHUM TMIPH TEMIEpaType
kpuctammyeckod pemérkn 300 K. Paccuntan GOTOOTKIMK B KPEMHHEBBIX CyOMHUKPOHHBIX (HOTOIMOIAX
¢ p-n-niepexogioM U (HOTOAMOAAX C p-i-n-CTPYKTYPOM ISl Pa3IMYHBIX TOJIIMH i-o0nactu. [lokasaHo,
YTO WCIOJBL30BAaHUE I pacuéTa WHTCHCHBHOCTH IPOIECCa YAapHOW HMOHHM3AIMH TPOCTHIX MOJCICH,
nmomoOHbIX Mojenu Kenjpiia, mpeanoararinMX TOCTOSHHBIC 3HAYCHHS MOPOTOBOM JHEPTUU U
JIPYyTHX TapaMeTpoB, HE TIO3BOJISCT COIJIaCOBaTh IOJyUYCHHBbIC 3HAauYeHHs Ko3(duimeHTa HOHU3AIUU
C SKCICPUMCHTAJIbHBIMU JIAHHBIMH B IIHPOKOM JIMANIA30HE HAMPSIKEHHOCTH JJICKTPUYECKOTO TIOJISL.
DTOT pe3yJabTaT CTAaBUT BONPOC 00 aJCKBATHOCTH MOJCIUPOBAHUS 3JICKTPUYCCKUX XapaKTEPUCTUK
MPUOOPHBIX CTPYKTYP C HEOAHOPOIHBIM DIICKTPUUECKUAM IMOJIEM TPU HCIOJIb30BAHUM TAKHX MPOCTHIX
MOJEJIEH yIapHON HOHU3ALMH.
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Introduction

It is well known that silicon photodiode struc-
tures are widely used in optoelectronics as convert-
ers of optical radiation into electrical signals. Semi-
conductor photodiodes, in particular silicon ones, are
the main elements for creating detectors of visible
and infrared spectral range radiation. Such photodi-
odes can operate both in the usual current mode and
in the mode of counting single photons [1-4]. The
relevance of the study and modeling of the opera-
tion of silicon photodiodes of various constructions
is due, in particular, to the significant development of
silicon technology and the widespread use of silicon
in modern microelectronics. Due to this, it is possible
to integrate silicon photodiode structures into vari-
ous microelectronic systems within the framework
of existing and promising technological processes
used in the production of integrated circuits.

During the process of development and design
of modern semiconductor photodiodes and other
integrated microelectronics devices, an important
task, without which any production cannot do, is
numerical computer modeling. The purpose of such
modeling is to predict the electrical characteristics
of devices in various operating modes. On the other
hand, computer modeling allows us to give recom-
mendations on optimizing the design and topological
parameters of devices based on numerical calcula-
tions of their electrical characteristics. For computer
modeling of integrated submicron photodiodes and
phototransistors, one of the most promising methods
is numerical self-consistent simulation based on the
ensemble Monte Carlo method [5-9]. The ensemble
Monte Carlo method, as a method of kinetic simula-
tion, allows us to simulate the processes of charge
carrier transport in semiconductor device structures.
The simulation is able to take into account the main,
most significant, processes of charge carrier scat-
tering, as well as the processes of their generation-
recombination. In the case of diodes with a p-n-
junction and p-i-n-structure operating in reverse bias
mode, it is especially important to take into account
the processes of avalanche multiplication of charge
carriers due to interband impact ionization [10—12].

The aim of this work was to numerically simu-
late, using the ensemble Monte Carlo method, the
dependence of current density on time in submicron
silicon photodiodes with a p-n-junction and a p-i-n-
structure operating in the reverse bias mode under
the influence of picosecond pulses of visible spec-
trum radiation, and taking into account the processes
of impact ionization of charge carriers.

Photodiode model

The two-dimensional simulation regions of sili-
con photodiodes with a p-i-n-structure considered
in this work are schematically shown in Figure 1.
For diodes with a p-n-junction, the difference from
the structure shown in Figure 1 is the absence of an
intrinsic undoped i-Si layer. It is assumed that the
radiation is directed perpendicular to the interface
between the silicon and the external environment,
and penetrates only into the region located between
the electrodes of the photodiode. The length of the
region is L= 0.25 um. Thickness of the photodiode
into substrate is W= 0.5 um. For the doped n- and
p-layers of Si the doping levels are supposed equal.
Concentrations of the donor and acceptor impurities
in the layers are 10%* m ™, respectively. The diodes
with different thicknesses of the doped Si layers are
regarded as follows: W, =W, =250nm (diode
with a p-n-junction), 225 nm, 200 nm and 150 nm
(diodes with a p-i-n-structure and the thickness of the
i-layer equal to 50 nm, 100 nm and 200 nm, respec-
tively). The lattice temperature for the simulation is
supposed to be 300 K.

-Si

4
Figure 1 — Schematic cross-section of a photodiode with
p-i-n-structure

The calculation of the electrical characteristics
of considered diode structures is carried out by the
ensemble Monte Carlo method within the framework
of self-consistent two-dimensional simulation based
on the particle method. The description and basics of
this method can be found, for example, in the mono-
graphs [5, 6]. When carrying out the calculations, we
consider the effect of radiation in the visible range
of the spectrum with the following characteristics:
the radiation wavelength is equal to 650 nm, the in-
tensity of the radiation is 510" W/m?, the radiation
pulse duration is 1 ps. As a model approximation,
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we also assume that the intensity of the radiation
pulses is constant during the exposure time and
is uniformly distributed over the surface area
of the diode structure.

The processes of electron and hole transport in
the considered photodiodes are generally simulated
in the same way as in silicon MOS transistors [13,
14]. When simulating the processes of electron trans-
port in the conduction band of silicon, the popula-
tion of the X and L valleys of the semiconductor
is taken into account. The analytical dispersion
law for electrons in both valleys assumes a non-
parabolicity coefficient of 0.5eV"'. To simulate
the processes of hole transport in the valence band
of silicon, an analytical dispersion law is also used,
which takes into account nonparabolicity and anisot-
ropy, and is considered in the band of heavy and light
holes, as well as in the split-off band due to spin-
orbit interaction. The Monte Carlo simulation pro-
cedure includes the processes of electron scattering
on acoustic and optical phonons, on plasmons, on
ionized impurity, as well as the process of interband
impact ionization initiated by electrons. For holes,
the simulation includes processes of scattering on
phonons and ionized impurity, as well as the process
of interband impact ionization initiated by holes. The
simulation procedure also includes processes of opti-
cal generation of electron-hole pairs during intrinsic
absorption of the radiation. The numerical model
takes into account reflection processes of optical ra-
diation from the interfaces of materials.

The process of impact ionization by electrons
and holes in the Monte Carlo simulation procedure
is considered as an additional scattering mecha-
nism, in which electron-hole pairs are generated.
When simulating the processes of charge carrier
transport in semiconductor device structures by the
Monte Carlo method, the Keldysh model and simi-
lar models are often used to describe the impact ion-
ization scattering rate for both electrons and holes.
In the case of the Keldysh model, the expression
for the rate of the impact ionization process in gen-
eral can be presented in the following form [10, 13]:

jb
where 4, and b are some constants; E is the elec-
tron kinetic energy; £, is the so called threshold en-
ergy of impact ionization. Along with formula (1),

in some works devoted to the numerical calcula-
tion of the scattering rate of the impact ionization

E-E, )

Wi (E) = 4, [

th

process by electrons and holes taking into account
the full band structure of silicon, an interpolation
formula of the form [11, 14, 15] is used for its cal-
culation:

Wy(E)=C,(E-E,) , @

where the parameters C;; and b, as in formula (1),
are constants. Formula (2) in principle corresponds
to formula (1), reduced to the appropriate form.
Formulas (1) and (2) have become widespread
due to their relative simplicity. The rate of the im-
pact ionization process, specified by these formulas,
is a function of only the energy of the charge
carrier £, which makes it very convenient for use in
simulating transport processes by the Monte Carlo
method. The parameters 4, C;;, b and E,, are con-
sidered as some constant values. For both formula
(1) and formula (2), different values of the specified
parameters are found in the literature. So, for the
Keldysh model (1) in [13] it was proposed to define
the parameters as follows: A, = PW,(E,), where
P is the constant; W,,(E,,) is the total electron scat-
tering rate on phonons for the electron energy equal
to £,. According to the theoretical estimate given
n [13], the threshold energy E,, and constant P take
the following values: £, = 1.2 eV and P =0.38 for
the so called "soft" threshold, and £, =1.8 eV and
P =100 for so called "hard" threshold. Constant
b is equal to 2 in both cases. For formula (2), tak-
ing into account the effects associated with the real
band structure of silicon gives values of the coef-
ficient b greater than 2. So, for example, accord-
ing to [11], the value of Cj; is equal numerically to
9.510" s'eV*" b = 4.79, and the value of E,,
given in electron-volts, is equal to 1.1 eV. Some-
what different values of these parameters are present
in [14]. It can be assumed that these values depend
on the approximate description of the semiconductor
band structure used and are determined by match-
ing the simulation results with the experimental data,
taking into account the values of any parameters or
characteristics of the structure under study, for ex-
ample, the avalanche multiplication factor, the cur-
rent-voltage characteristics of the p-n-junction, etc.
As was shown in [16], the results of simulation of the
current-voltage characteristics of silicon submicron
MOS transistors taking into account the impact ion-
ization process in accordance with different models
and parameters from [13, 14] have significant differ-
ences. Thus, in the general case, the parameters A,
Cy;, b and E,, can be considered as fitting parameters.
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In this paper, we study the effect of the elec-
tron impact ionization process on the photocurrent
response in the photodiode structure shown in Figu-
re 1. In this case, formula (2) is used to calculate
the scattering rate of electron impact ionization.
For definiteness, we will assume the constant val-
ues of the exponent b =4.79 and the threshold en-
ergy E, =1.1¢eV, taken from [11]. The constant C};
is considered to be a fitting parameter, and its value
can be determined from the results of simulating the
electron ionization coefficient a using the ensemble
Monte Carlo method in such a way that the value of
a, calculated using the Monte Carlo method with a
given accuracy, agrees with the known experimental
results. Taking into account the fact that the available
literature data on the experimental determination of
the dependence of the electron ionization coefficient
on electric field strength differ somewhat [17-20],
for definiteness, we use the interpolation of the ex-
perimental data from [17] as a basis.

For the calculation of the hole impact ionization
scattering rate in all cases we will use the formula
(2) with the following parameter values from [15]:
Cy=1410"s"eV>* h=34,and E, = 1.49 eV.

The results of calculations

Figure 2 shows the experimental dependence
of the electron impact ionization coefficient in bulk
silicon o on the electric field strength F for a crystal
lattice temperature of 300 K, taken from [17] (solid
curve). The range of electric field strength variation
is from 1.25-107 to 10® V/m. The presented experi-
mental dependence of the electron ionization coef-
ficient corresponds to bulk silicon. The electric field
strength vector is directed along the main crystallo-
graphic direction <100>. It should be noted that the
dependences of the electron ionization coefficient
on the electric field strength are somewhat differ-
ent for the conditions under consideration when the
field strength vector is directed along the <100> and
<111> axes. However, this difference can be consid-
ered insignificant [17]. Figure 2 also shows the cor-
responding dependence of the C;; coefficient calcu-
lated by us when using the formula (2) for the impact
ionization process scattering rate. The results are ob-
tained by numerically calculating the a coefficient by
the Monte Carlo method and matching its values with
the corresponding experimental data. The calculated
C), values (dashed curve) ensure the accuracy of ion-
ization coefficient simulation by the Monte Carlo
method with respect to the interpolation of the ex-

perimental values from [17] within 1 % in the 98 %
confidence interval within the framework of the used
analytical model of the silicon band structure.

3.0

Figure 2 — Dependences of the electron ionization coef-
ficient (solid curve) and the constant C;; (dashed curve)
versus electric field strength in bulk silicon

As it can be seen from the Figure 2, the de-
pendence of the coefficient C;; on the electric field
strength F' is not monotonic. The minimum of the
dependence is observed for the value of the electric
field strength F = 5-10" V/m. With a decrease in the
electric field strength from 5-107 to 1.25-10” V/m,
a sharp increase in the coefficient C}; is observed
from 1.61-10'% to 5.45-10" s'eV*". For the elec-
tric field strength F equal to 10’ V/m, the calculated
value of C,; is already 4.3-10'* s'eV*"" (not shown
in the figure). Thus, using a simple approximation
with a constant value of the parameter Cy, it is not
possible to reconcile the calculated using the ensem-
ble Monte Carlo method and the experimental values
of the ionization coefficient o. The non-monotonic
dependence of the C; coefficient can be explained
by the fact that, first of all, the threshold energy
of impact ionization E,, is not constant and depends
on the electric field strength [21].

To assess the influence of different values
of the C;; parameter on the electrical characteristics
of photodiodes Figure 3 shows simulated depen-
dences of the current density on time under the influ-
ence of picosecond radiation pulses in a diode with
a p-n-junction (a) and in diodes with a p-i-n-struc-
ture (b), (¢) and (d) with a reverse bias between
the electrodes V; -V, =5V, assuming different con-
stant values of the Cj; coefficient. The thickness of
the undoped i-layer for the structure in Figure 30)
is 50 nm, for the structure in Figure 3¢) is 100 nm,
and for the structure in Figure 3d) is 200 nm. Solid
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curves correspond to the calculated Cj; values for
the constant electric field strength in bulk silicon
F=10" V/m, dashed curves — F = 5-10" V/m, dotted
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curves — F=7-10" V/m, and dash-dotted curves —
F = 10® V/m. The radiation begins to affect the diode
structures at the time =1 ps.
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Figure 3 — Dependence of electric current density j versus time in a diode with p-n-junction (a) and p-i-n-structure (),

(¢), and (d) under the reverse bias of 5 V

Thus, as can be seen from the current density
versus time dependences shown in Figure 3, for all
photodiode structures there is a significant diffe-
rence in the calculated current density when using
different values of the C;; coefficient correspond-
ing to different values of the constant electric field
strength in bulk silicon. Thus, the use of formula (2)
with constant values of the Cy;, b and E,, parameters
for calculating the rate of the impact ionization
process by electrons in semiconductor device struc-
tures with a significantly non-uniform electric field
raises certain questions. Within the framework of
the proposed model, it is apparently possible to use
a variable value of the C; coefficient, depending
on the electric field strength. In this case, for self-
consistent simulation of charge carrier transport
processes by the ensemble Monte Carlo method, the
impact ionization process rate becomes dependent
not only on the charge carrier energy, but also on the
local value of the electric field strength, and, conse-

quently, on the spatial coordinates and time. Thus,
it can be concluded that such an approach will re-
quire constant recalculation of the impact ionization
rate at each time step, which complicates the algo-
rithm and should lead to an increase in computatio-
nal costs when modeling the electrical characteris-
tics of semiconductor device structures in which
the electric fields are significantly non-uniform.

Conclusion

Dependence of the current density on time in
submicron silicon photodiodes with a p-n-junction
and a p-i-n-structure under the effect of picosecond
radiation pulses with a wavelength of 650 nm and
an intensity of 5-10'° W/m? is calculated by means
of numerical self-consistent simulation based on
the ensemble Monte Carlo method. It was shown
that taking into account the impact ionization pro-
cess significantly affects the results of simulating
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the photocurrent response. At the same time, simple
models most often used in Monte Carlo simulation
for calculating the rate of the impact ionization
process, such as the Keldysh model, do not allow
adequately reproducing dependence of the ioniza-
tion coefficient on the electric field strength for a
wide range of field strength values. Accordingly
these models cannot properly take into account
processes of avalanche multiplication of charge
carriers during their optical generation in silicon
photodiodes. Taking into account the obtained re-
sults, in order to improve the simulation’s adequacy,
it is proposed to use in the Keldysh formula the pro-
portionality coefficient which depend on the local
value of the electric field strength.
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Koppexkuusi BAUsSAHUS TOMEX HA Pe3yJabTAThl 30H10BOH
MHUKPOCKOIINH BBITSSHYTBHIX 00bEKTOB C HCIOJIb30BAHUEM
IMPOTrHO3HBIX OLIEHOK peJibeda

ILB. I'yasieB

Yomypmekuii pedepanvhuiii ucciedosamenvckuil yenmp Ypaiockozo omoenenusi Poccuiickoil akademuu nayx,
ya. umenu T. bapamzunou, 34, 2. Hocesck 426067, Poccus

Hocmynuna 27.03.2025
Ipunama k neuamu 14.05.2025

KoppekTtHoe u3mepeHne IMHBI OOBEKTOB Ha M300paKEHUSAX, UCKAKEHHBIX BO3ACHCTBHEM IOMEX,
SIBJIAETCS Ba)XKHOM 3amadeil 30HA0BOM Mukpockonuu. CyIIecTBYIOLINE METOJbl M3MEPEHMsI HE B TOJIHON
Mepe YUYHMTBHIBAIOT CIEHU(PHUKY KOHKPETHOW MpeAMeTHOM obOmactu. Llenpio Hacrosimeil paboThl sBIsAIach
pa3paboTka HeTpeOOBaTEIFHOTO K BBIYMCIUTEILHBIM PECypcaM ajJrOpUTMa BBIICICHUSI OCTOBOB OOBEKTOB,
OPHEHTHUPOBAHHOTO Ha OCOOCHHOCTH M300paKeHUH B CKaHUPYIOLIEH 30HI0BOM MUKpOCKoNuU. OrpaHnyeH-
Hoe ObICTpO/EHCTBHE 30HA0BOIO MUKPOCKOIIA, 3arpsi3HEHHE TIOBEPXHOCTH 00pasiia, HEeUACaNbHOCTh 30H1a
MPUBOJAT K TUTIOBBIM ITOMEXaM B BHJIE TOJIOC, 1/f IryMOB, QuyKTyaluid SpKOCTH U BBI3BIBAIOT Ae(parMeH-
TallMI0 OCTOBOB OOBEKTOB M CHM)KEHHE TOYHOCTH M3MepeHHMU AnuHBL IlpeanoxkeHHbId B paboTe MeTon
WCTIONB3YEeT MPOTHO3HBIE OLEHKH penbeda A YCTpaHEHUS BIMSHUS J3TUX MoMmeX. [IporHo3 ompene-
JSieTCs. Ha OCHOBE HKCTpAmoJsiuM HH(OpMAalMu M3 CTOJOLOB pacTpa YKe OTCKaHWPOBAaHHOW YacTH
n3zo0paxenus. [IporHO3HBI WHTEpBall paBeH OJHOMY WHTEpBaly TUCKpeTH3auuu u3odpaxeHus. CoBo-
KYIHOCTb TPOTHO3HBIX OLECHOK (YOPMHUPYET NPOTHO3HOE H300pa’keHHe, KOTOPOE 3aTeM HCIONb3yeTCs
IpU ONpEACTICHUU UIMHBI 0O0BEKTOB. OCOOCHHOCTH MPOTHO3HBIX HM300paKEHUH 3aKII0UaeTCs B yBEIH-
YEHUHU PE3KOCTH MCKAXEHHBIX MOMEXaMH 00JacTeld. JTO MO3BOJMIO MPH BBIACICHUH OOBEKTOB C MOMO-
LIbI0 JIETEKTOPOB KPHBU3HBI Je(parMEHTHPOBATh OCTOBHI M TOYHEE M3MEPHUTh MX JIHMHY. McciemoBanus
MOKa3ali, YTO YBEIMYCHNE WHTETPATbHONW OMIMOKU MPOTHO3UPOBAHUS SIBJISIETCS] IPU3HAKOM HEOOXOIMMO-
CTH JOTOJHUTENBHON 00paboTKN M300paKeHU OT HU3KOYACTOTHBIX WM yOapHBIX momeX. [Ipu sTom mc-
MOJIb30BaHUE TIPOTHOZHBIX N300PaKCHUH CHMYKAET OTHOCUTEIILHOE OTKIIOHEHHE KOJMYEeCTBa HEPaCIO3HAH-
HBIX OCTOBOB U CpeJJHEE OTKJIOHEHNE MAKCUMAaJIbHON U3MEPEHHON IITMHBI. Y CTAHOBJIEHO, YTO YIPaBIIAIONIast
nHpOpMaLUs B BUJE MPOTHO3HBIX OLIGHOK MOXKET HMCIOJIb30BaThCs MPH 00paboTKe N300pakeHUH B 30H10-
BOM MHUKPOCKOIHMH JAJs1 AETEKTHPOBAHUS W YAaCTHUYHOI'O ycTpaHeHMs noMmex. PopMupoBaHUE MPOTHO3HBIX
n300paKeHUH YCUITUBAET PE3KOCTh OOBEKTOB M MOBBIILIACT BEPOSTHOCTh UX KOPPEKTHOTO BBIJCICHUS METO-
JaM{, OCHOBAaHHBIMHU Ha aHaJM3€ W3MEHEHUH (QyHKIMHU SIPKOCTH.

KiroueBble ci10Ba: CKaHUPYIOMIWH 30HA0BBIH MUKPOCKOIL, TIPOTHO3HOE M300pa)KeHUE, OCTOBBI, KOHTPOJIb
JUTAHBI
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Abstract

Correct measurement of the distorted objects length in images is an important task of probe micros-
copy. Existing measurement methods do not fully take into account the specifics of a given subject area.
The purpose of this work was to develop an algorithm for locating the objects skeletons adapted to the
images peculiarities in scanning probe microscopy and does not require significant computing resources.
The limited speed of the probe microscope, contamination of the sample surface, and Non-ideality of the
probe lead to typical disturbances in the form of stripes, 1/f noise, and brightness fluctuations and cause
defragmentation of the skeletons of objects and a decrease in the accuracy of length measurements. The
method proposed in this paper uses predictive relief estimates to eliminate the influence of these disturbances.
The forecast is calculated based on extrapolation of information from the raster columns of the already
scanned part of the image. The forecast interval is equal to the discretization interval of the image.
The set of forecast estimates forms a predictive image, which is subsequently used to determine the length
of objects. The peculiarity of predictive images is the sharpening of areas distorted by disturbances.
This made it possible to defragment the skeletons and measure their length more accurately when locat-
ing objects using curvature detectors. Studies have shown that an increase in the integral prediction error
is a indication of the need for additional image filtering from low-frequency or shock interference.
At the same time, the use of predictive images reduces the relative deviation of the number of unrecog-
nized skeletons and the average deviation of the maximum measured length. It has been established that
control information in the form of forecast estimates can be used in image processing in probe microscopy
to detect and partially eliminate disturbances. The formation of predictive images enhances the sharpness
of objects and increases the probability of their correct selection using methods based on the analysis
of changes in the brightness function.

Keywords: scanning probe microscope, predictive imaging, skeletons, length monitoring
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BBenenue

Ckannpyromas 30H70Basg MuUKpockonus (C3M)
MO3BOJISIET TIOJy4YaTh TIPsIMbIE TOMOrpadUUECKUe
U300paXCHUsI  MMOBEPXHOCTH, KOTOpPhIE  MOTYT
UCIIOJIL30BAThCSl ISl ONpECTICHUs TeoMeTpuiec-
KHX pa3MepoB O0BEKTOB, HANPUMEp, JJIHHBI MOJIe-
KyJl, YacTHIl BOJIOKOH, HWCKYCCTBEHHBIX (OpMHU-
poBanuii. [IporpammHoe oOecrieueHUE CEPUITHBIX
mukpockonoB (Nova, Altami Studio), a Ttakxe
CTCIHAM3UPOBAHHBIC TPOTPAMMBI I 00paboTKH
n3o0paxenui (SPIP, ImageJ, MountainsSPIP) co-
JepKaT HMHCTPYMEHTBI JJIsl aBTOMAaTH3MPOBaHHO-
ro TOUCKAa OOBEKTOB M OMNpPEICNICHHS HX JUIMHBI.
OnHAaKO 9TH WHCTPYMEHTHI, KaK MPaBUIIO, TPEOYIOT
npeaBapuTeIbHO 00paboTKu m300pakeHnid. He-
KOTOpasi 4acTh MpPOLEeccoB 00paboTKH (yAajeHue
HAKJIOHA, YAAJCHHWE BBICOKOYACTOTHBIX IIOMEX)
MOXET OBITh aBTOMAaTHU3UpoOBaHa. Jlpyras dvacTh
00paboOTKH, HaNpUMep, CrIIAKWBaHHE, BhIPaBHHBA-
HUE SIPKOCTH BBIIOJHSETCS TOA  KOHTPOJIEM
oreparopa, IIOCKOJIBKY B aBTOMaTHYECKOM pe-
xuMe (GopMa M TEOMETPUYECKHE HapamMeTpbl
00BEKTOB MOTYT OBITh HCKaXEHBL. TeM He MeHee,
Jake T1ociie 00paboTKH W300pakeHUs 3a4acTyro
coJep)KaT TOMEXH, CIIOCOOHbBIC IOBIUATH Ha
pe3ynbTaThl u3Mepenus. Hampumep, nzoOpaxkenus
MOTYT COAEP)KaTb BBINAJAIOIINE CTPOKH, CTY-
NICHbKH, BBbI3BaHHBIC BUOPOAKYCTUUYECKUMH BO3-
JNEHCTBUSIMH, KOHTAaKTOM 30HAA C IOBEPXHOCTHIO,
MHOKECTBEHHBIMH MHKPOBBICTYIIAMH Ha BEpIIMHE
30HIA, a TaKXKe HEONTHMAIbHBIMH HACTPOU-
kamu uenu peryaupoBanus C3M [1, 2]. Taxue
HUCKQKEHUsSI BIMSAIOT Ha ONpPEACICHUE JJIUHBI
BBITAHYTHIX OOBEKTOB 3a CUET MX (pparmeHTaLMH.
IIpu sToM QparMeHTanust HpOSIBISETCS CHUIIbHEE,
eCcM I OTceBa (POHOBBIX JJIEMEHTOB H300pace-
HUSl TNPUMEHSETCs IOporomas (UIbTpamust 10
SPKOCTH.

HauOonee  pacmpocTpaHeHsl  clegyrOLIHe
MOAXOAbl K ONPENENEHUI0 JUIMHBI OOBEKTOB Ha
mo0pakennsax. [lepBerii momxon CBs3aH ¢ TIpeln-
BApUTEIIPHOW CerMeHTamuel wu3o0pakenus [3] u
MOCIIETYIONM ONpe/IeICHUEM pPa3MepOB CErMeH-
TOB TIOCPEACTBOM (OPMHUPOBAHHUS KOHTYPOB [4]
WIA almpoKCHMaIeld TeOMETPHUSCKUMH  TpH-
MUTHBaMH, HalpUMEP, OTPE3KaAMH C IOMOIIBIO
npeobpazoBanusi Xada WIM C TOMOIIBIO HEHWpO-
cereit [5]. Takoit momxom MPUMEHSETCS I OOBEK-
TOB C THUIOBBIMH, JIOCTaTOYHO MPOCTHIMH (popMaMH.
Jna npyrux oOBEKTOB paclpoCTpaHEH MOIXOM,

CBSI3aHHBI C BBIICJICHHEM OCTOBA M OIpeJere-
HHUEM €T0 JJTNHBI.

Cymectsyronme METO/bI BBLJICTICHHUSI
OCTOBOB MOXHO pa3leiUTh Ha Kiaccuueckue [6]
u  HeHpocereBwie [7].  Helipocetm  TpeOyroT
3HAYHUTENBHBIX PECYypCOB W  pa3padaThIBAIOTCS
uist Oolee MAacCOBBIX B OTIMYHE OT 30HAOBOM
MHUKPOCKOIIMM TIPUIOKEHUH, TOATOMY WX IpH-
MEHEHHE I KOPPEeKIWU W3MEPEHWH JITHHBI
00BEKTOB MOYKHO CYMTaTh H30bITOYHBIM. O030p
KJIACCUUECKUX  METOI0B  BBIAEIEHHMS  OCTO-
BoB [8—10] moka3an, uyTto Hambojee pacrpocTpaHe-
HBl MeHee TpeOoBaTelbHBIE K pecypcaMm H|
OCHOBaHHBIE, KaKk mpaBwio [§], Ha Mopdomorndec-
KHX  omepamusx oOpalOTKM  METOompl.  IJTO
MONTBEPKAACTCS WX peaju3aludeld B COCTaBe
nporpaMmMHoro mnakera Image] ¢ OTKpBITBIMHU
apXUTEeKTypoll ¥  HaOOpOM  MOJKIIIOYAaEMBIX
oubmmorek. HemocrtaTkm STUX  METOMOB  3a-
KITIOYAIOTCS B CIIEAYIOIIEM.

1. Metonst ¢ OuHapusanmed (Hampumep,
raruH BoneJ makera Imagel]) mioxo pabortaror
Ha CJa0OKOHTPACTHBIX H300paKeHHSX, HU300pa-
JKEHHSIX € TIepernajiaMu IpKOCTH (pUCYHOK la). DT1o
MIPUBOIUT K (hparMEHTAIMH OCTOBOB (PUCYHOK 1b).

2. OCTOBBI IUIOTHO YMNAKOBAHHBIX WU Ha-
KJIQJBIBAIOMINXCS  OOBEKTOB MOTYT  CMBIKaThCs
(rutarua Bonel maketa ImageJ, pucyHok 1c¢).

3. OcToBBbI 0OBEKTOB ¢ HEOTHOPOXHOCTSIMH LIH-
PUHBI MOTYT UMETh OTPOCTKH (raruH Sceletonise
2D/3D, pucyHok 1d).

[IpencraBneHHble  HEMOCTaTKA BO  MHOTOM
00yCIIOBJICHBl KPAacBBIMH IIyMaMH, BapHaIusi-
MU (opmbl, sipkoctH 0o0bekToB [11], a Takke
HEYETKOCTRIO uX rpanut [12]. s ux ycTpaHeHus
pa3palaThIBAIOTCS pa3jINYHbIE CHEIHATU3NPOBaH-
HbI€ QITOPUTMBI, OPHUEHTHPOBAaHHBIC TION OIIpe-
JIeNIeHHBIN Kiacce 3afa4. OnMHAaKO OHU MPUMEHSFOTCS
Ha H300pakKeHUSX TIOCIEe NpOIEeaypbl OWHApH3a-
MU W CTPYKTypH3allMd  OCTOBa,  KOTOpas
Py HAJUYUKM  HEKOMIICHCHPOBAaHHBIX  IIOMEX
MOXET TIPUBECTH K TIOSBICHHUIO CYIICCTBEHHBIX
Pa3peIBOB, HE YCTPaHSEMBIX MOP(HOIOTHIECKUMHU
npeoOpazoBaHusIMU. B CBS3U ¢ 3TUM NPEACTABISCT-
Cs aKTyaJbHOHM 3a/mada BBIJENEHUS U JedparMeH-
Talil OCTOBOB OOBEKTOB HEMOCPEJICTBEHHO Ha
MOJTYTOHOBOM H300pakeHnH. llenmbio HacTosmei
paboThl SABISUTach pa3padboTka HETPeOOBATEITHHOTO
K pecypcaM ajropuTMa BBIICNICHHUS OCTOBOB OOBEK-
TOB, OPHEHTHPOBAHHOTO Ha OCOOEHHOCTH H300pa-
JKEHUH B CKAHUPYIOLLEH 30H10BOH MUKPOCKOIINH.
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Pucynok 1 — VcxonHoe u300paKeHHUE BBITSIHYTHIX OOBEKTOB 5x50x1 MKM (@) W pe3ybTaThl BBIJACICHHS OCTOBOB
¢ nedparmenranueii (h), cMbIkaHieM (¢) U 00pa3oBaHUEM OTPOCTKOB (d)

Figure 1 — The initial image of elongated objects of 50x50%1 pum (@) and results of skeletons' separation with defrag-
mentation (), skeletons closing (c) and skeletons' branches formation (d)

Juis BBIJICJICHUS OCTOBOB 00BEKTOB
HETOCPE/ICTBEHHO Ha TOJIYTOHOBOM H300pa)KEHUH
B 30HJIOBOW MHUKPOCKOIIUK MOTYT HCIIOJIb30BaTh-
cs nMeTeKTopbl KpuBm3HBI [13]. Takue aeTEKTOpHI
AHAIM3UPYIOT — TPOPUIOrpaMMbl  (CTPOKH WU
CTOJIOIBI) M300paKCHHs TMOCPEICTBOM BIIHCHIBA-
HUSL B JIOKQJbHBIE OKPECTHOCTH OKPYXXHOCTHU
ui  chepbl, pasMepbl KOTOPBIX  OMPEICIISIOT
CTCTCHb KPUBHU3HBI MOBEpXHOCTH. [IpenmyiiecTBa
JICTCKTOPOB 110 CPaBHEHUIO C CYIICCTBYIOUUMHU

METOJAaMHM, OIMCAaHHBIMU BBIIIE, 3aKJIIOYAIOTCS
B CIICAYIOIICM.
1. OyHKIMSA KPUBHU3HBI HMMECT JIOKAJIhHBIC

OKCTPEMYMBI B MECTE PACIIOJIOKEHUS OOBEKTOB,
HampuMep, YacTHIl WM BOJIOKOH. JTO TIO3BOJISET
JIETeKTUPOBATh OOBEKTHl  Pa3IUYHON  SIPKOCTH
(oHOBBIE W PACTIONOKEHHBIC HAa TIEPETHEM IIIaHE)
Ha cTaO0OKOHTPACTHBIX N300pAKEHUSX.

2. Ilouck 3KCTpEeMyMOB KpPHUBHU3HBI W TOYEK
0CTOBa B JICTEKTOPE MPOMCXOJUT BIOIb CTPOK H
CTOJIOIIOB pacTpa U300pakeHusi, UCKItoYast 3h ekt
CMBIKAHUS.

3.0  KaXIOro  IOMEPEYHOTO  CEUCHHMS
00BEKTa, AammpOKCUMHPOBAHHOTO OKPYKHOCTHIO,
ompeJieNisieTcs OIHA TOYKa OCTOBA, YTO MCKIIOYAET
(hopMUPOBAHUE OTPOCTKOB.

B HacTosmeil pabore paccMOTpPUM pelieHHe

3ajaud  Ae(parMEHTallUd  OCTOBOB  OOBEKTOB
C  IOMOILIbIO  ammapaTta  IPOrHO3UPOBAHUS,
ucnonszyemoro B C3M g yBenu4eHus

OBICTPOJICHCTBUSL MHUKPOCKONAa 3a CYET YIPeK-
JIAIOIIETO YIIPABJICHUS, MOBBIIMICHUS COXPAHHOCTH
30H70B [14], cCcHWXeHHA YpOBHS TIOMEeX Ha
M300paKCHHUSIX.

Hponw:mme Pl306pa)KeH]/lﬂ
H UX IPUMECHCHHE

PaccMoTpyM OCHOBHBIE MPUHIUIIBI MPOTHO-
3UPOBaHUSI U MOCTPOCHUS MPOTHO3HBIX HM300paxe-
HUH B 30HJ0BOM MHUKPOCKONMH. bOJIBIIMHCTBO
aJrOPUTMOB NPOTHO3UPOBAaHMS OCHOBBIBAIOTCA Ha
B3aMMOCBSI3M YPOBHEH SIPKOCTHM CMEXKHBIX TOUYEK
M300pakeHUsT ¥ ONPEICIISIOT MPOTHO3HYIO OICHKY
Z, B BUJIC JTMHCHHON KOMOMHAIIUY SIPKOCTEH 1 3TUX
Touek [14, 15]:

Z,=

M=

o,z

n—i»

7
rae Z(x,y) — anBymMepHas QYHKIUS SPKOCTH.
UccnenoBanus [14] mokasaniu, 4To MpU BEIUYU-
HEe TMPOTHO3HOTO MHTepBaja Ay B OAWH HMHTEpBal
pacTpoBOW CETKH H300paKeHHs IMOJUHOM IEepBOM
CTETNIEHH HUMEeT JOCTATOYHYIO Ui YIpaBIeHUs
CKaHUPOBAaHHEM 30HJJOBOIO MHUKPOCKONA TOUYHOCTD.
OTOT MOJMHOM OIHCHIBAET MOBEAECHUE MOBEPXHOC-
TH Ha ydacTke ctosubua [y,,,y;], a MpOrHo3upoBa-
HUE 3aKJIOYaeTCs B €ro JKCTPANOJALUHU 0 TO4-
KU ;,, (pucyHOK 2):

1 .
Z(y+Ay)=Zaj(y+Ay)j. (1)

J=0

IlockonbKy HHTEpBaNbl MEXIAY V1> Vi» Vi
paBHBI, BbIpaxkeHne (1) MOXHO YHOPOCTUTH H
3amucath B (POpMe, COOTBETCTBYIOLICH PUCYHKY 2:

Z(yin) = 2200) = Zyi)- 2

CoracHO pHCYHKY 2 Ha OCHOBE JIByX H3MEpPeH-
HBIX CTpPOK (mpoduuorpamm) C3M-u300pakeHus
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MOXHO IOJYYHUTh IPOTHO3HYIO NPOQWIOrpaMMy, CKaHUPOBAHUS u3 Habopa MPOTHO3HBIX
KOTOpasi HMCIOJb3YeTCs JUIs YOpaBlICHHsS CKa-  npoduiorpaMm (dhopmupyercs IIPOTHO3HOE
HUpoBaHuWeM. Ilocile  IOJHOTO  3aBEpIIEHHS  H300pakeHHe.
er Ay
----D
Yiit Vi yisr YV

Pucynoxk 2 — [IporaozupoBanne peibeda MOBEPXHOCTH BIONL cToiOma pactpa C3M-u3o0pakeHHS: © — H3Me-
PHUTENBHBIC TOUYKH; O — U3MEPUTEIBHBIE TOUKH, HCITOIb3YEeMBbIe JUIsl IPOTHO3a; O — NPOTHO3HAS TOYKa

Figure 2 — Predicting the surface relief along the raster column of a SPM image: ® — measuring points; © — measuring

points used for forecasting; o — forecast point

[lepenumem BwIpakeHwe (2) B CIETYIOIIEM
BHJIC:

Z(i) = 20+ Ly, G)
o

CornacHo (3) omepaiusi TPOrHO3UPOBAHUS
JKBHUBAJIEHTHA MPONOpIHOHATBHO-TU D depeH-
uumanbHOoMy 3BeHy. Ecim mpeacraButh  mpo-
¢unorpamMmy B BHJE CHUTHalla W MOJATh Ha BXOJ
TAaKOro 3BEHA, TO Ha BBIXOJE MOJYYUM CHUTHAI,
B KOTOpPOM KojeOaHusi SpKOCTH B 0oOnacTu
nepecedyeHusl 00bEKTOB OYyyT YCUIICHBL. DTO O3HA-
YaeT MOBBIIICHHE PE3KOCTH B IPOTHO3HOM HM300pa-
KCHUHM W TOBBILICHHE BEPOSATHOCTH BBIACICHUS
TaKUX TIepenajoB, Hampumep, ACTEKTOpaMHu
KPUBU3HBI.

[ToBrbllIeHNE PE3KOCTH HE E€JUHCTBEHHAs I10-
JIe3Hasl OIUUSl MPOTHO3MPOBAHMSA NpU 0O0paboTKe
C3M-uzob6paxenuii. Tak pacxoxkIeHHE TPOTHO3-
HBIX OLIGHOK W M3MEPEHHBIX 3HAUYCHUH MOXET
CUMTATbCAd TMPHU3HAKOM BO3JICHCTBUS BHEIIHUX
noMex. Ha pucynke 3a mpuBeneHo n3zoOpaxeHue
CO CMCIIEHHEM CTPOK pacTpa, BBI3BAHHBIM
yaapHoil momexoil. Ha pucynke 3b npuBenceHbl
nu3MepeHHas (kpuBas 1) u mporHo3Hast (KpuBas 2)
npodmiIorpaMMbl  M300paKeHUsT B CMELIEHHOM
CTpOKe, a Takke rpaduk (Kpuas 3) MHTErpalb-
HOW OIIMOKY MPOTHO3UPOBAHMS TPODUIIS:

2

i=1..j

-2

J >
27|

rae j = 1...N; N — KOTU4ecTBO NMHKCEJIEH B CTPOKE
m3obpaxenust (N =256);  Z" — usmepeHnoe

3HaueHne; Z! —mporuo3noe 3HaueHwe. CpaBHe-
Hue rpadukoB (PUCYHOK 3b) C aHaJOTUYHBIMU
rpadukamMu  (pUCYHOK 3¢) IS CTPOKH H300pa-

KEeHHs, TOJy4yeHHOH Oe3 momex, IoKa3alu
CYILIECTBEHHOE yBEJIMYEHUE HMHTErpajJbHOU
OIIMOKH IIPOTrHO3UPOBAHN, qTO0 SABIISICTCA

KOCBEHHBIM TIPU3HAKOM BO3JICUCTBUSA TOMEX U
MOXXET OBITh TPHYWMHOW IS JTOMOTHUTEIHHOMN

00paboTKM  HM300paXeHHsT U  KOPPEKTUPOBKH
pe3ynbTaToB U3MEPEHUH.
Paccmorpum, kak 00paOoTka MPOTHO3HBIX

n300paKeHUI BIUSET HA PE3yJbTar BbIICICHUS
OCTOBOB YMIMHEHHBIX 00BEKTOB. Ha pucynke 4a
MIPECTaBICHO N300pakeHNe TPUOKCHIa MO0 IeHA
(http://www.ntmdt-china.com/resources/scan-gal-
lery/material-science-1/moo3.htm, pexum gocryma:
20.12.2024) n oTMedeHa CTPOKA U300pAKCHHUS, IS
KOTOpPOW TIOCTPOEHBI peanbHas | W MpOrHO3HAA 2
npoduorpamMmsl (pUCYHOK 4b).

10

. 8
o 3

Ew g
. 8
2

151



Tpubopul u memoowt usmeperutl Devices and Methods of Measurements

2025. T. 16. Ne 2. C. 147157 2025;16(2):147-157
I1.B. I'vnsies P.V. Gulyaev
S & I &

5 [pesmpenss e e 0.075
3>
P ! ' 0.05
< ............................ 1 i
0 0.025
! ! -2.5 0.0
0 51 102 153 204 i 0 51 102 153 204 i
b c

Pucynox 3 — M3o0pakenne co cMEmEHHON CTPOKOH (a), mpodriiorpaMMbpl ¥ MHTErpajbHAS OMNOKA B MCKAKEHHON
(cmeménnoit) crpoke (b), npoduitorpaMMbl U MHTETpabHasi OMIMOKa B HEMCKaXEHHOH cTpoke (¢); 1 — m3MepeHHas,
2 — mpoTHO3Hast KpHUBasi; 3 — MHTErpaJIbHAsl OMINOKA MPOTHO3UPOBAHUS IPO(UIIS

Figure 3 — Image with shifted row (a), profilograms of shifted row and integral error for shifted row (b), profilograms of
shifted row and integral error for normal row (c); 1 — measured, 2 — forecast curve; 3 — integral error of profile prediction

a b

Pucynok 4 — N3o6paxenne 30x30%0,15 mxm (a) u npoduorpammsl (b) BIOib mTpUxoBod iuHUK (1 — peanbHas;
2 — IPOTHO3HAa)

Figure 4 — Image 30x30%0.15 um (a) and its profilograms (b) along the dashed line (1 — real; 2 — forecasted)

CoracHo (3) mnporHos3Hasg mnpoguiorpaMma  Pe3yabTaThl M X 00CYXK/AeHHE
OTIMYaeTCsl  OOJIBIIMM  JIMANa30HOM  KOJIeOaHUM
Ha YydYacTKax ¢ PpPEe3KMM H3MEHEHHUEM SPKOCTH, HpeHMymeCTBa COBMCCTHOI'O HMCIIOJIb30BaHUA
YTO IIOBBIIIAET BEPOATHOCTH JIOKAIMW3AllMM Takux  IIPOTHO3HBIX npoduinorpaMmM M JETEKTOPOB
YYaCTKOB JETEKTOPOM KPHUBHM3HBI W TOYHOCTH  KPHWBHM3HBI 3aKIIOYAIOTCS B CICAYIOIICM:
BBIZICICHUS OCTOBOB  HCCIEAYEeMBIX  OOBEKTOB — UCIIOJIL30BAHME  OJIHOTO Habopa  JJaHHBIX
Ha OCHOBE TPOTHO3HOTO H300PaKEHUSI. (cTpoka wiamM cTonmOenm pacTpa  M300paKeHHMS)
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MIO3BOJISIET n30exarb JOMOJHUTENFHOTO  MIEHKHM (eppur-rpanara (www.ntmdt-china.com/
COIVIACOBaHUS  KOJMYECTBEHHBIX  pe3yibTaroB resources/scan-gallery/ferrite-garnet-film/ferrite-
00paboTKH; garnet-film.htm, pexum pocryma: 20.12.2024),

—HET HEOOXOOMMOCTH B [ONOJHMUTEJIBHBIX @ TakXKe pe3ylbTaT BbIIENEHUs OcCTOBOB. U3
BBIUUCIICHHUAX, T.K. IPOrHO3HOE H300paKCeHWE PHUCYHKOB 5b u 7b cienyer, YTO NETEKTOP KPUBU3HBI
(dbopmupyeTcs B IpoLecce CKaHUPOBAHMS; MO3BOJIWJI BBIACIUTH OCTOBBI IIEJIEBBIX OOBEKTOB

— yCUJICHHE M3MEHEHHMH SPKOCTH Ha OOBEKTaX  TOJBKO C CYIIECTBEHHBIMH paspbiBamu. [Ipumene-
B MPOTHO3HOH mpo¢uiorpaMme IMOBBIIAET Be- HHUE MPOTHO3HBIX H300paKeHUH (PUCYHOK 6a)
POSITHOCTH JETEKTUPOBAHUS OCTOBA. MO3BOJIMJIO  CYWIECTBEHHO  JAedparMeHTHpOBATH

Pesynbrarel BBIOENCHHS OCTOBOB OOBEKTOB  OCTOBBI (PUCYHOK 6b). AHAJIOTHYHAs CHTYaLHsI
Ha HMCXOOHOM M MPOTHO3HOM H300paKCHWH  HAOJIOJAeTCs Ha OPUIMHAIBHOM W HPOTHO3HOM
npuBeeHb! B Tabnmunax | n 2 1 Ha pucyHKax 5—-8. u300pakeHMsX (PUCYHKH 7, 8) TpyOOK TpHOKCHIA
B wactHOCTH, Ha pUCYHKE 5 MTOKa3aHO N300paKEeHUE  MOJMOAEHA U PE3yJbTaThl BBIICIICHUS OCTOBOB.

Tabnuya 1/ Table 1

Pe3ysbTarbl M13MepeHUsi 0CTOBOB 00bEKTOB HA MCXOAHOM (PUCYHOK 54) U IPOTrHO3HOM (PHCYHOK 64)
H300pakeHusIx

Results of the objects skeletons measuring in the initial (Figure 5a4) and forecasted (Figure 6a) images

Homep o6bekra JmHa octoBa, nukcelnb / Skeleton length, pixel

Ha PUCYHKE 5a

W3meperHast 6e3 HCMONb30BaHHs W3mepennas ¢

The number of the object  Hcrunnas / True nporHosa / Measured without ~ Mcmosib30BaHHEM TIPOrHO3a /
in Figure 5a using a prediction Measured using a prediction
1 101 48 51

2 160 13 (78)* 141

3 170 13 (76)* 172

4 110 16 (40)* 110

5 101 46 (12)* 104

6 97 43 (10)* 102

7 85 33 (11)* 87

8 15 19 19

9 64 29 65

10 130 10 135

11 49 53 55

12 36 36 37

* — pacmo3HaHO JIBa OCTOBA, [UIMHA BTOPOTO MPHUBEICHA B CKOOKaX
* — two skeletons are recognized, the length of the second is given in parentheses

Anpamu3 Tabmmip 1 w2 ToKasan, dYTO  IMOKa3aTelId pacro3HaBaHuUs. KauecTBeHHbIH
HCMOJIb30BaHUE MIPOTHO3HOTO n300paxKeHUs.  II0Ka3arellb €y OIpeNeNsicd KaKk OTHOCHTEJIBHOE
MO3BOJIMJIO TIOBBICUTH KaU€CTBEHHBIN (UHCIIO BEPHO  OTKIOHEHHE KOJMYECTBA HEPACHO3HAHHBIX OCTOBOB
paclo3HaHHBIX OCTOBOB) U  KOJIMYECTBEHHBIH N OT oOuiero uucia N:

(mOTpenIHOCTh  ONpeNeNeHus  JUIMHBI ~ OCTOBa) &x = N/Nj.
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Pucynok 5 — Mcxoanoe nzo0pakenne i€Hku Gpepput-rpaHata (@) v BbIIeICHHBIE OCTOBBI (b)

Figure 5 — Initial image of the ferrite-garnet film (@) and localized skeletons (b)

—
a b

Pucynoxk 6 — I[Iporao3noe n3zo0paxxeHne TIEHKH GpeppuT-rpaHaTa (a) U BeIICICHHBIC OCTOBHI (D)

Figure 6 — Forecasted image of the ferrite-garnet film (a) and localized skeletons ()

KOJ'II/I‘IGCTBCHHI)IM ITOKa3aTcjieM ACIIO3HABaHUA
p gL= Y, (|max(L,-)—L0,-|)/N.

ABJIAJIaCh BCJIIMYMHA SL, KOTOpas omnpeacisaiach Kak i=l.N
CpelHee OTKIOHEHHE MAKCUMAJILHOM HM3MEpPEHHOM Pacuér BenmuuH €y U €, IS PUCYHKOB 5 u 7
JJIMHBI i-r0 OCTOBa Li OT UICTUHHOI'O 3BHAYCHUA L()i: Imokasaj CJICAyroIee.
. .// .
N - ’f -7
N, \.
S— 7
~ -
N, —
N -
~ '\‘\ * . -
a b

Pucynok 7 — McxonHoe n3o0pakeHHE TPUOKCH 1A MOJIUO IeHA (@) ¥ BBIICIICHHBIC OCTOBEHI (D)

Figure 7 — Initial image of molybdenum trioxide (a) and localized skeletons ()
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Pucynok 8 — IIporaosnoe nzo0pakeHre TpHOKCHIa MOIHOIeHA (a) U BBIICIIEHHBIC OCTOBHI (D)

Figure 8 — Predictive image of molybdenum trioxide (a) and localized skeletons ()

Tabnuya 2 / Table 2

Pe3yabTaThbl H3MepeHusl 0CTOBOB 00HeKTOB HA MCXOAHOM (PUCYHOK 7a) U TPOTHO3HOM (PUCYHOK 8a)
U300paKeHus

Results of the objects skeletons measuring in the initial (Figure 7a) and forecasted (Figure 8a) images

Homep o6wexra Hmuna octoBa, nukcens / Skeleton length, pixel

Ha PUCYHKE 5a

HW3mepennast 6€3 UCIIONB30BAHMS W3mepenHast ¢

The number of the object  Hcrunuas / True nporHosa / Measured without HCIIONIb30BaHUEM ITPOTHO3a /
in Figure 5a using a prediction Measured using a prediction
1 24 H/p 19

2 22 H/p 14

3 168 77 164

4 76 H/p H/p

5 49 H/p 16

6 92 59 77

7 47 30 31

8 41 40 40

9 20 H/p H/p

10 27 23 26

11 113 H/p H/p

12 45 34 43

[Tpumeuanue: H/p — HE pacIO3HAHO
Note u/p — not recognized

Jis MCKaXEHHBIX ~ MOMEXOH  OOBEKTOB, MO3BOJMJIO CHHM3MTh Bennuuny g ¢ 0,48 mo 0,1
MIPEJICTABICHHBIX W MPOHYMEPOBAaHHBIX Ha pHCyH- (Tabmuma 1). B npyrom cimyuae (pucyHok 7a, Tabmu-
Ke Sa, TPUMEHEHHE TMPOTHO3HOTO H300paKeHHus 1a 2) HUCIOIb30BaHUE TPOTHO3HOTO H300PAIKEHHUS
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CHM3MJIO BennuuHy €y ¢ 0,5 no 0,25, a BenuuuHy g,
¢ 0,64 no 0,40.

3akjao4eHue

YCcTaHOBICHO, YTO YNPABIIAIONIas HHYOPMAIHs
B BH/IC TIPOTHO3HBIX OLIEHOK MOJKET HCIOJIB30BATHCS
mpu 00paboTKe W300pakeHUH B CKaHUPYIOIICH
30HI0OBOH MHKpOcKomuu. B uactHocTH, yBenmuue-
HUE WHTETPAILHONH OMIMOKK MPOTHO3MPOBAHUS
SBISIETCSL TIPU3HAKOM  HEOOXOJMMOCTH  JIOTIOJN-
HUTEIHHOU 00pabOTKM H300paKCHWH OT HHU3KO-
YaCTOTHBIX WM YyJapHBIX ITOMEX, OKAa3bIBAIOIINX
BIIMSHHE HA OTOOpaKCHUE YIIMHEHHBIX OOBEKTOB.
Kpome Ttoro, dopmupoBaHHe W NPUMEHEHUE INPH
WU3MEPEHHSIX MPOTHO3HBIX M300paKeHUH TO3BOJISIET
HUBEIUPOBATh BIUSHHE TaKUX TOMEX, YBEIUYUTD
YHCII0O BEPHO PACIIO3HAHHBIX OCTOBOB, a TaKXKe
CHM3UTH HOTPEUIHOCTH ONPEACTCHUS IIHHBL.
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MeToa Hepa3pymIaUIero KOHTPOJIsi COCTOSTHUA OAHO(a3ZHbIX
U Tpéx(da3HbIX TPAHCHOPMATOPOB HA OCHOBE YACTOTHBIX
XapaKTePUCTUK

N.JIL. I'pomsiko, B.H. I'asymko

bBenopycckuii 2ocyoapcmeennbiil ynusepcumem mpancnopmd,
ya. Kuposa, 34, 2. I'omenv 246653, Benapycs

Hocmynuna 17.03.2025
Ipunama k neuamu 14.05.2025

CylIeCTBYIOT pa3IMyHbIC METObI IUATHOCTUKHU TPAaHC(HOPMATOPOB. AHAIHM3 HCIIOJIB3YEMBIX METOJIOB
W IMAaTHOCTUYECKUX CUCTEM YKa3bIBA€T HA TOCTUIKEHHE ONPEIEIEHHON CI0KHOCTH JAJIBHENIIETO PA3BUTHA
CYIIECTBYIOLIUX METOJOB U JIMATHOCTHUYECKUX CUCTEM. DTO OOYCIIOBJIICHO CIOKHOCTBIO BXOHBIX CUTHAJIOB,
JIOCTATOYHO OOJIBIIIUM YHUCIIOM [1apaMeTPOB, HEIIMHEHHBIMU MHOXECTBEHHBIMU JHHAMUYCCKUMH B3aHMOC-
Bsi3siMu. OIHUM 13 HauOoJiee MEPCICKTUBHBIX BHUJIOB JHMATHOCTUKU, HA CETOJHSIIHUN MOMEHT, SBISCTCS
aHAJIM3 YaCTOTHBIX XapaKTEPUCTUK TpaHchopmaTopa. Llenbio naHHOW paboThI SIBJISJIOCH BBISBICHHE pa3-
JIMYHBIX AePeKTOB TpaHc(opMaTopa C MOMOIIBID aHajIKM3a YACTOTHBIX XapaKTepUCTHK. B maHHOW pabo-
Te Il OOHAPYKEHUsS JE(PEKTOB CEepICYHHKA ¥ OOMOTOK KCIIOJIb30BaH aHAJIN3 YACTOTHBIX XapaKTEPUCTHUK
Ha OCHOBE METOJA TPEX BOJBTMETPOB. B pe3ynbTaTe NMpOBENEHUS CEPUM SKCIEPUMEHTOB IMOJIYYEHBI UM-
NeJlaHCHbIe U (ha30-4aCTOTHBIC XapaKTePUCTUKH TpaHCPOPMATOPOB ¢ jaedeKkraMu cepjaeyHuKa U oOMo-
TOK. JlaHHBIE XapaKTEPUCTUKHU MOKA3bIBAIOT 3HAYMTEIBHBIE DPA3IUW4Usl MEXKIY HOPMaJbHbIM W aBapHii-
HBIM COCTOSHMSIMEH TpaHc(hopMaTopoB. [lomyueHHBIE XapaKTEPUCTHKH B BUJC HU300PAKCHUN SBISIFOTCS
WCXOJHBIMHU JIAHHBIMU ISl CBEPTOYHOM HEWPOHHOW CeTH, ompeaenstomiei Buja nedekra. Mcnomp3osa-
HUE YACTOTHBIX XapaKTCPUCTUK OJMHO(A3HBIX U TPEX(Da3HbIX TpaHCHOPMATOPOB MPH AMATHOCTUPOBAHUU
MPEJOTKA3HBIX COCTOSHUHA M OTKa30B MO3BOJMT CO3[aThb YHHMBEPCAJIbHBIM MPOrpaMMHO-aNNapaTHbIA
KOMIUIEKC TUarHOCTUKH IS TPAHC(OPMATOPOB PA3IMYHBIX TUIIOB U HOMUHAJIBHBIX JaHHBIX.
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Abstract

Nowadays, there are many different methods of transformer diagnostics. The analysis of used meth-
ods and diagnostic systems indicates that a certain complexity of further development of existing methods
and diagnostic systems has been achieved. This is due to the complexity of input signals, quite a large num-
ber of input factors, nonlinear multiple dynamic interrelationships with other parameters. One of the most
promising types of diagnostics, to date, is frequency response analysis. The objective of this paper was
to identify various transformer defects by analysing the frequency response. In this paper, frequency re-
sponse analysis based on the three voltmeter method is used to detect core and winding defects. In a series
of experiments, impedance and phase-frequency characteristics of transformers with core and winding
defects are obtained. These characteristics show significant differences between the normal and emer-
gency states of the transformers. The obtained characteristics in the form of pictures are the initial data
for the convolutional neural network, which determines the type of defect. The use of frequency
characteristics of single-phase and three-phase transformers in diagnostics of pre-failure states and fail-
ures will allow to create a universal hardware-software complex of diagnostics for transformers of different
types and nominal data.

Keywords: transformer, frequency characteristics, method of three voltmeters
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BBenenue

Jns  MarHOCTMKM HEUCHPABHOCTENW TpaHC-
(dbopmaropoB B HACTOsIIleE BpeMs CYIIECTBYET

MHOTO  pa3IMYHBIX  METOJOB. B  kauecrtBe
UHPOPMATHBHBIX  MApaMETPOB  HCIOJIb3YIOTCS
YaCTUYHBIC  paspsijibl, aHali3 PacTBOPEHHOIO
raza[l], cHeKTpoCKOmHs, HWHAEKC TOJSPU3aINH,

K03(Q(PUIMEHT AMAIEKTPUYECKON MpOHUIIaeMOC-
TH [2], COMPOTUBICHUE H3OJALNU, U3MEPEHUE Ha-
NPSDKCHUST BOCCTAHOBJICHHUS, TOK MOJSIPU3AIMN |
JEToNIsIpU3alluy, aHallM3 YacTOTHBIX XapaKTepHc-
TUK (frequency response analysis — FRA) u nap.
B nmocnennee Bpems FRA mpusiekaer BcE Oombiie
BHUMaHUSI JJisi OOHAPYKECHUSI MEXaHHMYECKHX IIOB-
PSKICHUN M3-32 €r0 BBICOKOW UYYBCTBUTEIBHOCTU
K JedopManusiM  oOMOTOK TpEX(daszHbBIX TpaHc-
dhopmatopos [3].

FRA —3T0 cpaBHUTENbHBIH METOJl, OCHO-
BaHHBI Ha CpaBHEHMM MeEpeAaTOYHBIX (YHKUUH
Mexay coboii. OOMoTKa TpaHchopMaTopa MOXKET
paccMaTpuBaTbCsl Kak CJIOXHAs LeMb, COCTOSIIAs
W3 MHAYKTUBHBIX, EMKOCTHBIX M PE3UCTHBHBIX
9JIeMEHTOB. MEKBUTKOBbIE KOPOTKHE 3aMbIKa-
nus  (MK3), wmexdasHble KOpPOTKHE 3aMblKa-
Huss (M®3) © COOTBETCTBYWOIIME UM TIpe-
OTKa3Hble COCTOSIHMA, AcedopManmuu OOMOTKH H
MarHuTONpoBoAa  TpaHcopmaTopa  M3MEHSIOT
nepeaaToyHyo (yHKUu0 oOMOTKH. B pesynbrare
CpaBHEHUSI HOBOW H3MEPEHHOH MepeaaTOYHOMI
(yHKUMH ¢ nepenaToyHol (yHKUMEH HOpMasbHO-
ro (COOTBETCTBYIOIIEIO HOMHUHAJIBHBIM Iapamer-
paM) COCTOSHMSI OOMOTKM W MAarHHTONPOBOJA

TO3BOJISET BBISIBUTH  JTaHHBIE M3MEHEHUSI.
AHamm3upyst  9TH  pa3nuyusi € TIOMOIIBIO
metona FRA, ompenensercs TUN W CTENEHb
HeucmpaBHOCTH. B mjureparype  (cTaHmapt

IEEE C57.149TM-2012, T'OCT P 59239-2020)
STOT STal Ha3bIBACTCS WHTEPIIPETalrell YacToT-
HOW XapakTepucTuku. B wmarepuasne mgaHHOU
CTaThbH, B OTIMUHe OT oObIHOTO FRA, aBTOpHI
B Ka4yeCcTBE WCXOJHBIX TaHHBIX MPEIIOKUIH HC-
MOJIb30BaTh MMIMENAHCHYI0 ¥ (a30-4aCTOTHYIO
XapaKTEpUCTUKY conpoTusieHus. Ilpu ananusze
repeaaToyHol (PYHKIIMH Pa3IMYHBIME aBTOpPaMHU
WCTMONB30BAINCH ~ METO/ABI,  OCHOBaHHBIE  Ha
YHUCIIOBBIX TOKazaTensx [3], HemapaMeTpuyecKux
CTATUCTUYECKUX IOKa3aTemsix, OuHapHOU Mopdo-
JOTMM W Bapualu AKCTPEMaJbHBIX TOYEK [4],
OKOHHOM  MeTonme  pacu€ra [5], MeTomax
MOJICIIMPOBaHUs TpaHchopmaTopa [6], MeToaax

HEUYETKON JOruKu [7], BEpOSITHOCTHOM HEHpO-
ceTeBOM aHaiu3e [§8], a Takke TMOJSIpHbIE Xa-
paktepuctuku rtpaduka FRA Hapsagy ¢ 1ud-
poBoil  00paboTko¥  m300pakeHwit. CormacHo
I'OCT 59239-2020, wdacTOoTHBIE XapaKTEPUCTUKU
MOTYT OBITH Pa3OWTHI Ha TPU YACTOTHBIX JIHAIA30-
Ha: B HIDKHEM YacCTOTHOM JHAara3oHe OMpeelIsio-
iee BIMSHME OKa3blBa€T MAarHUTOIIPOBOJ, B Cpei-
HEM YacTOTHOM JMAama3oHe B3alMOJEHCTBIE
MeXJITy OOMOTKaMH, B BEPXHEM — KOHCTPYKIIUS
n3MepsieMoll OOMOTKM ¥ BHYTPEHHHE COCIUHE-
HUS; Takke B OOJACTH BBICOKMX YaCTOT BIHSIHHC
OKa3bIBAIOT M3MEPUTENbHBIE KaOeIu.

CoBpeMeHHbIE METO/Abl JAMArHOCTUKU HE BCEr-
Jla OJHO3HAYHO YKa3bIBAIOT HAa MECTO W BUJ Jie-
¢dekra [9]. [IporpammHO-anmaparHble KOMITICKCHI
JIUarHOCTUPOBAHUSI HEUCHPABHOCTEH [UIsl Mpea-
HPUATUI AJIEKTPOIHEPIETUYECKOM OTpaciIM KOMIIa-
Huu Omicron, Hanpumep Testrano 600, peanu3so-
BaHBI B OJIHOM YCTPOHCTBE [UIsl IUIAHOBBIX
MPOBEPOK Ha MECTE SKCIUTyaTallid M IIPH 3aBOA-
CKHX TPHEMOYHBIX HCHbITaHUSAX. OOopymoBaHHe
xommaawu  Alstom Schorch Transformatoren Ttpe-
JIOCTABIISIIOT ~ CBEJIEHUSI O COCTOSHHU  TpaHC-
(opmaropa B peXHME HEMPEPHIBHOTO KOHTPOISA
JUIsL  CWJIOBBIX  TpEX(as3HbIX TpaHCHOPMATOPOB
motHoCcThIO 0T 10 mo 100 MBA u Gonee. Komma-
Husl Siemens TIOCTaBIIET CHCTEMY HETPEPHIBHOTO
KOHTPOJISI COCTOSIHUSL Sitram+ BTOPOTO TOKOJEHUS
Ha 0Oa3e BBIYUCIUTENLHOM cucteMbl Sitnatic,
MOJTy4aroIIe CUTHANBI OT JAaTYUKOB, YCTAaHOBJICH-
HBIX Ha TpaHchopMmarope, MPOU3BOAsIIEH 00padoT-
Ky, aHAJIM3 U BU3YaAJIM3aIlNIO JaHHBIX U3MEPEHUH.

Hecmotpsi Ha Bce Oe3ycioBHBIE JOCTOMHCTBA
npuMeHseMbix B PecmyOnuke bemapyck amarsoc-
TUYECKUX CHCTEM, OHU MMEIOT PSI/I CYIICCTBEHHBIX
HEJIOCTaTKOB: HE  SIBISIIOTCA ~ YHHUBEPCAIIbHBI-
MU (NIPUMEHSIOTCS TIOJl KOHKPETHBIE CXEMBbI, 000-
pyIOBaHHME W Jp.); HUCIOJB3YETCS pa3zHOPOIHAS
W pa3HOTOYHAass MH(OPMALUsS; HE YYHUTHIBACTCS
MUHAMHUKA W3MEHEHWS KpUTEpHEeB JUarHOCTHUPO-
BaHUsl 00OPY/IOBaHMUsI, PYTUMHU CIIOBAMH, CUCTEMbI
He oOywgaemsbl. llosTomMy mpumeHenne camo-
0o0y4aeMbIX CHCTEM Ha OCHOBE HCKYCCTBEHHBIX
HEUpPOHHBIX CEeTeHd TMO3BOJIUT YCTPAHUTH TMepe-
YUCJICHHbIE HeAocTarku. Ilpu 3ToM moaroroBka
WCXOIHBIX MAHHBIX [UISI TUATHOCTHUECKUX CUCTEM
Ha OCHOBE DJKCIIEPUMEHTAJIbHBIX HCCIICIOBAaHUM,
HampuMmep, TPU BO3HUKHOBCHHH MEKXBUTKOBBIX
3ampikanuii  (MK3) wu gpyrux HeucmpaBHOC-
Tell TPEACTaBISACT ONpeAeNeHHbIE MPAKTHUYECKHE
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TPYIHOCTH, CBSI3aHHBIC, HAIpPUMEpP, C OOJBITUMHU
BEJIMYMHAMH TOKOB, KOTOpPHIE MOTYT MOBPEAHTH
HCIBITBIBAEMBIH TpaHchopMaTop.

OneHka  COCTOSHHS ~ OOMOTKM  TpeOyer
OTpe/ICICHUST apaMeTPoOB, IO KOTOPhIM OyjeT
MIPOU3BOJIUTHCS aHANN3, a TAKXKE BBISIBICHUS KOP-
peNAnry ATHX TapaMeTpPOB C COMPOTHUBICHHEM B
MecTe JaedeKTa, KOJTUYeCTBOM KOPOTKO3aMKHYTHIX
BHUTKOB, MECTOIONIOKeHneM  nedexra. Metox,
MO3BOJISIFOIIMIA ~ OLICHUBaTh  PabOTOCIIOCOOHOCTh
TpaHC(POPMATOPOB B IKCILTyaTallMOHHOM IEPHO-
e wux paboThl, [OJDKEH JeJaTh BO3MOXKHBIM
BBISIBJICHUE  OCJIA0JICHHS  BHUTKOBOW  W3OJISIUHU.
[Ipu 3amplkaHUU JFOOBIX MEIHBIX MPOBOJHUKOB
COTIPOTHBJICHHE B MECTE¢ KOHTaKTa HE OyIeT paBHO
HYJI0 U3-32 OKCUIHBIX IUIEHOK WU, B 3aBUCHUMOCTH
OT yCWJIHS TPWKAMa, MOXKET HaXOAWTHCSA B TIpeie-
JIaX OT HECKOJIBKHUX JCCSITKOB JIOJICH OMa JIO0 NIECST-
KoB oM. Kpome 3TOro, BUTKHM MOTYT 3aMBIKaThCs
gepe3 paspymieHHYI0, a 9YacTo0 H OOYIICHHYIO
V3OJSIIUI0 WM 4Yepe3 MPOBOJSIINE MOCTHKH,
00pazoBaHHbBIC JIOKATBHBIMHA AcdekraMH. B 3TOoM
ciydae compoTuBieHrne MoxkeT gocturarh 1000 Om
u OoJjee, T. €. 3HAUEHUS, TIPU KOTOPOM TpaHChopma-
TOop OymeT emeé MmOCTaTOYHO pPabOTOCITOCOOCH.
Opnako Takue JaeeKTbl OOMOTKM B Ipolecce
SKCIUTyaTaruu OyIyT aKTHBHO IPOTPECCHPOBATh.
DTO CBS3aHHO C TEM, YTO, KOTJAa COIMPOTHUBICHUE
B MecTe Je(eKTa CTaHEeT COM3MEPHUMO C MOJYJIeM
KOMIUIEKCHOTO COTIPOTHBIICHUSI BWUTKA, HABOAMMAs
B HéM DJIC OymeT BBI3BIBATH JOIMOJHUTEILHOE
JAaBUHOOOpa3HOE TEIUIOBOE pa3pylleHHe H30-
MWW BHUTKA W CICKAaHWE COCEAHWX BHTKOB
BILUIOTh JO BBIFOpaHUSA BCEH Karymku. Bc€ 310
B HUTOT€ CIIOCOOCTBYeT CKOpEHIIEMYy BBIXOTY
TpaHchopmaropa u3 crpos [10].

BriOOop  KOHTpOIMpYEeMBIX TapaMeTpoB |
XapaKTepUCTUK AaBTOPHI OCHOBBIBATM HA aHAIHU-
3¢ CyIIECTBYIOIIUX HOPMATUBHBIX TpeOOBaHUI
MpHu KBATM()UKAITUOHHBIX, TPUEMO-CIaTOYHBIX, TIe-
PUOIUYECKUX W THUIIOBBIX HCIBITAHUSX M METOAAaX
koHTpousst, wuznoxkeHHslx B ['OCT P 58115-2018,
I'OCT 21023-75, 'OCT 16110-82, 'OCT 3484.1-88.

B cratee[11] nmpeacraBieHa — MeTOAMKA
WHTEpIpeTalnu YaCTOTHBIX XapaKTEPUCTHK,
OCHOBaHHAasT Ha 00pabOTKe H300paKEHUH M HX
aHaJu3e C TMOMOIIBIO CBEPTOYHBIX HEHUPOHHBIX
cereil. IlpemnoxkeHHass rmporeaypa IEepeBOIUT
YaCTOTHBIC  XapaKTEPUCTUKU B  JIBYMEPHBIC
M300pakeHUs C TIOMOIIBI0 TEXHUKH BH3yalH3a-
UM, Tounas JIOKaJIu3aus MOBPEKICHUM

BBITOJIHAETCS C IOMOIIBIO CBEPTOUYHOW HEMPOH-
HOW CeTH, a 3aTeM pe3yJIbTaThl aHAJIN3UPYIOTCS
C TOMOIIBI0O METPUK OIEHKH MPOU3BOJUTEIHHOC-
@ HellpoHHo ceru. Ilytém TtecTupoBaHuUs
BBICOKOOMHBIX TIOBPEXJIEHHH B pPa3iIMYHBIX CEK-
OUSIX  MOJACTHPYEMOH OOMOTKM U IOIIAroBOTO
MPUMEHEHHUS TPENJIOKEHHOTO MeTola B JTaHHOM
UCCIIEZIOBAaHUN TaKK€ OCYILECTBIsIeTCS paHHee
oOHapyxeHHe MOBpexAeHud. Heobxomumo oTme-
TUTh, 9TO B JAHHOM METOJIE HE UCTIONB3yeTcs (hazo-
4acTOTHAs XapaKTEePUCTHKA.

Hcrnonp3oBanme ¢a3o-4acTOTHONH XapaKTepHcC-
TUKU JUIsI JTUarHOCTHKH TpaHcdopmaropa omu-
caHo B cratke [12]. JlaHHBIM MeTON 3aKiroyaeTcs
B CpaBHEHUH «(}a30BBIX IOPTPETOB» TpaHChHOp-
Maropa IMpH Pa3IUYHbIX TEXHUYECKUX COCTOSHUSAX.
OpHako JaHHBIN METOJ| HE TIO3BOJISIET OIPEENUTh
HU TIPOTSDKEHHOCTH MOBPEXKJIEHHUS, HU €ro THII,
MO3TOMY HYXKJIAeTCsI B aNbHEHTIIeH 1opadoTKe.

B pabore [12] mpenmoxeH METOA TUATHOCTHKH
MEKBUTKOBBIX KOPOTKHX 3aMBIKAaHUH, OCHOBAaHHBIH
HAa AaHAJIM3€ C WCIONB30BaHUEM CBEPTOYHBIX
HEHUPOHHBIX CETEH OTHOLUEHUH TOKOB, HarpsKe-
HHUH, aKTUBHBIX MOIIHOCTEH M KOA(PPHULIUECHTOB
MOITHOCTEN. JIaHHBIN METOJl UMEET MPEUMYIECTBO
no cpaBHeHuto ¢ FRA B Buge HemnpepbIBHOTO
OHJIAfH-MOHHUTOpPUHTAa PabOTHI  TpaHC(opMaTopa
Kak B pEeXHME XOJIOCTOTO XO/a, TaKk M B pPEXHUME
paboThI IO/ HArPy3KOH.

Ucnonp3ys wm3MepuTenyn MMMHTaHCA (HAmpH-
mep, E7-30 unn HM8118), MokHO HENoCpeCTBEeH-
HO TIONYYUTh aMIUIATYIHO-YacCTOTHBIE (WMIIe-
naHcHble) Z(w) u (azoyacToTHBIE ((M) Xapakrte-
puctuku tpanchopmaropon. [lpu orcyrcTBuM Ta-
KHX TPUOOPOB Ha TPAKTHKE MOXKHO HCITOIB30BATh
pa3IMyuHble KOCBEHHBIE METOJbl ONPEAEICHUS KOM-
TUIEKCHBIX COTIPOTUBJICHUN (WM TPOBOAUMOCTEH)
JUIT KaKJOM YacTOTHOM COCTAaBIISIIONIEH CHUTHaJIa

C YYETOM HX pPEe3YJIbTUPYIOLIECH MOrPEIIHOCTH
HU3MEPEHUH.
Henpio maHHON pabOTHI SBISIOCH BEHISIBICHUE

Pa3IMYHBIX 1e(eKTOB TpaHCcHOpMATOpa C TOMOLIBIO
aHaJIN3a YaCTOTHBIX XapaKTEPUCTHK.

MeToanka 3KcepuMeHTa

st mpoBeneHHMs — 4AacTOTHOIO — aHaJIM3a
UCIOJIBb30BaH METOA TPEX BOJBTMETPOB. CXeMbI
NOJKJIIOYCHHUs  3aJalollero IeHeparopa CUTHA-
JOB M BOIBTMETPOB I OIBITOB  XOJOCTOTO
XOa W KOPOTKOIO 3aMBIKAHUs IIPUBEIEHBI Ha
pucynke 1.
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Pucynok 1 — Cxewmbl MOAKIIIOUEHUS 3a/1a101LEro

TreéHeparopa CHUIHAJIOB W BOJBTMCTPOB: a — JJId OIIbITa
XOJIOCTOI0 X014, b— JUTA OIbITa KOPOTKOI'O 3aMbIKaHUA

Figure 1 — Wiring diagrams of the signal generator and
voltmeters: a — for the noload experiment; b — for the
short-circuit experiment

Jms mocTpoeHns YacTOTHBIX XapaKTepUCTHK,
WCIONB3YIOTCA ~ 4eThIpe  MyJabTHMeTpa  B7-68
(omMH wWcmoNB3yeTcss KaK YacTOTOMEp, JpyTue —
KaK BOJBTMETpPHI), 3aJafOIIUi TeHepaTrop CHur-
HanoB [3-112 u BBICOKOYACTOTHBIM pe3ucTop 7
Ha 4,50wM. Bonsrmerp obecrnieunBaeT paboTy
B COCTaBE aBTOMATH3MPOBAHHBIX HMH(DOPMAIMOHHO-
M3MEPUTENbHBIX CHUCTEM C  YIpaBlIE€HHEM OT
MIEPCOHAIEHOTO KOMIIbIOTEpa WM HOyTOyKa. Pe-
UM HM3MEPEHHUs! MMOCTOSHHOTO HAampshKeHHsT HeoOXo-
M 17151 paboThl BoJbTMeTpa ¢ BU-ipoOHUKOM.

C noMompl0 MarasuHa — M3MEpPUTEIBHBIX
COIIPOTHUBIIEHUH BBINOJIHAJIOCH M3MEHEHHE COIpPO-
THUBJICHUST B MHpokux mnpenemax ot 0,1 Om mo
100 kxOM a8 UMHUTAlUMU Pa3IU4YHOIO COCTOSIHUS
oomotok (MK3, M®3) u cepaeynuka.

C mempl0  TPOBEACHUS  CTATUCTHUYECKOTO
aHaJIM3a M3MEPSEMBbIX BEIMYMH WMIICAAHCHBIX U
($ha30-4aCTOUHBIX ~ XapaKTEPUCTUK  BBITOIHSUIUCH
MHOTOKpaTHbIe W3MepeHus (mia kaxmodt m3 100
(DUKCHPOBAaHHBIX YAcTOT B auamnazoHe ot 0 1o
1 MI'm mpoBommiock mo 30 m3MepeHwuii), Ha OCHO-
BaHWU KOTOPBIX PACCUUTHIBAINCH CTAaTHCTHYECKHE

OLIGHKM IapaMeTpOB pacIlpeieieHns] CIydalHbIX
BEJIMUMH: CpeJHEe 3HAU€HUE U OLIEHKa CPEIHETro
KBaJIpaTU4eCKOTro OTKJIOHeHHA. llpu 3ToM BBHITION-
HAJIOCh ONpEJeNieHHe WHTEPBAIbHBIX OIEHOK Ma-
TEMaTHYECKOTO OKHJIAHUS M CTAHAApPTHOTO OTKIIO-
HEHUS WCCIEAYeMbIX pe3yJIbTaTOB HW3MEPEHHH C
JIoBepUTeNbHOM BepoaTHocThio 0,95 m mpoBoau-
Jach MPOBEPKa THUIOTE3bl O HOPMAaJbHOM 3aKOHE
pacnpenenenus. OTKIOHEHHME pe3yJabTaTOB HU3Me-
PEHHI OTHOCUTENFHO CPETHETO 3HAYCHUS [T HaCTOT
nuarrazona ot 0 go 100 xI' ve npeBbicuna 1 %.

[Ipu paspaboTke yHHMBEpCalIbHOM AMArHOC-
THYECKOH  CHCTEMBl ~ HEOOXOJMMO  yUYUTHIBATH
HE TOJBKO MJaHHBIA ¢akrop, HO W pa3dpoc B
3HAUCHHMAX MO0 Kaxkaod u3 ¢a3. Ilostomy ecnu
HCXOJHOE M3MEpEeHHe YaCTOTHBIX XapaKTePUCTHK
OTHENBHBIX (a3 HcciIeayeMoro TpaHchopMarTopa
OTCYTCTBYET, TO MOXHO BBIIIOJIHUTH CpPaBHEHHUE
C YaCTOTHOM  XapaKTEPUCTHKON, IIOJyYECHHOM
Ha JpyroM TpaHcopMarope TOH ke cepun
(M3rOTOBJIIGHHOM IO TEM K€ YepTeKaM M TEeM Ke
3aBojioM-u3roroBurenem). Ciaenyer oTMETHTb, U3-3a
BO3MOXHBIX OTIAMYMAN B KOHCTPYKIIMM OOMOTOK
JaKke B Cllydyae OJIHOIO 3aBOAA-M3TOTOBUTENS
(HampuMep, MOJEpPHM3AIMM CEpUH), B TOM 4YHCIIE
JUTSL OAHOTHITHBIX TPaHC()OPMATOPOB, PE3YIIBTATHI
9KCIIEPUMEHTOB YaCTOTHBIX XapaKTEePUCTHK
MOTYT OTJHMYarhCs. B HEKOTOPBIX cllydasx MpH
JUATHOCTHYECKUX MEPOIPHATHAX Ha TPEATpHUs-
THSIX MOXHO JOMYCTHUTD HCIOJIb30BaHNE
HETOBPEXKICHHON (a3bl Uil OLEHKH COCTOSHHUSI
OOMOTKH TpH YCJIOBHH, YTO JUIMHA MarHUTHOU
LMK OAMHAKOBA ISl PACCMaTPUBAEMBIX (a3.

Pe3y.111)TaT1,1 HCCJICI0BaAaHUA

Ha pucynke 2 mnpencraBieHbl HMIIEIAHCHBIC
1 (haz0-4acTOUHBIC XAPAKTEPUCTHKH TPEX(Pa3zHOro
tpancpopmaropa TM-50/6 npu M®D3 B pexume
X0NocToro xoxa g auamnazoHa gactot 0—100 kI,
[Tony4eHHble M300paKEHUST MOTYT HCIOJIB30BATHCS
nocjie HOPMHPOBKM B KauecTBE MCXOAHBIX JaH-
HBIX I MCKYyCCTBEHHBIX HEWPOHHBIX ceTei [14].
Ocoboe BHUMaHue TpeOyeTrcs yAEIUTh TaKUM
(akTopaM B MOPSIKE WX 3HAYUMOCTH, Kak (opma
(ha30BBIX XapaKTEPUCTUK, aMIUTUTYAbI PE30HAHCOB,
CMEILICHHSI PE30HAHCHBIX YacTOT W YHCIO pe-
30HAHCOB, CBSi3aB WX ¢ TpeOyemoil merann3za-
el npu KiaccuGuKau HeuCIpaBHOCTEH.

U3 pucyHka 2 MOXHO CHAENaTh CIEIYIOLINe
BBIBOJIBL:

— HanOoliee 3HAUYUMbIC W3MEHCHHUS TPHUCYIIH
MIepBOM pPE30HAHCHON OONTaCTH M0 JOCTHKCHUS
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yactoThl 30-50 k['11 B 3aBUCHMOCTH OT MOIIHOCTH
TpaHcpopmaropa;

— aMIUTUTYJla TIEPBOTO PE30HAHCHOW oO0acTu
HMMIIEIAHCHBIX XapPaKTEPUCTHK CHUXKAETCS 110 MEpe
YMCHBILICHUS CONPOTHBICHHUS JIO HACTYILICHHS
nojHoro Md3;

— ¢a30-4yaCTOUHBIE  XAPAKTEPUCTHUKH  OTIIH-
YaroTCsl 3HAYMMBIM U3MEHEHHeM (OpMBbI KPHBOH U
CIIBUTOM YaCTOTHI B OOJIBIIYIO CTOPOHY ISl IIEPBOMA
PE30HAHCHO 001acTu;

— XapakTep M3MEHEHHUs (pa30-4aCTOYHBIX XapaKTe-
PHUCTHK OTJIMYAETCs CHYDKEHUEM (Da3bl IepBOH pe3o-
HaHCHOHN oOmactu 10 5 KOM, a 3aTeM yBeJTHYeHHEM
€MKOCTHOM COCTABIIIOIIEH 1O HECKOITBKIX oM Tiprt MK3.

CpaBHUTENBHBIH 4YacTOTHBIM aHanmn3 M3
nu MK3 B ombiTe xomoctoro xoma aiasa TC-280P
(pucynok 3) wu TpéxdazHoro Tpanchopmaropa
TM-50/6 (pucyHok 4) yka3pIBaeT B 000MX CIy4dasix
Ha CIIEAYIONINEe OTIHYHS:

—mns  MK3 naOmiomaeTrcs  3HAYMTEIHHBIN
CIIBUI' TEPBOM PE30HAHCHOM YacTOThl HUMIIEJAaHC-
HOW XapaKTePUCTUKH W CHIDKCHHE aMILTUTY/IbI
MIEPBOM pe30HAHCHOH 00NacTH;

—dopma  (pa30-4aCTOUHBIX
3HAYUTEJIBHO OTJINYACTCS;

— st (pa30-4acTOYHOH XapaKTEPUCTUKU pe-
TUCTPUPYETCS  KIACCU(PUKAIIMOHHBIA  JIMala30H

XapaKTCPpUCTUK

Ha yactorax 75-90 kI 1.

Normmal condition

Insulation resistance 100kOhm
Insulation resistance 50kOhm
Insulation resistance 10kOhm
Insulation resistance SkOhm
—— Insulation resistance 1kOhm
Insulation resistance 1000hm
— Phase-to-phase fault

80 90 100

Normal condition

Insulation resistance 100kOhm
Insulation resistance 50kOhm
Insulation resistance 10kOhm
Insulation resistance SkOhm

= Insulation resistance 1kOhm
Insulation resistance 1000hm
= Phase-to-phase fault

80 90 100

J-kHz
b

Pucynok 2 — Nmnenancusie (@) u ¢azo-uactoTHble (D) XapaKTEPUCTUKHU MTPU MEK(PA3HOM 3aMbIKAaHUU

Figure 2 — Impedance (@) and phase-frequency (b) characteristics for phase-to-phase faults

5 % 10
Normal condition
—— Inter-turn short circuit of 2 turns

E 2F Inter-turn short circuit of 3 turns
5 Inter-turn short circuit of 4 turns
N

0 | | | | | | T 1 I g—

0 10 20 30 40 50 60 70 80 90 100

J-kHz
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100
lr = Normal condition
Inter-turn short circuit of 2 turns

75

Inter-turn short circuit of 3 turns
Inter-turn short circuit of 4 turns

¢, deg
h
=

|
l]U 10 20 30 40 50 60 70 80 90 100
J kHz
b
Pucynok 3 — Imnenancusie (a) u ¢a30-9acToTHBIE (b) XapaKTEPUCTHKH MPH MEKBUTKOBOM KOPOTKOM 3aMBIKAHUH
Tpéxdaznoro Tpancopmaropa TC-280P mns muamazona gactor 0—-100 k[

Figure 3 — Impedance («) and phase-frequency (b) characteristics at interturn short-circuit of three-phase transformer
TS-280R for frequency range 0—-100 kHz

Hopmansuoe coctosnne/Normal condition
Inter-turn short circuit of 2 turns

Inter-turn short circuit of 3 turns L
Inter-turn short circuit of 4 turns

80 90 100
/- kHz
a
80
Normal condition
60 Inter-turn short circuit of 2 turns
Inter-turn short circuit of 3 turns |
o Inter-turn short circuit of 4 turns
= 40
E=d
20

0 10 20 30 X0 50 60 70 80 90 100
S kHz
b
Pucynok 4 — mnenancusie (a) n $azo-yactoTHbie (b) XapaKTEPUCTUKU MPU MEKBUTKOBOM KOPOTKOM 3aMbIKaHUU
Tpéxdaznoro tpancopmaropa TM-50/6 s nnanazona yacror 0—100 kg

Figure 4 — Impedance (a) and phase-frequency () characteristics at interturn short-circuit of three-phase transformer
TM-50/6 for frequency range 0—100 kHz

CpaBHuTEenbHBIH 4acTOTHBIM aHamm3 MK3  HeIX ¢ gedexTamu cepAeyHHKa, MCIIOIb30BaJICS
U TIOBpeXICHWH cepmeynmka TpaHchopmatopa Tpéxdaszuwnii Tpanchopmarop TM-50/6 Ha puCyH-
OCM-1,0 V3 (pucyHok 5) yKka3blBaeT Ha CIEAYyI0- Ke 6 MPeACTaBJIeHbl YeThIPE CIESTYIOMINX COCTOSHUS:

[IUE OTITHYHUS: — CepACYHUK HE TOBPEeXKACH (HOpMaIbHOE
—nnsi neeKToB cepleuyHUKa HaONIONaeTcsi  COCTOSIHHE);
yBenuyeHne amiumtynbl (B ommune or MK3 u —ociabieHo OOJITOBOE COENUHEHHUE JIMCTOB

MexaypazHoro M®3, e NpoOUCXOIUT CHIKEHNE) M JIEKTPOTEXHUYECKOW CTalu ceplaeyHuka (ocmad-
3HAUUTEJbHBIA CIBUT NEPBOW PE30HAHCHON 4acTO-  JICHHOE COCTOSIHUE);

ThI UMIIEIAHCHON XapaKTEPUCTUKU; — C IIOMOUIbI) TEKCTOJUTOBBIX KIMHOB MEXIY
— 3HAuUUTeNIbHO U3MeHseTcss (opma (da30- IUIACTUHAMH CO3[aH BO3IYILIHBIM 3a30p 1O BEpXHe-
YaCTOYHBIX XapPAKTEPUCTUK. My apMy 4 MM;
g monmydeHusl WCXOIHBIX JaHHBIX, CBS3aH- — TO K€ — 8§ MM.
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L Normal condition
S — Weakened transformer core
8000 |- With 2 mm air gap
g —— With 4 mm air gap
O 6000
N 4000 -
2000 ey —
0 | | | | | | | I | |
0 10 20 30 40 S0 60 70 80 90 100
S Kz
a
100 -

MNormal condition l
Weakened transformer core

With 2 mm air gap
—— With 4 mm air gap

¢, deg

: I I | I I |
0 10 20 30 40 50 60 70 80 90 100

S kHz
b

Pucynok 5 — Umnenancuas (a¢) u ¢azo-yactorHas (b) XapaKTEpUCTHKU IPU OOHApPYKEHUH Je(PEKTOB CepAeYHUKA
Tpanchopmaropa

Figure 5 — Impedance (@) and phase-frequency (b) characteristics for transformer core defect detection

10 -
Normmal condition
8- —— Weakened transformer core
With 4 mm air gap
g 6 —— With 8 mm air gap =
& g .—,__‘_’-'"
N 4
2

0 10 20 30 40 50 60 70 80 90 100

Normal condition

| \l —— Weakened transformer core
. With 4 mm air gap

— With 8§ mm air gap

0 10 20 30 40 50 60 70 80 90 100
S kHz

PucyHnox 6 — mnenancHas n (a3o-4acToTHAsT XapaKTEPUCTUKU IpU JIe(eKTaX MAarHUTOMpoBoJa s TpéxdazHoro
tparchopmatopa TM-50/6: a — st 0OMOTKH, PacIoNOKEHHON Ha Kparo CTEP)KHEBOTO MarHUTOIPOBOIA; b — TO XKe —
IO [IGHTPY CTEPXKHEBOTO MArHUTOIPOBOIA

Figure 6 — Impedance and phase-frequency characteristics at defects of magnetic core for three-phase transformer
TM-50/6: a — for the winding located at the edge of the core magnetosheet; b —the same for the winding located
in the centre of the core magnet core
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[Ipy  yBenmu4eHWM  CTENEHH  OCIAOJICHHS
CepIeYHMKAa U TPHU TOABICHUU  BO3AYIIHBIX
3a30pOB  YBEJIMYMBACTCS MArHUTHOE paccesiHue
oomorok, OJIC paccesHus, Ha UMIEIAHCHOU
XapaKTepUCTUKE MPOUCXOAUT CMEILCHUE aMILIUTY-
Ibl BTOPOH PE30HAHCHOM YacTOThl B CTOPOHY
YMEHBIIICHHSI U HEOOJBIIIOE YBEINYCHUE aMILTUTYIbI
IIEpBOM PE30HAHCHOM YaCTOTBHI.

3aKiIroueHue

Ha ocHOBaHMM mNpUBEIEHHBIX PE3YIbTATOB
aBTOPHI MPEUIararoT HCIOJIb30BaTh YaCTOTHBIE
XapaKkTEepUCTUKN Ui OOHapyXeHHs HanOosee
pacrpoCTpaHEHHBIX TOBPEKACHUNA (MEXBUTKOBBIC
KOPOTKHE 3aMBIKaHUS, MeX(a3Hble KOPOTKHE
3aMBIKaHUs, MAaTHUTOIIPOBO/), @ TAaK)Ke IMPeTOoTKa3-
HBIX cocCTOfHNI. HamOoIpIIMM W3MEHEHUSAM IOM-
BEpP)KEHBl  CIENYIOIIME IapaMeTphl  4YacTOTHBIX
XapaKTEpUCTUK: alMIUTyda MEPBOM PE30HAHCHOU
0051aCTH UMIIETAHCHOW XapaKTePUCTUKHU U CIBHT €r0
4acToThl; (hopMa ($a30-4aCTOYHBIX XAPAKTCPUCTHUK.
C menpl0  KiaccUPUKAUK ~ HEUCHPABHOCTEH
cienyeT OOpaTHUTh BHHMaHHE Ha CIeIyrolne
OTIMYUTEIIbHBIE YEPTHI YACTOTHBIX XapPaKTEPUCTHK
P BO3HUKHOBEHHH DPA3JINYHBIX HEUCIPABHOCTEH
1 UX MPEJOTKA3HBIX COCTOSHUM!

—pU MEKBUTKOBBIX KOPOTKHMX 3aMBIKaHUSAX
HAOJIFOIAeTCSl 3HAYMTEIIBHBIN CIIBUT TEPBOU PE30-
HAaHCHOM 4YacTOTbl MMIICJAHCHOW XapaKTEPUCTUKHU
U CHWXKEHHE aMIUIUTYJbl TEepBOM pe30HaHCHOH
oOmacTu.

—npu  MeXK(pa3HBIX KOPOTKHX 3aMbIKAHUAX
aMIUIMTyla  T[epBOMl  pe3oHaHCHOM  obnactu
UMIIETAHCHBIX XapaKTePUCTUK CHIKAETCS M0 Mepe
YMEHBIIICHUSI CONPOTHUBICHUS JI0 HACTYIJICHHUA
IIOJIHOTO MEK()Aa3HOTO KOPOTKOI'O 3aMbIKaHUS;

— neeKThl MarHUTOIIPOBOAA: CMEILCHHE aM-
IUTUTYABl BTOPOH PE30HAHCHOW YacTOTHI B CTOPOHY
yMmeHbleHus (Tpéxdasnpie TpaHcopmaropbl) U
YBEJIMYEHHE AaMIUIUTYABl TE€PBOH  PE30HAHCHOM
YacTOTEHI.

[lony4eHHble pe3ynbTaThl B BUAE H300paske-
HUH HOPMAJIM30BAHHBIX XaPaKTEPUCTHK SIBIIAIOTCA
HCXOJHBIMHU JAAHHBIMH JUIsl CBEPTOUYHON HEWPOHHOU
CETH, BBIXOJHOM CJION KOTOPOU HE TOJIBKO I103BOJISAET
omnpenenTh BUI JAe(eKra, HoO U KIacCU(pUIIMPOBATH
yKa3zaHHBIE TPOIIECCH B 3aBHCHMOCTH OT Ha3Hade-
HUSL W KOJIMYECTBa KJIAacCHU(OUUUPYIOMIUX HeHpo-
HOB BBIXOJTHOTO CJIOSL.

Hcnonp3oBaHMe YACTOTHBIX  XapaKTEPUCTHUK
onHoda3HbIX W TpEXdasHbIX TpaHCHOPMATOPOB

IpU JMAarHOCTUPOBAHUM TPEAOTKa3HBIX COCTOSI-
HUN U OTKa30B TO3BOJIMT CO3JaTh YHHBEPCAJIbHBIN
MPOrpaMMHO-aNMapaTHbIi KOMIUIEKC AMAarHOCTUKU
Ui TpaHc(OPMATOpPOB pPA3IWYHBIX THUIIOB M HO-
MUHAJIBHBIX JaHHBIX. Pe3ymbrarbl paOoTel MOTyT
MIPAKTHYECKHA 3aMHTEPECOBAaTh KaK HHEpreTudec-
kue mnpennpusitua PecnyOnuku benapych  (Ha-
npumep, [TIO «bemsnepro», rocynapcTBeHHOE
obvenuHeHne «benopycckas skene3Has J0pOray,
OAO «MOT3 umenn B.M. Kosnosa» u ap.), Tak u
JIpYTUX CTPaH.
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BaxxHplM MOMEHTOM B nponecce BOCCTAHOBUTCIBHOTO JICUCHUA 3a00JIeBaHUI HCEPBHO-MBIIICYHO-
ro anrmapara ABJIACTCA SJICKTPOCTUMYIJIALMA. BLI60p YaCTOTHO-BPCMCHHBIX MMapaMCTPOB CUTI'HAJIAa U €TI0
COTJIaCOBAHHUC C JBJICKTPUYCCKUMU IapaMCTpaMu OMOJIOTHYECKUX TKAHEH SIBISETCS OJHHM H3 OCHOBHBIX
(baKTOpOB B MPAKTHUKE 3SJICKTPOCTUMYJIALIUU. LICJ'H:IO JIaHHOM pa6OTLI SABJIJIaCh ONTHUMU3ALUA TapaMe-
TPOB BJICKTPHUYCCKOTO BO3,I[GI>1CTBI/I$I B COOTBECTCTBUHU C (I)yHK]_[I/IOHaJ'H:HLIM coctossHueM Mbli. HMccie-
AO0BaHUs MPOBOAMIIMCH Ha ;[ByrnaBoﬁ MBIIIIEC ITJICYa BerHeﬁ KOHCYHOCTU HCIIBITYECMOI'0 W BKIIOYaIN
HCCJICA0BAHUC 3aBUCUMOCTH YCHUJIUA, pa3BUBACMOI'O MLIMHCﬁ, OT aMIUIMTYbl HAIIPSAKCHUS CTUMYJIMPYIO-
IIero curuajia 1 uCCJICA10BaHUEC (I)aSOIIaCTOTHOfI XaPAKTCPUCTHUKU MCIKIJICKTPOAHOI'O UMIICJaHCA HByFHaBOﬁ
MBIIINBI IIJICYa BCpXHCﬁ KOHCYHOCTHU UCHBITYCMBbIX. Onpe/:[eneHa B3aMMOCBA3b OIITHMAJIbHOI'O 3HAYCHHA
YaCTOThl S3JICKTPOCTUMYJISIIUU, BBI3BIBAIOIICH MaKCHMAaJIbHOE YCWJIMEC MBIIIIbI, U BCINYUHBI (1)330BOF (8}
cBura (ba30qaCTOTHOfI XAPAKTCPUCTUKU TKaHEH. I/I3yqua 3aBUCUMOCTb YCWJIMS, PA3BHUBACMOI'0 MBbIIII-
ueﬁ npu SJICKTPOCTUMYJISAIUU, OT BCJIMYMUHBI aMIUIMTYAbl CTUMYJIMPYIOIICTO CUTHAJIA HPHU Pa3IMYHBbIX
SHAYCHUAX YaCTOThI SJICKTPOCTUMYIJISIIHU. YCTaHOBJ'ICHO, 4YTO IMpU YBCIMYCHUU aAMIUIMTYAbl CTUMYJIH-
pyromero cCurHajla YBCJIHMYHUBACTCA YaCTOTa 3JSKCTPEMyMa (I)aSOHaCTOTHOIZ XapaKTCPpUCTHUKHU 6I/IOTKaHI/I,
a COOTBCTCTBCHHO M YBCIUYHMBACTCA YaCTOTa JJICKTPOCTUMYJIAIMU, BbI3bIBAIOIIAd MAaKCUMAJIbHOC
YCHWJIMEC MBILIILI. PCSyHLTaTI:I pa60T1>1 MOTYT OBITh UCITOIb30BAHBI IIpU MPOCKTUPOBAHUU CUCTEM BJICKTPOCTU-
MYJIAOWAU OIIOPHO-ABUTATCIIBHOI'O arrapara ¢ 06paTHOI>i CBA3bIO0.

KiroueBble cji0Ba: 4acToTa 3JIEKTPOCTHUMYJISIIUHM, aMIUTUTyJa CTUMYJHUPYIOIIErO CHIHAa, BEIUYMHA
(azoBoro casura, a304acToTHasI XapaKTEPUCTUKA OMOTKaHU
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Abstract

Electrical stimulation restorative treatment’s process of neuromuscular system’s diseases very impor-
tant. Choice of the signal frequency-time parameters and its coordination with the biological tissues electrical
parameters one of the main factors in the practice of electrical stimulation. The purpose of this article was to
optimize the electrical action parameters in accordance with the muscles’s functional state. The studies were
conducted on the biceps brachii of the upper limb of the subject and included: study of dependence of the
effort developed by the muscle on the amplitude of the stimulating signal’s voltage and study of the interelec-
trode impedance phase-frequency characteristic of the upper limb biceps brachii of the subjects. As a result,
relationship between the optimal value of the electrical stimulation frequency causing the maximum effort
of the muscle and the magnitude of the phase shift of the phase-frequency characteristic of the tissues was
determined. Dependence of the effort developed by the muscle during electrical stimulation on the amplitude
of the stimulating signal magnitude at different values of electrical stimulation frequency was studied. It was
established that with an increase of the stimulating signal amplitude, frequency of the phase-frequency char-
acteristic’s extremum of the biotissue increases and accordingly the frequency of electrical stimulation that
causes maximum muscle effort increases. Results of the work can be used in the design of electrical stimula-
tion systems for musculoskeletal system with feedback.

Keywords: clectrical stimulation frequency, stimulation signal amplitude, phase shift magnitude,
phase-frequency characteristic of biological tissue
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BBenenue

Baxxnoe 3HaueHne B X0/1€ BOCCTAaHOBUTEIHLHOTO
JIeYEeHUs] TIOBPEXACHUNH M 3a0ojeBaHM HEpPBHO-
MBIIIEYHON CUCTEMBI, BBI3BIBAIOILUX OTPAHUYEHUS
B JIBIDKEHUM B CBS3M CO CHIDKEHHEM CHIIBI
MBI W WX JalbHeHImeld TrUnotrpoduu, uMeer
anexTpoctuMysiiius [1, 2], TpaaummoHHBIE  Me-

TOJAbI DJICKTPOCTUMYJIAIIMM  TOKaMH pastquﬁ
dbopmbl  (IMaIMHAMHUYECKHE, CHHYCOHMJAIbHBIE,
MOJIYJIUPOBAHHBIE W JIp.) HE pelalT 3aaauy

peabunuranuu B 1enoMm. OJHUM W3 BapHUaHTOB
pelieHnss NaHHOW TPOOIEeMBI SBISETCS TMpPHUMEHe-
HUE CHCTEM DJIEKTPOCTUMYJSIIIMA C OOpaTHOM
cBs3pt0. CyTh JaHHOTO pemeHHs 3aKI0YaeTcs
B COYC€TAaHMU HEKOTOPLIX KOMIIOHCHTOB J1e4e0-
HOM M JUarHoCTUYEeCKOM amnmapaTypsbl, I03BO-
JAKOINUX B PEKUME pPCEAJIbHOI'O BPEMCHH B XOH€
ANIEKTPOCTUMYJIISIIUU  OCYIIECTBISITh  KOHTPOJIb
OTJICNBHBIX  (PU3UOJOTHYECKUX MapaMeTpoB, Ha
OCHOBE KOTOPBIX BBIPA0ATHIBAETCS COOTBETCTBYIO-
mee TepameBTHYecKoe BoszzaeiicTeue [3]. Bak-
HBIM aCIleKTOM SIBJSIETCSI  BBIOOp TIapaMeTpoB
CTHUMYJIUPYIOIIET0 BO3ACHCTBHA (YacToTa, Qopma,
aMIUTUTY/a, JOJIUTEIBHOCTh BO3JCHCTBUSA U Ap.),
KOTOpOE JOJDKHO OCYIIECTBIISITECS B COOTBETCT-
BHA C (YHKIMOHAIBHBIM COCTOSHHMEM MBbIIIII, a
TaKKE C ero W3MEHEHWeM B TIpOIlecce IpoBee-
HUS ~ ONEKTPOCTHUMYJSIIMA W PEaln30BHIBATH
n30uparesbHOe  BO3JCHUCTBHE HA  OTICNbHBIC
ygactku Mbimisl [4]. B [5,6,7] ormeuaercs,
YTO JajbHEHIINMEe pa3BUTHE B JaHHOW o00JacTu
JIOJDKHO OBITh HAIPABJIICHO HA ONTHMHU3ALUIO
[apaMeTpoB CTHMYJIAIIAU, COTJIACOBAaHHBIX C (H-
3WOJIOTHYECKUMHU M DJIEKTPUUECKUMHU  XapakTe-
pUCTUKAMU CTUMYJIMpyeMbIX TkaHed. Tak, B
paborax [8, 9, 10] mpuBeneHbI pe3yIbTaThl HUCCIIC-
IlOBaHI/Iﬁ BIIMSAHUSA IHUPUHBI u AMITIIUTY IbL
CTUMYJUPYIOIUX HMITyJbCOB Ha 3(P(EeKTHBHOCTD
JICYCHUM PA3IIUYHBIX 3200JIEBaHUM, MMOKA3aHO, YTO
YaCTOTHO-BPEMEHHBIC TapaMeTpPhl CTUMYJIHPYIO-
[IMX CHUTHAJIOB CYIIECTBEHHO BIUSIOT Ha 00JacTh
ux 3¢ ¢deKkTuBHOrO0 NpuMeHeHus. TakuMm obOpazom,
BI)I60p YaCTOTHO-BPEMCHHBIX IMapaMETPOB CUTHAaJIa
U €ro COrIacoBaHUE C DJICKTPHUYECKHMHU Tapamer-
pamMu 61/IOJIOFI/I‘IGCKI/IX TKaHEH SIBISETCS OIHHUM
13 OCHOBHBIX B MIPAKTUKE JICKTPOCTUMYJISIIUH.
OpHako OCHOBHas 3ajlaya  ONTHMHU3AIUU
AIEKTPUIECKOTO BO3JICHCTBUS COCTOUT HE TOJIBKO
B BBISBIICHHHM 3aBUCHUMOCTEH (YHKIMOHAIHFHOTO
COCTOSIHUSI OpPraHM3Ma U €ro peakiuid OT pas3iind-
HBIX IapaMeTpoB BO3JEHCTBYyMOMIET0 (akTopa,

HO M B peaju3alud Ha UX OCHOBE AaJrOPUTMOB
YIIpaBJICHUs MapaMmeTpamu Bo3jiercTBusa. N3BeCcTHBI
pe3ynbTaThl ucciaeaoBanuii [11], B KoTopbIX mpen-
CTaBJicHA MaTeMaTUYecKass MOJEIb peakUuu Heu-
POHHBIX CTPYKTYp B OTBET Ha JJIEKTPOCTUMYJIS-
muto (OC) u 1mokazaHa BO3MOXHOCTBH OIpeJiee-
HUSI ONTUMAaJIbHBIX napameTpoB DC, BHOCIEICTBUU
peayin30BaHHBIX B MEAMIMHCKON  ammaparype
TPaHCKPaHUAIBHOM 3JeKTpocTUMyIsinuu. B pabo-
Te [12] mpencTaBieHa METOAWKA HAXOXKICHUS
ONTUMAJIbHOM IO DHEPreTHYECKOMY KpPUTEPHUIO
YaCTOThI AJEKTPOCTUMYJISILIUN, OCHOBaHHAsI HA aHa-
JU3€ WMIIEJAHCHBIX IapaMeTpoOB CTHMYJIHPYEMOM
TkaHu. IlpeacraBieHbl HCCIEAOBAHUS —B3aUMO-
cBsa3M  (Da3049aCTOTHON XapaKTePUCTUKH U ONTH-
MaJbHON MO SHEPreTHYECKOMY KPUTEPUIO YacCTOTHI
HeCyllel CTUMYIUpYIOoLIero curHana. B pesynsrate
YCTAHOBJIEHA CBSI3b MEXKIY ONTUMAalIbHON Hecylen
4acTOTOM CUTHajla M 4YacTOTOW  MHHHUMYyMa
¢azouacrorHoit xapakrtepuctukn DOUX (oOmee
COTPOTHBIIEHHE TKaHew). OnTuMaiabHas dYacToTa
Oosbire yactotsl MuHUMYMa OUX B 2,86+0,65 pa-
3a. M3BecTHBI pe3yJbTaThl HCCIAEAOBAHUN B3aUMO-
CBSI3M MEXJY CHUJION, pa3BUBAa€MOM MbIIIIEH, M
MOJIOCOH  MpeoOiajaromuX YacToT M CpeaHei
9acTOTOM, BO3OYXKIAIOMMX €€ DIeKTPUUECKUX
noreHuuanoB. Ha OCHOBaHMM NOJIy4YEHHOH 3aBH-
CUMOCTH TPEIJIOKEH METOJ CHHTE3a CHUTHAJIOB
ANEKTPOCTUMYIISAIINH [4].

Tem He MeHee Hay4yHO OOOCHOBaHHAs TeX-
HOJIOTMSI ONTHUMHU3ALMU [apaMeTpOB BO3ACHCTBUS
B COOTBETCTBHM C TEKYIIUMHU XapaKTEPUCTUKAMU
OMOO0BEKTa SBISIETCS IEPCIICKTHBHBIM HAIpaB-
JIEHHEM CO3/IaHUS MEUIIMHCKON TEXHUKH U TpeOyeT
JalIbHENIIero pa3BuTus. B cBs3u ¢ 3TUM B JaHHOMU
CTaThe UCCIIEAYIOTCS BOIPOCH! YIPABICHUS YCUITUEM
MBIIIEYHBIX TPYII, BbI3bIBaeMbIM DC, TOCPEICTBOM
W3MEHEHUS] aMIUTUTYbl W YacTOThl CTUMYyJa Ha
ocHoBe ®UX OmoTkaHew.

Mojesib ¥ AJITOPUTM HCCIIET0OBAHUS

HccnenoBanus NpoBOOMIMCH C  IOMOILBIO
AKCIIEPUMEHTAIBHOTO KOMIUIEKCa, MOJEIb KOTOPO-
ro MpeJCTaB/ieHa Ha pUCYHKeE 1.

B xome wuccnenoBaHWil HCHBITYEMBIH pacmo-
Jarajics B TIOJIOKEHUHU CHUJS, BEPXHSSI KOHECYHOCTH
COTHyTa B JIOKTEBOM CYCTaBE€ M JIEKUT Ha TIO-
PU30HTAIBHOM MOBEPXHOCTH, KUCTh PACIONIOKEHA
BHE OMNOPHOM IUIOCKOCTU. K KUCTH HCHBITYEMOTO
3aKperui€éH  AUHAMOMETP, KOTOPbIH  OTBETHOM
4acThIO 3a()MKCUPOBAH Ha MOBEPXHOCTH TI0JIA.
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WccnenoBanus NPOBOAMINCH Ha JIBYTJIABOM
MBIIIIIE TUIeYa BEPXHEHM KOHEYHOCTH HCIIBITye-
Moro. CTUMyNMHMpYOIUH TOK TOAaBaJCAd dYepes
ANIEKTPOABI, HAIOKEHHBIE Ha JBUTATEIBHYIO TOUKY
MBIIIIIIBL

Tenepatop Toka

Current generator

1

H3mepurens
HaIPSUKEHIA

Voltmeter

Msimreqsas rpymnmna DIeKTpoas!

Electrodes

1T

Muscle group

Brruncnurensaoe

JlunamomeTp
YCTpoiicTBO

Dynamometer . .
Computing device

Pucynok 1 — Ctena uist mpoBeieHUs] UCCIIEJOBAHUIA

Figure 1 — Research stand

Ha mepBom 5Tame BBINOIHEHO HCCIEIOBAHHE
3aBUCHUMOCTH YCHJIHS, Pa3BHBAEMOrO MBIIIIICH,
OT AaMIUTUTYIbl HAMPSDKECHHUST CTHUMYJIUPYIOIIETO
IIponenypa DC mnpoBogunach mTyTEM
BO3JICHCTBHSI Ha MBIy CMEHEPUPOBAHHBIM CHI-
HAJIOM, TIOJ[aBaeMbIM Ha 3JeKTpojabl. Hampspkenue
M3MEHSJIOCh B Juana3one ot 60 B no 3HaveHws,

CHUTrHaJa.

Opyd KOTOPOM H3MEPSIEMOE YCHUJIME  MBIIILIbI,
BbI3BaHHOe DC, He Bo3pacrtano. llpu mpoBeneHun
HCCJICIOBAHUN ITOPOTOBOC 3HAYCHHUE AMILTUTYIBI
HanpspbkeHus: He npesbimano 90 B. dopma curna-
Ja CTUMYyJia COOTBETCTBOBaJA CHHYCOUJANbHOM,
a dyacrtota onekTpoctumyisiuun  F—0,5 k',
0,8 xI', 2,5 xI', 3,5 xI'n, 5 kI,

Ha BTrOpoM »sTame mnpoBelieHbl HCCIEA0BaHUSA
OUYX MEXdIJIEKTPOJHOTO HUMIIEJAHCa JBYTJIABOM
MBI TJIeYa BEPXHEH KOHEYHOCTU UCTBITYEMBIX.
Peructpanus @UX BbINONHANIACHE B COOTBETCTBUU
co ciuemyrommuM  anroputMoM. CHTHaa TOKa
CUHYCOHJIATBHOHN (POPMBI MOJIABAIICS Ha AJIEKTPO/IBI,
C 9TUX XK€ OJJICKTPOJIOB (DUKCHpOBAJICS CHTHAI
HanpspkeHus. CHUTHaNBI  HAMPSHKCHUS TOKa
CHHXPOHHO uepes JByxkaHanbHbIM ALl mocTynanu
B NEPCOHAIbHBIM KoMIbloTep. daza Mexay TOKOM
U HAOpsDKCHHEM BBIYUCIIIACH TPU  [EPEXoje
M3MEPEHHBIX CHUTHAJIOB dYepe3 HYJEBOE 3HAUCHUE.
Jns mocrpoenna OUX 3amaromuii cUrHaia u3Me-
Hsacst ot 20 I'm go 20 k['u. AMmiuTynHoe 3Have-
HHE TOKa COCTaBIISLIO 2 MA.

n

Pe3yJII>TaTbI HccJieaJ0BaHuA

3aBUCHMOCTH yCHUJIUS, Pa3BUBAEMOI0 MBIIIIIEH
OT aMIUIMTYAbl HANpsKEHUS CTUMYIUPYIOLIETO
CUTHAaJa MPeJ/ICTaBIEHbl HA PUCYHKE 2.

100
80
% % 60
g
Jm —p F=5 KT
el —t— F=3 55l
F=800T
20 == F=500T1
F=25%xIn
0
60 63 70 75 80 83 90

Hanps#erHe CHTHATA CTHMYTAITHE, B
Stimulation signal voltage, V

PucyHok 2 — 3aBUCHMOCTD Pa3BMBAEMOI0 MBIIINEH YCHIHMS OT BEJIWYMHBI aMIUIUTYABl CTHMYJIHPYIOIIErO CHUTHAsa
TIPU Pa3JIMYHBIX 3HAUCHUSAX YACTOTHI MEKTPOCTUMYJIISIINH F

Figure 2 — Dependence of the effort developed by the muscle on the amplitude of the stimulating signal at different

values of the frequency of electrical stimulation F
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Kak BugHO M3 pucyHKa 2 3aBUCUMOCTH HOCST
SKCIIOHEHIMANbHBIA XapakTep. OpHako clieayer
OTMETHUTH, YTO B JlMalia3oHe cUrHajioB jo 75 B 3a-
BUCHUMOCTH HMEIOT JIMHEHHYIO CTPYKTYpy. OTO
IUana3oH COOTBETCTBYET JMAIa30Hy, HCIOJb-
3yeMOMY, KaK MPaBUIIO, B MPAKTHUUYECKOH MHOCTHU-
mymauun  (Menee 80 % OT moOporoBoro 3Hade-
HUS  HampspkeHus). [wanaszon cBbime 75 B
XapaKTepU3yeTCcsl BBICOKOM CTENEHbIO HEUHEU-
Hoctu. Kak cinemyeT u3 pUCyHKa MaKCHUMAaJIbHOE
YCUJIME, Pa3BUBAEMOE MBILIIEH, 3aBUCUT HE TOJb-
KO OT HAampspKEHUsl CUrHajga, HO M OT YacTOThI
ctumyisiquu. Tak, NOpU aMIUIUTYAE HaIpsKCHUS
77 B MakcuManabHOE yCHIIME MOIY4YEHO Ha 4acToTe
500 I'u, a mpm ammiuuTyne HanpsbkeHus 82 B —
Ha gacrtote 2,5 Kl 11.

Ha pucynke 3 mnpeacraBieHbl pe3yabTaThbl
MAaKCUMAJIbHBIX 3HAYEHUH YCHUJIMM MBIIILbBL 7S
HCCIIEAYEMBIX YacTOT.

10

8

=}

Force, N

Cuna, H
.

60 65 70 75 80

Hanpaaenue curnana ctuvynanu, B
Stimulation signal voltage, V

Pucynok 3 — 3aBUCUMOCTh MaKCUMAJIbHOI'O 3HAYEHUS
MBIIIICYHOTO  YCHIUS OT  BCIUYMHBI  HANPKCHHS
ANEKTPOCTHMYJISIIUI

Figure 3 — Dependence of the maximum value of muscle
effort on the magnitude of electrical stimulation voltage

Kak BumHO M3 puicyHKa 3 3aBHCHMOCTH UMEET
JINHEHHBIM XapakTep B OCHOBHOM JIHalla3oHE
3JEKTPOCTUMYIISILIUM, 4YTO II0KA3aHO Ha PUCYHKE
IIYHKTUPHOU JIMHUEH.

Takum obpazom, pu DC OMOPHO-IABUTATEITH-
HOTO anmapara HM3MEHEHUE MBIIIEYHOrO0 YCHUIIUS
MOXXET OBITh JOCTUTHYTO HE TOJIBKO TOCPEICTBOM
U3MEHEHUS! aMIUIMTYAbl CTUMYJIMPYIOLIETO CUTHa-
JIa, HO U 32 CYET U3MEHEHUS 3HAYEHUS €r0 YacTOTHI.

Ha pucynke4 mpuBeneHsl 3aBUCHMOCTH,
MIO3BOJISIFOIIME ONPEACIUTh HAWIYYIIYK YacTOTy
CTUMYJIa, COOTBETCTBYIOUIYIO AMIUINTYJAE HaIps-
JKeHuss  ctumysiuuu.  Hawmydmeidt  cumrtaercs
4acToTa, IpU KOTOPOM YyCWIIME, pa3BUBAEMOE
MBIIITEH, SBIAETCS MaKCHMAIbHBIM ISl JTaHHOM
aAMIUTATY Tl HATIPSKEHUSI.

3500

3000

I'm
v. Hz

- 2500

JacToTa CTHMY/IALHE.
= =
=]
=S 2 2
(ST ==

Stimulation frequenc;

500 ¢

60 70 75

HanpsxeHHe CHTHATA CTHMYJIAIHE, B
Stimulation signal voltage, V
Pucynok 4 — 3aBCHMOCTh 3HAYCHUS HAWIydIIeld dac-
TOTBI  DJIEKTPOCTUMYJIAOUNA OT aMIUIMTYAbl CTUMY-

JMPYIOMIEro CUTHaa

80

Figure 4 — Dependence of the value of the best electrical
stimulation frequency on the amplitude of the stimulating
signal

WsBectHo, uyro @DPUX OMOTKaHEH HMEIOT
skcTpemyM [1, 2], IlpuuéM 3HauYeHHE YACTOTHI
JKCTpEMyMa 3aBUCUT OT 3HAUCHUSI TOKA, IIPU KOTO-
pPOM TPOBOAWIKMCH HCCIenoBaHusi. B pesynbrare
MPOBEIEHHBIX HCCIIEIOBAHUI YCTAHOBJIIEHO, 4YTO
3aBHCHMOCTh YacCTOThl MakcHMyMma (dKCTpeMyMma)
dUX OuOTKaHM OT YPOBHS CTHMYJIUPYIOIIETO
curHaa (PUCYHOK 5) MMEeT XapaKTep, aHaJIOTH4-
HbI 3aBUCUMOCTH HAWIy4lled YacTOThl 3JIEKTPO-
CTUMYJSIIMM  OT AMIUIATYABl CTUMYJHPYIOLIETO
curHaNIa (TIPaKTHIECKU COBIIAIaeT, PUCYHOK 4).

900
800
700
600
500
400
300
200

100
0

HacTeTa cTEMY/IAMHE, [
Stimulation frequency, Hz

60 65 80

70 75
HanpmxesHe CHTHATA CTHMY.TAUHE, B
Stimulation signal voltage, V

PucyHok 5 — 3aBUCHMOCTh 4acTOTHI MakcuMyma (a3o-
YaCTOTHOW XapaKTECPUCTHKH OHOTKAHU OT BCIWYHHBI
CTUMYJIUPYIOLLErO CUTHAjIa

Figure 5 — Dependence of the frequency of the maximum
phase-frequency characteristic of biological tissue on the

magnitude of the stimulating signal

Ha ocHOBaHuM cpaBHEHHS XapaKTEpPUCTHK,
MIpEJICTAaBIEHHBIX Ha puCyHKax4 u 5, mocTpoe-
Ha 3aBHCHMOCTh HAWJIy4IIeH YacTOTHI 3JIEKTPO-
CTUMYJSIIUM ~ OT  YacTOTBI, COOTBETCTBYIOIIEH
skctpemymy — ®DUX ~ OuorkaHm  (PHCYHOK 0).
N3mepenne PUX sBaseTcs NpoCTOW TEXHHUYEC-
KO 3ajmauell, He TpeOyeT MJIMTEIHLHOIO BPEMEHH
U MOXeT OBITh OCYILIECTBIICHO IEpe MPOLEIypoi
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NIEKTPOCTUMYJISIIMK. TakuMm oOpazoM, JaHHas
XapaKkTepUCTUKa MOXET OBITh HCHOJNb30BaHa IS
ynpasieHust yactoroit OC npu nojade U3MeHsIeMo-
r'0 TI0 aMIUTUTY/Ie CTUMYJIMPYIOIETO CUTHAIA.

3500

3000

=)
>
<
=]

b
=1
=1
=]

I3
=
54

1000

YacToTa CTHMy/ALEE, 11
Stimulation frequency. Hz

[
<
=1

=]

100 200 300 400 500 600

JacToTa MAKCHMYMA hazoBoro capura, I
Frequency of maximum phase shift, Hz

700 800 900

PucyHnok 6 — 3aBUCHMOCTh ~ 3HAYCHHWH  HAWIyIICH
JaCTOTHI EKTPOCTUMYJISIIIN oT JaCTOTBHI,
COOTBETCTBYIOLIEH 3KCTPEMYMY (hazogacToTHOMH

XapaKTEPUCTHKN OMOTKaHU

Figure 6 — Dependence of the values of the best frequen-
cy of electrical stimulation on the frequency correspond-
ing to the maximum of the phase-frequency characteristic
of biological tissue

Kak BuzHo wu3 pucyHka 6, HaOmonaercs
JMHEHHAass 3aBUCHUMOCTb MEXAYy Hamlydiedl dvac-
TOTOH  ANEKTPOCTUMYJISLUKM, COOTBETCTBYIOIICH
skcTpemymy @UX  OWOTKaHM, W  YacTOTOU
NEKTPOCTUMYJISILIUM, COOTBETCTBYIOLIEH MaKcH-
MYMY Pa3BHBAEMOIO MBILILECH yCHIIUS.

3akjaouyeHue

YCTaHOBJIEHO, YTO TNPH YBEIUYEHUH aMILIHU-
TYIbl CTHMYJIUPYIOIIETO0 CHUTHAJIA YBEINYHBACTCS
Y4acTOTa CHTHajJa, COOTBETCTBYIOIIAs MAaKCUMaIbHO
pa3BHBacMOMY  YCHIIMIO.  AHAJIOTMYHO  TIpH
pOCTe  aMIUTUTYABl CTUMYJHMPYIOIIETO CHUTHala
pacTéT dYacToTa, COOTBETCTBYIOIIAS MAaKCUMyMy
(okcTpemymy)  (ha309acTOTHOH  XapaKTEPUCTHKH
CTHUMYJIMPYEMbIX  MbIIIEUHbIX  Tpynm.  Jlos
MOPOTOBOTO PEKMMA DIEKTPOCTUMY/ISIIUM 4acTOTa
9KCTpeMyMa (a304acTOTHOW XapaKTEPHUCTUKU OHO-
TKaHH COCTaBIsIeT He Ooznee 25 % OT HamITydIIeH
YacTOTHl CTUMYJIUPYIOIIET0 CurHana. B cBsi3u c
9THM, B CJIy4ae CHMYJISIMHU JIBHXKCHUS KOHEYHOC-
TeH MOCPECTBOM CTUMYJISIIUM ONOPHO-/IBUTATEIb-
HOTO amnmapara HM3MEHEHHE YCHJIHMS MBIIICYHBIX

rpymnIn JOJIXKHO o0ecreqnBaThCS HC TOJIBKO
HU3MCHCHUCM AaMIUIMTYAbl CHUI'HAJIa CTUMYIIALUU,
HO ¥ W3MEHEHHEM €ro 4YacTOThl. VI3MeHeHme

YaCTOTblI CTUMYJISINHUU OCYHICCTBIISACTCA Ha OCHOBA-

HUU 3aBUCUMOCTU HM3MEHEHUS 4aCTOThl DKCTpeMyMa
($ha309acTOTHON XapaKTePUCTHKH OT aMILUIUTY/IbI
CUTHAJIA, MPU KOTOPOM IMPOBOJUIMCH H3MEPEHUSI.
JlaHHBI pe3ynbTar MOXET OBITh HCIONh30BaH
[P MPOEKTUPOBAHUM CUCTEM 3JIEKTPOCTUMYJIALUU
OIIOPHO-/IBUTATENIBHOTO amapara.
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MMPABUJIA O®OPMJIEHUS CTATEH

Crarpy, HampaBlICHHbBIC B PENAKIMIO JKypHaja, JIOJDKHBI YIOBJICTBOPSTH TpPeOOBaHMSAM «MHCTPYKIMM O MOpsiIKe
oopmieHus KkBaaH(pUKAMOHHON HAay4yHOH paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Mareprax cTaTbd HOIDKCH COOTBETCTBOBATh ITPO-
(wITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTaBICHUSI.

3. IloctynuBiIne B peAaKIUIO CTaTbU MPOXOJST JBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAaHUS — aKTYaTbHOCTh TeMa-
THUKHU, I/IH(i)OpMaTI/IBHOCTB, Hay4YHas HOBU3HA.

4. CraThs IpeACTABISIETCS B paclieuaTaHHOM U B 3JIEK-
TPOHHOM BHJE B (opmaTe TEKCTOBOTO pemaktopa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 meneHus
Ha KOmoHKH). OOBEM CTaThil HE MJOIDKCH TIPEBBINIATH
14 crpanu, Briodas TekeT (mpudt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnuipl, rpadpudecknii Ma-
Tepuall, BCIO HEOOX0MMYI0 HH(OpMaLnIo Ha aHIIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHuIle CTaThu yKa3bIBaIOTCS: Ha-
3BaHME CTaThH, (aMuwinud aBTOpoB ((amuius aBropa,
C KOTOPBIM CJIEZyeT BECTU MEPENuCKy, OTMeuaeTcsi 3BE3-
JIOYKOH M YKa3bpIBAaeTCs €ro ajpec OSJIEKTPOHHOW MOou-
THI), HA3BaHWUA W TOYTOBBIC ajpeca opraHu3anuil (ynuima,
HOMEp JI0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PYCCKOM W aHTIIMHCKOM s3bIKaX. CTaThbs BKITIO-
gaeT: aHHOTanuio (B mpexenax 200-250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBeeHUE, B KOTOPOM JICTAETCs Kpat-
KM 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMyampyer-
Cs 11eJ1b pabOThI; OCHOBHYIO YacTh; 3aKJIIIOYEHHUE, B KOTOPOM
B CXKaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJyYEHHBIS
pe3yabTaThl ¢ yKa3aHHEM WX HOBM3HBI, NMPEUMYLIECTB U
BO3MOKHOCTEHN MPUMEHCHUA; CIIMCOK HCIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/IH, KJIFOUECBBIC CJIOBA, CITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MNPEACTABIIAIOTCA Ha PYCCKOM
1 QHIVIMHCKOM fA3BIKAX.

6. AHHOTanMs IOKHA OBITH WH(POPMATHBHOHN (co-
JIepKaTh «BBDKIMKY» M3 BCEX Pa3/IeIOB CTAThH — BBEJICHUS
C yKa3aHHEM IIeTH PadOThl, METOAWKH, OCHOBHOHM 9acTH U
3aKITIOUCHU ).

7. I'pacdmueckuii Marepuan DOJKEH OBITH KOHTPACT-
HBIM U 4€TKUM. HeoOXxoammo mpuaepKuBaThCsl €IUHOO-
Opa3us TEXHWKH HCIIOJHEHUsS] OJHOTHITHBIX HILIIOCTpa-
uuii. PucyHOK JoipkeH pacrnonararbesi mociie  adsara,
coziepyKallero cchlIky Ha Hero. He nomyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasjelia W crarbu. M30-
6paSPITeJ'IBHBIﬁ Mar€puall BCTaBJIACTCA B TCKCT CTAaTbH,
a Takke Ja€Ttcsl B BHJE OTIACNBHBIX (aitnoB (popmar tif,
jpg, paspemenue He meHee 300 dpi). Texct Ha prcyHKax
HabMpaeTcs OCHOBHOM TapHUTYPOIl; pa3mMep KeTiis Con3Me-
pUM C pa3MepoM pHCYHKa (KeJaTelbHO 8 IMyHKTOB). Bce
PUCYHKH HYMEPYIOTCS B COMPOBOXKIAIOTCS TTOIPHCYHOU-
HBIMH TroAnucsiMu. PparMeHTsl pHUCYHKa 0003HAYAIOTCS

CTPOYHBIMH KYPCUBHBIMHU JIATHHCKUMH OYyKBaMH — «a»,
«b» u T. . Hagnucw Ha pHCyHKax M TOAIKCH K PHCYH-
KaM JIaloTCs Ha PyCcCKOM M aHIIIMICKOM si3blkax. Bcee co-
KpameHus: 1 0003HaYeHUs! JOJDKHBI OBITh pacimgpoBa-
HBl B ITOAPHCYHOYHOW IIOANMMCH. PHCYHKHM IKelaTelbHO
MIPE/IOCTaBISATh B 1[BeTe. Ha prcyHKax JOMKHBI ObITH yKa-
3aHbl OCH C 0003HAYEHHEM IPUBOJMMBIX BEIMYMH U Mac-
mraboB. Ha rpadukax He Hy)XKHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CIIM 3TO He ocummiorpamMma. Bo Bcex cirywasx
Ha pUCYHKaX JOJDKEH OBITh MpHUBEAEH MacIITal.

8.V rpadukoB, WMEIONMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JOJDKHBI OBITH OTKPBITHI, & 3aCE€UKH Ha-
IIpaBJICHBI BHYTPb paMKH. Ha prcyHKkax, MpeacTaBIsIFonx
co0oii rpaduKky 3aBUCHMOCTEH, HE CIIeyeT JIeNlaTh pa3Mep-
HYIO CETKY, CJICyeT JaTh JIMIIb 3aCEYKH Ha OCSX, MPUYEM
BCE 3aCEUKH JIOJDKHBI ObITh onndposanbl. Ecii ocu Ha pu-
CyHKax oIM(poBaHbl, TO OHHM 3aBEPIIAIOTCS Ha ITO3UIINU
OYepeIHOM 3aCeuKH, IJIe 3aceyKa HE CTAaBUTCS, & BMECTO
YHCIIOBBIX 3HAYEHHUH TAaroTCsi 0003HAYCHUS IEPEMEHHOI 1
enuHMIa u3MepeHus. Ecin ocn He orudpoBbIBAIOTCS, TO
OHU 3aBEPILIAIOTCS CTPEIKAMH, PSIJIOM C KOTOPBIMH JArOTCS
0003HaYCHNS TIPEMEHHBIX 0€3 eIMHUI] H3MEPEHUSI.

9. IonyToHoBBIe (oTOTpaduu MPUOOPOB MM UX Ua-
CTEH MPEICTABISIOTCS TPH MyONUKAMK B TEX CIIydasx,
KOT/Ia OHM HECYT CYIIECTBEHHYIO MH(OPMAIHMIO, KOTOPYIO
HeIb3s1 BEIPa3UTh MHBIM criocoboM. dotorpaduu T0IKHB
OBITH BBHICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMHU, C XOPOIIO
Pa3IMYUMBIMHU JICTAISIMH.

10. Wmmoctpanmu (rpaduku, auarpaMmbl, CXEMBbl,
4YepTekH), pucoBaHHbie cpenactBamu MS Office, momkHBI
ObITh KOHTPAacTHbIMU W uy€TkuMmH. Hemomyctumo HaHece-
nue cpencrBamu MS Word kaknx-Jm00 351eMEHTOB MTOBEPX
BCTABJIIEHHOTO B (haill pyKONHMCH PHCYHKA (CTPENKH, MOA-
IMUCH) BBHUIY OONBIIOrO pHCKa WX MOTEPH HA dTalax pe-
JTAKTUPOBaHMA 1 BEPCTKH. MIumocTpannuy HOMKHBI UMETh
pasMepbl, COOTBETCTBYIOIIME HX HHGOPMATUBHOCTH:
8-8,5 cMm (Ha onHY KOMOHKY), 17—17,5 cM (Ha 1BE KOJOH-
k1) win 23 cM (Bo Bech aucT). [loaToMy skenmarenbHO M30-
OparkaThb OT/ICIBbHBIC HJIEMEHTHI ¥ HA/IIIMCH Ha PUCYHKE TaK,
4TOOBI IIPH YMEHBUIEHHH MaciiTaba pHCyHKa JIO OJHOTO
13 YKa3aHHBIX pa3MepoB OYKBBI U HUQPHI TPHOOPETH BbI-
coTy 2-2,5 MM, DJIIEMEHTHI CXeM 3—5 MM, OT/IeIbHbIe TOUKH
1 MM, a JIMHUK JTOJDKHBI OBITH TIPH ATOM pa3HeCeHbI Ha pac-
crosiaue He MeHee 0,5—1 mm.

11. Haamucu n 0003HaYeHNsT HA MIUTIOCTPAIIUSAX Clie-
JyeT pacrionararb TaK, 4TOObl OHM HE CONPHKACAINCH
HU C KakuMu €€ vacTsaMmu. Ha 3agHuii TuiaH WuiiocTpanuu
YKETIaTeIIFHO He I0OABIATh CephIii (IIBETHON) (POH HIIH CETKH.

12. Tabmuiel HE MOMKHBI IyOImUpoBaTh rpadu-
kn. Kaknas tabnuma nmeer 3aronoBok. Ha Bce TaOmuiipt
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MNPABUJIA O®OPMJIEHUS CTATEM

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUS, NPUHSTHIC B CTa-
The, PAacIIM(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €/IH-
Hun uamepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWTHECS B peOax-
tope MathType nenmukom. HabGop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsl, Homepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytores iumib (hopMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOxoauMO HCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 m,
MOJCTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IIT, CHMBOJI —
14,5 nt, moncumBon — 12,5 nt. Ctunu: Teket, QyHKIHUs,
yucno, kupwumina — mpudr «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >xupHbIii;
TpeYeCcKnuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoii; nepemennas — mpudrt «Times New
Romany, kypcus.

17. OtnenbHbIE CTPOYHBIC OYKBBI M CHELHAJIbHBIC
CHUMBOJIBI HaOHMpaIOTCsT B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30oBaHus penakropa ¢opmyua. [Ipu Habope
dbopmyr U OyKBEHHBIX O0O3HAYCHHN HEOOXOAUMO Y4YH-
TBIBaTh CJICYIONIME MpaBHiIa: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsl; Tpedeckre OyKBbI, MaTeMaTHYECKHE CHUM-
Bouibl (grad, div, In, min, max wu ap.), CAUHHIBI U3MEPE-
nus (B, Ik, B, kr u np.), kupunindeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
JJIEMEHTOB U COCIMHEHUH (B T. 4. B MHJEKCE) HAOUparoTcs
NMPSIMO; JTaTHHCKHE OYKBBI — IIEPEMEHHBIC I CHMBOJIBI (pr-
3WYECKUX BENWYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM IIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHI B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITh MOJHOCTBIO UIEHTHYHO. B pac-
mHdpoBKe GOPMYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI M X TOPSJIOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TIOPSAKY CIeA0BaHus B (hopMyrax.

19. Cricok MCHONb30BaHHBIX MCTOYHUKOB COCTaBIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK TIO TEKCTY, JOJDKCH
coziep Karh 1ojHbIe OubIorpaduyeckue JaHHbIe U IPUBO-
JIATCSI B KOHIIE cTarbi. He pekomeHnyeTcsi 1aBarh CChUIKU
Ha MaTtepualibl KOH(EPEHIIii, CTaThH U3 AIEKTPOHHBIX XKYp-
HayioB 0Oe3 uaeHtudukaropa DOI, yueOHbIe mOCOOMS, UH-
TepHeT-pecypchl. CChUIKM Ha HEOITyOIMKOBaHHBIE PaOOTHI
He JomyckatoTcst. JKenaresnbHo, 4TOObI KOJTMYECTBO CCHUIOK
66110 He MeHee 10; camoruTupoBanue — He Oomee 20 %.

20. ABTOpBI Ha OTAENIBHOM CTPaHULIE IPENOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMuIIHs, UMS, OTYECTBO,
yueHasl CTENEHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMas
JIOJDKHOCTB, aJIpEC AIEKTPOHHOI CBS3H.

21. Crarbu, n3nararomue pe3ynbTaTbl UCCIEI0BaHUH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE pa3pelIeHue Ha OINyOJIMKOBaHHE B OTKPBITOM
reyarH.

22. IIpu HeoOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAMMCHOBaHKUE (POH/IA, OKa3aBuIero (puHaH-
COBYIO TIOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIONHEHA paboTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3BIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHE B peJIaKIUIO cTaTeil, paHee y)Ke OImyOIMKOBAaHHBIX HIIH
NPUHSTHIX K NeYaTH APYTUMH U3IaHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIME MEPEUUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamaiTcs aBropaM. JlaToll MOCTYMJIEHUS CUHUTAeTCs
JICHb TIOJIyYeHHsI pelaKkiiieil IepBOHAYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIlaM, OCYIIECTBIIs-
IOIIIM TIOCJIEBY30BCKOE 00ydeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEPIICHUS OOyUCHUS;
HE B3UMaET IUIaTy C aBTOPOB 3a OMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a COOOM MpaBoO MPOM3BOIUTH pellak-
TOPCKHE NPABKH, HE UCKAXKAIOLINE OCHOBHOE COZIEPKaHNE
CTaThH.
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